LY@SadAdaldAzy 2F 0A2YIl NJ SN
STFAOI O 2FKTF dzv WS AN WK VA A bR
2SA0N23ISY NBOSLII2NI LR &AL

5NJ %2S 1 yy | dzRazy

I (KSaAra adoaYAGUISR FT2NJ 6KS RS3I
al NODKH M



¢tRBaAad adzyYyYl NEB

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 @adine therapies emerges. The fulvestrant and
vandetanib in advanced aromatase inhibitor resistant breast cancer (FURVA) clinical trial aimed to

address his by adding vandetanib (a RiBRfiibitor) to a hormone directed backbone (fulvestrant).

The work preented 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 (SNVsp@antigital

droplet PCRAdPCIRand (iii) copy number alterations daimined by ddPCR. Tissaled plasma

samples were collected during trial participation and allowed investigations of both primary tumour,
represented by formalin fixed paraffin embeddiissue samples and metastatic disease,

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

Both high totalRET (RET) and phosphorylatd®ET (fRET) expression by IHC correlated with longer
progression free survival (PFSparticipants inthe 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
expres#on did not appear to be related to SNVERRETand copy number alterations RGFRbr

MY Cdid not correlate with PFS but were detectable using ddPCR technology.

In conclusion, this thesis has shown that high RET expressimiates withionger PFS anthat
detection of ctDNA during treatmembrrelates withshorter PFS when patients are treated with

fulvestrant +£ vandetanib.
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Chapter 1: Introduction

1 Introduction

Chaper overview

This introductory chapter will set the scene for this thesis with background about breast cancer, the
mechanisms by which endocrine resistance develops ané&tivestrant andvandetanib in

endocrine resistant breast cancer (FURVA) trial; tuece 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

1.1.1 Introduction

In 2014 55,000 people receidt 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 begastr each year

(Smittenaar et al. 2() 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

(CRUKihttps://www.cancerresearchuk.org/healtprofessional/cacerstatistics/statisticsby-

cancertype/breastcancer accessed 7/2019

Clinical subyping of breast cancers is based on receptor status for oestrogen, progesterone and
HER2 as determined by immunohistochemistry (IHC). The addition of fluoro hybiidisation
(FISH) testing is required if examination of HER2ptorstatus by IHC has resulted in borderline

positivity (RCPath 201@)ttps://www.rcpath.org/uploads/assets/693db6605924d7e

9644357fbfa0876/G148 BreastDatasédwresJunl6.pdfAccessed 18/2021)



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
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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+).
BasedonkS SELINBaarzy LI GGSNY 2F (GKS&aS LINRGSAyYy NBOSI
LHERD S WOANRLIE S LI2aAlABSQ -PRMEL S 9twwkb3D | 20NG HYHIONZRA LY 159 wyH
PR, HER2 with each subtype showing different patterns of dise development, metastatic

spread and prognos{€ardoso, 2020 #37.7/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.

1.1.2 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 sdempfrom 42 patients with breast cancer to reveal four major
subgroups; basal like, HER2+, normraast like and luminal epithelial ERPerou et al. 2000)The

original paper was followed by a paper which subcategorised the luminal epithelial group into three.
Sarlie et al proposed that the luminal A breast cancers strangiyessed 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 genes which could also be noted in baga and HER2+ subtypes.

Clinical outcome data showed that patients with luminal A breast cancers had the best prognosis.
Basallike subtype was associated with the poorest clinical outcomes while ndikealuminal B

and C had an intermediate prognoé®arlie et al. 2001)/Vhen the microarrays used were refined

and a further set of 115 malignant breast tumours were studied tumours could be categorised into
five groupswith four groups correlating with prognosis; batiie, HER2+, luminal A and luminal B

(Sorlie et al. 2003s shown irFFigurel.
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Figurel Kaplan Meier curvehiswing A) time to distant relapse and B) overall survival by molecular sutRgpeoduced

from Sgarlie 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 tes(Parker et al. 2009).uminal A breast cancers typically express both ER and PR and
have a low levebf proliferation, their prognosis is often excellent. Luminal B cancers again express
ER andnuch less commonl@R but have higher proliferation markers and when compared to
luminal A cancers tend to carry a worse progn@Rigssnes et al. 201 7Although 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. Theimours 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 theraasorpwill
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+, HBf2ast cancer.

This thesis is specifically concerned with patients with ER+/HEESSt cancewho have advanced
breast cancer (ABC) and have developed endocrine resistance; Luminal A and Luminal B cancers by

Y2t SOdzf  NJ adzoie LSz tf 2F gKAOK OFy 06S NBFSNNBR

More recently increasingly complex moleculassifications 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 drivenyocopy 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+/HER#sease. Cluster 2 denoted poor prognosis, clssieand 9 correlated

with intermediate survival and clusters 3,4,7 and 8 showed good prognosis based on mean clinical
follow up of 10 yearg§Russhest al. 2017) This method of classification is only in use in selected

research settings and will not be used in this thesis.

1.1.3 Oestrogen receptor positive breast cancer

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

If patients are diagnged 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
adjuvantendocrine therapyvith the aim of cure. Ithe 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 metdd G A O RAaSFaS 02FiSy G§SN¥YSR wasSo?z
Wi RO YyOSR oNBL Al OFyOSNRO G(KSY | endétindsBefainys I  O2 Y

C
used to control the disease. In this thesis the term advanced breast car8€) (#ll be used.

Endocrine therapieseither reduce circulating oestrogen in the body by preventing peripheral

conversion of testosterone to oestrogergearomatase inhibitors (Als), 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) agredtiefollowing definitions to clarify the term

endocrine resistancéCardoso et al. 2014)

x  Primary(intrinsic) resistanceg recurrence during the first two years of adjuvant endocrine
therapy OR progression duritige first six months of primary endocrine therapy in the
setting of breast cancer presenting as de novo metastatic disease.

x  Secondaryacquired)resistanceg recurrence after the first two years or within 12 months
of completing adjuvant endocrine thera@R 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 poirt that endocrine therapyh & y2 f 2y 3SNJ O2y GNRBffAYy3a LI GASYGQ
speaking, two therapeutic approaches; to give an alternagivéocrine therapydeally with another

targeted agent e.g. a CDK4/6 inhibitor or to use chemotherdfiyile 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 drigntibcrine therapys an
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appealing therapeutic strategy #sere 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 patiewtsreir
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

1.2.1 Introduction

When endocrine resistance occurs, be thithin 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 afteadgo/ant endocrine therapgEllis et al.

2017) However, currently iUK 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 gRen 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 Figure2). 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 develoghentlocrine 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 fulvestrant such as pathogenic genetic variantE8Rhre

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 buigbgtent
interesting findings from recent studies exploring endocrine resistance such as varibahtsand

copy number changes MY Cand FGFRIThis is summarised Figure2.
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Figure2 Summary of potentiamechanisms of resistance to aromatase inhibitefgroduced 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 pathwayet 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.

1.2.2 RET

1.2.2.1 Overview

Along withfulvestrant 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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Thestructureof REarranged durindransfection (RET) &St f OKI NX OG SNAaASR® LiQa
has been established more recently. RET is a transmembrane receptor protein encoded by the gene
RETwhich is localized to 10g11.2. It comprises 1114 amino acids and a has a molecular weight of
124kDa(Stelzer et al. 2016The name is derived from the discovery of REToncogene 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 endoplasmieticulum RET is only partially glycosylated and of 150 kDa, when
fully glycosylated it is of 170kDa. Ri&E three isoformsRE®1, RE%3 andRE®D), the rumber

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

0 D C wi)yemch with their own ligand (glial derived neurotrophic factor (GDNF), neurturin (NTRN),
artemin (ARTN) and persephin (PSPN)). Ligand binding to its preferredepor leads to

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

2011)

In health, functionaRETis 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 axongPlazaMenacho ¢ al. 2014) DysfunctionaRETis the cause of

Hirschprungs disease, where the bowel develops without enteric parasympathetic neurons causing
severe constipation in the nelorn as faecal material is unable to move along the baapur

2009)

Germline variants iRETare 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 thigenetic syndrome are malignancies but it also causesmalignant
pathology such as parathyroid hyperplasia. In sporadic cases the causative genetic variants are

usually single nucleotide polymorphisms (SNPREMPlazaMenacho et al. 2006)
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In malignant diseask is thyroid cancer that is most commonly associated with either germline or
somatic variants ilRET Germline variants iRETare implicated in the development of around 25%
of medullary thyroid cancers. The most commonly documented variant in faméidlittary thyroid
cancer is M918TCote et al. 201 Ayith patients with MEN2B syndrome making up the majority of
cases. Somatic variants are foundrBTin around 65% of cases of medullary thyroid cancers, again

with M918T being most comma(rilon et al. 2018)

RETusion proteins have been noted in diseases such as papillary thyroid cancer asthabwell
lung cancer and are potentially highly targetalliae ceation of fusion proteins occurs when
rearrangement of the genome creates proteins with the intracellular components of RET but with
replacement of the Nerminal domain with that of unrelated proteins such as CCRE® and
NCOAAZRET in papillary thyroichncer and KIFSRET in nowsmall cell lung cancéDrilon et al.

2018)

Meanwhile in norsmall cell lung cancers it has been established that RET fusions are presentin 1
2% of all cases, although thicinases to 14.7% in never smokers. Three fusions have been

identified; KIFSERET, CCDE&&ET and TRIM33ETWang et al. 2012)

RET protein expression has been identified as a potential prognostic biomarker inrbast 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 overalirgiva(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 wéttgker, more advanced tumou(&attelli et

al. 2013)

1.2.2.2 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 pasantples 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. §84ayaMenacho 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 itsreceptor GFRA@ESsseghir et al. 2007; Boulay et al. 2008)

Following on from theseaely 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 therapyPlazaMenacho et al. 2010)

Mouse models were developed to test potential RET inhibitoch @is NVIAST487Gattelli et al.
2013; Andreucci et al. 2018pverall, while both studies demonstrated convincing inhibition of
downstream targets in cell lines; this failed to translate into differences in turgoowth 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 resistatisease 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, tlmeodel was not representative of endocrine
resistant disease but on this occasion those mice treated with the combinatiendafcrine therapy

plus a RET inhibitor convincingly demonstrated reduced tumour growth comparedge thice

treated with control or tamoxifen or vandetanib as a single ag&panheimer et al. 2014n

addition to reduced tumour growth the combination therapy also reduced the chance of disease
progression afted0 days of treatment37.5%o0f micein the single agengroupsprogressed and

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

progression. However, progression was described as any increase in tumourysind beat which

10
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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 li@gslines representative of both
hormone sensitivéMCF7)and hormone resistant diseagBTF474) had RET inhibited by either
vandetanibor siRNAnockdown of REBT474 is an ER+, HER2+ cell line so may not be fully
representative of classical endocrine resistar®eth manners of disainlg RET showed a reduction
in the number of viable cells but those inhibited withndetanibboth in the endocrine sensitive and
endocrine resistant cell lines showed the most dramatic reductions in cell viability with a 30%
reduction withtamoxifenaloneand a 67% reduction wittamoxifenand vandetanib In endocrine
resistantcelllines, the omparisonwas more markegdfrom 5%cell viabilitywith tamoxifenalone to
40% with combinationThe data presented by Spanheimer et al give the most convincingadgio

for the FURVA clinical trial.

RET expression is strongly linked to mRNA expre@BiamaMenacho et al. 201Q)ut it is not

known what results in this overexpression. During the course of this project iidwasne clear that

it is not due to gain of function genetic variantsRET Exploring large genomic breast cancer

datasets using CBioPor{@&ao et al. 2013uch as those by Razavi et al show REflvariants are

present in just 1% of patients with ER+/HER2ast cancefRazavi et aR018) A detailed analysis

of all RET variants in breast cancer confirmed that the overall frequeriRl Bilterations
(rearrangements, missense variants and amplifications) was 1.2% in a cohort of 9693 breast cancer
samples taken from women with a nhixe of primary and advanced breast can¢@aratala et al.

2018) This would strongly suggest that genetic varian®RETare very infrequently, if ever,

responsible for the increase in MRNA and protein expressitch occurs in around 30% of ER+

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

11
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1.2.2.3 Summary

Activation of RET (and other growth factor receptors) activates the oestrogen receptor via multiple
pathways (seé&igure3). 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 pati{Bauylay et al. 200&)nd the PI3K pathway
(Esseghir et al. 2007)hese findings were confirmed by inhibiting each pathway in turn suggesting
that the PI3K pathway was likely to be the dominargchanism by which upregulation of ER

occurred(PlazaMenacho et al. 2010)

There is limited evidence that RET may also feed into the JAK/STAT patliwvaiyaishibition of
RET resulted in lower phosphorylatEdK and STAT3 lev@Battelli et al. 2013this 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 sstjgg that it is a pathway of some

importance in endocrine resistan¢¥ates et al. 2017)

Taken together this body of literature illustrates that RET signals downstream to the ER via the
MAPK, JAK/STAT and mosbsgly by the PI3K signalling pathwaglsdwn inFigure3). Collectively

it has been demonstrated that inhibiting RET decreases cell growth in representative ER+ cell lines,
including cell lines representative of endocrine resisi@isease and slows tumour growth in ER+
xenograft models (only when vandetanib is used; other RET inhibitors si&WWRSST48did not

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

discussed in mordetail in sectiorl.3.

12
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Fulvestrant
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Figure3 Inhibition of the oestrogen receptor using Vandetanib and Fulvestxéaridetanib targets multiple tyrosine

kinases as shown by the varying weight of arrows reflgdtie 1C50 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 VEGFRS3. In contrast fulvestrant acts
more directly on the oestrogen receptor (ER) by preventimgigsation 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 thiéipfatnodes within the pathway can

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

1.2.3.1  Background
The PI3K pathway is frequently upréaped 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)-dhd HER2
Adivation 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 PI3BK/AKT/mMTOR phtynadep 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 anRphosphorylatiofYang et al. 2016YThese pathways

are shown irFigure4 (Dienstmann et al. 2014)

14
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Figured The PI3K and MAPK pathwalgng with potential points of inhibition along the PI3K pathway Figure reproduced

with permission from Dienstmann et al, 2014.

By ceveloping 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 resistatMéler et al. 2010)Hyper

activation of the pathway can be linked to increased tyrosine phosphorylation in RTKs such as IGFR,
INSR, EGFR, HER2 and HEIR8r et al. 2010)Key to this theory was the demonstration that PI3K
activity led to oestrogen independent ER activation In mouse motessi demonstrated that mice

with an activating PIK3CA variant develop mammary tumfLaaring et al. 2013)'he following

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

15
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1.2.32 PIK3CA

Variants inPIK3CAvere first noted in the early 200@Samuels et al. 2004nd it is now one of the

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

original paper(Arafeh and Samuels 201%ai | yGa Of dzaiSNJ Ay GKS KSft AO!I f
1AYF&aS R2YIFAY OWSE2Yy HnQOd |1 2GaLRGE OFNAFyda Ol dz
without the need of activation by growth factor receptors on the cell surface. Various cell line and

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

tumour growth, development and resistance to treatméBtader et al. 2006 Bader et al used cell

line models harbouring common variants to show that H1047R transfected cells showed the highest
levelsof phosphorylated AKT followed by E545K and finally E542K transfected cells. The difference in

z

WL GSyOeqQ 2F GKS (g2 GFNARAFyGa Yre NBEFGS G2 GKS
downstream signalling pathway in the absence of normal eguy signals. Those in the helical
R2YFAY NBadzZ G Ay (GKS Llyp yY{lH R2YFIAY y20 06SAy3a I

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

activation(Zhao and Vogt 2008)

In many datasets whe presence of variants iRIK3CAas been correlated with clinical outcomes

the presence oPIK3CAariants seems to result in a progression free survival benefit. This is
eloquently discussed in a pooled analysis of 19 studies where the presen&di8Camutation
correlated with better invasive diseadeee survival (HR=0.77, 95% CI| €0784), distant disease free
survival (HR 0.79 95% CI G(r86) and overall survival (HR 0.90 95% CH0.82). Data from 10,319
patients was analysed with all breastncer 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% CI0.08, p=0.043(Zardavas et al. 20).8t
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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 iad thieeauthors

acknowledged that whil®IK3CAariants correlated with improved-gear distant relapse free

survival (DRFS) they were also associated with lower grade, node negative luminal breast cancers
which in themselves are good prognostic factorse @hthors acknowledge th&lK3CAariant

status is not an independent prognostic marker for DE&®ine et al. 2014There is a significant

area of uncertainty over how pathogenic variants can be demonstrated as oncgg¢niicanything,

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 ide#K8CAariants being the key

to many breast cancers was quigkjuashed. Not only is the presence or absenceRIK8CAariant
important, it is also important which variant is present and whether it occurs alone or with other
variants either irPIK3CAr another gene. In individual patients it is likely to alsarbportant 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 inPIK3CAs a prognostic biomarke

Despite the mixed data regarding whetHeiK3CAariant 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 trialsteelimited clinical benefit was established
halting their further development. Pictilisib was tested in combination with fulvestrant in the phase

Il FERGI trial and did not demonstrate PFS when compared to placebo, the study also showed that
non selectivanhibition of PI3K had significant toxicitgrop et al. 2016)The BELLE study was a

phase Ill placeboontrolled trial comparing buparlisib and fulvestrant with fulvestrant and placebo.

It met its primary endpint demonstrating a PR&lvantagd3.9 months vs. 1.8 months HR 0.57, 95%

confidence interval 0.58.84, p<0.001]. The study included testing PFdK3CAyenetic variants and
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found a weak correlation between PFS improvement intthatment arm andPIK3CMutant status
(HR 0.46, 95% CI 0-2973, p=0.11), PIK3CA status was determined by a mixture of tissue analysis
using PCR ardrculating tumour DNAC{DNA analysis using BEAMing technology the paper

requires an assumption thatndy variants in exon 9 and 20 were tested (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 meaninigl PFS benefit. The SOLARtudy 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 genetidsarian
in PIK3CA (E542K, E545X and H1047%;0PKS 11.0 months (95% CHZ455 months) in patients

with PIK3CA" tumours receiving the drug compared to 5.7 months (95% CT.&.Thonths) for

patients receiving fulvestrant and placebo . No benefit was $eepatients whose tumours were
PIK3CAT(André et al. 2019)in a further study using the PI3K inhibitor taselisib no extra clinical
benefit was noted in patients with variants MK3CAlthough this was a small phase Il study

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

patients with aPIK3CAariant, the formal publication of the results is await@hselga et al. 2018)

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

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

TheAKTIE17K variant iBy far the most commoAKT lvariant detected in breast cancer with a
frequency of 56%(Razavi et al. 2018)t occurs in the lgckstrin homology domain (PHD). The

variants presence allows PI3K independent activation of AKT1 in cell lines and can induce leukaemia
in mice(Carpten et al. 2007AKTIE17K variants also occur in benign papikhs of the breast; in a

small studyAKTIE17K 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 possithle same position depending on the
SNV present
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(Troxell et al. 200Q). Later studies continued to explore the roleAKTIE17K 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 ce{Lénemg et al.

2010) Furthermore, it was shown that the presence ofAKT1EL17K variant did not result in

tumour development in micé€Mancini et al. 2016)Both these studiedid use an ERcell 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 roleAKTIE17K variants in breastrozers. In one study survival
data was available for 104/701 patients with ER+ breast cancer who had been tested for the
presence oAKTIEL17K variants. At the time of study closé€TI1EL17K variants were linked to

poorer survival even when adjusted foreagnd disease tier HR 0.23, 95% CI-0.03, p=0.015.
However, only 22 patients had died and the cause of death was not k(lRudolph et al. 2016)

More recently through international collectiasf combined genomic and clinical outcome data the
AKTIE17K variant has been demonstrated to predict for good responses to mTOR directed therapy
and when evaluated against patients with match®&dTIWT tumours showed no difference in

overall surviva(Smyth et al. 2020)

Again, like PIK3CA, AKT1 is an attractive druggable target. The compotD&MWas combined
with hormonal theapy in phase (Ma et al. 2016and anastrazole neadjuvantly in a phase Il study
(Ma et al. 2017)The preclinical evidence reviewed suggest that AKT1 inhibition could be a
successful treatment strategy, however in the phase Il study cRRO6 the recommendation was
that MK-2206 should not be studied further in ER+ breast cancer aiggificant toxicity in the form
of fatigue and rash developed alongside evidence that AKT pathway inhibition was inco(ivzete

et al. 2017)

AZD5363 has been tested in a phase | study which included a cofRIKIEA" patients with

breast and gynaecological cancers. AZD5363 was more successful in phase |-2206Mkth
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demonstration of tumour shrinkage in 12/8K3CA"breast cancer patients treated with the
recommended phase 2 dose. However only 1 patieet RECIST criteria for partial responsg@®

change in tumour size from baseli@&anerji et al. 2018)All patients gave samples for testing for

the presence oAKT lvariants. The results of theKT1T'' patients have not been included in the

current published results. The results of the phase || FAKTION trial showed a significant PFS benefit
for patients treated with fulvestrant and AZD53@®nes et al. 201@nd a phase Il trial is now

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

increased efficacy.

