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Abstract

My hypothesis is that delineation of the effects of HER2-targeted therapy with the tyrosine
kinase inhibitor (TKI) lapatinib, in vitro, and elucidation of the ensuing conformational
changes may help understand the molecular activity of lapatinib and elucidate mechanisms
of resistance. Clinical translation of this knowledge may help to improve performance of

current biopsy-derived biomarkers, bringing real patient benefits.

HER2-targeted treatments such as the monoclonal antibody, trastuzumab and the tyrosine
kinase inhibitor (TKI) lapatinib, were developed for HER2-positive breast cancer patients; a
group with a poor prognosis. However trastuzumab induces response in only 40% of
patients and resistance inevitably develops to both drugs. HER2:HER3 dimerisation is vital
to the translation of extracellular signals, via intracellular signaling cascades, to promote
cancer cell proliferation, invasion and metastasis, and is studied herein. Regulation of the
amplitude and kinetics of signal transduction from the HER family is reliant upon receptor
endocytosis, and sorting to recycling or degradation. As these processes are likely to play a
key role in treatment of HER2-positive breast cancer and the development of resistance,

they are investigated in this project.

Within the context of this work, optical proteomics quantifies post-translational modifications
and protein-protein interactions by measuring Forster resonance energy transfer (FRET).
Where fluorophores are located within nanometer proximity, FRET occurs, thus allowing
guantification of protein-protein interactions. This novel technology is used alongside
traditional biochemical methods, to demonstrate HER2/3 dimerisation, and the effect of

perturbation of this system by lapatinib.

Treatment with lapatinib abolishes HER2 phosphorylation but stabilises the HER2:HER3
dimer. Mutation at the HER2:HER3 intracellular interface prevents HER2:HER3 dimerisation
and negates the lapatinib effect. Resistance may be mediated by endocytosis of the

HERZ2:HER3 dimer, recycling and rephosphorylation of HER3.

Fluorophore-conjugated antibodies have been optimised in cell lines, with the development
of dual antibody assays to measure HER2:HER3 dimerisation in paraffin embedded tumour
tissue. A prospective clinical trial is being set up in order to validate these assays alongside
clinico-pathological and genetic biomarkers for prediction of response to HER2-targeted

therapy.
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Chapter 1: Introduction

The aim of this thesis work is to interrogate the effects of tyrosine kinase inhibitors (TKIs) on
the human epidermal growth factor receptor (HER) tyrosine kinase family, and establish
novel prognostic and predictive biomarkers, with optical proteomics, in order to better profile
tumours, predict outcome and sensitivity to treatment™>. This project is placed in clinical and
biochemical context.

Breast cancer is the second most common cause of cancer death, after lung cancer, leading
to death in 15% of all women”. Incremental benefits in patient survival have been achieved
over recent decades through improved diagnostic, staging, and operative techniques as well
as better chemotherapeutic agents. More recently the development of drugs designed to
target processes that are dysregulated in the cancer cell promised to significantly improve
outcomes with less toxicity, but these improvements have not yet been realised. For the next
benefits in patient outcome, we must better profile both the tumour and the molecular effects
of novel targeted drugs. Both prognostic tools, which help us to decide which patients are at
a high risk of relapse, and predictive tools, which define the effects of a drug upon tumour
biology, are required for the prescription of rationalised treatment schedules. We are
entering the era of personalised medicine whereby cancer treatment may be individualised
according to the molecular tumour profile. | outline the progress in biomarker development

required to enable the evolution of tailored cancer therapy.

Protein-protein interactions and post-translational modifications form the functional
expression of gene mutations, and thus, present a potential oncogenic mechanism and a
target for treatment®’. The effect of novel drugs designed against these targets often cannot
be directly monitored, leading to potentially inefficient and inappropriate drug use. The ability
to image these protein interactions and modifications may prove to be an invaluable decision
aid in the prescription of targeted drugs. The technology used to image these post-

translational modifications is described.

As protein-protein interactions within the HER family are thought to be tumourigenic®®
inhibitors to these receptors have been designed to reduce mitogenic potential. However,
their mechanisms of action are not fully understood. This work aims to interrogate this
system in vitro with optical imaging and classical biochemical methods, in order to
understand the behaviour of these receptors, both in the native state and in response to
inhibitors. Novel biomarkers may become evident with this approach. These biomarkers will

be validated on archived formalin fixed paraffin embedded tissue (FFPE). Clinical outcome is
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recorded for each tumour and thus a link between the biomarker and tumour relapse may be

established.

1.1 Breast cancer

The incidence of breast cancer has been steadily increasing over the past decade as have
the number of drugs used for cure. Breast cancer is now the most common cause of cancer
in women by far, with 48,788 new cases reported in the UK in 2009 alone®. 48% of breast
cancers occur in the 50-70 age group. Women in this age group now undergo screening as
part of the NHS Breast Screening Programme in England. Over the last decade, incidence
rates have remained stable (approximately 120 cases per 100,000 women) but mortality
rates have decreased (to approximately 25 cases per 100,000 in 2010)*, likely due to
improved surgical techniques™ and the use of adjuvant treatments such as hormones as

outlined below. However, this improvement in patient survival is starting to reach a plateau.

Surgery remains the first option for cure in patients with localised disease. Adjuvant
treatment is administered after surgery in order to reduce the risk of recurrence, and consists
of hormones, chemotherapy or targeted treatments. However, it is difficult to predict which
individuals would have survived without adjuvant treatment. If the risk of recurrence is
greater than risk of serious treatment-related toxicity, adjuvant treatment is usually
prescribed, which may expose many women to potentially toxic drugs without benefit. An
absolute risk reduction of greater than 2-3% in mortality is generally considered an
acceptable margin for the use of adjuvant chemotherapy. There is a critical need to identify
those women at high risk of recurrence and choose the therapy to which they are likely to

respond.

The development of targeted agents, such as the monoclonal antibody trastuzumab, has
represented a significant advance in both the adjuvant setting and for metastatic disease.
However, not all patients respond to this drug. The development of more accurate profiling of
tumours and drug effects seems to be the next logical step in the rational introduction of
targeted therapy. | first outline current adjuvant treatment regimens prior to examining the

prognostic tools available to predict which patients benefit from such treatment.
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1.1.1 Adjuvant therapy

Systemic adjuvant therapy is prescribed after definitive surgical treatment to those patients
who are deemed to be at a high risk of recurrence, with the aim to reduce the risk of relapse
and affect a cure. Adjuvant therapy can be divided into three groups of drugs: hormonal
therapy (most commonly tamoxifen and aromatase inhibitors), cytotoxic chemotherapy
(anthracyclines and taxanes) and targeted drugs (most notably trastuzumab). These
treatments have been shown to reduce the risk of relapse and cancer related death but
systemic drugs, chemotherapy in particular, have significant toxicity profiles. The benefits of
adjuvant therapy must be carefully weighed against the toxicities as patients are often
healthy, post surgery, and may potentially be cured. The absolute benefits of treatment are

highest in those with the worst prognosis.

Patients receive adjuvant treatment, ideally, within eight weeks of surgical excision of the
primary tumour, reducing the likelihood of establishment of micro-metastatic clusters.
Neoadjuvant therapy (primary therapy) is prescribed prior to definitive surgical excision for
the down-staging of locally advanced and inflammatory breast cancer. Neoadjuvant therapy
enables in vivo study of tumour sensitivity to drugs, allowing the validation of novel predictive

biomarkers.

1.1.1.1 Adjuvant hormone treatment

Breast tumours are classified according to the expression of steroid receptors on the cell
surface, namely oestrogen (ER) and progesterone (PR) receptors. This classification
system not only directs the prescription of endocrine therapy to target these receptors, an
early example of targeted therapy, but also holds prognostic value. Oestrogen and
progesterone positive disease confers good outcome versus tumours which do not express

any of these receptors.

Tamoxifen binds to the oestrogen receptor and blocks gene transcription®. It is a partial
oestrogen agonist, exhibiting antagonistic action within breast cells but agonist effects on
bone and endometrial tissue. It provides an absolute gain in mortality of 9.2%, and an 11.8%
gain in prevention of recurrence’®.  Aromatase inhibitors (Al) prevent peripheral
aromatisation of androgens to oestrogen but do not affect ovarian oestrogen production.
Hence Als are not suitable in pre-menopausal women as oestrogen production is mainly
ovarian. Examples are anastrazole and letrozole, which are reversible non-steroidal
inhibitors, and exemestane, an irreversible steroidal aromatase inhibitor. They are
increasingly used in post-menopausal women and offer an improvement in disease free

survival and lower recurrence rates compared to women on tamoxifen, but overall survival is
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14,15

similar in both groups ™. However, extended Al therapy after five years of tamoxifen

treatment demonstrates a survival benefit'®.

Side effects of hormonal treatments are often mild but may have a profound effect on quality
of life, considering the length of treatment required. For instance, side effects of tamoxifen
treatment include hot flushes, vaginal dryness, atrophy and bleeding, menstrual irregularity,
loss of libido, and thromboembolic events. Als in particular, are associated with increased
risk of osteoporosis and consequent fractures, which may in part be alleviated by sequential
use of tamoxifen and letrozole over 5 years™. Despite the excellent clinical outcomes
experienced by many patients on these treatments, approximately 30% relapse’’, exhibiting
broad endocrine resistance, or agent-specific resistance. In the latter case, appropriate drug
selection may eradicate remaining disease. ER positivity describes a heterogeneous group
of tumours®®. Molecular description of these tumours with, for instance gene-expression
derived signatures may help delineate high and low risk groups within the ER positive
population'®. The development of better prognostic and predictive markers may help to

improve drug selection and minimise toxicity.