1.2.3.4 mTOR

Variants ilMTORAare rare in breast cancer with only around 1% of cases containing a genetic variant
in CBioPortajGao et al. 2013MTOR can be effectiyetargeted with everolimus. The BOLERO

trial treated postmenopausal patients who had progressed on first line ET with a combination of
exemestane (an Al) and everolimus. The trial demonstrated a significant PFS benefit [central review:
11.0 versus 4.1 onths, respectively; hazard ratio = 0.38 (95% CI-0.38); logrank P < 0.0001]

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

postmenopausal patients could bgmmeaningful clinical benefit.

1.2.35 PTEN

PTEN is a key regulator of the PI3K pathway as shokigune4 where when active it

dephosphorylates PIP3 causing inhibition of AKT activation. Thus, any change that results in loss of
PTEN wili 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 R2dpbagnin et

al. 2a19). LikePIK3CAthe data around whether loss BfTENassessed by loss of protein expression)

is an independent prognostic marker in breast cancer is mixed. A-amatlysis where 25/27 studies
used IHC to assess PTEN status showedPthENoss was higer 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 ElRmours, and TNBC. Over&TENoss was associated with poorer
overall survival (HR 1.495% CI 1.04.73) although no test was applied to determine whether this
association was independent of its association with sg@ethblished poor prognostic characteristics
(Li et al. 2017b)Germlinegain of functiorvariants inPTENare known to result in cancer
predisposition syndromes such as Cowden syndi{@temkeHale et al. 2008)Somatic variants in
PTENMNare detected in around-30% of breast cancers usingxt generation sequencinlG3and it

is likely there is also significant epigenetic regulation of the dRagavi et al. 2018)

1.2.4 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 varidkigAgnd EGFRIn 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 endoaré resistancéRazavi et al. 2018Ynlike 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 mignand 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 varidERia, NF1, EGFR,
HER3, RAS, BRAF, MAPZ¢IdHRAPwere 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 oESRYariants. The presence of a pathogenic variant in théPAdathway

predicted for shorter progression free survival on an aromatase inhibitor when compared to samples
that were MAPKR™n=302, p=<0.0001. The genes within the pathway most commonly harbouring

variants wereERBB25.8%)NF1(4.6%) andEGFR1.7%).
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1.2.4.1 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@eerexpress HER2 in addition to ER. However,

there are several ways which the HERZ2 receptor can contributestodocrineresistance. 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 increagedssion of the ER

(Martin et al. 2003)During this study the investigators used a MEK inhibitor to block the MAPK
pathway, however thisid 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 thERBB2eceptor have been postulated as a mechanism for

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

GKFG ITNB Wl 9wH yS3aAFGiABSQ: AdSd (KS&@ R2 y2i 2@SNE
standard clinical practice in breast cancer samp&mnell & Doherty 2017Yariants in the

extracellular domain (ECDjahsmembrane 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 tHgman efal. 2016)

1.2.5 Genetic changes in the ESR1

The ER is encoded BE5Rvhich contains activating genetic variants in around 20% of ER+ ABC
which have been treated with aromatase inhibitors. This suggests that varida&Rtare a key
potential mechanism of @stance to endocrine therapyariants come in several forms; point
mutations, translocations and amplificatiofsngus et al. 2017 he 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 studiad 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 bgmdithe

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)

ESR1ranslocations have also been reported, in particl#&R1/YARtanslocations have den
demonstrated to induce oestrogen independent activation of ESR1 in a similar manner to the

induction by the point mutations described previoudly et al. 2013)

Furthermore, amplifications iESRhave beerreported (Holst et al. 2007)There has been
controversy over the frequencyf the amplification largely due to a variety of different techniques
and scoring systems used to establish whether it is pre@daist 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 thiestimates ranging from 5% (Ooi et al. 20123586
(Moelans et al. 2013h primary breast tumoursTo investigate the correlation betwedtSR1
amplification and prognosis 61 patients who had relapsed less than four years after initial treatment
were compared with 48 pants who had relapsed at least seven years after initiation of adjuvant
tamoxifen. In a Cox analysis of overall sun8@R-Amplification demonstrated a hazard ratio of 3.8
(p<0.0048) suggesting that the presence oE8RAmplification is a poor progrstic factor(Nielsen
et al. 2011) Using publicly available databases the frequendySRAmplifications, when tested for
using large scale genomic sequencing, is low with <1% of samples in tH&/MSKT breastancer

dataset accessed via CBioPoftaho et al. 2013)

Overall, it iclear that the emergence dSRYariants is an event that occurs most frequently in

tumours subjected to long term oestrogen deprivati@chiavon et al. 2015)Vhile their
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appearance renders endocrine inhibition with an Al ineffective patients still appear to derive benefit
from fulvestrant(Fribbens et al. 2016; Spoerke et &18) The validity oESRYariants 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 lirgeER Y ariants to those

in the LBDonly whereas, in a secondary analysis of the BOLER@I (treatment with exemestane

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

(Chandarlapaty et al. 2016)

1.2.6 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 involveddoritrel of the S into

G1 phase in the cell cycleigure5 shows the machinery involved in the regulation of the cell cycle.

Growth promoting signals

/\é

S-phase

Figure5 Overview of regulation of the cell cyc®yclin D1 (CCND1) bind<CioK4/6. 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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pl16 (encoded by the gene CDKN2A) unless a cell needs to divide. Alongside Rb p53 is alskedsr gathe 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 pa&i@h®itself can also be
amplified leading to increased activation of its downstream proteins. Secondly, pathogenic variants
in CDKN2Aan cause structural changes in p16 resulting in impairment of its ability to inhibit the
pathway. Thirdly, pathogenic variantsRiL 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 sectiorl.2.6.1 Finally, variants ifP53can stop it peforming its usual role of preventing

genetically unstable cells entering G1 phase (discussed in sécfdh?).

1.2.6.1 CDKA4/6, p16, CCND1 and RB1

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

to CDK4/6 which, when activated, allows phosphorylation of retinoblastoma protein (Rb) which
permits progression of the cell cycle from S phase intgdéXGroot et al. 2017Rb 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. CCNDL1 is inhibited by the presence of p16 whidodedrby the gene
CDKN2ACDKN2A&ontains genetic variants in ER+ breast cancer although not at high frequencies;
deletions of the gene occur in around 3% of ER+ breast cafiRemira 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 Al or fulvestrant. The MONALEESA trials (Ribociclib)
(Tripathy et al. 2018)MONARCH trials (AbemacicliB)edge et al. 201@nd the PALOM trials
(palbociclib)Cristofanilli et al. 2016)ave all shown significant PFS benefit and more recently an OS

benefit for patients(Im et al. 2019; Sledge et al. 201Based 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 theadavant setting. Efforts to

identify predctive biomarkers for CDK4/6 inhibition have been extensive yet fruitless with neither
CCNDaAamplification norPI3KCAariant status or loss of p16 being predictive of respaiibnikar

et al. 2019)

Copy number amplification @CND1s a commoriinding in ER+ metastatic breast can@@azavi et

al. 2018) This may be another mechanism by which the normal control of cell cycle progression is
overridden in breast cancer. However, it is not an indepengangnostic marker and may not
correspond to an increase in mRK2allegari et al. 2016y ariants, most commonly SNVLBKN2A
(~1%) andRB1(~2%) are also noted in ER+ breast cancer adding weight to the impaétice

CDK axis as a potential mechanism of endocrine resis{@®&@zavi 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 svdre 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 inTP53will act as biomarkers in isolation.

1.2.6.2 TP53

TP53sthegenethaBy O2 RS& FT2NJ Ljpo | 1S@&@ NB3IdzA FG2N 2F (GKS
& dzLILINBS & 42 NJ 3Sy Sa QTIP53are comrddn B Yreat candgmaiavi gt al.a2018)y

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

although many strategies have been tried. Control of cell deathbl3yis essential to many normal
physiological processes and variant3 ®53n cancer cells are one of the key drivers of cancér ce
immortality (Brown et al. 2009; Babikir et al. 2018ffore the advent of large scale sequencing it

was already known that the presenceT®53variants was a poor prognostic factor in breast cancer
(Andersen et al. 1993pubsequently, after many smaller studies, a large dataset exploring the

prevalence off P53variants in breast cancer patients was generated using sanger sequencing
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(SilwalPandit 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 imfP53was 402/1420 (2%). 73% of variants were single nucleotide variants
(SNVs). 81% of the variants were within the DNA binding domain (ex®ndrbpatients with ER+
breast cancethe presence of &P53variantwas 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 @P53variant was present (n=375, HR 1.66 (95% Ct2.42, p=0.007)
whereas patients with luminal A cancers did not (n=499, p=0-HA&hot given). One could

hypothesise that there are additional protective effects in luminal A tumours that overrid€Ra8
variant present. No differences were detected in survival dependant of typ&b8variant (Silwat

Pandit et al. 2014)

Several studies have shown that the frequencyBb3variants is higher in metastatic samples than

in primary tumourgYates et al. 2017; Razavi et al. 20¥8hile this does not nessarily 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 latetfire course of disease. Either way the presence or
development of a variant ifiP53s likely to promote an aggressive phenotype that can escape

control of endocrine therapy.

1.2.7 MYC

¢c-MYCis a key protein involved in many cellular processes including grovatisawival it is
encoded byMYC MY Camplificationoccurs in around 10% of patients with breast car(@azavi et
al. 2018) Highc-MYC expression is associated with poor prognosis in breast c@biaen et al.

2016)

While the mechanism by whichMYC 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 resisince in breast cancé€Miller et al. 2011; Chen et al. 2015; Green et al. 20A8gr
identifying a gene signature which includel¥ Cand MYC associated genes from comparing
parental MCF7 cell lines with a longrteoestrogen 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 bfY Cresulted in inhibition of cell growtfMiller et al. 2011)

In exploring how MYC expression contributes to a more aggressive breast cancer phenotype Chen et
al identified that crossalk 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. 2015GIlutamine metabolism is an essential part of the TCA cycle and there

Aa SOARSYOS G2 &adzaA3Sad UGKI G 9wb (WiNsetah 008Dl Yy OS NI OF

Chen et al demonstrated that glutamine transport was upregulated in LTED cells adding weight to
the hypothesis generated By/ise et al that one of the mechanisms of resistance to endocrine
therapy may involve glutamine dependenceartRermore, 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-®IYC. However, caution should be noted as LTED cell lines modified to
silenceMY Qwere 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 targetinggMY Cwas possible then it should noeliargeted in isolation.

The role of eéMYC 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
vivostudies in other tumour tges 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 proliferatiiortlever et al. 2017)
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1.2.8 Increased activity of FGFR1 and its ligands

FGFRis another commonly amplified gene in ER+ breast cafiego et al. 201%nd is dten

amplified alongside some tiie genes encodings ligands such @&sGF19FGFandFGF4

Amplification of the gene as determined by chromogenic in situ hybridisation (CISH) correlated with
shorter disease free survival and overall survival in pasienth ER+ breast canc@lbauomy

Elsheikh et B 2007) This work was expanded on in 2010 when the relationship betw&drR1

copy number (as determined by CISH) &@FRgene expression was examined. In a clinical series
of 87 breast cancer samples taken from patients who had received adjuvainhaawith

tamoxifen, strong correlation betwedRGFRamplification and oveexpression was demonstrated.

In turn it was shown that oveexpression oFGFR1esulted in increased downstream signalling in

AKT and ERK1/2 (in cell lines) and poorer distasesurvival(Turner et al. 2010)FGFR1 over

SELINBaarz2y 6Fa AAIYAFAOLYGEe OoLIndnnnn 6& .HO

(as determined using the van de Vijver datag&t)rner et al. 2010)

In the necadjuvant setting a cohoiof patients with early stage ER+ breast cancer who had received

2 weeks of neadjuvant 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
FGFRamplification as determined by fluorescence in situ hybridisation (FISH) than those in which
the Ki67 fel(Formisano et al. 201/ ere high Ki67 as determined by IHC is used as a surrogate
marker for endodne resistant disease. 21/72 tumours retained a high Ki67 level and of these 43%
had evidence oFGFRamplification while in those tumours where the Ki67 fell the raté&GFR1
amplification was only 7.5%. By subsequently developing patient derived nedtsoitj was possible

to demonstrate that it was possible to targeGFRamplifications 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 fulvestrantiad lucitanib (n=8/32 mice all with the same PDX).
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Furthermore, by using genomic data in combination with information regaré®gR amplification

as determined by FISH it was shown that FGFR1 amplified tumours were more likely to-have co
occurringTP53variants (40% vs 20% for namplified tumours) but less likely to have tumours
containingPIK3CAariants (10% vs 40% for namplified tumours). The overall frequencyfGFR1
amplification as determined by FISH assay on FFPE tissue was 30/110 (2i&&pimotth 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 shertn patients withFGFRamplified tumours than those

without (p=0.009 by log rank testing n={8rago et al. 2019)

1.2.9 Lyn as a potential mediator of endocrine resistance

Lyn (encoded bl YN and its associated Src family kinases are key signalling proteins which exert
control over man cellular processes. Lyn is one of nine Src Family Kinases (SFK), the others being
Src, Lck, Hek, Fyn, Yes, Fgr, Blk, an@ERtherger et al. 2010)yn has two splieeariants; 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 protitties @ia 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 teincluding stem cells and may act as an oncogene in a

number of haematological malignanci@agley 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 epithatiesenchymal transition (EMT) was
investigated in breast canceell linesLYNwas identified as the top ranked EMT signature gene

(Choi et al. 2010Knockdown oEYNnhibited cell migration and invasiobY NMRNA expression
correlated with a triple negative breast cancergpiotype. Using &issue micro arrayTMA) 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 addibnal study where Lyn expression was also determined using
immunohistochemistry on breast cancer samples; fuyrtein expression was giiner 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 survivElsberger et al. 2010)

Studies have specifically examined the role of Lyn in ER+ bremstr@nd 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 occy@ed etal. 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 emdrine therapy in the neadjuvant settingSchwarz et al. 2014)n

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

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

compared to WT cells.

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

variants inLYNf they are present.

1.2.10 Other considerations

In this chapter focus has been placed on the potential mechanisms of endocrine resistdriceya
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, twodiseussed, 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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1.2.10.1 Epigenetics
Epigenetics refers to changes in DNA that do not arise fromadilbess 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 daninfluenced by environment, inheritance and biological processes

such as agein@Prake and Sgreide 201Broadly speaking while there are considerable genomic
RNAOGSNBE 2F OF yOSNI 6 KAOK | NB NBf I davedhgina WFAESRQ
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 freqsardied 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 lowantbxpected rate odPIK3CAndMAP3K1
variants(TCGA 2012Jurthermore, changes in methylation status of key genes such as ESR1 could
offer an alternative mechanism of endocrine resistance that is independeianiges in the gene

itself (MartinezGalan et al. 2014Epigenetic changes are also implicated in drug resistance for
example phosphorylation diMT2Ds implicated in the activation of ER and is not inhibited when

anti PIK3CA or AKT1 drugs are uSatska et al. 2017)

1.2.10.2 The tumour microenvironment (TME)

The tumour microenvironment has been hypothesised to contribute to endocrine resistance via
mechanisms that allow uncontidel 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

l.j

factors can directly result in EMT such as tissue growth factérbeb ¢ DCi 0 @ @adhetirkK S N 2 NB
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a protein that normally promotes geographical stability of cells, has been shown to be reduced in

endocrine resistant ER+ breast can@da et al. 2015)

1.3 The FURVA trial

The FURVA trial was designed to investigate whether treating patients with aromataseomhibit
resistant breast cancer with a combination of vandetanib (a tyrosine kinase inhibitoaetitn

against RET) and fulvestrant results in a longer progression free survival than treating patients with
fulvestrant and placebo. The rationale targeting RET is has been discussed in sett2 The
FURVA trial is the primary source of the tissue and plasma samples used in thi€REE€sisumber
14/WAJ/1219 (Wales REC. Betails of samples used including number sétie andlasma samples

are given in Chapter 2.

1.3.1 Overview

The FURVA trial is a prospective randomised phase Il clinical triamBospausal 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 déneverall survival and an exploratory analysis
of the influence of the RET signalling pathway on vandetanib acifiVigytrial schema is detailed in

Figure6).
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160 ER+/HER2-ve advanced breast
cancer patients

Previous treatment with 1-3 lines of
endocrinf therapy
A 4

REGISTRATION / ENROLMENT/
RANDOMISATION 1:1

Arm 1

Fulvestrant 500mg IM D1, D15, then D1
of every 28 day cycle

Vandetanib 300 mg po daily

Clinician review D1, D15, weeks 4, 8, 12,
16, 20, 24 then 12 weekly. CT at week 8,
16, 24 then 12 weekly.

Arm 2

Fulvestrant 500mg IM D1, D15, then D1
of every 28 day cycle

Placebo po daily

Clinician review D1, D15, weeks 4, 8, 12,
16, 20, 24 then 12 weekly. CT at week 8,
16, 24 then 12 weekly.

l

Continue treatment until progression,
excess toxicity or withdrawal

Safety review after 20 and 40 patients
have completed 1 cycle of treatment

Primary outcome measure:

® Progression-free survival (PFS - time to event) based on Response Evaluation Criteria in
Solid Tumours (RECIST) v1.1. - Time from randomisation to any progression and/or death
(from any cause).

Secondary outcome measures:

e Safety, tolerability (side effects) and feasibility of use (number of participants requiring
dose delays or reductions and/or treatment withdrawal).

e Objective response rate and clinical benefit rate as assessed by RECIST v1.1.

e Overall survival (0S), time from enrolment to death with those still alive censored at date
last seen.

e Exploratory analysis: The influence of RET signalling pathway components expression on
vandetanib activity.

Figure6 FURVA Trial schenteken from tial protocol version 3.0 09 December 2016
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1.3.2 Vandetanib

1.3.2.1  Mechanism of action
Vandetanib is an oral tyrosine kinase inhibitor with activity against multiple receftatdel shows
the IC50 levels for its targefdorandi et al. 2011)Vandetanib is a potent inhibitor of RET with

additionalactivity against VEGFERand VEGFRas shown inrablel and Figure?.

Target IC50 (nM)
RET 130
VEGFR 1600
VEGFR 40
VEGFR 110
EGFR 500
PDGFR 1100

Tablel Vandetanib targets and their associated IC50 values

Vandetanib is a quinazoline which was originally developed as a VEGFR iWibiige et al. 2002)

It is currently licenced for the treatment of aggsive and symptomatic medullary thyroid cancer in
patients with locally advanced or metastatic disease. The use in medullary thyroid cancer is based on
a phase Il clinical trial where the primary endpoint of increased progression free survival was met
with a HR of 0.46 (95% CI 0359 p<0.01jWells et al. 2012)Thee appeared to be greater benefit

in patients whose tumours harboured pathogeRETvariants as determined by amplification

refractory mutation system (ARMECR for M918T and direct sequencingr&flexons 10,11 and

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

determine the presence or absenceRIETvariants.

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 baes inhibited by vandetanib.

Genetic variants in neitherEGFB nor EGFRvere studied. The magnitude of benefit derived in
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patients who wereRET" s likely to have been driven from those who w&E 18T positive (35/40

RET" positive patients had 8918T variant and were treated with vandetanib in the trial).

Vandetanib was not effective against all variantRET the variant V804Mcommonly found in both
sporadic and MEN2 associated medullary thyroid cancers) conferred resistance to vandetanib as

controls access to the binding pocket used by vandetéitowles et al. 2006)
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Fulvestrant

tanib

MIRNA-375

Oestrogen receptor

7’
4

7’

oliferation
Oestrogen receptor

N

Figure7 The mechanism @fction of VandetanibVandetanib is a muHkinase 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, theékPpathway 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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1.3.2.2 Previous use of vandetanib in breast cancer

Twoclinical triak have been reported where vandetanib has been used to treat patients with breast
cancer. A small randomised phase Il study of 64 patients offered patients treatment with docetaxel
+/- vandetanib in the first line metastatic breast cancer seftihe 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 valetanib in breast cancdBoér et al. 2012)

Secondly, the ZAMOBNEY st@@iemons et al. 2014The primary endpoint of this phase II

randomised study was a biomarker dysis using urin&l-telopeptide as a marker of response to

bone targeted therapies. In this study vandetanib 100mg PO OD was combined with fulvestrant in
postmenopausal patients with hormone receptor positive metastatic breast cancer with bone
predominantmetastatic disease. There was no difference in biomarker response, PFS or OS between

the two arms.

Other RET inhibitors such as LG22 and BL67 have not been formally tested in breast cancer
patients in clinical trials although ongoing studies asng both drugs for RET activated cancers in a
tissue agnostic approach. For example, the LIBREBUTGtudy is using LOXX92 in patients with
advanced solid tumours, RET fusion positive solid tumours and medullary thyroid cancer
(ClinicalTrials.gov Ideifier: NCT03157128] he trial team recently announced that LOX@2 had
shown significant activity resulting in prolongation of PFS in patients witksnall cell lung cancer

(NSCLC) with RET fusions and are planning a randomised phase (IDetadyet al. 2019)

1.3.3 Fulvestrant

1.3.3.1  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 transcriptios tontributing 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 thkimds 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

A N A
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to the ER. Once bound it inhibits dimerization and the relay of the ER from cytoplasm to the nucleus.
Thiscomplex has inactive AF1 and AF2, resulting in inherent instability and heightened degradation

of the EROsborne et al. 2004)

Fulvestrant is administered as an intramuscular injection every four weeks. In the FALCON study it
proved to be effective as monotherg@nd 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 0.68:P99, p=0.0486). The overall progression free survival benefit was
measired in short months, although was greater in a subgroup analysis of patients with no evidence
of visceral diseasgRobertson et al. 2016 urrently in the UK fulvestrant is not recommended over
aromatase inhibitos 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 inhibisshown irmable2). In this setting, albeit

within the context of clinical trials, the progression free survival is approximately 5 months with
fulvestrant alone. All trials listed ifable2 recruited pdients 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 wih ER+ endocrine resistant ABC is around 5 months when patients are treated with

fulvestrant.

Clinical Trial Progression free survival in Reference

fulvestrant only arm

PALOMA3 (fulvestrant and 4.6 months (95% CI 356) (Cristofanilli et al. 2016)
placebo vs. fulvestrant and

palbociclib (a CDK4/6 inhibit9r)

FERGI (fulvestrant and placebd 5.1 months (95% CI 3/63) (Kraop et al. 2016)
vs. fulvestrant and pictisilib (a

P13K inhibitor))

BELLR (fulvestrant and placeb( 5.0 months (95% CI 492) (Baselga et al. 2017)
vs. fulvestrant and buparlisib (a

pan PI3K inhibitor))

Table2 dinical trials comparing fulvestrant to fulvestrant PLUS investigatory medicinal productirfl pi)ents with

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

¢ KSNBE Aa I da;valbléégarding thdldsdoffuledtrdineasiocrine therapyafter
treatment with an antioestrogen. In a retrospective review of 263 women with secondary breast
cancer that had been treated with fulvestrant after disease pesgion on at least onendocrine
therapyPFS 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% €l1®&. Even in the'¥line setting the median

PFS was 8.5 months (95% CHBL5L). 50% of the patients in the study were stage Il at primary
diagnosis, while 86% of patients in the metastatic settimgmdit 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 pat{@mscas et al. 2018)
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1.3.4 Summary of the FURVA trial design

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

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. Hewer, previous trials using vandetanib in breast
cancer have not shown clinical benefit, although their trial design and statistical analysis could be
guestioned(Boér et al. 2012)it is important to remember that although the scientific rationale for
this project focusses on vandetanib aRETinhibitor it may also have effects on other receptors

such as VEGFand VEGB.

1.4 Biomarkerdiscovery in breastancer 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 aléirobbay
prognostic variables. Monecently 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 pdNaolini 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 statusus®ldhanti
hormonal therapies. More recently alpelisib has become the first PI3K inhibitor to be approved with

the use of a companion test fBHK3CAvariantstatus(André et al. 2019)

There are many potential predictive biomarkers in breast cancgmession of single genes or
multigene signatures, single or multiple migRINAs, circulating tumour cellgrculating tumour
DNA ¢tDNA detectable genetic variants or signatures comprised of multiple genetic variants,

tumour mutational burden, tumour ifiitrating 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 complexX part
clinical trial desigriWilhelm-Benartzi et al. 2017)rhe REMRK guidelines have been developed to

try and improve biomarker developme(i¥icShane et al. 2005; Sauerbrei et al. 2018)

PerezGarcia et ahave written eloquentlyegarding the lack of defined clinical trial mettwogy
around identifying and then prospectively validating predictive biomarkers in clinical(fialez
Gracia et al. 2017)Their paper details the discovery and subsequent validation of eight key
biomarkers hat are in clinical oncology use today. Three of the eight were identified from a
retrospective analysis (hormone receptors in breast care&f-Rariants in lung cancer al{RAS
variants in colorectal cancer). While HER2 expres€i#tiTvariants, ALKtranslocationsBRAF
variants andBBRCA and 2 variants were identified in prospective studies. Of the eight, two did not
have preclinical evidence at the time of discovdEGFRNAKRAY The authors demonstrate that
there are many approaches to biomarldiscovery and many variables that need to be considered.

They conclude by making several recommendations including:

9 retrospective designs for biomarker studies are a useful tool

1 single agent studies make for simpler biomarker identification than ragkirt studies

1 response rate is a useful endpoint for biomarker studies

1 there is a knowledge gap regarding how best to calculate sample size in biomarker studies,
in particular those performed using genomics

1 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 §w®pe 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).

1.4.1 Immunohistochemistry (IHC) in breast cangivestigating protein expssion

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 thei®éor 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 dete@n 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
guantitative measurement of the amount of antigen present and the tissues it iepras 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 thetalbiaan

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 bothabRET (RET) and phosphorylated or active RERKEJ).

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.

1.4.2 DNA based bhiomarkers in breast cancer

1.4.2.1 Next generation sequencing (NGS)
Next generation sequencing in breast cancer has rapiuhaeced 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 tht 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 segencing 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 challeddinvglae 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. Furtimore, 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
theded St 2 LIYSy G 27F | ditulatingZzie&® DNAKDAAJE éxtactai Rr@m\aldod and

sequencedA proportion of cfDNA will be circulating tumour DNA (ctDNA)

All cells in the body, both malignant and noraligrant 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 whilelNA refers to DNA which is known to come from a malignant

cell. This is uslisgt determined by the presence of a pathogenic vari@thwarzenbach, 2011 #270}

¢tKS WiAldZAR 0A2LJaeQ y2¢ 2FFSNAR | GALFLotS Ff G4SNV
such as low DNA yield limiting depth of coverage with larger Isg¢Beono et al. 2019)
Furthermore, additional work is needing to fully understand the factors influgnitie 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. 2012p whole genome sequaaing of 560 breast cancer tumouiNik-Zainal et al.

2016)in just 4 years. By 2018 we were presented with detailed targeted sequencing data from over

44



Chapter 1: Introduction

1900 patients with endocrine resistant breast cangé@tazavi et al. 2018The 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 muckimteaging 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 investigatianid key variants and gene targets.

1.4.2.2 ldentification of genetic variants in breast cancer samples; single nucleotide variants (SNVSs)
NGS has been used to explore the changes in the genomic landscape between primary and
metastatic breast cancer samples. Onéghaf largest published datasets managed to compare over

600 primary ER+ breast cancer tumours with metastatic sanfBlazavi et al. 2018The samples

were not matched by patient but the numbers are large enouut tohort comparison is

applicable Figure8 summarises the changes between primary and metastatic tumours with the
largest increase in variants seerB8R1Variants infTP53, KMT2C, ERBB2, FAIIATRwere also
statistically gjnificantly 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.

Comparison of mutation frequencies in ER+/HER2- primary and metastatic samples in the
MSK-IMPAKT breast cancer dataset

Mutation frequency (%)

40
30 B (A) ER Positive, HER2 Negative, Primary
B (B) ER Positive, HER2 Negative, Metastasis
20
ol .“'.J‘.'i.].
< o T T, O 2 S e C % 2, Py
ke %/‘4’ K -7/\‘ 7 63‘:9 ) K %

Figure8 Comparative variant frequencies between primary and metastatic tumours in thd \FSKKT breast cancer
dataset accessetihrough CBioPortal. Graph created using the 'groups' function. *indicates a p value of <0.05 as

RSGSNYAYSR dzéttesfd CAAKSNDRAa SEI
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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. 20linbers of patients

included in tlese studies are much smaller, generally <100 patients. In the work by-Blemstam

et al genes that were more commonly altered in metastatic samples compared to primary tissue
includedPIK3CA, MDMand CDK4The changes iMDM2 and CDK4ended to be copynumber
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 trattents 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 SURTERS
loss,CCNE1, IRSMCL1CCND1, FGFRad MY Camplifications, rearrangement iRRKDGrariants

in PIK3CAH1047R)PIK3R1G376R) andP53(1195T) suggesting that the presence of variants does
not equate to resistance to treatment. While Schliefman et al looked spaltyf atPIK3CAnd AKT1
variants andPTENoss across paired primary and metastatic tumour samples finding that there was

minimal change over time (n=75 participants).

1.4.2.3 Identification of genetic variants; copy humber variations (CNVs)

Gene amplification ocopy humber gain has been associated with prognosis and response to
treatment in breast cancer since the useflobrescent in situ hybridisatio(FISH) to investigate

HER2 amplification in breast cancers. With the advent@$Nt 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 Cah be calculated by pooling sample data. Through these
sequencing projects it has been noted that CNVs change during the disease course. As detailed in
Figure9 there are many genes that are more frequently amplified in metastsdimples than in

primary tumour. The most common amplification iSIE€ND 1followed by amplifications dfGF194
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and 3.FGFR1, PAKkhdMYCare also frequently amplified but without a significant change over

time. This is demonstrated iRigure9.

A A
G G

Comparison of copy nhumber alteration frequencies in ER+/HER2- primary
and metastatic samples in the MSK-IMPAKT breast cancer dataset

Copy-number alleralion frequency (%)
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Figure9 Comparative copy number variation frequencies between primary and metastatic tumours in tHMMSKT

breast cancer dataset accessdough CBioPortal. Graph created using the 'groups' functiodicdites a p value of <0.05
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1.4.2.4 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 ing@f 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 presere of hotspot variants iIdKT1, PIK3GRdESR1Assays can be designed to
identify single nucleotide variants or can be multiplexed to allow the identification of up to 4

different variants in one experimeirfHrebien et al. 2016)Assays can also be developed to identify

changes in copy number such aElRBB2Gevensleben et al. 2013)

DdPCR can also be useful when alsimgriant is identified from next generation sequencing and is

(KSY WiNIO]SRQ 20SNJ (KS O2dNES 2F GKS LI GASyi

presence of variants detected using NG&pezKnowles et al. 2019)
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A good example of the use of ddPCR technology in the field of endocrine resistant breast cancer
comes from the FERGI study (a ranaged phase Il 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 presenc® BBCAand ESRYariants using BEAMing ddPCR
technolagy 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 patiengsnbee able to demonstrate

the variant allele frequency (VAF) falling in response to treatment and then rising as the disease

escaped contro{Spoerke et al. 2016)

1.4.3 Other potential biomarker techniques not usedhis project

1.4.3.1 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 countingsymonymous variants only) and is

used & a predictive and prognostic biomarker for response to immunotherapies in tumours such as
melanoma and nosmall lung canceMarra 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 tollmked to failure of DNA damage repair and problems with
accurate DNA replication. There is a strong link between the preserides®ariants and high TMB
(Chalmers et al. 201.7Breast cancer is not traditiongla 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, MLHHhen TMB could be a potential biomarker in ER+ endocrine resistant breast
cancer. The accurate calation 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 allonagrplof

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 unstableine of the tumours DNA.

1.43.2 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 examioftion

data from WES or WGS and use data from both coding andoaing regions of the genome.

Signatures are described inareviewby®k Ay f | yR a2NAlFyStfl Fa aiKS
LINEOSaasSa GKIG KFE@S 32y S (NikzniBal aRddddyaiala 01O S NI RS @ €
signatures have been frequently identified in breast cancer (Signature 1B, 2, 3,8 and 13) these relate

to age at diagnosis, APOBEC and BRCAL1/2 deficiency; the associations with other sigaatunmt

yet been identified Alexandrov et al. 2013APOBEC refers to a collection of cytosine deaminases

that are part of the immune response. BRCA 1/2 signatures correlate with defects in homologous

recombindion (HR), this can either be from genetic variants in the genes themselves or a more
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detailed study of 560 breast cancer samples an additional 7 siggsatuere identifiedNik-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 (FikRedey) this relationship is not
present in a significant minority of cases. For patients with ER+AtEREninal 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 @distics extrapolated from Figure(Blik-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 presemdaysfunctional APOBEC enzymes that contribute to the

immune response.
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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 wil explored as

potential biomarkers in this project.

1.43.3 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 secfidh?. Subsequently RNA analysis has been used

to explore the role of micrdRNAs (miRNA) as both prognostic and predictive biomarkers. MiRNA are
nonO2RAY 3 wb! Y2fSOdzZ Sa dGdKFdG +FOG a WwagArioKSaQ
(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 therdadskaof 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 aduaed luminal breast cancers. For example,-88& and

mMiR-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 ammwst other genegMcAnena et al. 2019MiRNAs can be extracted from blood and
sequenced using NGS and are appealirg @atential 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 questiothis thesis sts out to answeis:

Canpotential 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 opotential biomarkers is important here as this will be a retrospective analysis and thus
will be hypothesis generating with any potential biomarkers requiring prospective anahsis
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) 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 dfirculating 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 thkan ea

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 investigaiimo assessing copy number variation in
commonly amplified genes such sl Cand FGFRby ddPCR offers new data around the feasibility

of this technique in ER+ advanced breast cancer.
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These strategies relate mkeyhypothess anda number of overarching aims of the thesis.

Key Hypothesis
High expression of RETRET, fRET oboth) will act as a prognostic biomarker and by inhibiting RET
(and other targets ofandetanib) RET expression will also act as a predictive biomarker for response

to vandetanib; with high expressers experiencing greater clinical benefit from RETidmhibit

Thesis Aims

1. To establish protein expressionRET in FFPE primary tumour samples using
immunohistochemistry and to correlate protein expression with clinical outcomes in
patients receiving treatment with fulvestrant -wandetanib

2. To examine the msence of genetic varian(SNVs and CNMa)both FFPE and ctDNA
tumour samples using NGS and ddPTR presence or absence of genetic variants will be
correlated with clinical outcomes with a focus on variants that cinfldence response to
fulvestrart and vandetanib.

3. Methodology will be developed to examine CNVs by ddPCR in the genes MYC anthFGFR1
FFPE and cfDNE&Iinical outcome data will be used to determine whether clinically
meaningful cut points can be identified to support the use of theststas prognostic

biomarkers.

Each chapter will include a clear statement of its individual aims and objectives and conclude with a
discussion a® 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 clinjgathological outcome data from the FURVA clintiGal. 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 ohis 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 develofPABEt al. 2017heaniry
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 arel’en 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 pengle liv

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 facus 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 paredflitnical 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 thesisut 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

2.1 Introduction

2.1.1 Chapter Ovesiew

This chapter documents the techniques used to investigate potential biomarkers within the context

of the FURVA trial using both targeted and sembiased approaches. The targeted approach

involved interrogation of the presence and functionality offRiEotein in tissue samples using
immunohistochemistry (IHC) for both totatRET) and phosphorylated/activated REERE)

respectively. At a DNA level, a targeted next generation sequencing (NGS) panel was selected to
investigate key variants in a paraflgenes 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 FGFRL1 in circulating freed3biftatve

of aromatase inhibitor resistant disease.

This chapter will cover the samples used, the methods employed anuétizod developmenbf

the different techniques.

2.1.2 Chapter Aim

Todocument the techniques used in this thesis and subsetjy the develognent andvalidaion of
the methods selected texplore potential biomarkers in the FURVA study at both a protein and DNA

level.

2.1.3 Chapter Objectives

I To develop and validate immunohistochemistry assays lsigitior the detection of

RET and+{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 evalu&®ET and{RET in the FURVA
trial breast cancer sample series.

1 To develop a compieentary scoring system to allow grouping of the immunostained
samples intoARET andw9 ¢ WKAIKQ FyR Wi26Q al YL Sao

9 To select an appropriate targeted next generation sequencing panel for exploration of
variants in genes of interest in advanced aromataddbitor resistant breast cancer

1 To establish a limit of detection (for both DNA input and variant allele frequency (VAF))
for the selected targeted next generation sequencing panel

9 To establish limits of detection for ddPCR probeEfBR Yariant detecion

1 To establish methodology for measuring copy number gaMYitand FGFR1sing

ddPCR technology.

2.2 Materials

2.2.1 Ethical approval

All patient samples were obtained from patients recruited to the FURVA trial (EduraCT Number:
201400120823, Sponsor: VelindrdHS 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 2004alTige tri
registered with a multcentre research ethics committee (MREC). The REC reference number is
14/WA/1219 (Wales REC @ppendix document 15ee Appendidocument 2for Patient

Information Sheet and Consent Form.

Historic FFPE tissue samples usedHC assay development and validation work were clinical breast
cancer samples collected during diagnosis and treatment in the 1P883s by teams at
Nottingham City Hospital (University of Nottingham, Prof 10 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 appfomal Nottingham REC2: C2020313

with generic consent for the research use of the samples.

2.2.2 Patient Characteristics

All participants in the FURVA study were posnopausal women with histological evidence of ER+,
HER2breast cancer alongside clinical ciomfation 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
anastrople. 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.

2.2.3 Samples

2.2.3.1 FURVA FFPE samples

Centres participating in the FURVA trial wereuested 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. & IHC analysiall available=FPE samples weecut into 3micron sections and

placed onto barged 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 weessayed as soon as practically pdssibr both tRET and{RET. Samples
were either from primary tumour, lymph node or metastatic deposit (lung, liver, skin or bone). Detalil
on the tissue of origin was obtained from the accompanying pathology report and reviewed during
the scoring of eachasnple 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 reXigw by
Hudson ZH and FA a small number of tissue blocks were faiongot contain any ancer 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 fulvestramamtletanib
sections from all FFREocks 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 Labo(atéf€L). DNA was
extracted from 6 sections per patiehy 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 indb&s 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 prodict 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 primaryFFPE samples were analysed using inghistochemistryNGS sequencing data was

available from 4&rimary FFPE samples

2.2.3.2 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 ttezent. These samples will subsequently be
NEFSNNBER (2 Ay GKA&a (GKSaixa a WwW.laStAaySQs Wy gS¢
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 samplenBlasd buffy coat were

stored in 1ml aliquots ai80°C until DNA extractioithis 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.
Between61 and 67 patienttreated with fulvestrant +/ vandetanibhad a cfDNA sample analysed by
ddPCR for the presence BERYariants or copy number variations MY Cor FGFR1The number of

patients included varied between assays due to sample availability.

2.3 Methods

Each method will be presented in turn. Following tdistail on methodological development and

validation experiments will be detailed in section 2.4.

2.3.1 Immunohistochemistry (IHC) materials and methods

This section will focus on the techniques usedssess the presence of RET protein in tissue
samples from participants in the FURVA trial. Assays measuring-B&h and4RET are detailed,

along with background to IHC and reasons for its selection in this project.

2.3.1.1 Background

IHC is an antibody bed semiquantitative 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. Funtoee, 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 technigue that canebused to study diverse samples including FFPE material.

Nevertheless, since its inception in the late 19@0awarai and Nakane 1970)

immunohistochemistry has also had some limitations in termssafkiproducibility 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 staineasfively 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 reibitguand
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 ofteonal 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 prepation 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 (usuallging formalin) and embedded into a paraffin block. The FFPE
tissue is then sectioned into thin€4um) 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 spextéio pf

interest that include antigen retrieval, blocking of any repecific sites or endogenous enzymes,
application of primary antibody specific to the human protein under evaluation, antibody incubation
(again optimised for the protein of interesgpplication 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/hydrogenoxide) detection to visualise the
antigen/primary atibody/secondary antibody binding on the sample. This is followed by the
application of counterstain to reveal the tissue morphology of anyriéf§ative cells and the

dehydration and cover slipping of the sample ready for sgnaintitative staining asses@&nt using

a light microscope, interpretation and lostgrm 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 #megla

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 fun¢isseghir et al. 2007)
Secondly it allows analysis of the range of staining patterns and levels of expiliegsiettumour
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 tisssigsh as normal breast tissue or nimvasive 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 REEKpression 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
semiquantitative 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 sspecific staining may also be encounterelde THC 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 EBidn immunoperoxidase detection system (Agilent, Santa Clara, CA,

USA) has been chosen. The basic principles of this system are illustriigdrizilO.
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Basic priciples of EnVision detection system

secondary antibody

l)k— primary antibody

Antigen —‘

G§SGNF Kée RNR2OKE 2N

w»

Figure10 Overview of the EnVision detection systdAB 0 QRA | YAY 20 Sy T ARAY

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 duraton 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 inteom&lol sample to ensure

minimal inter batch variability.
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2.3.1.2 IHC materials useghd final protocd for FRET and-RET assays

Table3 details the materials used in the IHC experiments.

Buffers

0.01M Phosphatbuffered saline

(PBS)

42.5g Sodium Chloride (Fisher 11984051)

7.15¢g dipotassium hydrogen orthophosphasahydrous
K2HPO4 (Fisher 10375760)

1.25¢g Potassium dihydrogen orthophosphate KH2PO4 (Fi
10783611)

Make up to 5L with distilled water and pH chedkiag for a

pH of 7.27.4

PBS Tween

Add 150puL of Tween 20 (Sigma P2287) to 500mIs PBS m

as above to give a solution of 0.03% Tween solution

Triphosphate buffered saline

(TBS) 0.5%

Add 60.55¢g Tris Base and 45g sodium chloride to 250mis
distilled wate. Add 5M hydrochloric acid dropwise to achie

pH of 7.5 Make up to 500mls with distilled water.

TBSTween 0.5%

Add 1.5mls of Tween 20 (Sigma P2287) to TBS 0.5%

TBSTween 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 wat

pH should measure 9 without adjustment.

Sodium Citrate buffer (pH6)

Add 2.94¢g sodium citrate to 1L distilled water then add 5M

hydrochloric acid dropwise until pH 7.6 reached.

Peroxidase blockig

3% Hydrogen Peroxide

Dilute 3ml 30% Hydrogen peroxi@éisher 10736291ih

27mls distilled watr
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0.18% Hydrogen Peroxide

Add 3ml 6% hydrogen peroxi@eisher 1050200Zolution to

97mls distilled wter

Protein blocking

Protein block

Dako (X0909) a sem free block with casein

Antibodies

Primary antibody (RET) Abcam Ab134100 a recombinant anti rabbit IgG monoclon
antibody. Aliquotted on arrival and stored &0°C until use.
Stock concentration 0.649mg/mL.