1.1.1.2 Adjuvant chemotherapy

In the 1970s, single agent chemotherapy provided early signs of improvement in patient
outcome, but this was soon superseded by combination regimes. A recent meta-analysis by
the Early Breast Cancer Trialists’ Collaborative Group confirmed an improved five-year
survival for cytotoxic combinations®. Fifteen-year mortality rates demonstrate persistence of
benefit from chemotherapy®’. The recent addition of taxanes for patients with lymph node
involvement improves five-year survival to 90%°%%'. The benefits of adjuvant chemotherapy

are present in both ER positive and negative tumours, independent of hormone treatment®.

A variety of combination treatments may be used, including CMF (cyclophosphamide,
methotrexate, and 5-fluorouracil), anthracyclines or taxanes. Anthracyclines, such as
epirubicin or doxorubicin, have been shown to be superior to traditional CMF regimes on
meta-analysis?®®. However, chemotherapy is not without toxicities. Alopecia, nausea,
vomiting, fatigue and myelosuppression are common across many regimes. Long term
toxicities include neurotoxicity, premature menopause and specifically, cardiac toxicity and
myelodysplastic syndromes with anthracyclines®®. Therefore the side effects of
chemotherapy must be weighed carefully against the potential benefits when making the
decision to treat. Attempts have been made to rationalise which patients would benefit most
from specific drugs. For instance, a pooled analysis of eight breast cancer trials found that
the added benefits of anthracycline chemotherapy are seen in women who have HER2

amplified tumours®®. This phenomenon may be due to the fact that amplification of the
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topoisomerase lla (TOP2A) gene, a key enzyme in DNA replication and cell division, and a
target for anthracyclines, is invariably associated with simultaneous HER2 amplification.
Although the use of anthracyclines and trastuzumab, a monoclonal antibody targeted to
HER2, may offer synergistic benefit in this group, the combination of these drugs causes
additional toxicity®*. Additional biomarkers of chemosensitivity are required to rationalise

drug regimens.

Taxanes stabilise microtubules, inhibiting the normal dynamic reorganisation of microtubules
during cell division, thus causing cytotoxicity. A meta-analysis of 13 adjuvant studies
demonstrated a 5% benefit in disease free survival and 3% benefit in overall survival of
adding taxanes to standard CMF or anthracycline based chemotherapy regimens®#. The
small absolute benefit in survival must be balanced against side effects from chemotherapy
when deciding on whether to prescribe these drugs. In this case, better prognostic and

predictive biomarkers would aid decision-making.

1.1.1.3 Adjuvant and neoadjuvant targeted treatment

In the 1980s Denis Slamon carried out the first ‘bench to bedside’ experiments by correlating
overexpression of HER2 in breast cancer with poor prognosis and designing a clinical drug,
trastuzumab (Herceptin), to specifically target this receptor?®®. This was the first advance in
targeted treatment since the use of tamoxifen for ER positive cancer, and led to a flood of
research interest in designing new targeted therapies. The HERZ2 receptor is one of a family
of epidermal growth factor receptors and plays a physiological role in cell proliferation, organ
developments, and repair, exemplified in cardiac development?. Overexpression of the
receptor by gene amplification has been demonstrated in 18-25% of breast cancers and is
associated with early relapse and shorter survival times?®?®, Receptor amplification leads to
increased signalling, via the phosphatidylinositol-3-kinase (PI3k)-Akt pathway, driving

oncogenic proliferation and cell survival.

Trastuzumab, a recombinant humanised monoclonal antibody to the extracellular domain
(ECD) of HERZ2, has shown benefits in combination with chemotherapy in the treatment of

29-35

patients with HER2 positive breast cancer in the metastatic and adjuvant setting Five

large RCTs have assessed the benefit of trastuzumab in the adjuvant setting, demonstrating
a 40-50% reduction in the risk of recurrence and a one third reduction in mortality?*®,
Pooled results included 9,117 patients and showed significant reductions in recurrence
(hazard ratio (HR) 0.53, p =0.00001) and death (HR 0.052, p <0.00001), but increased
cardiotoxicity (4.5 versus 1.8%) in the trastuzumab arms. These five trials form the basis of
current recommendations on the use of adjuvant trastuzumab with chemotherapy. The first

four studies show robust improvements in disease-free survival, with some improvement in
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overall survival, despite a variety of chemotherapy regimens used in combination with
trastuzumab. Although the fifth study, FinHer, showed no significant difference in overall
survival, there is a significant improvement in three year disease-free survival. The main aim
of this study was to compare docetaxel to vinorelbine, and therefore the number of patients
treated with trastuzumab is much smaller than the other four trials. Trastuzumab has been
widely accepted as part of routine clinical practice in the adjuvant treatment of node-positive
or node-negative high-risk tumours. However, questions remain regarding the best schedule
(concurrent or sequential) and duration (six, 12 or 24 months) of treatment. These questions
are currently being addressed in large, continuing phase Il studies. Resistance may develop
and only 40% of patients with HER2 positive metastatic disease respond to trastuzumab®.
Primary resistance is evident and eventually tumours become insensitive to the drug,
exhibiting secondary resistance. The mechanisms of resistance are not entirely clear, but

are discussed in chapter 1.5.1.

Small molecule TKIs such as lapatinib, have been developed in order to overcome these
resistance mechanisms. Lapatinib, a competitive reversible TKI targeted against HER1 and
HER2, is the most clinically advanced within this class of drugs, and has shown benefit in
the metastatic setting by increasing progression free survival, in combination with
capecitabine chemotherapy®’. Neo-adjuvant studies have demonstrated the benefit of
trastuzumab use in combination with chemotherapy, prior to surgery, to the same extent as

adjuvant trastuzumab®®*

. However, novel HER2 targeted drugs such as lapatinib, and
pertuzumab, a monoclonal antibody to the HER2 dimerisation domain, have more recently
been tested in this setting in an attempt to establish the best drug combination*?**. These
studies demonstrated excellent pathological complete response (pCR) of approximately 29%
and overall response rates of 70-80% in the arm containing taxane and trastuzumab alone.
Data from the GeparQuinto study showed no benefit by the substitution of trastuzumab with
lapatinib in this regimen, but worse side effects*. On the other hand, the NeoALLTO study
demonstrated an improvement of pCR to 51.3% on the addition of both lapatinib and
pertuzumab to the standard taxane/trastuzumab combination®®. The NeoSphere study
showed an improvement in pCR with the addition of pertuzumab, to trastuzumab and
taxane, with a pCR of 45.8% thus highlighting the importance of quantification of

HER2:HER3 dimerisation in tumour samples®.

These results demonstrate that although the nature of combination treatment has yet to be
established, the addition of targeted therapy is likely to improve outcome measures. The
results of biomarker studies from these trials are likely to prove invaluable in the
determination of the precise regimen to be used in each individual patient. Further novel

drugs targeting the HER family are under development, but it becomes increasingly difficult
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to choose which drug a patient should receive. Knowledge of the behaviour of HER
signalling, both in the native state and when interacting with inhibitors, is likely to be vital in
selecting the correct inhibitor for the correct patient. We first review available prognostic
biomarkers prior to addressing the HER family in vitro, including mechanisms of actions of

targeted drugs.

1.2 Estimation of Prognosis

A prognostic marker is a clinical or biological tumour variable that is associated with a
predictable risk of cancer recurrence or mortality in the absence of systemic therapy. A
predictive marker is a variable that is associated with a response to treatment, and does not
inform on the natural history of the disease. A biomarker is more generally defined as a
substance that indicates a biological state. This may involve a pathogenic process, such as
mitogenesis, or response to a treatment. Estimation of prognosis at diagnosis is crucial as
the risk of recurrence influences the treatment offered by the oncologist. At diagnosis,
patients are in turmoil and search for reassurance regarding the possibility of cure. Currently
clinical, pathological and more recently, molecular methods of risk prognosis are combined

in order to answer this question.

1.2.1 Clinicopathological factors

The tumour, nodes, metastases (TNM) staging system is the most basic prognostic tool.
Patients in the adjuvant setting will not have tumour metastases. Nodal involvement remains
the strongest prognostic factor®. Tumour size becomes more relevant in node negative

disease, as does lymphovascular invasion and histological grade*®*’

. Hormone receptor
status is prognostic and predictive. Oestrogen and progesterone positive tumours exhibit
better outcomes than hormone-negative®®. HER2 status is an independent poor prognostic
factor, but the worst outcomes are associated with triple negative (TN) disease whereby
none of these receptors are expressed®. In terms of clinical factors, age (<35years) at

diagnosis is a poor prognostic factor.

The Nottingham Prognostic Index (NPI)**, Adjuvant! Online (A0)°**® and the St. Gallen
guidelines® are examples of integration of these prognostic factors to predict outcome. In
general patients with poor prognostic features, classified according to age, tumour size,
status of axillary lymph nodes, histology, grade and hormone-receptor status, benefit most
from adjuvant therapy®*°®. The NPI (computed according to the following formula: 0.2 x

size(cm) + grade + nodal status), classifies patients into low, moderate or high clinical risk
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categories. St. Gallen guidelines classify patients into low risk if node negative with tumour
size<2cm, grade 1, absence of peritumoural vascular invasion, age=35 years and HER2
negative. High risk patients are deemed to be node positive, either with 1-3 nodes positive
and HER2 positive, or with more than 4 positive lymph nodes. All other patients are of
intermediate risk in this classifier. AO is a computer program, based upon information from
the Surveillance, Epidemiology and End Results (SEER) registry, which provides estimated
10-year survival probabilities and risk of relapse on the basis of a model incorporating
patient's age, comorbidity, tumour size, tumour grade, oestrogen-receptor status, and
number of involved lymph nodes. It allows graphical presentation of average risks and
benefits during consultations. Although these prognostic calculators are derived from large
tumour registries, they can only classify women into one of several groups, e.g. high, low or
intermediate risk. AO can provide estimations of risk reductions on the use of various
treatments for individual patients, but it cannot be used to definitively categorise a patient as,
for instance, cured from their disease. Recent development of molecular-based profiling
tools, such as genomic classifiers, may help to identify more accurately, the individual

patients at high risk of recurrence.