Primary antibody (fRET) Abcam Ab51103an antirabbit IgG polyclonal antibody to
phospho site Y1062. Aliquotted on arrival and storee2@tC
until use.

Secondary Antibody Dako Envision+ System HRP labelled polymer Anti Rabbif

(K4009)

Detection and counterstain

DAB detection kit

Dako LiquidAB+ substrate chromogen system (K3468)

Methyl Green 0.05% counterstai

Dissolve 0.05g Methyl Green (Sigma M8884) in 100mls

distilled water

Table3 Materials required for IHC experiments in FFPE breasecaamples
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The final optimised assay for FFPE breast cancer sampleREdr expression is outlinedTiable4.

Step

Timings

Dewaxingand rehydration of FFP

sections

2 X 7 minutes in xylene

2 x 2 minute 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 Rtrieval

1 minute at microwaven full power (power level 10, 950W)

9 minutes at microwave power level(660W)in pH 9 EDTA buffer

Blocking steps

1 drop 0.18% H202 for 20 minutethen wash in PB$ween buffer

followed by 2 drops DakBrotein Block for 20 minutes

Primary antibody application

50-70uL2 Abcam Ab134100 diluted th:60-1:100in TBST 0.05% (see det

in 2.1.1.7 applied directly to slides and incubated at 23°C overnight

Secondary antibody application

After washing twice in PBBwrveen buffer in a slide bath 1 or 2 dropako

Envision Rabbit secondary applied for 60 minutes

DAB detection

50-70uL Dako Envision DARhromogen/substrate detection system

applied for 10 minutes

Counterstain, dry and coverslip

After washing in distilled #0 (dHO) 0.05% methyl green applied f&

minutes Wash with diO and dry at 4%C for 1 hour, coverslip using DP

Table4 Final optimised protocol fo-RET staining assay on breast cancer sections

250uL for core biopsy samples or sections <1cr@pL for larger sections.
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The final optimised assay protocol used to examiARET expression in the FURVA samples is shown
in Tableb.

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 microwaven full power (power level D, 950W)

9 minutes at microwave power leve(560W) in pH 6 sodium citrateuffer

Blocking steps 3% H202 for 5 minutdben wash in PBST

2 drops of protein lock for 20 minutes

Primary antibody application 50-70uL® Abcam Ab55103 diluted to 1:5® TBS 5% buffer applied

directly to slides and incubated at 23°C overnight

Secondary antibody application | After washing twice in PBSJako Envision Rabbit secondary applied

120 minutesincubated at23°C

DAB detection Dako Envision DAghromogen/substratedetection system appliefresh

for 8 minutes

Counterstain, dry and coverslip | After washing in distilled # (dHO) 0.05% methyl green applied f&

minutes Wash with dO and dry at 4%C for 1 hour, coverslip using DP

Table5 Protocol for pRET staining assay on breast cancer sections

350uL for core biopsy samples or sections <1cr@pL for larger sections.
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2313
2.3.1.3 Soring of tRET and-RET immunostaining

Both assays were scored in each sample using-seoHng methodFedchenko and Reifenrath

2014) Scorers (ZH and FA) were blinded to treatment received. Slides were viexil at
magnification withareas 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 invasiveriour epithelial cells scored as positive. Samples were
scoredby ZHinitially. Samples were then reviewed by FA who calculated his sédnere there was
disparity in the sores from the two assessors further review was undertaken, and consensus
reached on the final score for the samphole samples were scored, these being either primary
tumour, lymph node or metastatic lesioAll tumour epitheliatells 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 foreach intensity level permitted the calculation of the finastbre using the following
formula H=Xx+ 2 +3z, with a maximum score of 300 (all tumour cells demonstrating strong staining

intensity). The intensity levels were as follows.

X = percentagef 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 Almmour component an H&E stained

slide was reviewed. Normal breast or nimvasive ductal carcinoma in situ (DCIS), if present, was
not included in the scoring. Totatdtore and breakdown by intensity category were tabulated in an
Excel spreadsheet and subsequently in an SPSS workkambkfo 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. Theize 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 determiningcat pointbetween high and low expression wesgplored
(discussed isection2.4.3. Finally, a cut point determined using the maxstat metfHadthorn,
2008 #191}vas selected for use in Chapter@inical Correlation.-RET samples were deemed to
have high expression if tHd-score waskl66 and FRET samples showed high expression itthe

score wasigb.

2.3.2 Next Generation Sequencing (NGS) for detection of genetic variants in DNA

extracted from FFPE and plasma samples

2.3.2.1 Background

Next generation sequencing is an umbrella term referring to the sequencing of DNA using
G§SOKy2t23A8Sa GKIG KIFE@S S@2ft 3SR FNBY AYAGALE SI NI
ISYSNI A2y Q (SOKy2ft23ASa fft2¢ TFT2NJ ljdA O]l SNE OKSI

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 chimgshow 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 specifipathology 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 technasguch 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 thexisting 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 betwedfGS 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 gnerated 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 afitpddi 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 Panelg Sanger
Sequencing
Time sequencing +++ ++ + +
Timeanalysing | +++ ++ + +
Bases 3.3 billion 40-50 million Varies 200bp of region
sequenced of interest
Average depth | 15-30 reads per| 100-150 reads | 500-5000 reads | NA
of coverage base per base per base

Table6 Comparison of sequencing technologi€ampiled using data from review by Horak et #Horak et al. 2016)

Based on the assumption that 50 samples of each type will be run.

When applying the overview ifiable6 to the samples used in this studyoth 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 & 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 longerm data storageTaking 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 dbstatic 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 uppemtiits 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 tirobrafltgy

selection; Adalsteinsson et al demonstrated that it was possible using cfDNA samples from patients
with metastatic breast and prostate cancer. They used astep approach designed to identify

samples with >10% tumour content which then proceeti2dVES. In their metastatic breast cancer
samples >30% of samples and over 40% of patients had sufficient DNA for WES but no comment was
YIRS | 62dzi GKS (GeLS 2F oNBlFad OFyOSNER FyR (GKS
had been taken. Hoawer, 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 pr@eetisteinsson 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 begihttiegproject

whole genome data from Nik Zainal et al was available first for the life history of 21 breast cancers
(Nik-Zainal et al. 2012¥ollowed by WGS from 560 breast cand@ig«Zainal et al. 2016)rhis was

further supplemented by whole exome data from 103 breast cancer pat{@aserji et al. 2012)
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817 patients with invasive lobular and ductal breast cariCenello et al. 20159nd 216 patients

with metastatic breast cancdtefebvre et al. 2016Ellis et al published details of a combination of
WGS and WES data for 77 ER+ patierdscanrelated 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 boaaserqPereira 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 mfshie 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 morefipdatasets became
publicly available. For example, 1918 samples from ER+ breast cancer patients, some with multiple
samples sequenced using a 468 gene targeted pg&wavi et al. 2018gave been published and

added to publicly searchable online data repositories such as CBioFeaaét 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 frequentiontained 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 ruof 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
YdzYo SN 2F GNRIFf & (82 akSES 2 NI y2S t dza S ALGYK S RIS alkkA y' S

or specifically for breast cancer research.
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2.3.2.2 NGS materials used

Table7 details the mateials required for the extraction of cfDNA and subsequent library

preparation, quantification and sequencing.

cfDNA extraction

QIAamp circulating nucleic Qiagen Cat ID 55114

acids kit

Library preparation

lon Ampliseq Library Kit 2.0 | Thermofisher Cat ID4475345

lonExpress Barcode Adaptorg Thermofisher Cat ID e.g. 4474521

Library quantification

Qubit dsDNA HS kit Thermofisher Cat ID Q32854

Agilent High Sensitivity DNA k Agilent Cat ID 5064626

Sequencing reagents

lon PI Hi Q Sequencing 200 K Themofisher Cat ID 26772
lon P1 Hi Q Chef Kit Thermofisher Cat ID A27198
lon PI Chip Kit v3 Thermofisher Cat ID A26770

Bioinformatic software

Torrent Suite Thermofisher Version: 5.8.0

lon Reporter Thermofisher Version: 5.10.5.0

Table7 Materials required for NGS experiments

2.3.2.3 NGS methods

Two targeted hotspot panels were used for the NGS work in this project. The first w@atier

Hotspot Panel V2 (Therrfisher, 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 iESRBAnd GATA3vere common and of interest in ER+ ABC but were not
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covered n the CHPv2 panel. In addition, the coverag®Bfin the CHPv2 panel was limited to

63/3345 bases covered. Furthermore, althougfi\variants had not been prevalent in sequencing
studies to date it would not have been sequenced in many targeted panelthare was rationale

for investigating whetheLYNvariants 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 inrhouse development team at Thaofisher and allowed coverage of 158/171 (92%)

hotspots of interest iRET, LYN, GAT&R ESR1Those hotspots which were not covered all lay

within GATA3

All libraries were prepared FH. 2 G K LI ySfta ¢SNB dzZaASR | & LWENI YI ydzF
up to 12uL of DNA extracted from eitheFFPE or plasma samples was adde@agents for library

preparation. During initial amplificatioPO PCR cycles were used for the CHPv2 panela and 24 for the
CUSTOM panel. Followiagplification amplicons undeent partial digestion prior to purification

and final library analysi3he final library concentration was determined using Qubit High Sensitivity
Flurometer Samples were then pooldd create a library of ~100pM concentration. Final

preparation for squencing was then performed using the lonCliefally, pooled libraries were

sequenced using thenTorrent SequenceBAM and BAI files were automatically uploaded to lon

Reporter for variant analysis.

lon Reporter (Thermofisher) offers a graphical ustrface allowing the user to design a fully
customised workflow for analysis of BAM files uploaded directly to the diased storage system

after each sequencing run. The workflow used for the analysis of FURVA patient samples used the
following paraneters in addition to the default settings recommended by Thermofisher for the

CHPvV2 panel.

1 VAF >0.01 and <0.90
1 Down sample to 2000 reads

9 Located in exonic regions
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T SNVs and INDELs
f aAyAYdzy O2@SNI3IAS x mnn NBIFRa
T aAyAYdzy O2@0SNIF3IS FtGSNYFGS ttStS xmn NBI Ra

1 Maximum strand bias 0.9

T t KNBR | dzI f (Ewiry et®IQI298)5 X H 1

All variants called by IR were manually reviewed in IGV. Each variant was then allocated a Tier as per
the Joint ConsensuseBommendation of the Association of Molecular Pathology, American Society

of Clinical Oncology and College of American Patholddiset al. 2017a)Databases used to gather
information to assist with tier alloden included COSMITate et al. 2019dbSNRSherry et al.

2001) ClinValLandrum et al. 2018)nd CBioPortdlGao et al. 2013)During the analysis phase an

in-house list of commonly found benign variants was also created.
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2.3.3

2.3.3 Droplet digital PCR (ddPCR) for detection of single nucleotide variants (SNVSs)

and MYC and FGFR1 copy number variations (CNVs

2.3.3.1 Background

While NGS allows efficient screening of samples for genetic vaiiiauat wide variety of genes it is

limited by sensitivity and cost. Using NGS to detect CNVs can also be chalBigginigrmatic

methods of detecting CNVs from NGS data may employ one of the following techniques; analyzing
the number of reads falling ia 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 genfiiweet 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 infence 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 agfithim historical FFPE
tissue samples this can be signific@genjamini and Speed 2012h 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 seguegions 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 selectioof 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 Bl@$geanel 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 whigktfabtad 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-oasiéd droplets and undergo a PCR

reaction. Each droplet is then read using flu@easce 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 cdratem or copies per ml amongst other

uses. In breast cancer it has been used to detect ESR1 variants in patients with advanced lobular
breast cance(Desmedt et al. 2019jo screen large trial populations for ESR1 variéatibbens et

al. 2016) to determine copy number variations in EREB2vensleben et al. 2018hd totrack

variants over time attempting to predict relapg8arciaMurillas et al. 2015amongs other uses.

The techniques used to assess CNVs in ERBB2 can also be applied to other genes of interest in ER+

AB(GarciaMurillas and Turner 2018)

It is possible to multiplex small numbers of variants into the same reaction by designirergpand
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 exaed 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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2.3.3.2 ddPCR materials used
Table8 details theconsumables, hardware and software required for the ddPCR SNV and CNV

experiments.

DNA extraction

QIAamp circulating nucleic Qiagen Cat ID 55114

acids kit

Assays

ESR1 MPX1 Bio Rad Assay IDdHsaMDXE9145004
ESR1 MPX2 Bio Rad Assay IDgHsaMDXE6571981
MYC Bio Rad Assay IDdHsaCP2500322
FGFR1 Bio Rad Assay IDdHsaCP2500319
AGOL1 (also known as EIF2C] Bio Rad Assay IDdHsaCP2500349
Reagents

RRt / wu { dzLJS NJY | Bio Rad Cat #:1863024

(no DUTP)

Droplet generation oil for Bio Rad Cat#:1863005

probes

Hardware and Software

v-Hnnun 5NEBLI S|(BioRad Cat #:1864001

system (droplet generator ang

droplet reader)

PX1 PCR Plate Sealer Bio Rad Cat #:1814000

vdzl yilF { 2Fdx ! {BioRad Version 1.0.596

Table8 Materials required for ddPCR experiments

2.3.3.3 ddPCR methods

For all ddPCR reactions whether for SNV or CNV detection a mixture was made in each well
containing 12.5pL of Supermix for probes, 1L25FAM labelled probes, 1.5 HEX lzelled probes

and then up to 10puL of DNA. The aim was for each reaction to contain 10ng of DNA. If samples had a
concentration >1ng/uL then the appropriate volume was added, and the total volume made to 10uL

with nuclease free water.
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22pL of the mixture watransferred into a droplet generator cartridge and 70pL of oil added.

Droplets were generated using the QX200 droplet generator and 45uL of the droplet mixture was
transferred to a 96 well plate for the PCR reaction. The aufi€@R reaction is detaile@dTable9,
adjustments were made to the temperature (optimised for annealing of probes to DNA target) and
the number of cycles depending on the asSky atempt to minimise thepresence offainQ Ay G K S

FFPE assays the numbelP@R cycles was increased tql5€e 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
XX°C 60 seonds multiplex, 55°C for SNV and 60°C for CNV
3 98°C 10 minutes
4 10°C Hold

Table9 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 wasrformed 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 alalit 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 lddbeen sequenced using NGS were tracked over the treatment course. The

probes, along with the annealing temperatures used are showrabiel0.
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Probes Annealing Supplier and catalogue nundy
temperature
°C)
ERRBR755S 55 Biorad (assay IDIHsaMDS2515134)
PIK3CAnultiplex 1 E545K, E542K 57 Sigma(designed in house by NHS sta
PIK3CAnultiplex 2 H1047R, H1047L | 57 Sigma(designed in house by NHS sta
AKTIE17K 55 Biorad (assay IIHsaMDV2010031)
ESRD538G 55 Biorad (assay IDHsaMDS460485301
ESRY¥537N 55 Biorad (assay IIHsaMDS296069817
TP53R273H 55 Biorad (assay IIHsaMDV2010109)

TablelOList of ddPCR probes used for variant detediwh their optimum annealg temperature

Again, a minimum of 10,000 droplets with at least 300 containing target DNA was required prior to
final analysiskFor SNV assays positive contiidisntified from samples sequenced using NGBe
used in each experimenA no template contyl was included in each experiment to ensure there

had been no sample contamination.

2.3.3.3.1 ldentification of positive and negative controls for CNV assays

A positive control foMY Camplificationwas identified from in house databases. DNA was extracted
from anFFPE sample which had tested positivaMdtCamplification by FISH. No commercially
availableFGFRtontrols were available and thus samples were tested blind. Once a strongly positive
sample had been identified this was then used as a control for fugksay batches. F&BGFRour

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 copiescalculated by £ 1| "QQ4 z ¢, 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 whei®ed "Qéwith A and B being the saas

described for the copies equation. In the subsequent experiments the ratio is used as the copies of

the genome remains constant.

2.3.3.3.2 Sample QCSNV detection

Samples were run in batches in 96 well plates, a maximum of 6 columns were run to reduck the ris
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 fournr@iisters 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

1 Total number of droplets generated >10,000

9 Total number of informative droplets (those containing either mutant or WT DNA) > 300

T {FYLXS RSSYSR LRaAAGADS AT xp LRAAGAODS RNRLX Si
DNA input of 116 copies/uL or ~0.4ng/uL)

T b2 GSYLX TGS O2y dNBf oWal YL Xpdidnbthavevamyk [ 2 F y dz

droplets containing DNA

Where possit# 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 amdrassess for the

occurrence of false negatives.

2.3.3.3.3 Sample QACNV 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 thegdNA i
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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 sequenceDavis Bell et al. 2018)

Once methodological QC had taken plaeenples were manually inspected using the 2D amplitude

graph in Quantasoft Analysis Pro to ascertain that droplets had been assigned to the correct cluster.

2 KSNE WNIAYQ ¢l & LINBaSyid GKSyYy RNEPLastied. y2aG AyOf c
Assigiment 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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2.3.4 Statistical analysis plan

The purposef 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 iegdohny significant results will be, at

best, hypothesis generating. This statistical analysis plan was written prior to any knowledge of

clinical outcomes and was a prequisite to accessing the clinical outcome data from the trial

sponsor. Thiplanisused 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 StudlouirK S &G+ GAaGAOFf LI O+ 3

(Kassambara 20189y ZH.

2.3.5 Hypotheses relating to RET protein expression as measured by immunohistochemistry
Hypothesis 1High expression of-RET or fRET will predicshorter progression free
survival(PFS)

1 PFS will be calculated frotime of trial entry to disease progression or censoring

1 t-RET and4RET 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)

1 Kaplan Meier plots will bproduced to illustrate this, and the log rank test will be
applied to assess for any statistically significant difference between the two groups

1 Cox regression modelling will be used to calculate the hazard ratio between the two
groups (RET high and RE®)lo

Hypothesis 2: Response to vandetanib will be enhanced in patients with hHBET and/or

p-RET expression

1 Subgroup analysis will explore the relationship between RET status and treatment with

fulvestrant +£ vandetanib
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2.3.6 Hypotheses relating to the detgan 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

compari®n. All analysis in this section was carried out by ZH.

Hypothesis 3More 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) andspakiest PFS

exceeded that expected by a clinically meaningful number of months (PFS >312 days) will be
examined. The frequency of tier Il variants as determined by NGS will be compared amongst the two
groups. All patients who had at least one sample aralysy NGS (either FFPE or cfDNA) will be
included. This initial analysis will be descriptive only due to the small number of patients with

variants.

2.3.7 Hypotheses relating to the detection of genetic variants by ddPCR

Data will be produced regarding the pedgnce 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.

Hypothesis4: Patients with variants in ESR1 will have longer PFS than those without due
to a superior response to fulvestrant as per the analysis in thé-E4 trial The presence of

a variant will have no bearing on response to vandetanib.
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Hypothesish: Patients with copy numbeamplificationin MYC will have a shorter PFS than
those that do not the presence of amplification will have no bearing on resporee
vandetanib.
Hypothesis 6: Patients with an FGFR1 amplification are likely to have a shorter PFS than
those that do not(Drago et al. 2019)
1 PFS will be calculated from time of trial entry to disease progression or censoring
1 Methodology to determine the presence or absence of a vdria amplification will
be detailed in chapter 5 (in addition to that described briefly in seddjon
9 Kaplan Meier plots will be produced to illustrate the relationship between the
presence of amplification and PFS, ahd log rank test will be applied to assess for
any statistically significant difference between the two groups
1 Cox regression modelling will be used to calculate the hazard ratio between the two

groups (variant/amplification present vs variant/amplificatiabsent)
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2.4 Method development

2.4.1 IHC:Development of-RET assay

An optimised fRET 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 proyided b
AstraZeneca, P.Elvin personal communication, and subsequently puliRha#cet al. 2015) Review

of the literature revealed that the majority of the limiteedRET assays reported in breast cancer had
involved an assay step involving heat mediated antigetnieval of FFPE sections to maximise
antigenicity and the use of RET primary antibody concentrations ranging from 1/100 t@Plé2a
Menacho et al. 2010; Nguyen et al. 20BK)ngside a sensitive immunoperoagkbased secondary

detection system.

2411 t-RET Assay optimisation

P FGSNI £ 162N G2NE GNI AYAYy3I SRET WS Svallatbdd$ ZHausing Beaty = (i K
mediated antigen retrieval of FFPE breast cancer sections in a microwave pressure soukarpH9

EDTA buffer. This was followed by a step to block any endogenous peroxidases. Next the primary
antibody was applied. The original antibody Epitomics 35dsed in the Platt assay was no longer

available and was replaced with Abcam Ab13410@& 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@#cubation chambers. A small panel

of in house FPE primary clinical breast cancer samples known to be positive for actiilE{Bee

et al. 2014)and thus RET expressing) were used for further assay optimisation (NottifgB42:

C20203})

Tablel1 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 thenour 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 sorspemuific background

staining throughout the section that in total made accurate tumour cell assessmenRiaM tdifficult.

Clarity of the staining was then further optimiseding a serum free protein block and a hydrogen
peroxide block to eliminate nespecific background and any endogenous peroxidase derived staining

in FFPE breast cancer material respectively. Further assays were run to compare methodologies and
also buffersof 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 théecarr
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Protocol step

Variables tested

Antigenretrieval Heat mediated using microwave,icnowave pressure cookempn-microwave pressure
cooker andhoretrieval

Antigenretrieval pH6(sodium citrate buffer)pH9(EDTA buffer) and pH6 witind without Tween-20

buffer

Hydrogen peroxide

block

0.18% for 20minutesr

3% for 5 minutes

Dako protein block

Presence or absenad this blocking stefi20-minute application)

incubationtime

t-RET gmary 1:1000, 1250, 1100, 150 all made in TBSTO®%
antibody

concentration

t-RET gmary 1 hour, 2 hours, 3.5 hours, overnightt 23C
antibody

Primary antibody

diluent

TBSD.05%0r Dako S080feady to use antibody diluent. This comparison was

performed once optimum antibody dilution had been determinedL&it00.

Tablell Variables tested for each protocol step eéRET assay development

These optimisation steps showed superiority for (i) antigen retrieval using a pH 9 buffer, (ii) use of an

0.18% H202 endenous peroxidase block and a protein block step and-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 (NottinghaREC2: C202081The series contained both ER+ and ER

tumours. The expectation wasdha range of 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 feRETGee et al. 2014)(panels B and C) shows two
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examples of positive immunostaining achieved with the final, optimised assay, (eemd in the

cytoplasm of tumour epithelial cells comprising positive breasicers.

Further evaluation of the assay was undertaken in the form of an 1gG isotype antibody control
diluted to the same concentration as the primary antibody (Abcam Ab172730, rabbit monoclonal,
concentration 1.670mg/mL). As illustrated Banel 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 forRET. The assay was also tested on FFPE saiftimikline pellets

from HeLa (known to beRET low/negativéPlatt et al. 2015)and T47D (known to be RET positive
(Gattelli et al. 2013)cells (Panel A), with weak staining in the former and modersi®ng staining
achieved in the latter cell line in accordance with the literature. Furthermore, a no primary negative
control was performed Panel C) Wich showed no staining indicating that there was no background

staining as a result of the secondary detection system.
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T47D (t-RET positive) Hela (t-RET low/negative)

A

Standard assay (sample 130) 1gG Isotype Control (sample 130)
B

Standard assay (sample 108) No primary control (sample 108)
C

FigurellUse ofcontrols to validate the-RET IHC ass&anel A shows two FFPE cell lines stainedR&T; 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 positngfstain

t-RET in breast cancer samples 108 when the standard assay is applied. All images were taken at x20 magnification. Scale

bar represents 50um.

In addition to the above work the optimisedRET assay wassoevaluatedon afuller historical
series(n=93)of breast cancerexctions, in this instance that had been gret >10 years ago from the
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primary breast cancer samples from Nottingham Universstypart of an MPharm student research
project (cosupervised byH and J&(Hudson et al. 2019Y he technical aspects of the project were
performed by the student under supervisidbue to theconsiderable age of these long term stored
sectionsthe primaryantibody was used at slightlyhigher concentratiorio try and mitigate any
potential compromised antigenicity in the sections (1:70 dilution; although this remained
comparable to the optimal concentration range for different batchesRET antibodigsThe
EnVisiorsecondary antibodgpplication increased to 2hrs amAB and methyl green application
times were extendedo 20 minutes However, the key components ant ather conditions of the

assayremained the same.

As part of theMPharmproject somerepeat validdon work was carried out confirming th#te t-

RET assay performed best withtigen 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 theise of TBST and S0809 as a diluent for the primary antibody, skgmiring that
TBSproducel a clearer overall signal for interpretatigMarks et al. 2018)mportantly, the tRET

assay was capable of generating biologically meaningful data even in sections that had been cut and
stored for many years, showing pasé correlations with one of its e@ceptors (GFRL), with

increased tumour size and higher grade in its historical s@esks et al. 2018; Hudson et al. 2019)
adding further support for its@plication as a sensitive, potentially informative assaggsess

FURVA trial samples in this thesis.

2.4.1.2 Assay reoptimisation

Due to the collection timeframe of specimens during the FURVA clinical trial over a year passed
between receiving the first colldon (115 samples) and second collection (18 samples) from the
trial. During this time the original batch of Abcam Ab1341&Ef primary antibody became no

longer available. On receipt of the nevRET antibody batch the staining pattern of the selected

8JG = 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 waspémized on Nottingham

positive primary breast cancer material and after testing a 1:50 arfal difidtion 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. khis way, optimal assays were always used in FURVA samples to

ensure consistent IHC results during the trial despite antibody batch changes.

2.4.2 IHC:Development of the fRET assay

A pRET IHC assay protocol had previously been developed and validataséenwhich had shown

a relationship between increasedRET, shortened disease free interval and poorer survival on
tamoxifen in an ER+ breast cancer series presented at an AACR con{&eee al. 2014However,

the antibody that was used in this study was no longer commercially produced for use in this thesis.
An alternative pRET antibody (antiuman, polyclonal rabbit) wathus sourced which bound to the

same phosphorylation site (Ab55103 Anti RET (phospho Y1062)). There is no published literature on
the use of pRET assays in clinical breast cancer thus the final assaydskb) optimised in this

thesis remains entirely experimental.

The previous ifhouse pRET assay had been optimised to be sensitive in FFPE material (by including
heatmediated antigen retrieval and using a 2 hour EnVision secondary detectialaiiun time)

with low background staining (by including blocking steps) and had been used successfully on breast
cancer sections, so little was changed from the originREX IHC protocol apart from the primary
antibody. Due to the new antibody producimp 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 pdyclonal 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 (REJ) FFPE pelleted cells as p&ET validatiorséction2.1.1.7) although with

no prior literature based hypothesis as to whether either would be positive for RET signalling
activation. The finalised-RET assay &ble5) 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 origiR&Tpantibody as uddy

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 firRIET assay with the new primary antibody

was used on patient samples with significataining variability between assays where positive

signals were not always reproducible. Detection of phosggpmcific epitopes can be problematic in
such material, due to antigenicity being compromised by fixation and further sgonpéessiig. At

this point therefore, the assay was further optimised by changing the diluent for the primary
antibody from PBS to TBS try and increase the robustness of positive signals, and this resulted in
an improved pRET assay with less irdem 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.

2.4.3 IHC:Evduation of FURVA series samples and quality control forREeltandRET

assays
Assays for the FURVA series of FFPE breast cancer samples were run manually using the eptimised t
RET and{RET IHC procedures by ZH alone in order to avoidapeator \ariability. Batches of
between 4 and 14 samples cut on the same date were run alongside the same positive control taken

from the inhouse tissue breast cancer panel of Nottingham FFPE samples.
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What could not be fully controlled for was how samples hadrbeeginally 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 ha& 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 t{#fdegel and Moore 2011k this project

these variables had to be accepted as part of the sample collection process.

To allow correlation betweenw 9 ¢ SELINBaaAz2zy o0& LI/ | yYRREDf AyA Ol ¢
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cells per core biopsy in a tissue microarray (TMA)8f 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 fa each intensity category and an overall score calculated. Only 89 of the samples were
evaluable in theublication after the assay had been performed. It was then stated that a score of

Bcn 61 a O2yaARSNBR WKAIK w9t SELINGa#eliktaly2013) YR | &

A simplified method was esl 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, sioimg sWith

a score of 1 or 2 counting as positidguyen et al. 2015)

¢CKS LINPLRNIAZ2Y 2F LI GASYG &l YL Sa RSSYSR Ww9d¢ KA
Ff cckyd OoTm:>0 &l Yukile$aNguiek et al $526/2800 1524 of waidntQ Were

WL AAGADSQd ¢KSAS GIFNRFGA2ya 02dzZ R 06S RdzZS> F2NJ S
intensity) to sample size or fixation method impacting on antigenicity. Nguyen et al used a polyclonal

goa 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.

Otherassays have shown significantly lower levels of RET expression. For exampléeREaan

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 biezager 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 Kscore is mentione@PlazaMenacho 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 psaiemqies will show

some degree of RET expression. However, there is no consensus with regards to the best scoring
method and wherethecu2 FF aK2dzZ R 0SS RNI gy (G2 ARSYy(GATeEe WLRA&IJ

here used different antibodies, sample tygpand 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 explbabdel2). Whenscoring

HER?2 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 shawedse membrane staining should be
considered positivgNitta et al. 2016)When scoring the FURVA dataset bothoints were

explored (Method A and Bablel2)and a combination cut point was included in adulit(Method
C,Tablel2) 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 Method B: >30% of cells Method C: >10% of cells
showing 3+ staing showing 3+ staining showing 3+ staining or >30%

cells showing 2+ staining

Tablel2 Methods for calling a 'positive’ or ‘high' scoring sample. Based on American Societical Gticology

(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)n 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 cggegression 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 pRET assay from Gee etal acuteficdre ofti p 61 & RSSYSR WLRaAAGA O
only staining that was evident in the plasma membrane was counted. The score of 25 was

determined from the median {dcore for the dataset and a scor@5 correlated with disease free

interval and overall survivéGee et al. 2014)n 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, pepecified cut offs will be applied as peRET; 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

cut2 TFa (2 RSUSNIYAYS WLRbEpredehted in GhapteB’y S3I I G A BSQ &l

2.4.4 NGSidentification of genes of interest in ER+ primary breast canogples

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 mealdy 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 toofew 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 decisiemaking regarding panel selection.

Genegelated 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.gPIK3CA, AKT1, ESR1, TP53, PTEN, CDKN2AdNhOSe genem the MAPK

pathway such as thEGFRamily. 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. 201&nd TCGA (WES from 348 primary ER+ breast tum@@&A

2012) Seefor more detail.

Interestingly these datasets also highlighted frequent variantgireg that were not immediately
associated with endocrine resistance suclGasT A3, CDHInd MAP3K1 Further genes that

occurred at a frequency of >5% includeBFB, KMT2C, RUNXH TBX3

2.45 NGSMetastatic datasets in CBioPortal

At the time of panel selectiothere 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 Lefealrhist
included the WES data from over 200 metastatic breast cancer patients. However, the majority had
heavily pretreated disease thus potentially not making them a reasonable comparator group to the
patients from the FURVA trial who had received aimarn 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. fie authors identified 8 genes that contained genetic variants more
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frequently in metastatic samples than in those from primary tum@&sR1, FSIP2, FRAS1, OSBPL3,
EDC4, PALB2, IGRMHAGRNOf theseESR1vas the only variant to act as a potential driver
mutation. The authors also noted an increase in the frequendyP&3variants in the metastatic
setting(Lefebvre et al. 2016}rom this it would seem prudent to include analysigE 8RYariants in

any metastatt 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 cafegrsen et al. 2016; Gilthane et al.

2017) No additional genes of interest were identified.

96



Chapter 2: Materials and Methods

2.4.6 NGSFinal 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 bgenes 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 pratggitgenetic changes in

RET as a possible mechanism of resistafibe. genes of interest are summarisedablel3.
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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 res

istant ER+ breast cancer

PIK3CA 1069 Yes, E545X, | Codes for PI3K, key enzyme in | 44% See Chapter 1
E543X and PI3K/AKT signalling pathway Introduction
H1047X section 1.2
TP53 394 No, but Encodes p53; key regulator of | 19%
R175H, R248X DNA damage repair
and R273X
most
common.
PTEN 404 No Key regulator of AKT 6%
AKT1 480 Yes, E17K Encodes key protein in PISK/AK 5%
pathway
ERBB2 1256 No, L755S Increased signallinga HER2 2% in primary
most frequent | receptor possible mechanism of tumour
endocrine resistance.
RB1 929 No Encodes key protein in cell cycl{ 5% in
regulation. metastatic
samples (heavily
pre-treated)
MAP2K4 400 No, S184L Involved in MAPK signalling 5%
most frequent
MAP3K1 1350 No Involved in MAPK signalling 11%
CDH1 883 No Encodes fadherin, variants 13% (Lopez
may increase proliferation and Knowles et al.
metastases. 2019)
Genes commonly containing genetic variantsER+ breast cancéut without obvious link to endocrine
resistance
GATAS 445 No, M294K Regulator of T cell delopment | 16% Variant
most common frequencies
but still from TCGA
infrequent and
KMT2C 4912 No Transcriptional ceactivator 9% METABRIC
CBFB 183 No, but X55 Protein involved in 5% datasets in
splice most haematopoiesis and osteopoesi CBioPortal
frequent (Gao et al.
RUNX1 481 No Transcription factor, contributes| 5% 2013)
to haematopoiesis
TBX3 744 No Transcriptional repressor 5%
Genes that could be linked to response or resistance to fulvestrant and vandetaB®R1 and EGFR also key
genes in endocrine resistance
ESR1 596 Yes, Y537X Encodes ER, key driver of grow| 14% in (Lefebvre et
and D538X and proliferation. metastatic al. 2016)
samples (heavily
pre-treated)
RET 1115 No variants in | Target of vandetanib Unknown (Morandi et
METABRIC al. 2011)
dataset
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VEGFR2 1357 No variants in | Target of vandetanib Unknown
(KDR) METABRIC
dataset
VEGFR3 1299 No variants in | Target of vandetanib Unknown
(FLT4) METABRIC
dataset
EGFR 1211 No Target of vandetanib ~1%(Network
2012)
Other genes of potential interest in endocrine resistance
LYN 513 No variants in | Potential regulator of PI3K and | Unknown (Schwarz et al,
METABRIC AKT1 activity 2014)
dataset but is
amplffied in

12% of cases.
Table13 Genes of interest for investigation. X indicates thaterere 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/cosmitVherelittle is known about the gene and its role in endocrine resistance the brief

description comes from the gene specific entiiytips://www.genecards.org/

2.4.7 NGSSelection of sequencing panel

Targeted sequencingapels 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 infEab#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 tlealdlial, 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 emphasisas 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 sodiadlko 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 lon Ampliseq
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panel from Thermofishewhich 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 dRETand to include hotspots iESR1, GBA3andLYN A fully customised

Ampliseq panel was designed to cover all genes of interest but the amplicon coverage was

AAIYATAOLyGte fSaa GKIy GKFEIG | OKASOSR gAlGK (GKS

The Ampliseq technology also hadtadvantage 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 lon
Ampliseq (Thermofisher) panels using the lon Chef (Thermofisher) for template preparation and the
lon Proton (Thermofisher) for sequencing. Furthermore, a fubyarnisable bioinformatic pipeline

was available through lon Reporter meaning that in house bioinformatic pipeline development was

not required.
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2.4.8 NGSUse of Ampliseq Cancer Hotspot Panel V2 (CHPV2) in the literature and

validation of CHPv2 and CUSTOM AepINGS panels

Tablel4 summarises references to the use of Ampliseq technology with FFPE and cfDNA samples in

the literature.

Title Reference| DNA source| Input Mean depth of | Additional infamation
DNA coverage
Serial next (Frenel et | cfDNA from| 3ng Aim: 500 lon Ampiseq V2 Hotspot
generatbn al. 2015) | early phase Actual: 1685 panel on lon PGM
sequencing of trial sequencer. 10pM loading
circulating ceHfree patients conc. LOD of 5% for de
DNA evaluating novo variants and 1% for
tumour clone previously identified
response to variants. No description
molecularly of how values were
targeted drug selected.
administration
Mutation Analysis off (Shaw et | cfDNA from| Average | 4537 In house designed 30
CellFree DNA and | al. 2017) | patients 8ng amplicon panel using
Single Circulating with ABC (extracted Ampliseq Degner.
Tumor Cells in from Sequenced on lon PGM.
Metastatic Breast 3mis) Downsampled to 6000
Cancer Patients with and omitted all calls with
High Circulating Phred quality score <25.
Tumor Cell Counts
Celliree DNA (Jansen et| cfDNA from| 165 Aim: 5000 Custom panel (3000
mutations as al. 2016) | patients 573pg amplicons over 45 geneg
biomarkers in breasi with ABC
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cancer patients

progressing

on lon PGM. Claimed 19

receiving tamoxifen. on LOD for de novo variantg
tamoxifen

Plasma circulating | (Rothé et | cfDNA/FFPE 150ng Aim: 25000 lon Torrent Ampliseq

tumor DNA as an al. 2014) | from Achieved:18000 hotspot.

alternative to patients 1000 for FFPE | Detected down to

metastatic biopsies with ABC frequency of 0.5% (rto

for mutational de novo)

analysis in breast

cancer

Circulating tumor (Lebofsky | cfDNA from| 5ng Aim for 95% lon Ampliseq V1 and V2.

DNA as a non et al. patients covered by /' ff SR @I NR

invasive substitute | 2015) with >100 reads. VAF.

to metastasis biopsy metastaic

for tumor tumours

genotyping and (all tumour

personalized types)

medicine in a

prospective trial

across all tumor

types

Targeted next (Muller et | FFPE from | 10ng 2800 Cancer Hotspot V2 Pane

generation al. 2016) | patients No detail on LOD or

sequencing detects with ABC bioinformatics.

a high frequency of
potentially
actionable

mutations in
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metastatic brest

cancers

Comparative (Bertucci | Fresh Not 300 min tumour content50%
genomic analysis of| et al. frozen stated

primary tumors and | 2016) tissue. 365

metastases in breas gene panel.

cancer

PIK3CA and TP53 | (Bai et al. | FFPE from | 50ng Average 1639 | lon Ampliseq cancer
gene muations in 2014) primary (28-4732) Hotspot panel V1
human breast breast sequenced o lon PGM
cancer tumors cancer

frequently detected

by ion torrent DNA

sequencing

Rapid detection of | (Liu etal. | FFPE from | 50ng Mean 1639 (22 | lon Ampliseq cancer
genetic mutations in| 2015) primary 6020) hotspot panel V1
individual breast breast

cancer patients by cancer

next-generation

DNA sequencing

Next Generation (Page et | cfDNA from| 3ng Average Custom 158 amplicon lot
Sequencing of al. 2017) | patients minimum | coverage of AmpliSeq panel. Down
Circulating CelFree with ABC extracted | 500x per sample to 2000, VAF of
DNA for Evaluating from 3mls | amplicon >1%.

Mutations and Gene plasma

Amplification in
Metastatic Breast

Cancer

103



Chapter 2: Materials and Methods

Tablel4 Summary of references where lon Ampliseq technology has been used to analyse geagst&ia 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

Tablel4 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 obtainedith as little as 3ng of input DN(&renel et al. 2015; Page et al. 2013

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 detedtvariants 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 inputp to 150ng which will not be possible with the FURVA cfDNA

samples (Rothé et al. 2014)

Validation of the lon 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 felthlsaipproach was pragmatic given
restrictions imposed by the cost of each sequencing run and availability of patient samples for

validation work.

2481 Experiment 1: Limit of detection of CHPv2 panel

I fAONI NE g1 a LINBLI NBR | (Osudidg afHPNA framrefevencg dzF I O G dzNJB N
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 lowesinant frequency detectable. The reference standard

included variants iIEGFR, KRAS, NRASPIK3CABased on the limits of detection used in the

104



Chapter 2: Materials and Methods

literature as detailed iTablel5 samples with variants &t 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

Tablel5 Samplesun 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, l8A). Qubit concentrations were expected to be between 300ng and 1400ng/mL; the range for

the nine samples was 2428ng. With only sample 8 and 9 falling below the 300ng value.