1.2.2 Genomic biomarkers; prognostic and predictive

Recent clinical evidence indicates that the traditional clinicopathological parameters (e.g.
tumour size, lymph node status) used in prognostic models such as Adjuvant Online® or the
St Gallen’s Consensus®® may not correlate well with prognosis in some breast cancer

5758 prognostic models using multigene signatures such as Mammaprint®® or

subtypes
Oncotype Dx*® have been shown to outperform clinicopathological-based tools in predicting
distant metastases®. The advent of gene expression profiling technology allowed
guantification of the expression of multiple genes simultaneously in human tissue samples,
as shown in Figure 1.1 below. The use of complementary DNA (cDNA) microarrays for gene
expression profiling in cancer aims to produce a better system for classifying tumors, a
clarification of the origin of these diseases, more accurate prognostic tools and an improved
ability to select appropriate therapy. Genome-analysis technologies are improving at a
colossal rate with whole genome analysis representing the full diversity of breast cancer, as
well as highlighting potential targets for therapy®. It is beyond the scope of this thesis to
review the breadth and depth of various gene signatures in development. | focus on a few

examples to illustrate the strengths and weaknesses of gene signatures as biomarkers.
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Figure 1. 1 Probe array and target preparation for spotted cDNA microarrays®

Array preparation: inserts from cDNA collections are amplified using either vector-specific or gene-specific
primers. PCR products are printed at specified sites on glass slides using high-precision arraying robots.
Through the use of chemical linkers, selective covalent attachment of the coding strand to the glass surface can
be achieved.

Target preparation: RNA from two different tissues or cell populations is used to synthesise single-stranded
cDNA in the presence of nucleotides labelled with two different fluorescent dyes (for example, Cy3 and Cy5).
Both samples are mixed in a small volume of hybridization buffer and hybridized to the array surface, usually
by stationary hybridization under a cover-slip, resulting in competitive binding of differentially labelled cDNASs
to the corresponding array elements. High-resolution confocal fluorescence scanning of the array with two
different wavelengths corresponding to the dyes used provides relative signal intensities and ratios of mRNA
abundance for the genes represented on the array.
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The first step in improvement of tumour classification was the elucidation of different patterns
of gene expression in oestrogen receptor-positive ‘basal-like’ versus ‘luminal’ type breast
cancers®, corresponding with a poor versus good prognosis, respectively’®. This was
followed by development of an abundance of prognostic gene expression based signatures
but as of yet, few are clinically validated®>®. In order to validate these signatures, they must
be derived from a ‘training set’ of patients and show prognostic capacity on an alternate,
independent ‘validation set’ of patients. Gene sets derived for different signatures are largely
non-overlapping which raises questions about their biological significance and clinical uses.
Venet et al. demonstrated that the majority of randomly generated gene expression
signatures are associated with outcome as a large proportion of the transcriptome is
associated with proliferation®. Thus, correlation with outcome does not imply biological
significance or causation. As signatures become validated, we will start to face the problem
of how to choose which signatures to use, and how to best combine them, and whether a
combination provides additional information above a single signature. For example, Haibe-
Kains et al. demonstrated similar prognostic performance of three different gene expression
signatures, derived by different methods®®. However, in an alternate patient dataset, using
alternate gene signatures, Prat et al. demonstrated an increase in performance prediction on

combination of signatures®’.

With the wealth of data contained within these signatures, it should become possible to
define tumours according to their biology rather than the simple classification into good or
poor prognosis group. For instance, the development of gene expression signatures such as
the ‘hypoxia-response’ signature®®, derived from aggressive tumours which can withstand
hypoxic conditions, or signatures which are based upon specific targeted pathways, such as
the Ras/Raf pathway, may have the added benefit of directing the use of targeted therapy,

as well as demonstrating prognostic benefit (Figure 1. 2).

Predictive gene signatures which can predict response to chemotherapy, as well as targeted
agents may further help design drug combinations which best match the individual tumour®.
Consideration of tumour biology in combining gene signatures may improve outcome
prediction. For instance, the invasiveness gene signature (IGS)’ derived from CD44+CD24-
/low stem-cell like tumour cells, better predicts survival in combination with a wound
response signature’, which may reflect tumour microenvironment, whilst the IGS may reflect
metastatic potential of the primary tumour. However, these signatures have not yet been

cross-validated in independent patient data sets or approved for clinical use.
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Figure 1. 2 Potential application of gene expression derived signatures™

A potential method of application of a variety of gene signatures in a complementary method to help improve
prognostic capacity of signatures beyond classification into ‘good’ and ‘poor’ prognosis groups. The gene
signatures shown are composed of largely non-overlapping genes but show a high degree of overlap in the
prediction of clinical outcome (prognostic space). With the advent of novel signatures which address specific
aspects of tumour biology, these signatures may be used to refine clinical prognosis and direct the use of
targeted therapies. [Prognostic space denotes the range of prognostic possibilities covered by a particular
prognostic indicator, in this case an indicator characterized by the altered expression of a particular set of
genes.]

Although a combination of gene signatures may improve prognostic capacity, margins of
benefit may be too narrow or costs too high (2000 Euros per patient) to allow routine use in
the clinic. The major question within the field of gene expression signatures still surrounds
the contribution of individual genes to the oncogenic pathway. Although some genes are
consistent across various signatures, hundreds of others are not and the clinical relevance of
these genes is unknown. Therefore, biologically driven biomarkers which add to knowledge
derived from clinicopathological variables and gene expression signatures, are required. We
first discuss gene expression signatures validated for clinical use, prior to exploring other

types of biomarkers.

1.2.2.1 Difficulties in the validation of gene expression signatures

Although a large number of gene expression signatures have been derived using both
cancer cell lines and patient samples, both malignant and benign, the validation of these
signatures prove to be the rate-limiting step in their implementation into clinical practice. The
reasons for this are multi-factorial. Derived gene lists within one dataset may be highly
variable and depend on the patients included in the training set’®. Several published gene

374 and different statistical methods

classifiers did not classify patients better than by chance
may identify multiple prognostic assays from the same data set™’°. Variation may occur

within the patient groups assessed, processing and storage of tumour samples, hybridisation
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protocols, scanning or statistical analysis’’. Within the arena of statistical analysis,
inadequate control for multiple testing is a problematic issue as the number of patient
samples are very small in relation to the expression of thousands of genes. One study
suggested that thousands of samples were needed to generate a robust prognostic
signature’®, and increasing the number of patients in a dataset to over 1000 does lead to
improvements in signature stability’®. However, it is difficult to recruit such high patient
numbers. The chance that a random gene signature may be prognostic within a dataset may
range from 1 to 40%°%°. However this may be corrected for by increasing the significance
threshold, using a set of randomly chosen signatures alongside the signature of interest, and
by increasing the number of validation data sets®. Most importantly, thorough validation,
preferably in multiple independent datasets, is essential in the development of gene
signatures for translation to clinical use®*®2. Examination of these challenges may help us
design novel prognostic biomarkers. For instance, the selection of a key protein:protein
interaction as the basis of our biomarker encompasses both biological significance and
greatly reduces the number of input parameters, compared to thousands of genes, thus

allowing the use of smaller patient numbers for validation.

1.2.2.2 Prognostic gene expression signatures validated for clinical use

The Mammaprint gene expression signature is the commercialised version of the US food
and drug administration (FDA) approved 70 gene signature, derived from expression profiles
of 78 primary breast tumours from young (<55years of age), lymph-node negative patients™.
This signature was a strong independent predictor of metastases at 5 years with a hazard
ratio (HR) of 5.1, for those patients classified in the poor versus good prognosis group.
However, 3 poor prognosis patients (8%) were misclassified as good prognosis, and 12
good prognosis patients were misclassified (27%), according to the set sensitivity threshold.
The retrospective nature of patient inclusion may bias outcome. Patients were allocated into
two groups depending upon whether they developed recurrence within 5 years (poor
prognosis) or remained disease free at 5 years (good prognosis). Another criticism was that
the signature was derived from lymph node negative patients only, and thus may only be

applicable in this sub group.

This signature has since been validated for patients with lymph node metastases, although
patients with apical lymph node involvement were excluded®. Furthermore, 61 patients from
the original training set were included in the analysis as these patients had previously been
selected due to early metastases. Although, exclusion would have introduced selection bias,
this validation set is not strictly an independent set of patients. The signature has been

validated as a strong independent prognostic factor compared to clinicopathological
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variables in node-negative patients in further retrospective studies®-#+%°

. However, the
estimated hazard ratios for distant metastasis and death in the poor prognosis group were
lower than those in the initial study (2.32, versus 5.1 from the first study, and 2.79 versus
8.6, respectively)®’. Pertinent to the HER2-positive patient group, the Mammaprint signature
does identify a group of low risk patients (approximately 20% of the total number)®’. How this

result should alter prescription of adjuvant therapy is unknown.