Sample 6 5ng DNA input
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Figurel2 Annotated Bioanalyzer trace for samplefbwing 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)irFor all three samples tested, traces wked in the range

expected in the protocol (12800bp). The Bioanalyzer also allows calculation of the final

O2yOSYyidNY A2y 2F (GKS al YL Sad ¢KS LINBRAOGUSR 02y
were 20010,000pM and the concentrations of thersples 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 lon Pl sequencing chips on the lon Chef
(Thermofisher, Waltha, MA, USA). Following template preparation chips were sequenced using the

lon 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 eacdbarcod

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 vas analysed using lon 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 waisalgsed

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 readssTheans 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 fanany samples may not increase the quality of variant calls.
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Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6 Sample 7 Sample 8 Sample 9

20ng 5% 10ng 5% 5ng 5% 20ng 1% 10ng 1% 5ng 1% 20ng 0.5% 10ng 0.5% 5ng 0.5%
IR IR IR IR IR IR
Gene AA change Base change IR IR IR (0.5 (0.5 (0.5 (0.5 (0.1 0.1
IGV | (1%) ]| IGV | (1%)| IGV | (1%)]| IGV | %) IGV | %) IGV | %) IGV | %) IGV | %) IGV | %)
EGFR I.‘858R €.2573T>G Y Y Y Y Y Y Y N Y Y Y Y Y Y N* N N* N
missense

€.2235_2249del

EGFR E746 DEL 15

EGFR T.790M €.2369C>T Y Y Y Y Y Y Y Y Y Y Y Y Y Y N N Y Y
missense

V769 in €.2308_2309ins

*%

EGFR | - s | “ceacosted Y Y Y Y Y Y Y Y Y Y Y Y Y | v N Y N N
G12D

KRAS . c.35G>A Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y
missense
Q61K

NRAS . c.181C>A Y Y Y Y Y Y Y N Y Y Y Y Y Y Y Y Y Y
missense
AS9T

NRAS / c.175G>A Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Yy | N | N
missense

pikaca| E>49K c.1633G>A | Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y
missense

Tablel6 Comparing variants identified manually or viavs@utomated bioinformatic pipelines for samples of varying VAF and DNA B#sMt files from each sample were reviewed

manually in Integrated Genome Viewer (IGV) to ascertain whether variant was manually detectable. BAM files were themgtuoubtonrsed workflows in lon 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 sarspla@eywéth an expected VAF of 0.5% was run on a workflow that
allowed review oéll variants at a VAF >0.1%. The cut off is indicated in brackets at the top of each IR column. *denotes variants thegem¢@pmnanual review but with less than 10

reads for the alternate allele. **denotes a variant that required the VAF filtet tevbe lowered to 0.1%.
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Tablel6 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 detebeeBAM

file was then run through a customised workflow designed using lon Reporter V5.10 (IR). The
workflow could be further customised by applying filters to adjust the cut off VAF for Talik16
showsthat 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 samplparegion; 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 forde 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 detecttba 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 wereeference 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. Prégttba 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 atal 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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2.4.8.2 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 breasancer. In this second experiment 10 samples were prepared for

sequencing using the lon Ampliseq Library Kit 2.0 (Thermofisher, Waltham, MA, USA) as per

Y| ydzF I O G dzNB NI arableyreusingHeth ihe eHPi2 panal n8 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 FfaletEeéX@NA) 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 frequenciesf{Tland PIK3CAvere 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 (sadpses the variants had been

identified using Saray sequencing
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Input Expected mutation
Sample | Details | DNA source and VAK(if Results
DNA .
available)
1 Patient 1 FFPE 10ng TP53C135Y Detected by IR 56%
2 Patient 2 FFPE 10ng TP53K132N Detected by IR 18%
3 Patient 3 FFPE 10ng TP535127Y Detected by IR 4%
4 Patient 4 FFPE 10ng TP53Q103 Detected by IR 21%
HD786
multiplex | fragmented AKTIE17K 5%, | Detected by IR at 6.3% an
5 RS cell line 10ng | PIK3CA545K 5.69 5.1% respectively
HD786
multiplex | fragmented AKTIE17K 2.5%,| Detected by IR at 4.1% an
6 RS cell line 10ng | PIK3CA5%6K 2.8% 3.5% respectively
PIK3CAariant detected by
IR at 2.75%AKT1at 0.35%
HD786 only detected by manual
multiplex | fragmented AKTIE17K 1.25%), review of filtered out
7 RS cell line 10ng | PIK3CA545K 1.49 variants
HD786
multiplex | fragmented AKTIE17K 5%, | Detected by IR at 5.4% an
8 RS cell line 5ng | PIK3CA545K 5.69 5.6% respectively
HD 659
AKT1I WT No variants called iIAKT1in
9 RS cell line 10ng NIL inAKT1 IR
HD 776 | fragmented NIL in variantist No variants detailed in
10 WT RS cell line 10ng for HD776 HD776 called

Tablel7 Comparing different DNA sources and variants analysed using IR. All reference standards are identified by 1
prefix HD (Horizon Diagnostics) followed by their catalogusber. RS = reference standat = termination (STOP codon)

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 lon Reporter whereastnmple 7 only the variant with a

VAF >1% was detected using IR.

2.4.8.3 Experiment 3: Validation of the CUSTOM lon Ampliseq panel
The CUSTOM Ampliseq panel covers variarESR1, GATA3, REIOLYN At the time of the
validation no reference standards were comruially available for variants in these genes. Search of

in-house databases for samples containing variants in these genes did not identify any suitable
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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 sourcesl@elel7). After sequencing, the
CoverageAnalysis plugin inrfent 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 sanaédéel8 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, technicadsues 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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7 ~

Sample informabn t SNOSy Gl 3 2F | YLX AO02ya
ESR1 RET GATA3 All amplicons
Sample Detail Source DNA input LYN n=8

n=2 n=20 n=11 n=41
Sl Patient 1 FFPE 10ng 100% 100% 100% 100% 100%
2 Patient 2 FFPE 10ng 100% 100% 100% 100% 100%
3 Patient 3 FFPE 10ng 100% 100% 100% 100% 100%
A Patient 4 FFPE 10ng 100% 80% 73% 75% 85%
S Patient 5 FFPE 10ng 100% 100% 100% 100% 100%
5§ 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%
53 HD786 multiplex RS fragmented cell line 10ng 100% 100% 100% 100% 100%
D HD786 multiplex RS fragmented cell line 5ng 100% 100% 100% 100% 100%
SL0 HD 659 AKT1 WT RS cell line 10ng 100% 100% 100% 100% 100%

Table18 Ten samplesun using the CUSTOM Ampliseq Panel. Samples were then analysed using the CoverageAnalysis plugin in MemsnohSu@dlo assess coverage of the ROl in each

gene.

113



Chapter 2: Materials and Methods

2.4.9 NGSSummary of limit of detection (LOD) experiments and final bioinformatic
pipelne 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 autated 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 ttye quali
and quantity of the DNA used for library preparation. For samples with low DNA h§ng)(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 males or those where there is no additional

sample present to cross reference.
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2.4.10 DdPCR:gsay specificand validation

A limitation of the NGS work in this project was that the NGS panel selected was unable to analyse
copynumber 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) detailedTiablel9.

Gene % of patients with CN/ Gene role Reference
CCND1 255 Encodes Cyclin D1 (VanArsdale et al.
which in turn regulates 2015)
CDKs
FGF19 23.7 Hormone like growth | (PerezGarcia et al.
factor 2018)
FGF4 23.0 Paracrine or autocrine

like growth factor

FGF3 22.6 Paracrine or atocrine

like growth factor

FGFR1 15.0 Growth factor receptor

PAK1 13.5 Kinase involved in cell  (Thillai et al. 2017)
motility. Potentially
acts within the PI3K

pathway.

MYC 9.3 Oncogene involved in|  (Green et al. 2016)

cell cycle progression

Table19 Genes commdy showing copy number alteration (CNA) in ER+/HER@static breast cancexs 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. FivdfiZand secodly
FGFRIMYCwas selected due to its key role in the cell cycle and its documented role in endocrine
resistance; iMYCwas significantly amplified in a tumour it would be likely that it was the key driving
variant of that tumour. One could hypothesidgat a CNA inMYCin the primary tumour may result

in primary endocrine resistance and amplification in the metastatic setting could be a potential
mechanism of resistance to endocrine theraple&FRWas selected over the associated growth
factor encodingyenes as it is targetable with emerging therapies in the clinic, it also has a stronger
evidence base of pathogenesis in endocrine resistant breast cancer. An&diignd/or CCND1
would also be interesting but more than two targets were beyond themaravailability and scope

of this section of the project. One could argue that investigatioB @ND-amplification is of more
interest where CDK4/6 inhibitors are in use witleK1is of interest but lacks concrete evidence of

association with endocrinesistance.

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 commomgtigated using HER?2 as a target due to its clinical
significance and the range of targeted therapies available for patients whose tumours are HER2

amplified.

MYCCNA has, to my knowledge, been looked at only in colorectal cancer using @ddfeGRal.

2019) It has been studied in breast cancer using FISH in a number of settings includamdjunemt
where use of the Shannon Index showed that patients with MitChas a worse disease free

survival particularly in ER+ patits (Chung et al. 2018)n a 2017 metanalysis oMY Cexpression in
breast cancer FISH was st commonly used detection method (48%) while other methods
included gPCR and IHC; no distinction was made between protein and gene expression. The meta
analysis showed tha#lY Cexpression was associated with worse RFS/DFS and OS, more so in

patients wih ER negative disead®u et al. 2017)
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2.4.10.1 ESR1 multiplex assays

Predesigned multiplexed pra#s were purchased from Biorad (Cat no: 12003910 and 12004118
seeTable20for list of variants)ESRYariants that had been identified using NGS were used to
validate the assays for the detection of D53&@ Y537N variants. Validation was repeated using
gBlock synthetic double stranded DNA fragments (Integrated DNA technologies, Coralville, 10, USA)
for the same variants. Samples that did not contain ESR1 variants as determined by NGS were used

as negatie controls and to assess whether false positive droplets occurred.

Multiplex 1 (MPX1) Multiplex 2 (MPX2)
E380Q S463P
Y537C Y537S
D538G Y537N
L536R

Table20 Variants covered by each multiplex

shows fourddPCR reactions demonstrating a positive contrdil¢gk) and a negative control
(patient FFPE sample) for each multiplex aslsaganel A and B blue dots indicate the presence of
the variantand the green dots represent wild type DNKhile in panel @nd D the green dots

indicatewild type DNA present fahe regions of interest.
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Figurel3ESR1 multiplex controls. In both A and B blue dots in the top left of the graph illustrate droplets containing the vArgagueNceOrange dots illustrate droplets containing both

WT and variant DNA. Grey dots illustrate droplets that contain neither WT nor variant droplets while the green dots réymeleencontaining WT DNA. Both multiplex assays contain

probes for three or fauvariants and thus there are multiple groups of WT droplets noted. In A the positive droplets number 89 which relaA¢sab#4/ 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 frequgmé ESRYariants in patients with ER+ ABC. The limit of
detections in these studies ranged from 0.1% (no details given on how LOD was estafiNsljied)

etal. 2019Yi 2 WH LJ2 a ARribbénS et &.R®16PheSwiozp@sitive droplet cut off was

extrapolated from the methodology detailed (GarciaMurillas et al. 2015; Schiavon et al. 2015)

which the authors suggest is equivalent to 3 copies or 0.000Zh% limit of detection was

calculated by extractingDNAtotalling 15,000 copieBom a cell line and spiking it with 3 copies of
DNAcontaining a D538G variart.i KSN&E S@Sy | OOSLIISR | aAay3aftsS LRAA
sample(Chandarlapaty et al. 201.8n 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 f{@eerke et al. 2016)

The probes used here were the same as those used blydrrgbet 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 (Btibbens et al. 2016Y his ctioff 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 ofed#ion of the assay both in terms of VAF and
input DNA. Input DNA was calculated as per copies/pL as per the absolute quantification by ddPCR.
In the experiments detailed ihable21 synthetic DNA fragmentsontaining 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 concentratitnut similar VAF (experiment A) and with decreasing VAF but similar
DNA concentration (experiment B). However, as seethisiwas difficult to achieve with the gBlock
DNA fragments. Even when sample concentration had been quahtiSing 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 artificiathade 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

requiredare 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 finalieolaf 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/uL)

VAF with upger
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 (9.227.01) | 193 2030 ~0.7ng/L
S2 | 0.637/7.88 7.48 (12.32.68) |9 111 ~0.03ndpL
S3(0.24/1.53 13.8 (26.99.694) | 4 25 ~0.006Nng/pL
S4 | 0.194/0.84 18.7 (39.10) 3 13 ~0.004ng/pL

B: Exploring VAF detectable with varying low DNA concentration samples

S5 | 1.19/36.7 3.13 (1.654.61) | 17 519 ~0.13ng/pL
S6 | 0.255/55.2 0.459 (1.010) |3 635 ~0.2ng/L
S7 | 0.717/6.47 9.98 (3.2716.7) |8 72 ~0.025ng/pL
S8 | 0.1/110 0.09 (0.30%0) |1 1053 ~0.4ng/L

Table21 Experiments run using-Bock DNA fragments for ESR1 D58G and ESR1 WT to attempt to establish limits of

detection fodow DNA input samples
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The data inTable21 shows that in experiment A samples with a VAF of ~8% can be detected with a
DNA input as low as 0.006ng/pL albeit with large confidence intervals. In experimesbBst

conclusion that can be drawn is that low DNA input samples e.g. 0.13ng/pL can detected variants at
3%. For variants around 0.5% VAF, more DNA isadeth@n 0.2ng/uL. Thimeans that some of the
FURVA samples will not contain enough DNA to detgants with a VAF of <1%. In experiment B it
has also been demonstrated that even with reasonable DNA input verelmivariants e.g. 0.09

VAF cannot be confidently detected.

Using Gblock containing the variant Y537N similar experiments were perfdrosing 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 VAF (fractional| Y537N WT droplets | Equivalent DNA
(Y537N/WT) abundance %) | droplets input
(copies/uL)
A: DNA input tlgher
S1 | 0.406/11.5 3.41 (6.46 5 141 0.045ng/pL
0.361)
S2 | 0.234/23.2 0.997 (2.10) |3 295 0.08ng/uL
S3 | 0.155/24 0.641 (1.640) |2 307 0.085ng/uL
S4 ]0.132/19.2 0.684 (1.70) |2 288 0.075ng/uL
B: DNA input lower
S5 |0.383/4.53 7.8(14.6 5 59 0.015ng/uL
0.994)
S6 | 0.268/13.8 1.9 (3.840) 4 205 0.05ng/pL
S7 10.143/10.3 1.37 (3.450) |2 143 0.035ng/uL
S8 |0.07/11.1 0.064(2.170) |1 153 0.04ng/pL

Table22 Samples containing-Block DNA at similar variant frequencies with low and venytbtal 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 availablétgts://www.thermofisher.com/uk/en/home/brands/thermo

scientific/moleculaibiology/molecula-biologylearningcenter/moleculasiologyresourcelibrary/thermo-scientifieweb-

tools/dna-copynumbercalculator.htmlto convert copiegiL to ng/pL.
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gain, working with gblock was challenging. The aim of the experiment detailethinie22 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 eiher 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
guantified by ddPCR as the starting sample the samples udabla22 had lower overall DNA

concentrations than | 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 @mations, the concentrations can be
as low as 0.015ng/uL (S5Tiable22). This expands on the findings frarable21 where it has now

been shown that sampk with a VAF ~3% can be detected with low DNA input (Bdbie22).

Insummag > @SNE f2¢ O2yOSy{dNI GA2Y &l YL Sa 60F5b! O2
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 DN&mipations. This will be

retrospectively interrogated with the results from the patient samples (see Chapter 6).

2.4.10.2 MYC and FGFR1 copy number variation (CNV) assays

DdPCR can be used to evaluate copy humber by designing probes that contain a sequenc® unique
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 samples Tiais successfully been used to evaluate a
number of targets, for example HERZ2 in breast ca(Gerensleben et al. 2013lhe 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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2.4.10.2.1 Defning amplified samples

2.5.4.2.3.2 FFPE

Much of the published work to date has focussed on using ddPCR to BSBBZNV. This is an

obvious target as there are established gold standard methods to identify amplified samples (IHC

and FISH). In FFPE samples wherg#neentage 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 gltsuji 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. Tashibid 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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Negative

Increasing ratio threshold for calling an amplified sample

¥
0 TCR [x] 1

v

Increasing tumour percentage in sample

Figurel4 This graph taken from Otsuji at 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 higilmasiur 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

A1 YLX S84 06230K I AGNAROG Odzi 2FF 2the rhethotbldghig X H

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 clinicabutcome 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 siomour DNA (as shown jn thus the tumour
DNA is likely to be at a much lower percentage than in FFPE samples and is unknown.
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Normal cells undergo apoptosis
and their DNA is released into the
blood stream

Blood sample
Most tumours wont be taken
made up of identical

cells with identical DNA

Circulating tumour
DNA (ctDNA)

Tumour cells also release
DNA into the blood stream

Figurel5 Infographic showing ctDNA as a proportion of cfDNA. DNA from both normal (blue) and tumour cellar{dreen
orange) is shed into the blood stream via apoptosis, necrosis and potentially by direct s@Mati@h al. 2017)This

mixed collection of DNA forms cfDNA, of which a percentage will be DNA from tumour cells (ctDNA).

Theamount of tumour DNA will also vary between samples aralsignificant 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 | have identified is the work bye@sieben 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 dpnum 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 necessa@evensleben et al. 2013)

However, in this thesis no prior knowledgeMY Cor FGFRtopy numbers was available making the
methodology used by Gevensleben inappropriate due to too mankyiown 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 optimurpaut can be

determined to identify prognosticrgups using the maxstat methq#élothorn 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 FFEPwas tested to compare the amplification status between time points.

2.5 Chapterdiscussion

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 setsisfue 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 sew 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 tha the final data is not as uniform as | 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 etlwezeks or end of trial
treatment, particularly the latter ddPCR woMYCand FGFRtopy 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 nextditime 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 sutional proliferation will not have been detected; where thev8ek
sample has been udéhere 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 arentgiiiathe 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 HER or TNBZhou 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 preanalytical variables prior to the use of cfDNA to detect cancer variants in DA

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 {&sarkus etal. 2018) Thus, the

absence of ctDNA can be due to either clinical factorsgmadytical 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 ctDNdue 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.

2.5.1 Immunohistochemistry

Immunohistochemistry is a wedistablished, if partially subjective, technique for examining protein
expressio in FFPE tissue. Its advantages over other antibadgd 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 whegedtaining occurs in

the cellgc 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 afysheterogeneity 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 anidibotent
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 irsthdy protocol and is often

impractical in a clinical setting.

Furthermore, the pRET antibody selected resulted in significant background staining despite
optimisation. This is likely due its polyclonal nature. Had a monoclonal antibody been avéilable t
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 may&r in production.

2.5.2 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 characteded but aside fronTP53variants 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 fulvestrantvéts 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 dRETas it waghought 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 hotspotRET, LYN, GAT&AS ESRbffered a

reasonable compromise between size and design of panel, DNA input required, DNA input type and

expected coverage using the technology available (lon Proton, ThermofishénawiaMA, 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 uniqgue molecular barcoding the limits of detection have also
been improved. However, the absolute quantitfycfDNA that it is possible to extract from 2mis 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 challengingp 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 rafeesstandards 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 spific 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 sfigcific

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 fronms 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 uséHowever, 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 detictio
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 ddieBt for

guantification. In addition, there are also methods available to assess the quality of DNA such as
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using an electrophoresisased method like the Agilent Bioanalyzer. In this project, the number of
samples was small and finite and, even if armetth wiore 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 se of vigorous post sequencing QC thresholds for individual variant calls aimed to

ensure that false calls were not made.

2.5.3 Droplet digital PCR

DdPCR is complementary to the use of NGS in this project allowing data to be generated about
specific variants itarger 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 d@RRGRlected 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,gb&an 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
resigance 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 (base#iBR2 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 aignal 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 cfDNACtB&tAsis

unknown.
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When it comes to assessing SNVs ddPCR is a much more established method and the use of cfDNA as
Fy AyLdzi YFGSNREFE O2dzZ R 6S I NHdzSR (2 0SS LINBTSNNE
the disease and the improved DNA dtyatan lead to more easily interpretable results. Here

variants inESR1vere looked for across both arms of the trial using multiplexed reactions.

Arguments could also have been made for looking for variarfdBCAand AKT1 however, due to

the limited number of samples available the decision was made to only look at one of the three. As
ESRbad 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 piserihis ovePIK3CAr 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 f&ESRneant that more variants could be tested for in 10pL 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.

2.5.4 Methods na 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 investiggé@e 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 posBie. This is partly due to attempting to match the methods to the samples

available; for example, mMRNA analysis would be best used with tissue samples from metastatic
lesions ideally comparing time points before and after treatment. Analysis of genelgignaind

TMB require significantly larger amounts of sequencing data than that generated from the CHPv2

panel.
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2.6 Chapter summary

This chapter outlines the three key methods used to investigate potential biomarkers within the
FURVA study participants. Immumstochemical 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 basedtbe samples that would be available and thehiouse

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 area 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 decisionddvaave 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 REFRET) and phosphorylated RERET)
expression in FEPsamples from participants in the FURVA clinical

trial using immunohistochemistry (IHC)

3.1 Chapter Overview

This chapter presents the results of IHC analysisRET and{RET protein expression using assays
developed specifically for clinical breast cans@mples used in this project. The development and
validation of the assays was discussed in Chapter 2. The analysis -&Eeassay andRET assay
are presented in turn along with discussion about the reproducibility of the assays and the

challenges bworking with archived clinical samples.

3.1.1 Chapter Aim
This chapter aims to determine the level éRET and{4RET protein expression in FFPE clinical breast

cancer samples from participants in the FURVA trial using immunohistochemistry.

3.1.2 Chapter Objectives

1 To determine the range of protein expression using IHC assays for-B&m and4RET in
FFPE primary tumour samples from patients who have gone on to develop endocrine
resistant breast cancer

1 To assess reproducibility of the assays over large clinidakse

9 To explore different staining cut points to determine whether samples overexp#eEg tor
p-RET

9 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 participeed 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 amy (iss3), did not
O2y il Ay lyeé {ldzy2dzNJ SLIAGKSt ALt OStfa oyrmoI RAR y

from a cytology sample (n=2his is summarised Figurel6.

Of the 13 metastatic samples 6 were from lympdas, 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 ZXcmi ¢ 2 6 S NI { 2NP|Ya W YeSAINBE S| OK a$s

>5¢cnt and 6 were from full sections <1ém

patients recruited into trial
n=165

tissue blocks received n=13

sample suitable for
analysis?

YES n=128
tissue source?

blocks from blocks from

lymph nodes distant S 4
Ve metastatic sites for main analysi
n= n=7 n=115

blocks suitable

Figurel6 Flow diagram of available clinical samples for analysis in the FURVA study. Blue shading indicates flow path for
primary breast cancer sampéncluded in main IHC analysis. Red shading indicates samples excluded from main analysis.