Questions still remain regarding the integration of these signatures into clinical practice,
specifically regarding which subgroup of patients would benefit from the addition of this
signature to established prognostic tools. The Mammaprint gene signature has been shown
to provide additional prognostic information, especially within a subgroup of ER-positive,
lymph node-negative patients who have a low or discordant score on the basis of Adjuvant
Online!, St Gallen and/or the NPI criteria®®. The gene signature predicted a discordant
prognosis in approximately 1 in 4 patients in either the good or the poor prognosis group (7
and 13 patients respectively) as categorised by traditional prognostic tools®®. The patients
with a poor prognostic signature in the good prognosis group had a lower rate of disease-
free survival and overall survival at 10 years, 70% and 86% respectively, compared to those
with a good prognostic signature in this group (DFS of 87%, OS of 100%). Hence the
prognostic signature may be of benefit in this small subgroup. The NPI was comparable to
the 70-gene signature, with discordance of 27%, and is significantly cheaper and quicker to
carry out, but 25% of the patients highlighted as high risk are different. There is insufficient
evidence to alter the decision to give adjuvant treatment to patients in the poor prognosis
group by standard clinicopathological variables, with a good prognosis signature. We do not
yet know which biomarker best predicts outcome for patients who have discordant results
from standard biomarkers and gene expression signatures. A prospective clinical study,
MINDACT, (Microarray in Node-negative and 1 to 3 positive lymph node Disease May Avoid
Chemotherapy) has been ongoing since 2007 in order to answer this question and assess
whether the Mammaprint signature safely selects fewer patients for adjuvant chemotherapy

compared to traditional prognostic tools®°?.

The Oncotype DX assay is a 21-gene expression signature, derived from node-negative ER-
positive breast cancer patients, treated with tamoxifen, which has also been validated but
not yet approved by the FDA for clinical use®°*. This gene signature was shown to be a
more robust prognostic assay in multivariate analyses, compared to histopathological
grading, performed by 3 pathologists, due to interobserver variability®®. This is particularly
important in intermediate, e.g. grade 2, cases where the interobserver variation is most
distinct. This signature is also undergoing prospective validation in a large phase lll trial,
Tailor X, similar to the MINDACT trial.
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Despite molecular estimation of high-risk disease in node-negative breast cancer patients by
Oncotype Dx and Mammaprint, 69% and 44% of patients, respectively, experienced long-
term disease-free survival. The lack of accuracy of the existing prognostic tools may relate to
the effect of time-dependent changes in survival hazard ratios of the clinical variables. Using
data from more than 10,000 cases from 12 studies, a recent study by Pharoah and
colleagues demonstrate that the initial differences in survival between breast cancer
subtypes are affected by the increasing survival times®. In order to improve prognostic
performance, it may be necessary to assess the function of the gene product, i.e., the
protein, ideally at various time points within patient follow-up. Although the cause of a
disease is frequently an aberration at the genetic level, the functional consequences are
mediated via protein networks, with various components of the network undergoing different
degrees of activation (usually as a consequence of specific post-translational modifications
such as phosphorylation), driving oncogenesis. Following successes in cancer therapy

derived from targeting the MDM2-p53 interaction®®?’

, the importance of protein-protein
interactions is increasingly recognized, both for understanding cell physiology and for
developing novel treatments®®. Recently, the predictive performance of prognostic gene
expression signatures was improved by incorporating protein interaction data®'%.
Aggregation of gene expression signatures upon the background of protein-interaction
networks highlights key deregulated pathways, common to these signatures, e.g. involving
the cell cycle, and improves understanding of the biological processes associated with the
gene expression changes®®. Despite the importance of the additional information supplied
by the protein interactome configuration to improve the existing prognostic signatures for
predicting patient outcome'®, this protein interaction information has rarely been

incorporated in diagnostic/prognostic assays.

1.2.3 Proteomics

As | have described, gene profiling alone cannot provide information of events at the
functional, or protein level. Therefore the study of protein-protein interactions in a tumour is
vital to address the functional consequences of genetic aberrations. Two events are key in
the regulation of the 23, 000 proteins encoded in the human genome: direct protein-protein
interactions in interactomes, and post-translational modifications, such as protein

phosphorylation, glycosylation, sulphation, acetylation and ubiquitination*®?%,

The biochemical genomic approach commonly used to understand these protein functional
events involves protein extraction from cells, followed by one- or two-dimensional (2D) gel

electrophoresis coupled with mass spectrometry (MS). The current method of matrix-
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assisted desorption/ionization time-of-flight (MALDI-TOF) MS allows the analysis and
identification of very small amounts of protein isolated from the gel'®. Shotgun methods
provide useful alternatives to gels. Proteins are digested into more complex peptide mixtures
that are then analysed directly by liquid chromatography coupled to MS. However, the
hydrophobic nature of cell membrane proteins such as the HER receptors, which are
important sensors for changes in the extracellular environment, makes them difficult to
extract by digestion. Thus they are under-represented in proteomic analyses. Harsh
treatments such as high pH and proteinase K (hpPK) have been used to disrupt sealed
membrane compartments and cleavage of accessible protein domains on non-solubilised

membrane sheets.

Such methods have been used, for example, to identify proteins secreted by cancer cell
lines in response to the TKI gefitinib, in order to identify novel biomarkers of drug activity®.
However further work is required to validate markers such as these for clinical use.
Unravelling the ways in which membrane proteins (such as the HER dimers; see section
1.4.1) interact with each other appears to be crucial in achieving the goal of understanding
the biological role of individual proteins in cellular pathways. Extraction methods for mass
spectrometric analyses such as hpPK are unlikely to preserve protein complexes.
Furthermore, complexed proteins identified by tandem affinity purification (TAP) procedure
coupled to MALDI-TOF MS' are not necessarily involved in bimolecular physical
interactions. Detection sensitivity is influenced by the affinity of interactions, abundance of
protein partners as well as whether the association is direct or through intermediate binding
partners. For the two-hybrid screens which do detect bimolecular physical interactions,
several analyses of genomic two-hybrid results suggest that only about 50% are correct™’.
For patient-derived cancer tissues, the quantification of these protein modifications or
complexes is further hampered by the heterogeneity of tumour and non-neoplastic

components within the clinical samples.

Immunohistochemical methods have been applied to breast tumour tissue in order to
examine protein expression compared to established prognostic factors. Seemingly similar
patients classified by traditional prognostic factors, in fact display heterogeneous protein
expression patterns'®®. No doubt proteomics offers a further method of profiling tumours.
The actualisation of personalised medicine will require integration of clinical, pathological,
genomic and proteomic data, in synergy, to improve prognostication, target the development

of new therapies and tailor the delivery of chemotherapeutics.
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1.3 FRET-FLIM technology

The use of an imaging-based in situ approach to monitor protein modifications and protein

complexes will provide significant advantages over incumbent technologies:

[i] The post-translational protein modifications or protein complexes are better
preserved and directly observed in situ;

[ii] An increase in sensitivity of detecting membrane events that is associated with the

employment of near-field optics and, therefore, reduced contribution of out-of-focus signal;

[iii] The possibility of monitoring the kinetics of various protein events, their timing and

their cellular localisation, physiologically in situ;

This project uses fluorescence lifetime imaging microscopy (FLIM) technology, together with
traditional biochemical methods, to examine protein-protein interactions in cancer cell lines

and tissue.

A fluorophore is a molecule containing a fluorescent group. The fluorescent group absorbs
energy at a specific wavelength, is excited, and then emits energy at a longer, specific
wavelength as it reverts to ground state. This emission of light is fluorescence and the
fluorescent lifetime, 1, is the average lifetime that a fluorophore remains in the excited state.
Fluorescence is defined as the radiative deactivation of the first electronically excited singlet

state®

. Fluorophores are attached to the proteins of interest by direct conjugation of
antibodies, for use in tissue, or by the creation of DNA constructs expressing the protein of
interest with a fluorophore tag, for use in cancer cell lines. The fluorescent lifetime varies
according to the fluorophore and its environment, but is consistent for a specific fluorophore

in a specific setting.

Forster resonance energy transfer (FRET) is the process of non-radiative energy transfer
from one fluorophore (donor) to another (acceptor) whilst in close proximity'®(Figure 1. 3).
The spectrally overlapping fluorophores must be within nanometre proximity for FRET to
occur. The FRET efficiency is relative to the inverse sixth power of the distance, R, between

the two molecules:
FRETe= 1/[1+ (R/Ro)° ]

Where the Forster radius Rq (typically 1-10nm) is the distance at which FRET is half its
maximal value and depends on the spectral characteristics of the fluorophore. In order for

FRET to be significant, the distance between the fluorophores must be within nanometres.
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Thus, within experimental conditions, FRET is only likely to occur when two fluorophores,

and their attached proteins are directly interacting.

FRET occurs only when the absorption spectrum of the acceptor overlaps the emission
spectrum of the donor, and the dipole orientations of the fluorophores are parallel. For
example, the absorption peak of red fluorescent protein (RFP) is 587 nm, the emission peak
of green fluorescent protein (GFP) is 509 nm, and the excitation (absorption) peak of GFP is
at 488nm. Therefore GFP-RFP form an appropriate FRET pair and are used in this project
to quantify protein-protein interactions. GFP is excited by a short pulse of light at 488nm
(laser source) and the intensity of the fluorescence signal is measured as a function of time.
The fluorescence lifetime may then be calculated by fitting an exponential model to the

decay of signal.

FLIM/FRET technology has contributed significantly to our understanding of the molecular
pathways involved in the transduction of extracellular signals through the cell signalling
machinery. These assays quantify post-translational modifications such as protein
phosphorylation, ubiquitination, sumoylation as well as protein-protein interactions between
signalling receptors such as the receptor tyrosine kinase family**°***>. Time-domain FLIM, as
used in my work, differs from frequency domain FLIM but such differences are largely
beyond the scope of this thesis'****®. The main advantage of using donor FLIM over other
FRET assays that are based on intensity measurements of sensitized acceptor emission is
that it does not require corrections for donor emission crosstalk in the acceptor channel,
direct acceptor excitation at the donor excitation wavelength, or knowledge of detection-
correction (which involves quantum vyields, donor and acceptor detector efficiencies and

varies with conditions such as pH, optical alignment, etc)**" 1912,

Measuring FRET on tissue microarrays (TMASs) allows in situ quantification of post
translation modifications in tumour tissue. For instance, a two-antibody FRET approach has
been applied to human cancer tissues to detect the nano-proximity between a donor
fluorophore-conjugated anti-protein kinase C (PKC) or anti-HER1 antibody, and an acceptor
fluorophore-labelled phosphor-specific antibody, providing highly specific quantification of
PKC or HER1 phosphorylation?'??,

FRET/FLIM is an in situ technique, which avoids protein extraction and disruption involved in
classical biochemical assays used to study protein interactions. In the context of this project,
there is a paucity of studies imaging interactions in the HER family, in the presence of
123,124

inhibitors and none of these examine the HER2 receptor and the effect of tyrosine

kinase inhibitors such as lapatinib, with FLIM/FRET technology.
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Figure 1. 3 Jablonski inspired representation of Forster resonance energy transfer: FRET

Figure adapted from Principles of Fluorescence Spectroscopy, Lakowicz, J.R.

As a fluorophore absorbs light, it is excited from the ground state (S0) to a higher vibrational level (S1= first
electronic state). At each energy level it exists in a number of vibrational energy levels (horizontal lines). When
a molecule returns to SO from the lowest energy vibrational state of S1, fluorescence occurs. The donor
fluorophore (GFP) is excited by a light source at a specific wavelength (left). This fluorescence lifetime decay
produces the control lifetime, tau. When GFP is in close proximity to the acceptor, RFP (right), energy from the
excited GFP is transferred to RFP, and FRET occurs (yellow arrow), thus reducing the control lifetime.
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1.4 HER receptor family

The HER receptors are a family of cell surface, receptor tyrosine kinases which are integral
to cell signalling and proliferation'*>'?°. They are referred to as the human epidermal growth
factor receptor, HER, or the ErbB receptors, due to homology to an erythroblastoma viral
gene product, v-erbB.  The constituent members are epidermal growth factor receptor
(EGFR, or HER1), and three homologs HER2, HER3 and HER4. HER1 and HER?2 are the

most researched and are clinically relevant in oncology.

These helical transmembrane receptors possess an N terminal extracellular ligand-binding
domain (ECD), a transmembrane domain and a C-terminal intracellular tail which restrains
the catalytic function of the tyrosine kinase (TK) domain'®’ (Figure 1.4). Within the
extracellular portion of the receptor, there are 4 ecto-domains: two homologous domains |
and lll, and two cysteine rich domains, Il and IV. The tyrosine kinase region consists of a
flexible juxtamembrane (JM) region, the N and C lobes, containing the ATP binding site
between these lobes, and a C terminal tail*?®. In the inactive, tethered state, domains Il and
IV interact in HER1, maintaining autoinhibition. HER2 is thought to be tethered in the inactive
state by similar interactions between domains | and I11'*°. Activation leads to extension of the

ECD and allows interaction between domain Il of one receptor with its dimer partner'3*3?,

There are over 20 known ligands for HER1, HER3 and HER4. HER1 binds epidermal growth
factor (EGF), transforming growth factor alpha (TGFa) and amphiregulin with high affinity**.
HER1 and HER4 both bind heparin-binding-EGF-like growth factor (Hb-EGF), betacellulin
and epiregulin. HER3 and 4 bind neuregulin proteins 1 and 2 (nrgl and nrg2) and HER4
binds NRG 3 and 4?". These ligand-receptor combinations represent only a small fraction of
all those possible within this complex interconnecting system. HER2 has no known ligand
and heterodimerisation of this receptor to another of the HER family is required for activation
and signalling. HER3 possesses an inactive intracellular kinase domain, and therefore may
only form the permissive partner of a heterodimer, activating another HER member. Both
HER1 and HER4 may signal autonomously via homodimerisation and transactivation of their

tyrosine kinases'?®,

Ligand induced activation of HER1 frees the ECD from a ‘tethered’ inactive state to an open
‘active’ state. The active state binds freely with alternate members of the HER family.
Ligand binding allows a change in structural conformation of the kinase domains and
activation of one tyrosine kinase by the dimer partner. This TK kinase domain catalyses the

phosphorylation of tyrosines in the C-terminal tail of the activating partner, leading to
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Figure 1. 4 HER family dimerisation ***

A. The HER receptor family consists of 4 receptors. HER1 (ErbB1/EGFR), HER3/ErbB3 and HER4/ErbB4
have been crystallised as a closed, ‘tethered’ structure in the inactive state, by crosslinkage between different
domains, as illustrated. HER2/ErbB2 has no known ligand and may exist in an open or extended state. However,
an alternate theory is that it may be held in a closed state by domains | and Ill. It is unclear which of these two
forms is the dominant.

B. Ligand binding induces a conformational change, in which the receptor adopts the open structure. This
exposes domain 1l for dimerisation with HER3, as well as bringing the intracellular tyrosine kinase domains into
close proximity, for transphosphorylation and activation. The kinase domain binding is asymmetric with the
amino-terminal (N-terminal) lobe of one TK interacting with the carboxyl-terminal (c-terminal) lobe of the
other.
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Figure 1. 5 Downstream signalling post HER2:HER3 dimerisation ***

Ligand binding induces dimerisation and signalling through a variety of intracellular pathways. The two key
binding partners are PI3-K/Akt pathway, which promotes cell survival, and the MAPK pathway, which
stimulates proliferation. This is a highly simplified diagram and many other pathways are involved in
HER/ErbB signalling. These two pathways are shown for simplicity. HER3/ErbB3 possesses over 6 different
binding sites for PI3K, and is a potent activator of this pathway. The p85subunit shown here, is vital for
transduction of the signal from the HER2:HERS3 dimer. PI3K consists of a p85 regulatory subunit, dimerised
with a p110 catalytic subunit. Activation of the Akt pathway, initiates a cascade of cellular processes, including
proliferation, survival and inhibition to normal cell cycle control mechanisms. An alternative signalling pathway
is initiated with the binding of adaptor proteins, such as Grb2-Sos-Ras complex, which influences similar
cellular processes.
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recruitment of proteins containing Src-homology(SH)2 or phosphotyrosine binding
domains(PTB)*?****, Thus downstream signalling pathways are activated involving

phosphatidyl inosito inase or adaptor proteins such as Gr * igure 1. 5).
hosphatidy! inositol 3'ki (P13k) or adapt tei h as Grb2 2" *3(Fi 1. 5)

The downstream pathways associated with HER signalling are many and varied, but
primarily involve the Ras/MAPK (mitogen-activated protein kinase) or the PI3K-Akt pathway.
HERL1 dimers recruit the Ras/MAPK pathway via Grb-2 and Sos (son-of-sevenless), whereas
HER2:HER3 dimers seem to recruit PI3K but not Grb-2. In fact HER3, once within in a
dimer, is a potent activator of PI3K, which has been recruited by its partner. It possesses 6
different sites binding sites for PI3k'¥’. These signaling pathways are involved in the

regulation of a host of cellular functions, including proliferation, migration and apoptosis.

Attenuation of signal transduction is an important negative regulatory feedback mechanism,
and is mediated, in part, by ubiquitin ligases, e.g. cCbl, adaptor proteins, e.g. Grb2, and
other signaling proteins such as the small GTPase Cdc42, all of which are involved in the
control of endocytosis and degradation of HER1. Spatio-temporal regulation of these
123,138

receptors has been thoroughly investigated for HERL, in part by FRET-based probes

but HER2 kinetics remain poorly characterised.

HER2 amplification and overexpression has been reported in a number of solid tumours,
most frequently in 18-25% of breast cancers?®. Overexpression is also found in a subset of

patients with gastric, ovarian and salivary gland tumours**®*%

. Activating mutations may be
present in HER2, similar to HER1 (described below and section 1.5.2), in approximately 5%
of non-small cell lung cancers*?. HER1 is commonly overexpressed in lung, colorectal,
squamous and head and neck carcinomas'®. HER2 and HER1 are potent targets for
treatment in these subsets of patients and novel drugs have been designed to specifically

target these receptors.

1.4.1 HER dimerisation

Although HER1 and HER4 may signal autonomously, via homodimerisation, the majority of
HER complexes are heterodimers. The structural biology of HER receptors is integral to
dimerisation, as subtle conformational changes regulate binding to partners. Once again,
the molecular dynamics of HER1 are best characterised and serve as a model for
HERZ2:HERS3 interaction. At baseline HERL1 is in the inactive state, whereby the ECD adopts
a ‘closed conformation’, with a buried tyrosine kinase domain. Crystal structure studies have
shown that ligand binding induces a structural change in the ECD which is transmitted to the

TK domain and allows it unfurl to become catalytically active®****(Figure 1. 4).
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HER1 may be activated by two mechanisms: dimerisation with HER1 or other members of
the HER family, or by the release of autoinhibition by, e.g. a mutation at leucine 834
(L834R). HER1 undergoes autoinhibition by interaction of the kinase domain with
neighbouring a-helices, e.g. an activation loop, which forms a hydrophobic patch,
preventing substrate binding at rest. Receptor dimerisation buries the hydrophobic patch in
the dimer interface, thus allowing activation and phosphorylation'**. Leucine 834 and 837
are found within the activation loop and are frequently mutated to arginine and glutamine,
respectively, (L834R, L837Q) in non-small cell lung cancer (NSCLCa) patients. These
mutations, especially L834R, destabilise activation loop binding, allowing constitutive

signalling of HER1, and are implicated in malignant cell transformation*.

HER2 shows homology to the HER1 activation loop and thus, may possess similar
inhibitory/activating mechanisms. Proteomic studies have confirmed the correlation of
activation loop phosphorylation, at Tyr887, with HER2 activation****®, EGF induced
heterodimerisation of HER1 and HER2 is correlated with an increase in Tyr887
phosphorylation, and treatment with HER2 kinase inhibitors results in reduced Tyr887
phosphorylation in cell lines. The activation loop may play a similar role in constitutive HER2

signalling.