Orange shadingndicates metastatic samples included in a secondary analysis.
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3.2 Total ((RET) main analygiprimary tumour samples only n=115

3.2.1 Assay characteristics

The assay used to assedRET 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 cytoplasamig 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 R&Inag (Hscore >0). Examples of 1+ (weak), 2+ (moderate)
and 3+ (strong) staining are showrFigurel7. Only tumour epithelial cells were scored. For more
detail on the methodology please refer to ChapteFRjurel7 demonstrate examples of staining

representing weak, moderate and strorexpressiorof t-RET.
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Figurel7 Examples of-RET staining patterns in FURVA primary breast cancer sections. A = sample 2420@81showin
staining. Overall k$core 85. B= sample 86012 showing 2+ staining. Ovesalbi¢ 170. C= sample 86003 showing 3+

staining. Overall H score 285. Original magnification x 10, scale bapm100

3.2.2 Assay performance

Samples were assayed in fifteen separhatches for the trial due to sample availability, each
including a positive control breast cancer slide. Control slides were scorefRET tand scores
compared across batches. The mediaaddre for the control sample in theRET assay was 100

(range50-140).Figurel8 shows mean kcore 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 contcbig but an

average sample dcore. On manual revieivwas 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 inthe 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. Batchet5Ll@ere run more than a year after

batches 111 due to sample availability. By this time the originaltzdy batch used was no longer
available and the assay was performed with the same antibody but atitiated concentration for

the new batch to achieve similar control sample scores. Batch 12 (n= 3 patient samples) and batch
13 (n=5 patient samplesyl slightly higher control sampledtores (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 sampdedtes. Ideallgamples 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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Mean Hscore and control score per assay rdRET
300
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200
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H-score

100 —— T N

50

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Batch number

Mean H-score === Control score

Figurel8 Chart showing meanRET kscore peiFURVA sample assay (blue line) and for the positive control breast cancer

sample Hscore (orange line) for each of the 15 separate sample batches.

3.2.3 Scoring

Each assay was scored firstane Hudson (ZH) (PhD candidate) and then by Dr Fouad Alchami (FA)

(Consultant Pathologistt ! & O2 NBR (1 KS &l Yhadiréviawedrdach gliBepriogts S NB | &

the scoring sessioWhere discrepancies in scoring occurred consensus was reached while both ZH
and FA reviewed the stained sample resulting in an agreeegshown as ZH/FA kigurel9 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 samplessaadiiy 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 ckd 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 Hscore data for the trial were as robust and comprehensive as possible. Overall,
correlation between the twanethods of scoringvas achieved with a correlation coefficient of 0.72

(95% CI 0.62.80) Figurel9 Graph A).
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Figure1l9 A) Scaterplot showing correlation between ZHskbre and ZH/FA consensusddre for the FURVA clinical

samples stained forw 9 ¢ @ NI { LIS N¥YIFyQa NIyl O2NNBtF A2y O028SFFAOASyG® LI
0.05. Dotted lines represent uppand lower 95% confidence intervBlgHistogram and Gaussian distribution of the final

H-scores across the series of primary tumour (PT) samples staine@Ed@)Box and whisker plot comparing range of

scores by sample type; CB = core biopsy, S&Ddard section >1cinSSM = small section <1&amd SL = large section

>5cn?. P-values from onavay ANOVA test. ns>=6.05, * = 0.01 to 0.05, ** = <0.01
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All samples showed staining feRET (Fscore >0). The pattern of scores showed a normal

distribution (Figurel9 Graph B)Figurel9 Graph C explores whether scores altered based on the
sample type. Most samples were either core biopsies, 38/115 (30%) or standard sections measuring
>1cnt, 69/115 (60%). The mediangdore for standard sections was higher than that for core

biopsies as was the interquartile ranggaching statistical significanckowever the overall range

was similar.

In previously publishedRET assays the assays ha@en performed on tissue microarrays (TMAS)
(Gattelli et al. 2013; Mechera et al. 201Fhese are created by taking 2thm core from each

tumour block, ideally from an area with high tumour content and then endliraglthese 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 betwen 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.

324 5SUGSNNYAYAY3I Odzi 2FF QI f dzSREFs2oNdg$ystont 2 JS NS
Two published methods to define caffs using tRET assays on breast cancer FFPE samples were

identified from literature review and applied to the data generated from the FURVA samples; one

using Hscoring and the other simply defining the staining onastale. The two methods are

detailed in chapter 2 The two methods werapplied to the t-RET datand the results showm

Table23 and Table24.

142



Chapter 3: Analysis ofRET and{RETexpression usingHC

FURVA n=115 Gattelli n=89
Ywo ¢ KA Idor@>60 7 102/115 (89%) 66/89 (74%)
Ywoce f2aQ2NBI 13/115 (11%) 23/89 (26%)

Table23 Applying the Gattelli et al scoring method to the FURVA data using an-s&@xélas a cuovff for positivity

FURVA n=115

Ngyuen n=2800

WwOBaAlADSQ

96/115 (83%)

1596/2800 (57%)

Ywo ¢

EEIREYZE

19/115 (17%)

1204/2800 (43%)

Table24 Applying the Nguyen et al method to the FURVA dataset, where an overall score was assigned to the sample of

either O, 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 particularRET primary antdxly 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 eit9 ¢

WLIR AAGADBSQ

YR WyS3alGAgdS

overall, when bith these scoring systems were applied to tHRET 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 inind®east 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 tw 9 ¢

W2 aAGABSQ

66AGK

iKS NBYIAYAyS3

alk YL}t s

development of standardised guidelines for HER2 scoring a cut off >30% of cells showing high

intensity staining was also applied for protein overexpression. If t#é 80t off is applied 26/115

OHOG®:2U

27

al YLXt sa

NE WL aATalleZBS Qd ¢ KSaS YSGK2Ra |
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Using 3+ scoring alone excludes many samples which exhibit significant areas of 2+ staining in their

Gdzy 2 dzNJ FNR Y ®balloyilg pusitiz danfles @ $6lutle samples where >10% of cells
SEKAOAG ob &dFAYyAYy3d 2N Bomx: 2F OStta SEKAOAG Hb
PYKMMpP OpJ/E?>0® ¢ K ATdbledb)HsAmum® pr@ivatic Ssdtallks fod sighifiRanti2y
abGrAyAy3 (G2 O2dzyid Fra WLRAAGADSQD ¢KAA g2dA R a2
any batches had resulted in lower than average staining intensity. All three categories (summarised

for FURVAN Table25) will thus be explored with clinical outcome data for FURVA to see if a

subgroup who respond better to RET inhibition can be identified baseeREtstaining.

A: >10% of cells B: >30% of cells C: >10% of cells
showing 3+ staining | showing 3+ staining | showing 3+ staining o

>30% of cells showing

2+ staining
ttw9 ¢ WLI2 & A | 46/115 (40%) 26/115 (23%) 58/115 (50%)
tw9 ¢ Wy S3l |69/115 (60%) 89/115 (77%) 57/115 (50%)

Table25 Three proposed systems for defining® ¢ WLIR AAGAPSQ | yR WyS3aAFGiABSQ &l YLX S&ao
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 GRET) main analygjgrimary 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 conferemcproceedings). The assay developed for this project uses a polyclonal antibody
against a RET phosphorylation site Y1062. No monoclonal antibodieREd pvere available at the

time of the assay optimisation.
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Figure20 shows example of 1+ (weak), 2+ (moderate) and 3+ (strofiRf P 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 agpeamstain 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 canebseen 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 depite significant optimisation there was a degree of cross reactivity leading
to some background staining of connective tissue within sampligsie21image 1). Staining was

seen in the cytoplasm of tumour cells alongsstigining in lymphocyted-{gure21image 2), axons
(Figure21limage 3) and keratinocyte&igure21image 4) where these normal structures were
included inthe 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 &ndutg21) show cells
exhibiting 3+ staining. Although theasing 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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Figure20 Examples of pRET scorinip FURVA clinical breast cancer sampes sample 184002 showing low intensity
tumour epithelialstaining (1+). Overall-score 25. B = sample 86012 showing moderate intetsitpur epithelialstaining
(2+). Overall Kcore 125C = sample 86003 showing high intengityour epithelialstaining (3+)Overall Hscore 280.

Original magnification x 10. Scale bar = 180
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Figure21Images showing staining of narancerous structures byRET assay. In ima 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 intenstignimaaige 3 shows canceells infiltrating the nerve (B). In image
4 the sample included skin tissue and keratinocytes, indicated with the arrow showing 3+ staining. Original magnifiodtopankl 1 and 4 with scale bar = fil@®and x20 for panel 2 and

3, where scale bar50um. Images were produced from scanned slides at x10 magnification with additional digital zoom applied to illustrate dfienteesst.

147



Chapter 3: Analysis ofRET and{RETexpression usingHC

3.3.2 Assay performance

For pRET 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. Mearehper batch

of FURVA sample was also calculated. The control and samcple means are plotted for each

batch of samples run iRigure22. The control sample selected for theRET assay was a large

sample which may account for the intawn variability seen in some of the batches which warely
present in the fRET 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 $aimgtches have lower overall average H
scores, but the control sample maintains good reproducibility. In explanation, tat¢h=3) and 13
(n=4) were both small batches and it is possible that it was chance alone that accounted for lower
scoring FURVAsmles. Batches 12 and 14 both contained 10 samples. While the aversge ¢Hof

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 ifinleanalysis.
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Mean Hscore and control score per assay ruRBT
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Figure22 Chart showingneanp-RET kscore peFURVA sample assayn (blue line) andor the positivecontrd breast

cancer sample #dcore (orange line) for each of 15 separsdenple batches.

3.3.3 Scoring of theample immunostaining

The pRET assay was scored in the same manner adRaiTt(see sectidh2.3 by using the Fcore
method (which was also used by Gee et al in a previous meeting presentation). Correlation between
ZH and ZH7A assessment scores foRET were improved compared to thRET assay (Graph A
Figure23). The pRET assay gave a clearer distinction between no staining and staining pnesent

the tumour cell potentially making @asier 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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Figure23 A) Scatterfpt showing correlation between ZHstore and ZH/FA consenddscorefor the FURVA clinical

samples stained for-RE® NI { LISI NXI yQa NI y] O2NNBfl A2y spgifSahdemd@i Sydio LI ¢
of 0.05. B) Histogram and Gaussiartrilisition showing the fial Hscores across the series of primary tumour (PT) samples

stained for pRETC)Box and whisker plot comparing range of scores by sample type; CB = core biopsy, SSD = standard

aS00A 2lyy B MIEPRIME small section <Iamd SL = large section >5¢m value from overall oreay ANOVA

analysis. No significant difference detected iscore 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

scorebeing 115 (range-280). In the pRET cohort 47/115 (41%) of samples hadsaHNE 2 F XXM n
FYR yMkMmMp O0T/E:0 aA02NBR XMpnd ¢g2 &l-CkdwWasio. RAR y 2
In the pRET immunostaining the mediarsklore was slightly higher in core biopsy samples than in

standard sections but the range was almost ideailt The difference did not reach statistical

significanceKigure23 graph G.

334 5SUGSNYAYAY3I Odzi 2FF O f dzREITas&yNJ Yw9 ¢ 2 JSNEB
There are no published works referring to the us@a@RET assay in breast cancer samples thus no

available scoring systems for comparison. Gee et al (meeting abstract) usescanettut point of

#25, but the study did not use the present antibody. The methods used to score explore cut off
valuesfortw9 ¢ WLR AAGAGSQ | yR Wy S3l GREDG@seable2@)JWin o1 & S
a 10% cut off for positivity thNB & dzt G SR Ay pmkmmp onm:0 2F al YLX Sa
the 30% cut off was applied, then 20/115 (17%) of samples are positive. If the scoring expanded to

AyOf dzZRS al YL S&a ¢KSNB BHosk: Hb adl AyKkof@REFf a2 02 dzy

WILRAAGAOSQ &l YL S&a NRAS (G2 yHkMMpPp O6TM:0®

A: >10% of cells B: >30% of cells C: >10% of cells
showing 3+ staining | showing 3+ staining | showing 3+ or >30% (¢

cells showing 2+

staining
w9 ¢ & LJ2&A G| 51/115 (44%) 20/115 (17%) 82/115 (71%)
w9 ¢S FHlyid A @S| 64/115 (56%) 95/115 (83%) 33/115 (29%)

Table26 Three proposed systems for definmRET positive and negative samples. All three will be applied to the dataset
for the FURVA clinical analyars the cut off that best identifies a clinical subgroup will be recommended for further

studies.
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3.4 Comparing-RET andRET scores in primary tumour samples

When the Hscores of RET and{RET were compared for each sample; there was no significant

correlaion, although a weak trend was apparent suggesting a weak association (pFogli¢Z4).

2 KSy a02NBa oSNBE OFGS3I2NRAaSR Ayd2 wo9e WLRAAUAODSC
tumour epithelial cells showing 3taining 52% of samples were either both positive or both

negative for tRET and{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 ofRET should also have high expressionREF 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 duratiodih and processing influencing

antibody performancéPinhel et al. 2010)

Of the 27 samples where neither strategy resulted in concordance betwB&ETtand{RET status,

15 samples were positive fo/RET but not {RET and2vice versa. The lack ofRET expression in t

w9e WLRAAGADBSQ &l Y LIRERprotein beng adiivated yHoweteb this doesyid G | f €
SELX AY 6Ke& &l YLX S &REF BudriotRor-RES. IndHiganatande AtisSn@y simpINI  LJ
reflect the different affinities of each primary antibody for detecting their respective epitopes in the
antigen retrieved FFPE samples, or even damage ofRE€lt epitope in some material. However, in

the 12 sampleswherew 9 ¢ ¢ | & W LJREAZ Wahdt, @lBs@mplesdzéd >60% 3+ staining

present in the pRET assay. In the correspondifiBET assays three showed very low staining, total
H-score <100 while the others scored mainly 2+. The staining inft€ltassay was thus overall

subtler and it mayhus be that in some cases a 2RET stained cell in theRET assay is similar to a

3+ stained cell in the-RET assay but the 2+ staining did not reach the level required to be called

WLI2 & A (0 A B3&@iedrdandt 8aBipleg ayfie from a variety of differbatches, 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 th&®ET assay was positive and tRREPT was negative there was a
clearer split; the RET samples were positive ilglthe majority of the pRET samples showed very
low staining (total Hscore <100), this is likely to be representative of true biological discordance

where tRET is present, but not activated or at best only minimally active.

Correlation between t-RET and p-RET H-score

300~
. R )
2 . . ..
9 2004 . | .
| o r=0.15 (95% Cl -0.04 to 0.33) p=0.11
|
I&.J 100
o
0=
0 100 200 5

t-RET H-score

Figure24 Correlation between-RET andRETHL O2 NB ® NI { LIS NXIFy Q& NI y{1 O2NNBtlidAzy O

an alpha significance value of 0.05. Dotted lines represent 95% confidence interval.

3.5 t-RET andRET expression in metastatic saaspl

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 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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Figure25 Box and whisker plot showingddore for both4RET and{RET assays metastatic FFPE samples

Overall, median-RET scores were lower in metastatic samples than in primary tumours but the
inverse was true for{RET with the median scores being 140 88T (155 in primary tumour) and
156 for pRET (120 in primary tumoufigure25). This may reflect prominence of such signalling in
an adverse, Al resistant metastatic cohort. However, due to the very small number of samples it is
difficult to conclude that such metastatic samples conelelsi express moreRET or fRET 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 otiate. Feasibly, the change in median scores may also be due to the
assay performing differently on nggrimary breast tumour FFPE materials. Due to the very small
numbers of samples from metastatic lesions the assay was not optimised for the differeatdf/pe
tissue in which the metastatic deposits were found. In future experiments it would be interesting to

O2YLI NB w9c¢ SELINB&&AAZ2Y i RAFFSNBY(I LRAY(GA RdzNRYy
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3.6 Chapter Discussion

This chapter has described the characteristics antopmance of two immunohistochemical assays

in FURVA clinical trial samples that had been developed and validated by ZH for this thesis; one to
assess-RET protein expression and one to dete®pBT. Both have been applied to a series of 115
breast primay 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 antitmdhe sections were cut

and assayed within a month to minimise the ageing of the cut sections which adversely affect the

staining intensityMirlacher et al. 2004)

Both IHC assaydlowed assessment ofRET and{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 theRET and the-RET assay the predoraim location of

staining was in the cytoplasm. For the two previously publisHRET assays in breast cancer tissue
where images were included in the publication the staining exhibited was also cytop(&mttieli

et al. 2013; Nguyen et al. 201RET is a transmembrane protein with a large intracellular domain
(Morandi et al. 2011however, ithas 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-BH using immunohistochemistry were applied

to the data generated from the FURVA clinical trial breast cancer samples. When either system was
FLILX ASR 2@SNJ ysx: 2F al YL Sa (GaSeNE alR0I3pndaover S Q 06 @&
50% by the Nguyen methqilguyen et al. 2015Both 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 categogisB &t YLX S&a Ayid2 w9¢ WLRAAGADBSQ | yR
examined. These categories, along with retrospective cut point analysis usirdgrEBE and{RET

scores as a continuous variable will be correlated with clinical outcome in Chaptex éufloffs 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 expressefRBT tor with more

substantial pRET signalling activity. One miglypothesise that fRET positivity will be a better

predictor of response to RET inhibition thaRET (although ultimately this is dependent on the

assay performance which can be more difficult for phosggpecific 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 batchrmapriantibody was
not possible for this thesis work. Two technigues were used to try to assess and minimise batch

variability.

Firstly, a positive control breast cancer slide was run with each assay. In botREE and the-p

RET assays the control slidas then scored alongside the FURVA samples in each batch and the
scores compared. The positive control slide for tHRET assay showed greater reproducibility than
that for the pRET assay. This is likely due to the size of the control slide sampi€)(atd the fact
that it stained homogeneously. The positive control sample selected for-REPassay was much
larger (~4cr) and included a variety of different cells including areas of ductal carcinoma in situ
(DCIS) which tended to stain very strognghis meant that scoring it was more difficult due to the
heterogeneity of both tissue types and staining patterns. However, despite the challengefRtE€ p
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.
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Secondly, mean4dcore 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 comjpénato
positive control score was a little higher or lower than expected, as occurred in one batch of both
the t-RET and4RET assays. On balance, the assay performance was adequate for beREReihd
p-RET assays, considering both the control amgpda batch performance. With the benefit of
hindsight, | would have selected a smaller, more homogeneously staining positive control breast

cancer sample for the-RET assay.

Both assays were developed and tested on freshly cut but historical FFPE breastsamples
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, fixian and long term storage of samples can adversely affect

the ability to detect the antigen of intere¢Kie et al2011) 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 faRIBT and-RET stainig 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

specimengWojnar et al. 2013)

Like all immunohistochemistry assays there is sttty 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 thesamples 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 signifitdigtpebige so for p
RET than-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 eobust as possible for the FURVA series.

3.7 Chapter Summary

Both the tRET and{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 ignalling 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 andddores between FURVA sambégches but by categorising
scores intoRETandw 9 ¢ WLR AAGAGSQ YR WyS3IlIGABSO O2K2NI &
or negatives will be mitigated. These broader categories should allow for pragmatic investigation of
whether strong RET esgssion (either4RET or flRET) 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 lon Ampliseq Cancer Hotspot Panel V2 (Thermofisher, Waltham, MA, USA) which uses 207
amplicons to cover hotspots in 50 cancer related geamabsa custom designed hotspot panel

focussing on common variantsESR1, GATA3, REIOLYN 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

sequencedvith 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. Whil 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.

Figure26 shows the time course of disease and the maximum of four possible samples that were
collected as part of the FURVA clinical tifghile Figure27 shows a flow chart of the samples used

in this chaper. The samples available and variants deteasslalso detailed in Appendix 3
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Diagnosis and initial treatment FEPE

tissue
block

Development of metastatic
disease treated with
chemotherapy or endocrine
therapy or both

1-20+ years

Development of endocrine
resistance and entry into
FURVA trial; baseline blood
sample

~8 weeks after trial entry —
cycle 3day 1

Patient ends trial treatment
either due to disease
progression, toxicity or
withdrawal of consent.

Participation in the FURVA trial

Figure26 Infographicdepicting the timeline of disease in patients recruited to the FURVA trial. There are four possible
samples from each pati&none from their tissue block and three blood samples taken before, during and after treatment
with fulvestrant and vandetanib.
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patients recruited into trial n=165

patients treated with fulvestrant|
and vandetanib

n=80

FFPE sample suitable for
analysis?

YES =48

cfDNA sample
available for
analysis?

e BASELINE cfDNA 8 WEEK sample EOT sample

sample suitable fo
analysis

N=7

sample analysed analysed analysed
N =15 N=9 N=17

Figure27 Flow chart showing samples used in this ¢tkag~FPE samples were run and then corresponding cfDNA samples
were run if available. The aim had been to sequence cfDNA samples from thénsameintbut this was not possible due

to sample availability.

4.1.2 Key methodology

Variants have been categorisadcording to the American consensus recommendation guidelines.
Variants are assigned a tier depending on their potential pathogerldisgt al. 2017a)The

summary table is shown frigure28.
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Tier I: Variants of
Strong Clinical
Significance

Therapeutic, prognostic &
diagnostic

FDA-approved therapy

Included in professional
guidelines

Well-powered studies
with consensus from
experts in the field

Tier II: Variants of

Potential Clinical Tier lll: Variants of

Significance Unknown Clinical
Therapeutic, prognostic & SIEHIflca nce
diagnostic

FDA-approved therapies
for different tumor types

or investigational Not observed at a

therapies significant allele

frequency in the general
or specific subpopulation
databases, or pan-cancer
or tumor-specific variant
databases

Multiple small published
studies with some
consensus

No convincing published
evidence of cancer
association

Preclinical trials or a few
case reports without
consensus

Tier IV: Benign or
Likely Benign Variants

Observed at significant
allele frequency in the
general or specific
subpopulation databases

No existing published
evidence of cancer
association

Figure28 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 M@&bolagy, American

Society of Clinical Oncology, and College of American Patholggistsal. 2017a)

Data will be presented on all tiedll variants for both FFPE and cfDNA samples.