HER1 dimers exist in 2 predominant forms: asymmetric and symmetric. The asymmetric
dimer has been shown to be functionally dominant and is formed from the C-lobe of one
kinase monomer (the activator or donor) and the N-lobe of the other monomer (the kinase

domain that is being activated; the receiver or acceptor)'*.

Mutation analyses of specific
residues within the asymmetric dimer interface confirm its critical role in HER1 activation. For
example, Val924 is at the dimer interface but sterically far from the kinase domain. However,
mutation to arginine (V924R), reduces ligand induced phosphorylation of HER1'°. The
HERZ2:HER3 heterodimer functions as an oncogenic unit in solid tumours but the structural
conformation of this dimer is not entirely solved. As HER3 shows sequence homology to the
dimer interface on HERL1 in the C-lobe kinase but not in the N-lobe, it may only act as an
activator but not a receiver. Therefore it is likely that in the formation of the HER2:HER3
dimer, HER3 is the activator and HERZ2, the catalytically active receiver, as depicted in
Figure 1. 5. As HER3 is kinase-dead, it does need to be activated. Within this project,
mutation analyses of tyrosine residues in the JM region of HER2 and 3, homologous to
those described above for EGFR, are being used in order to interrogate this system and

model the response to inhibitors.
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1.4.2 Endocytosis

Ligand-induced activation of the HER receptor leads to endocytosis, intracellular trafficking
and eventual degradation of a proportion of the receptor pool, thus attenuating the signal.
The process is a complex one, and receptor trafficking is fundamental to regulation of
signalling processes within the cell. The best characterised member of the family is HER1,
due to the early discovery of the EGF ligand, the presence of a fully functioning receptor
including a ligand and tyrosine binding domain, and a wealth of experimental tools including
anti-HER1 antibodies. Information about HER2 trafficking, and to a lesser extent, HERS3,
has been gleaned via protein homology with HER1. Although this project focuses on the
HER2:HER3 receptor pair, it is important to review the available information on HER1
endocytosis, trafficking and ubiquitination as well as studies of HER2:HER3 interactions.
Hypotheses around HER?2 intracellular trafficking may be derived from data pertaining to
HERL1.

Binding of EGF to HER1 causes endocytosis of the activated receptor, followed by efficient
lysosomal degradation. This process is known as EGF-induced downregulation and is a
negative feedback mechanism to receptor signalling™. The basal turnover rate of HER1
has a t ¥ life of 6-10 hours whereas, if the receptor is overexpressed, as in A431s (a human
epidermoid cancer cell line), the t % life is prolonged dramatically up to 24 hours™**,
Reduced turnover of the receptor leads to accumulation at the cell surface membrane and
prolonged signalling. Internalisation rates are thought to be saturable and at steady state
cell growth, the majority of the HER1 receptors are localised at the cell membrane due to a

154155 The basal turnover rate of HER2

higher rate of recycling compared to internalisation
has a t ¥ life of 6-10 hours and the receptor also reported to be predominantly localised at
the cell surface™®. The trafficking of HER2 and HER3 will be further discussed in Chapter

41.2.

The rate of internalisation is affected by the method of endocytosis, concentration of ligand,
and expression of the receptor itself, amongst many other factors, which in turn affects the
duration of receptor signalling. Endocytosis of a membrane bound receptor may occur by a
variety of methods as described in Table 1*’. Binding of EGF to the receptor induces
clathrin mediated endocytosis, and clathrin independent internalisation of HER1 (CME and
Cl). At low to physiological concentrations of EGF, CME is the major pathway of HER1
internalisation and is the fastest and most highly regulated™®®**°. Ligand binding stimulates
phosphorylation, ubiquitination, clustering in clathrin coated pits, binding to endosomal
sorting complex required for transport (ESCRT) proteins, membrane invagination and

release of vesicles known as endosomes™®(Figure 1.6). HER1 remains associated with

42



EGF in the acidic environment of the early endosome, where it may retain the capacity to

continue signalling, and is then recycled to the cell surface. Early endosomes merge and

mature to form multivesicular bodies (MVB) and late endosomes (LE). HER1 complexes in

these cell compartments may be recycled, or accumulate in the intralumenal membrane,

whereby they cannot be recycled and are destined for lysosomal degradation. This process

of internalisation is highly regulated by ubiquitination, in this case the E3 ubiquitin ligase

cChl, ESCRT proteins and the binding of adaptor proteins such as Grb2™°. Importantly, HER

dimerisation affects internalisation and degradation, with for instance, dimerisation of HER1

with HER2, conferring resistance to degradation and continued signalling to HER

161
1,

Type of endocytosis | Proteins involved Endosomal Final destination
process
Clathrin mediated Clathrins, Early, Late Lysosome
_ endosomes,
Dynamins,
. . -y . MVB
Epsins, ubiquitin
Clathrin and Cdc42, tyrosine Endosome Lysosome
Dynamin indepdt kinase, PKC
Clathrin indepdt, Dynamins, epsins endosome lysosome
dynamin depdt
Caveolae Caveolin, dynamin, Caveosome Endosome, Golgi
PKC ER
Macropinocytosis Cdc42, ruffles, nexins | Macro- Lysosome,
pinosome, _
, Trans-Golgi
sorting
network
endosome

Table 1. 1 Routes of endocytosis for transmembrane receptors

The morphological and functional attributes of the major pathways of endocytosis of transmembrane proteins
are listed above, alongside their final destination, if degraded. Alternatively the protein may be recycled to the
cell surface. PKC- protein kinase C, MVB- multivesicular bodies.
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Figure 1. 6 Schematic representing HER trafficking and ubiquitination

(A)Ligand binding induces heterodimerisation, activation, ubiquitination and internalisation by clathrin coated
pits (CCP) or by clathrin independent mechanisms. Within the early endosome (EE), the receptors are sorted for
recycling to the cell surface or lysosomal degradation. This process is highly regulated by ESCRT proteins and
ubiquitin binding proteins. The acidic pH within the EE allows the ligand-dimer complex to remain intact. It is
postulated that this complex may continue to signal intracellularly. EE endosomes mature to MVB and LE,
whereby the ligand dissociates and further receptor sorting occurs. (B) Ubiquitination of the ErbB receptors
requires a chain of covalent reactions which is highly regulated by the ubiquitin enzymes involved. This is
initiated by E1, an ubiquitin-activating enzyme, forming an E1-Ub thioester. The activated ubiquitin is
transferred to an ubiquitin conjugating enzyme (E2), which then allows binding of this ubiquitin to the receptor
via a specific ubiquitin-protein ligase. It may be further conjugated to form a polyubiquitin chain, and the
receptor is targeted for degradation by the 26s proteosome. E3 ligases are specific and vary according the
receptor: cCbl binds to HER1 and HER2, with less affinity, CHIP binds ErbB2, NRDP1 binds ErbB3, and
AIP4/ltch binds ErbB4. Escape from E3-liagse mediated degradation occurs in tumours expressing mutant
forms of the tyrosine kinase of the E3-ligase.
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1.4.3 Ubiquitination

Ubiquitin, a small polypeptide, is intrinsic to a variety of cell processes including cell division,
growth, signalling, and apoptosis'®. Ubiquitination is a protein modification whereby
ubiquitin is attached to a protein, thus marking it for degradation (Figure 1.6B). Ubiquitin is
activated by an ubiquitin-activating enzyme, E1, in an ATP dependent fashion, forming an
E1-Ub thioester. Activated ubiquitin is then transferred to a member of the ubiquitin-
conjugating enzyme (E2) family. In the presence of a specific ubiquitin-protein ligase (E3), it
is conjugated to the target protein, where it may be further conjugated with activated
ubiquitin to form a mono- or polyubiquitin chain. Distinct functions have been assigned to
different types of ubiquitin modification, e.g. k48 polyubiquitination leads to proteasomal
degradation whereas k63 polyubiquitination may lead to DNA repair, endocytosis or the
activation a variety of cell signalling enzymes®®. Ubiquitination may be reversed by
deubiquitination enzymes (DUBs) and is highly regulated by E2s and E3s; there are over 80
different DUBs, over 40 different E2s and over 500 different E3s®.

Ubiquitination plays an integral part in the attenuation of HER1 signalling as binding of EGF
induces ubiquitination by the E3 ubiquitin ligase, Cbl*®®. This occurs via phosphorylation of
Tyrl045 as well as binding to Grb2. Similar degradation mechanisms exist for the other
members of the HER family. CHIP or cCbl is the E3 ligase for HER2, Nrdp1 for HER3 and
Atrophin-1-interacting protein 4 (AIP4) for HER4 106168,

Prolonged signalling due to defective internalisation and inefficient ubiquitination and
degradation in lysosomes, allows recycling back to the cell surface and may promote

oncogenesis*®'%°

. Chimeric ubiquitin ligases, which are designed to exhibit enhanced
binding to HERZ2, induce ubiquitination and degradation of the receptor, more so than the
wild type®”. This observation is supported by evidence that monoclonal antibodies targeted
to the HER2 receptor, e.g.trastuzumab, may induce degradation via Cbl-mediated

21 However, the role of c-Chl is unclear as HER2

polyubiquitination at tyrosine 111
exhibits resistance to c-Cbl induced degradation in the absence of these antibodies'’?. The
chaperone-binding ubiquitin ligase CHIP has been shown to produce efficient ubiquitination

of HER2, and may be amenable to pharmacologic manipulation®®®.

Protein kinase C alpha (PKCa) is implicated in aberrant HER2 signaling in patients with
tumours overexpressing HER2, but without gene amplification*”®. PKCa has been shown to
divert HER1 from a degradative fate to recycling to the cell membrane'™. This study
showed a similar fate for HER2, and treatment with lapatinib reduced PKCa phosphorylation,
indicating crosstalk between PKCa and HER2. Heat shock protein-90 (HSP-90) is a
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chaperone protein, also implicated in the retention of HER2 at the plasma membrane, acts
by blocking the binding site of the E3 ubiquitin ligase, CHIP. Treatment with HSP-90
inhibitors, such as geldanamycin, triggers HER2 polyubiquitination and accelerates
degradation in a proteasome-dependent manner'>®. HSP90 inhibitors are currently being

tested in clinical trials in breast cancer.

Receptor dimerisation and subsequent events are key to HER signalling and down-
regulation. 1t is likely that aberrations in both these processes are relevant to the oncogenic
capacities of the HER family. Hence receptor dimerisation and intracellular trafficking are
discussed further in Chapter 4, Chapter 5 and examined in this section, in relation to HER2,

in the hope of better understanding mechanisms that may be relevant to HERZ2 inhibitors.

1.5 Targeting the HER pathway in cancer

The prominence of HER signalling in a variety of tumour types, has led to the development
of inhibitors to the process, as described above. However 70-80% of patients will exhibit
resistance to these drugs and interrogation of the HER pathway may provide insights into

novel mechanisms of action as well as the development of resistance.

1.5.1 HER2:HER3 dimerisation and targeted monoclonal antibodies

The HER2:HERS heterodimer is an oncogenic unit and has been shown to drive tumour cell
proliferation'”®. Overexpression of HER2 alone does not promote cell division as effectively
as HER2 coupled to HER3, via the PI3K pathway. HER3 is the preferred dimerisation
partner for HER2 and this heterodimer is believed to be the most active dimer, thus forming
a key target for inhibition’”>'"®. This increased oncogenic potential may be attributed to
HER3 facilitated binding to the PI3K-Akt pathway, as HER3 possesses a direct binding site
for the p85 subunit of PI3K, unlike HER2"".

The HER2 receptor has been targeted clinically by the monoclonal antibody trastuzumab. It
is postulated that trastuzumab may exert its anti-tumour effects by inhibition of the
HER2:HER1 dimer or degradation of the HER2 receptor by ubiquitination, or inhibition of the
PI3K-Akt pathway, or via antibody-dependent cell-mediated cytotoxicity (ADCC)*"**7818°,
Theories on mechanisms of resistance involve the expression of a constitutively active
mutated receptor, p95HERZ2, present in about 20% of cases, activation of other tyrosine
kinases e.g. insulin-like growth factor receptor (IGF-R)-17, or inactivation of tumour
suppressor genes, e.g.phosphatase and tensin (PTEN)'®"#3, Trastuzumab binds to domain

IV on the ECD which does not interfere with dimerisation, and therefore, is not hypothesised
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to interfere with HER2:HER3 dimerisation. Prevention of HER2:HER3 dimerisation with
pertuzumab, a monoclonal antibody which binds to dimerisation domain Il of HER2, has
been shown to induce tumour regression, thus highlighting the need for both partners of the
heterodimer in mitogenesis™®*. This inhibitor shows clinical promise, and is synergistic to
trastuzumab'®®. Although antibodies raised against HER3 have shown in vitro activity by, for
instance, inhibiting both neuregulin-induced and unstimulated cell growth®®'®  the

translation to clinical use has not yet been realised.

Patients exhibiting trastuzumab-resistance due to expression of p95HER2, may be sensitive
to lapatinib, as the latter drug targets the intracellular domain of the receptor, which is not

mutated*®*

. Trastuzumab is ineffectual in these patients as the truncated receptor sheds the
extracellular domain, but remains kinase active and is constitutively switched on.
Widespread testing for the p95SHER2 expression in patient tumours is not readily available,

but could tailor anti-HERZ2 therapy in the clinic.

1.5.2 Tyrosine Kinase inhibition

Small molecule kinase inhibitors, such as erlotinib and lapatinib are specifically targeted to
the tyrosine kinase domain (TKD) of HER1 and HER2, in order to disrupt downstream
pathways of the HER family. These drugs bind to the ATP binding site within the TKD,
inhibiting signal transduction via the Ras-RAF1, MAPK, and PI3K-Akt pathways, leading to
apoptosis. Erlotinib (Tarceva) and gefitinib (Iressa) bind reversibly to the ATP binding site of
the active form of HER1, whereas lapatinib (Tykerb) preferentrially binds to the inactive
HER1 and HER2 kinase'®'%®°. The use of lapatinib in the metastatic setting, with the
cytotoxic capecitabine, is clinically effective®” and ongoing studies are examining its role in
the neoadjuvant setting, as described previously. However, its molecular effects are not

entirely resolved and are explored in this thesis in a structural context.

Structural integrity is vital to TKI binding and thus efficacy, as demonstrated by HER1. Key
mutations in HER1 in lung cancer have been established to confer sensitivity to treatment
with TKls. For example, L834R and L837Q in the activation loop reduce autoinhibition and
increase HER1 activation, as previously described. This supports sensitivity to gefitinib,
which binds to the active receptor’®*. Conversely, a T766M mutation, in exon 20, at the ATP
binding site of HER1 confers resistance to gefitinib as it results in steric hindrance to the
drug binding in this pocket. The structural interactions of TKls with the HER family are
described in detail in Chapter 3.1.5, in order to derive a model for the lapatinib-bound
HER2:HER3 dimer, knowledge of which may improve understanding of lapatinib resistance

or sensitivity.
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Erlotinib and gefitinib produce transient inhibition in the wild type receptor. HERL1 re-
activation after inhibition has been shown to be associated with upregulation of HER3 in vivo
and in vitro™®?. Autocrine ligand production is also postulated to confer resistance to TKIs.
HER1 signalling which has been blocked by erlotinib or gefitinib is replaced by HER2 and/or
HER3 recruitment by autocrine production of neuregulin and betacellulin*®*.  Therefore
crosstalk between the members of the HER family is highly implicated in resistance to
treatment. HER3 is also likely to play an important part in resistance to HER2-targeted
therapies and is investigated. TKIls targeted against HER2, such as lapatinib, should form
an effective block to signaling by disruption of HER3-depedent signaling through the PI3K-
Akt pathway. However, this inhibition is transient and mechanisms of overcoming the TKI
are unclear, but explored further in Chapter 4. Combination treatments including an
antibody preventing dimerisation, alongside a TKI, may be necessary for prolonged

attenuation of the HER2 signal.

1.6 Summary

Over recent decades we have made significant progress in the treatment of breast cancer
due to advances in surgery, radiotherapy, and the use of non-specific cytotoxic agents. The
definition of a HER2 positive tumour sub-group and the development of a specific therapy
targeting this receptor, has revolutionised treatment for patients with this poor prognosis
tumour. However, the rapid rate of improvement in patient survival we saw a decade ago is
now starting to plateau. In order to further improve patient outcomes, it is imperative that we
return to the molecular biology of breast cancer and the host of novel targeted agents which

are being developed to treat this disease.

Although adjuvant treatment has been shown to benefit a great proportion of breast cancer
patients, it may not benefit all those patients for whom it is prescribed. Clinical outcome after
therapy cannot be accurately predicted for an individual patient, which may lead to over-
treatment and increased patient morbidity. Breast cancer is a heterogeneous disease and
current methods of sub-classification are not sufficient for accurate prognostication. For
instance, ER positive tumours generally have a good prognosis, but up to 30% may
relapse'’. Patients with these tumours are at higher risk of recurrence, but not differentiated
by ER as a biomarker. The development of gene expression arrays has started to improve
tumour classification by more accurately profiling the tumour®. However, correlation of a
gene expression signature read-out with clinical outcome does not imply biological

significance or causation. Furthermore, validation is problematic, as illustrated by the fact
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that of the many gene signatures available only one has been FDA-approved for use in

breast cancer.

Biologically driven biomarkers are required in addition to the available prognostic tools
described. The functional assessment of the gene product, i.e. protein-protein interactions
and post-translational modifications, may improve prognostic and predictive performance,
and could be used in combination with gene expression signatures®¥*%. Targeting specific

events such as the MDM-p53 interaction®®®’

illustrates the importance of protein-protein
interactions in understanding cell physiology and highlighting targets for treatment.
FRET/FLIM technology is a highly specific method of assessing in situ protein interactions or
modifications and has been applied to tumour tissue'®***. This technology offers additional

information over simple intensity-based quantification of protein expression.

Members of the HER family are overexpressed in a variety of cancers and treatments
targeted to these receptors have been very successful. For example, gefitinib, erlotinib and
lapatinib are a group of TKIs which inhibit HER phosphorylation thus attenuating
downstream signalling. | propose to use FRET/FLIM to investigate further the molecular
effects of lapatinib, a drug which is likely to play an important role in the future treatment of
HER2 positive breast cancer. | will interrogate the effects of lapatinib, amongst other TKIs
upon the HER signalling network. While the studies were performed using a specific TKiI,

results are likely to be relevant for other emerging compounds in the therapeutic pipeline®>.

Despite the promise of fewer toxicities and better response rates of targeted therapies,
primary and secondary resistance is evident. Structural conformation and site-directed
mutagenesis studies have demonstrated mechanisms of resistance and sensitivity, which
now direct treatment decisions for drugs targeting HER1 in lung cancer. However, the effect
of lapatinib upon HER2 dimerisation, especially in a structural context, and receptor
trafficking is not fully understood. We have used a multi-disciplinary approach, consisting of
chemical biology methods, FRET/FLIM technology and computational modelling in order to
characterise lapatinib-induced events relating to the HER family. There is potential to
uncover, not only mechanisms of action of TKIs but also mechanisms of resistance in vitro,

which may be translated for clinical benefit.