Key resources used and dugently referred to in this chapter include:

Catalogue of somatic mutations in cancer (COSMIC) http://cancer.sanger(8atalet al. 2019)

Over 4 million coding mutationsurated from over 1 million tumour samples. Focus on

somatic variants but also includes data on common SNPs

dbSNFhttp://www.ncbi.nih.gov/SNHSherry et al. 2001)

International collection of singleucleotide polymorphisms. For many SNRs th

database contains population frequencies taken from large databases such as GhomAD.

Clinvarhttps://www.ncbi.nih.gov/clinvaLandrum et al. 2018)

Publicly available database of humametic variants containing curated clinical

significance information.
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CBioPortahttp://cbioportal.org (Gao et al. 2013)

Open access resource allmg exploration of human cancer datasets offering access to

a wealth of data from breast cancer specific studies including variant frequenaes an
clinicopathological variables including survival data. The main dataset used for reference

Ay GKAA OKIFLIISNI Aa (GKS W. (R&Kavicetal 2018pteB NJ 60 a { Y =
datasets used include the MEBRIC breast cancer datagPereira et al. 201Gnd the

TCGA datasdT CGA 2012)

Mutation mapper, part of the CBioPortal toolkit, enables visualisation of variants within
genes along with computational predictions of pathogenicity from SIFT and Polgphen
This has been particularly helpful when investigating potential pathogenicity of tier 1lI
variants. The protein locations come from Pfams latest database entries

(http://pfam.xfam.org/ (EFGebali et al. 2019)

Two large genomic datasets have been used to draw comparisons to the data generated in this
study. Both wereccessed using CBioPortal. The first is the-M8XAKT breast cancer dataset
(Razavi et al. 2018)hich consists mainly of patients with ER+/HERZase. Where subgroups of

the dataset have been used this is clgastated. Often it has been limited to patients documented

to have ER+/HER&isease. 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 diseagdletwork 2012)

At the time of the analysis presented in this chapter there were no tierel variants in breast
cancer. Subsequemtd the analysis presented here the results of the SOLARI using the PIK3CA

inhibitor alpelisib showed a benefit for patients specifically VHR+HER?2 negativRIK3CAariant
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positive breast cacer making?IK3CAariants true tier | variantéAndré et al. 2019)The role of

HER2 overexpressi@s assessed by immunohistochemistry or FISH has long been shown to predict
benefit from HER?2 directed therapies. However, the role of variarERIBB# patients whose

tumours are HER2 negative by traditional methods remains under investigatioay Ibe that some
variants result in resistance to certain HER2 directed therapies but sensitivity to others depending on
the downstream effect of the variarfGaibar et al. 2020}hroughout this chapteERBB®ariants

will be deemed tier Il variants.

4.1.3 Chapter Aim

To establish the genetic variant profile of FFPE primary tumour samples and cfDNA samples
representing metastati 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 developnetastatic 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 NG&lysis 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 odtilll variants discovered using the techniques
above and to establish if any tier Il variants are of potential interest for further investigation in

the context of the FURVA clinical trial
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4.2 Investigatinghe genetic variant profile of primary breast cantumours 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 develped 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 chapterame 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
responseo 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 estate of tumour percentage (TP) and the area of the section with highest tumour
content was macralissected. 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 prdcectdlA
extraction. A single sample failed extraction with an extracted DNA concentration of 0.09ng/uL. All
other samples proceeded to library preparation (n=50). Two samples failed library preparation due
to undetectable final library concentration; botiad low extracted DNA concentrations (0.13 and
0.15 ng/pL)This left 48 samples suitable for next generation sequen€ghe 48 sequenced

samples median tumour content was 60% (rangeX®%).The median concentration of DNA
extracted was 6.2ng/pL (rge 0.2560ng/pL).Figure29 shows this data in graphical form along with

data regarding final library concentration and number of variants detected per sample.
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Figure29 Four box and whisker plots demdtnating 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 tunpascentage. Plot B shows extracted DNA concentration. Plot C
shows final library concentration. Plot D shows number of variants per sample (al¥igrall graphs created using

GraphPad Prism 8 v.8.1.1.
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Tumour percenatage (TP) vs. extracted DNA
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Figure30 Three graps 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. GlB@hows 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

ternonady2yevYzdza @FNAFyda RS(SOileftdvn dosfiignti P valuds &ebgivetlbased{ond®d N | y Q&
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Figure30 explores the relationships between the original FFPE sample and the fmakenwf 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 seemitime 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 processs designed to ensure only higjuality 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 suerégathe 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 DNiAgments 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 &plored further in sectiod.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.
Bioinformaticanalysis 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 lon Reporteersion 5.1(Life Technologies), a clobdsed graphical user

interface. Limits incorporated into the bioinformatic pathway included downgang of 2000

NElF RAS OFNALYyd FEfS8tS FTNBlASyOs o6+1Co 2F xm: | yF
(Ewing et al. 1998All nonsynonymous (i.e. those that result in a change of amino acid) variants

were manually reviewed using Integrated Genome ViewW@¥J, a genome browséRobinson et al.

2017) All analysis was performed using GRCh37 (hg19) as the reference genome.
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640 variants
called in lon
Reporter (IR)

153 deemed artefact
on manual review

[ ]
234 synonymous variants | 253 norrsynonymous variants

40 Tier Il variants

143 Tier Il variants

70 Tier IV variants

Figure31 Flow chart showing breakdown of variants detected in FFPE primary tissue samples n=48.

Figure31 shows the breakdown of variants detected by the automated bioinformatic pipeline in IR.
Of the 640 variants called by théppline 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 nesynonymous variants. The n@ynonymous variants were further categorised

into tiers of clinical relevance as detailedrigure28. The mean number of all tier variants per

sample was 10 (range73, median 6) as shown in plotHigure29. Two outlier samples contained

73 and 53ll tier nonsynonymous variants, both had low final library concentrations; 53ng/mL and
128ng/mL respectively. For these samples most variants were tier Il variants with a variant allele

frequency of <5%.

Overall, samples with lower final library conceaitons had higher all tier neaynonymous 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 wityax8 Yy i NI G A2y xonny 3k Y|

However, of the 13 samples with a final library concentration of <300ng/mL where a tier Il variant
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was detected the median VAF was 27% suggesting that despite suboptimal libraries and potentially
poor-quality DNA input, signdant 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 owiguiality

variant calls.
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4.2.3 Primary tumour FFPE samples tier Il variants detected

Tier 1l variants are defined as those that are variants of potential clinical significance. This means that
there is level C (FBapproved therapies for different tumour types investigational therapies or

multiple small published studies with some consensus) or level Exlipieal trials or a few case

reports without consensus agreement) evidence of their pathogenicity. In breast cAR&#82
amplification is the classt to a tier | 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 Il. There is
current discussion thaRIK3CAariant status may become a tier | variawith regards to response to

Alpelisib on the basis of the results of the SOILARal (André et al. 2019)

Tier 1l variants that are common in breast cancer were discussed in Chapter 1 and wilkfezres

to here.

31/48 (65%) of samples contained at lease tier Il variant. 7/48 (15%) samples contained more
than one tier Il varian(detailed inTable27). Of those 4/48 (8.5%) samples contained two variants

while 3/48 (6.5%) contained three.

VAF VAF VAF

Variant 1 (%) | Variant2| (%) | Vaiant3 | (%)
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

Table27 Samples containing multiple tier Il variants. With potential driver variants listed as variant 1. Note low VAF for all

variants in the sample from Hanht 55 meaning it is unlikely that any of these represent a driver variant.

The gene most frequently containing a tier 1l variant W#s3CA35% of samples), followed GY53
(17%) AKT1(15%), andCDKN2ARET, PTPN11, GNAS, ERBB2PJall 2% of samps). Where
g SNB al YLt s GkKS

Ydzt GALX S OF NREF Y& LNBASYd Ay |

with the highest frequency) weRIK3CAn 3/7 samples andP53n 3/7 samples. In one sample
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(Patient 55) three low VAF variants were pres&E{PTPN1hnd CDKN2Amaking 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%his is summarised Figure32.
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Variants detected by sample

Sample ID
* * * X e * * * *
i < ~ RO =EINEANNENOOERNNAEHANLNTONOAOEHLNOXANOEANINTIININNVO
NANNMNITNNNONTITITITINLININNEENNNOOEHOOEEANNOOOOANNNNNANANNNON
B e ) el et e et ) e ) ) el e el ) e el ) el ) ) ) ) e ) e et ) el ) e e ) e ) e el e ) ) e ) e el e e )
[ =B =i = = 2 =2 = =B = N~ i i i i i =l = N =2 <2 =2 = = = =l =l i i i i i =l i i Y =l <2 <2 =T = = = =~ =
200000000000 00000U0VUVITVVTIVIVIVVIVIIVIIVITIVDIY
) et e e el d ) ) ) e e ) ) ) el el ) ) ) ) el ) e ) ) ) el ) ) ) e e e ) ) ) e e el ) ) ) e e ) ) e
(G (0 (0 (C (0 (0 (0 (0 (C (T (T (U (0O (U (0 (O (U (0 (U (O (O (U (U (U (O (C (U (O (O (U (0 (U (O (U (C (O (U (O (U (O (0 (U (U (U (T (U (T
[~ WY = Wy -~ Wy Wy WY - Wy WY Wy - Wy = My [~ W WY = Wy = W WY Wy WY WY WY -~ W WY W - WY WY WY W . WY WY WY WY W - WY W WY - Wy W WY - WY WY W - Wy - W WY Wy - W

PIK3CA (35%)

[ Pt

AKT1 (15%)

3 variants
TP53 (17%)
APC (2%)
% CDKN2A (2%) 4 1 variant

- RET (2%)

PTPN11 (2%)

ERBB2 (2%) - 4 0 variants

GNAS (2%)

Figure32 Primary tumour FFPE patient sample sequenced (n=48) along with tier Il variants detected. Percentage by gene refersaib friegsecy of variants in that gene in this dataset.

Sample ID's denoted with * arbdse with >1 variant detected n=8. A single sample had multiple variants in one gene (Patient 45 in PIK3CA). For \viarjzlabdetse®able28.
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4.2.4 Focus on specific variants

The targeted sequencing panel used in this projectises on hotspot variants i.e. variants that have
been noted to occur frequently in samples from cancer tissues. Generally, tier 1l variants are likely to
be hotspot variants as they are well described and investigated. This can be JedieR8 and
Figure33where all variants detected iAKTlwere the commonly identified E17K variant resulting in

an amino acid change from glutamic acid to lysine. Of the 19 variants deted®d3CA5 were in
theclassi®9 E2y dQ YR WI9E2Y HnQ K2dalLkRdaod LAKTHKAAZ
(E17K) an®@IK3CAH1047R) (Patient 80), this is in keeping with other ER+ breast cancer datasets
where variants ilAKTland PIK3CAre often mutually exclusive In TP53variants 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 plot&itpae33)

When the MSHMPAKT breast cancer dataset was limited to patients with ER+AdlEfease in CBioPortal
and an analysis for mutual exclusivity betweiiK3CAand AKTlwas performed 276/621 patient samples
contained aPIK3CAariant while 43/621 contained afKT lvariant. Only 7 contained both (Log2 Odds ratio
2.102 p<0.001).
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Gene

Variant

Detected
inn
samples

PIK3CA

BE542K

2

N345K

D1029H

GA20R

53Q

B54K

H104R

H413elR

R248Q

P278L

R158L

TPS3

C182¢

R337C

L194R

E285L

238y

AKT1

E17K

APC

Gl12CE

CDKN2A

HB83Y

ERBB2

L755S

GNAS

R201C

PTPN11

$H0AL

RET

A883T

RlRrlRr|R|R|RINRPIPIP|IR|RP|IRPIRIPRIPR|O|DR|R|P|P

Table28 List of specific variants organised by gene alongside their frequency of occurrence. Boldsinditatés that

gSNBE RSGSOGSR i Xozd ¢KSasS IINB dzytAl1Ste G2 6S NBLNBaSyidl a.

letter abbreviation. * refers to a nonsense variant resulting in termination of the protein.
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Figure33 Lollipop plots showing position of detected tier Il 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
WK 22008 y I G dzNB 2F @I NRAFydGa Ay tLYo/! 69pnp! kY FYR I mMmantfkwo

in TP53 are spread throughout domai@seated using mutation mapper part of the CBioPortal online toolkit.

4.2.5 Comparindindings to currenterature

Large scale sequencing projects have made data publicly available and searchable such as that
contained in CBioPortal. The MBWPACT breast cancer coh@Razavi et al. 2018pan be
interrogated to form adataset which acts as a good comparator to the FFPE primary tumour
samples used here. Using CBioPortal the original-NBHCT dataset (n=1918) was limited to
patients who were peri or poghenopausal and had been diagnosed with ER+/HERAst cancer
and had gone on to develop metastatic disease (n=104). ThelMBKCT 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 netrkbenign changes (i.e. all tiell
variants). The dataset examines single nucleotide variants (SNVSs), 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 theWPBICT dataset at
02 ! C o0dzi 6SNB y2G AyOfdzRSR Ay GKS pn 3ASyS

comparison EAT1, NCOR1, ARID1A, TBX3, RUNX1, MAP2K4, KMT2C, GIARSK1,

Variants by gene: a comparison

60
@ - FFPE primary tumour
£ = FURVA (Tier Il)
§ 2 40 FFPE primary tumour
5 = FURVA (Tier Il and IlI)
[72]
28 FFPE primary
& 3 20 I tumour
2 MSK-IMPACT
<
T
0 N T T T - T ~ T - | —
Y N Dy AN LN N R N o>
O Ul 22 X L8RS R
Q\,p N ‘800@ Ll S & ELLEE &P &

Figure34 Comparing the frequency of variants by gene between the FURVA primary tumour dataset and a matched dataset
from the MSKIMPACT breast cancer cohort. The bioinformatic pathway for theIMBKCT dataset is lesgingent than
that applied to the FURVA dataset so combining tier Il and tier Il variants in the FURVA dataset may offer a better

comparison in some genes.

Figure34 shows the frequency of variants by gene, firstly in the tigatlants in the FURVA dataset,
then by tier Il and 11l variants combined and finally by the M#BRACT breast cancer dataset. The
bioinformatic pathway in the MSWWPACT dataset was more lenient than that which was applied to
determine tier Il variants ithe FURVA dataset in particular with regards to known hotspot variants;
the MSK pipeline permitted inclusion of all reynonymous variants that were not known to be

benign to be included in the final reporf€henget al. 2015)
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This is demonstrated iRIK3CAvhere around35% of samples in the FURVA dataset contained a tier
Il variant. Whereas the frequency in the MSK dataset was 49%. However, if both tier Il and 11l
variants in the FURVA dataset are includeshtPIK3CA variants are present in 44% of the FURVA
samples. ITP53tier 1l variants were found in 15% percent of samples whereas if tier lll variants are
included the frequency increased to 35%. The ratéRb3variants in the MSK dataset was 25%.

With the FURVA combined results being higher than those in theIMBKCT dataset there is a
possibility that the interpretation of some of the low VAF tielPb3variants in the FURVA dataset

was too lenient.

There are several genes where the frequency oiawvass is notably different between the FURVA and
MSK datasets. Firstly, AKTleven without combining tier Il and Il variants the rateAT lvariants

in the FURVA dataset was 15% compared with 8% in thelMBKKT dataset. The VAF of the
variants wasbove 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 ofCDHvariants in the MSKMPACT dataset was high with%a®f patient samples
containing a variant making it the second most frequently mutated gene. This is at least partially
explained by the limited coverage 6DH1lin the Ampliseq CHPv2 panel where only 7 hotspots were
covered by 3 amplicons (12% of geneared). In the MSHKMPAKT dataset variants @DHIwere

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 iRTENone of AKTs key regulators. Howevehaith datasets the rate of

variants inPTENvas below 5%. Even in expanded datasets encompassing all stages and histological
diagnoses of breast cancer the rate only increases to aroundT#Ns reasonably well covered in

the Ampliseq CHPv2 with amplitocovering 70% of the gene, thus it might have been reasonable to
expect one or twd®TENariants in the cohort of 42 TENas been noted to be a difficult gene to

sequence due to the presence of a pseudogftlaes, 2014 #363}
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4.3 Investigatinghe genetc 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 correspading plasma sample if available. 41/48 patients who had had antEfFieEr

I g At ofS F2NJ &FYLXAYy3I KILa | OF5b! &l YLX S &dzAll G
Al YL Sa>x o Wy 6SS1Q al YLX S&a | yR N&S YR aiSk S\ y13-Qi A0S
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 represeahe 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 9éhour cut off were not processed. Other trials, particularly those based in a single

centre have had much stricter processing times with many sesnmlocessed within hours rather

than days.

All plasma samples apart fromthe®8S S1 al YLX S g2dZ R KI @S o6SSy (I 1Sy
disease was progressing on its current treatment. At baseline this would have likely been hormone

therapy, while at EOT thiwould have been fulvestrant and vandetanib. To be eligible for entry to

GKS C!lw+! GNARFE LI GASYdiQa RAASIFAS ySSRSR G2 0S5 L
which would necessitate treatment with chemotherapy. This means that patients ati@tigher

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 wased for two patients who had >4 vials of

plasma available while only 1ml was available for four patientSigare35the two cfDNA samples
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extracted from 3mls of plasma were removed from the analysis as they were significaatowith

extracted DNA concentrations of 56ng/pL and 45.6ng/pL.

Figure35graph 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 of.BM@dian baseline

concentration was 0.70ng/uL compared to 0@/l and 0.62g/pL for 8 week and EOT

respectively. The range of concentrations increased as time progressed with the range at baseline
being 0.221.3ng/uL, while 8 week was 0.2827ng/uL ad EOT greater still at 0.ZB85ng/pL.

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 argery 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 basefipkes (0.62

vs 0.70ng/pL).

In Figure35 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 ranograms 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 émgr 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
guality and sample storage and collection of cfDNA samples and potentially more uniform sample

collection, processing and storageqy to DNA extraction.
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Figure35 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 otéietataset 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. Pavalgieen based on two
taledanalf@ A & @A G K | y.dh NI HISISNI2IFY @ & n Gz NdeSsignifitahi@oyhpatsans af fANAA Sy G @

concentrations (Graph A) performed using -oveey ANOVA test. Graphs created using GraphPad Prisnl8lv
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4.3.2 Sequencing and bioinformatic analysis

Bioinformatic analysis was automated as per methodology used for the FFPE sampl3s (see

I NAFyida 6SNB OFffSR AF (KS ! CX | & RStA®MYAYSR
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 lon Reporter, they were pooled to

create a single dataset of variants for each patient.

309 variants
called in lon
Reporter (IR)

8 deemed artefact on
manual review

[ |
212 synonymous variants 89 nonsynonymous variants

16 Tier Il variants

25 Tier Il variants

48 Tier IV variants

Figure36 Flow chart showing breakdown of variants detectedfidbNA in the setting of endocrine resistant metastatic

disease n=41

Very few artefact variants were called by lon Reporter in cfDNA sarfgdeshown irFigure36).

Over half of all variants called were synonymous variants. Of the 88yrmmymous variants 16/89
(18%) were tier Il variants. The number of variants called overall was less than in the FFPE primary
tumour samples across all tiefBhe data reported in sectiof.3.3refers 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 ClinVarrosassigts to the correct tier.
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4.3.3 Metastatic endocrine resistant cfDNA tier Il variants detected

The median number of all tier variants per sample was 2 (ranfje Overall, a tier Il variant was

detected in 11/41 (24%) of samples. Seven patient sampletaic@d a single tier Il variant, three

contained two and a single sample contained three tier Il variants as detailebia29. In Patient

12 and 60 the variants were present at levels 04, that is to say that of all the DNAquenced

(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 inellvodstream. The VAF could also indicate

that this was a tumour where the majority clone was one harbouring a variant causing significant

impact onTP53unction.

vm%u_\MF%)Vﬂ““\MFmoVﬂMIVNWW
Patient51 | TP53 72 [ AKT1 49 JESRA 42
Patient 12 | ERBB2 8 | PIK3CA 4
Patient 60 | PIK3CA 4| ESR1 4
Patient22 |ESRL 22 | GATA3 50

Table29 Four samples containing multiple tier Il variants

The genes containing variants were simitathose in the FFPE tumour samples, albeit with less

variants detected overalESRYariants 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

theld G A Sy Qs

RA&SIAaS

O2 dzN& S

“

GKSe

AAAAAA

ESRYariants detected three occurred in samples where multiple variants were present. This may be

due to the corresponding tumoarshedding more cfDNA than others making any variant detection

easier or one could hypothesise that the presence of another variant increases the change of an

ESRYariant occurring or vice versd&igure37 summaries is the geneghere variants were

detected in cfDNA samples.
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Figure37 Variants bycfDNAsample. Sample IDs marked with * indicate samples with variants present in multiple genes. The percentage of sampleg ac@taanit in gene X issal

shown.
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