Although HER2 overexpression is both prognostic of poor outcome and predictive of a
response to trastuzumab and lapatinib, resistance eventually develops. In the metastatic
setting, only 40% of patients respond to trastuzumab. In the neoadjuvant setting, novel
HER?2 targeting agents improve pathological response rates but the optimum schedule and
combination regimen has not yet been established. The assessment of HER2:HER3

dimerisation, an oncogenic unit in HER2 positive breast cancer, may delineate a separate
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group of patients which may benefit from drugs specifically targeting the dimer, such as
pertuzumab. Such an assay could also be used to monitor drug efficacy in order to define
optimal treatment regimens and duration. | aim to translate the FRET/FLIM technology used
to interrogate the HER family in vitro to an assay which may be applied to tumour tissue as a

predictive or prognostic biomarker.

The work described within this thesis encompasses translation of relevant biomolecular
processes in vitro at the cellular level to the design and development of molecular
diagnostics which could bring about health benefits to the cancer patient. The questions |

hope to answer are:

1. How does lapatinib affect the oncogenic HER2:HERS dimer, both in terms of structure and

function?

2. What are the long term consequences of lapatinib binding to HER2, and can they help to

explain drug resistance?

3. Can we translate this in vitro assay to a clinically useful biomarker which can be used in

tumour tissue?

The benefits of chemotherapy and targeted therapies in breast cancer are clear. However, In
order to further improve upon current mortality and morbidity rates, it is imperative we fully
investigate the molecular effects of novel agents and devise new prognostic and predictive

biomarkers in order to select the right treatment for the right patient at the right time.
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Chapter 2: Materials and Methods

This project received the approval of the local ethics committees. The Guy’s & St Thomas’

Breast Tissue & Data Bank Access Committee approved use of tissue from the Tissue Bank.

2.1 Reagents

2.1.1 Mammalian Cell Lines

MCF-7 human breast cancer cells were obtained from the Cancer Research UK (CR-UK)

Cell production facilities.
SKBR-3 human breast cancer cells and were a kind gift from the Breakthrough Breast

Cancer Unit (Guys Hospital)

2.1.2 Reagents for Cell Culture

High glucose Dulbecco’s modified Eagle’s media - DMEM (Sigma-Aldrich, Gillingham, UK)
McCoys media (Sigma-aldrich)

Full medias contain 10% Penicillin/Streptomycin (10,000 U Penicillin and 10,000 pg/ml
Streptomycin) (Life Technologies Ltd, UK), 2mM L-Glutamine (Life Technologies Ltd, UK),

and 10% heat-inactivated Foetal Bovine Serum (Sera Laboratories International Ltd)
Trypsin/EDTA (0.25% trypsin, 0.02% EDTA) (PAA)
2.1.3 Transfection Reagents

Opti-MEM-1 (Gibco)
FuGene 6 (Roche Diagnostics)

FuGene HD (Roche Diagnostics)
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2.1.4 Reagents for Molecular Biology

DH50 ™ bacterial cells (Invitrogen)
LB agar and broth (Sigma)

Ampicillin (Sigma) used at 100 pyg/ml
Kanamycin (Sigma) used at 50 ug/ml

Qiaprep” Spin Endofree Maxiprep kit (Qiagen)

2.1.5 Cell stimulation

NRG1: Neuregulin/ recombinant human heregulin -1, 50ng/ml (PeproTech, USA)

EGF: recombinant human epidermal growth factor, 50ng/ml (PeproTech, USA)

2.1.6 Cell Inhibitors

Geldanamycin (InvivoGen, USA): Heat Shock Protein (Hsp)-90 inhibitor; used at 3uM in
DMSO

Trastuzumab (Herceptin, Genentech) was a kind gift from Dr Paul Ellis; used at 1uM in PBS

Lapatinib (LC labs, USA) and a kind gift from Professor Gyoérgy Kéri (Vichem Chemie
Research Ltd Hungary): anti-HER1 and HER2 TKI; used at 1-10uM in DMSO

AG 1478 (erlotinib), gefitinib and canertinib was a kind gift from Professor Gyorgy Kéri: anti-
HER1 and pan-HER TKiIs; used at 10uM-40uM in DMSO

Cycloheximide (Sigma-Aldrich): inhibitor of protein synthesis via translational elongation;
used at 25-50ug/ml in DMSO

Monensin A (Sigma-Aldrich): inhibitor of intracellular protein transport and recycling via

inhibition of Na-H exchange; used at 1-10uM in ethanol

Bafilomycin A (Sigma-Aldrich): specific inhibitor of vacuolar-type H+ATPase; used at 0.25uM

in ethanol
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2.1.7 Reagents for Immunoprecipitation

Lysis Buffer:

50mM Tris/Hcl pH7.4, 150mM NaCl, 2.5mM EDTA (ethylenediaminetetraacetic acid),
2.67mM EGTA (ethylene glycol tetraacetic acid),10% Glycerol, 1% Triton X-
100(polyethylene glycol p-(1,1,3,3-tetramethylbutyl)-phenyl ether)

Freshly added: 1mM iodoacetamide (IAA) or 10mM N-Ethylmaleimide (NEM), 0.2mM
sodium orthovanadate, 0.01uM Calyculin (in EtOH), 1:100 P8340 Protease inhibitor cocktail
(Calbiochem USA) (aprotinin 0.8uM, leupeptin 20uM, AEBSF 1040uM, E-64 protease
inhibitor 14uM, pepstatin-A 15uM, bestatin 40uM)

HNTG Buffer:
20mM HEPES pH7.5, 150mM NacCl, 0.1% Triton, 10% Glycerol, 20mM IAA or 10mM NEM
TBS: Tris-buffered saline (25mM Tris, 100mM NacCl, pH 7.5)

Protein A+G-Agarose beads for IP (Alpha diagnostic international)

2.1.8 Reagents for Western Blotting

Sample Buffer: (5x)

312.5 mM Tris-Hcl (pH6.8), 10% w/v SDS, 50% Glycerol, 250mM DTT, 0.03% wi/v

bromophenol blue

Gels: 30% Acrylamide/Bis solution 37.5:1 (BioRad), ammonium persulphate (Sigma)
Precision Plus protein dual colour standard (BioRad)

SDS-PAGE Running Buffer (Invitrogen)

Transfer buffer: 7.2g glycine, 1.7g Trisma base, 200mls methanol, made up to a final volume
of 1L distilled H20

PVDF transfer membrane (Immaobillon)

4% BSA (Bovine Serum Albumin from BioSera) made up in TBS with 0.1% Tween
Re-blot Plus (Millipore, USA)

Pierce ECL Western Blotting substrate (ThermoScientific)
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Coomassie stain: 0.25% w/v Coomassie brilliant blue R-250, 7% acetic acid, 40% methanol,

made up to 1L distilled water

Destain solution (7% acetic acid, 10%methanol, made up to 1L distilled water)

Resolution Gels

Stock solutions Concentration 10% 7% 5%
used in gel
Distilled water 19.81ml | 24.82ml 28.15ml
1500mM Tris/Hcl pH8.8 375mM 12.5ml 12.5ml 12.5ml
30% Acrylamide/Bis see columns 16.667ml | 11.667ml 8.339ml
10% SDS 0.1% 0.5ml 0.5ml 0.5ml
10% (NH,4)2S,0s 0.1% 0.5ml 0.5ml 0.5ml
TEMED,(100%) (N,N,N,N- 0.0004 v/v 0.02ml 0.02ml 0.02ml
Tetramethylethylenediamine)
Stacking gel
Stock solutions Concentration 5% 4%
used in gel
Distilled water 8.03ml 8.45ml|
1000mM Tris/Hcl pH6.8 170mM 2.125ml 2.125ml
30% Acrylamide/Bis see columns 2.09ml 1.667ml
10% SDS 0.1% 0.125ml 0.125ml
10% (NH4),S,0s 0.1% 0.125ml | 0.125ml
TEMED,(100%) (N,N,N,N- 0.001 v/v 0.012ml | 0.012ml

Tetramethylethylenediamine)

Table 2. 1 Composition of various % gels used for Western blotting

Volumes represent required amount for 8 1.0mm gels.
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2.1.9 Reagents for Cell Proliferation assay

Cell Proliferation Reagent WST-1 (Roche)

2.1.10 Reagents for Immunohistochemical and Immunofluorescence
Staining

Target Retrieval Solution pH6.0 (Dako Ltd, UK S2369)

DakoHercep Target Epitope retrieval solution

DakoHercep Wash Buffer 10x

TBS: Tris-buffered saline (25mM Tris, 100mM NacCl, pH 7.5)

Dulbecco’s Phosphate buffered saline (1x without Ca and Mg) (PAA, Austria)
Sodium borohydride (Sigma-Aldrich)

4% (wlv) paraformaldehyde (PFA; Sigma-Aldrich) in PBS

4% Neutral Buffered Formalin

Moviol:10% (w/v) Mowiol 4-88, 25% glycerol, 100mM Tris-HCI pH 8.5 (Calbiochem)
DABCO: 2.5%(w/v) 1,4-diazabicyclo[2.2.2]octane (Sigma-Aldrich)

Immersol 510 Immersion oil (Zeiss)

2.1.11 Antibodies

2.1.11.1 Anti-HER2 antibodies
Customised rabbit monoclonal antibody raised against HER2, (epitope CTAENPEYLGLDV-
CONH2) (engineered by glbiochem)

Anti-HER2 clone Ab17 mouse monoclonal antibody (Labvision)

Anti-HER2 clone L26, mouse monoclonal antibody was a kind gift from Prof Yarden'’s lab,

Rehovot, Israel

Anti-HER2 clone N24 mouse monoclonal antibody (Labvision)
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Anti-HER2 Designed ankyrin repeat protein (DARPin) was a kind gift from Prof Kerry
Chester, UCL, London

The antibodies listed above were conjugated with fluorescent dyes and used for
immunofluorescence and FRET/FLIM. They are further described below (Conjugated

antibodies).

29D8 Cell signalling rabbit monoclonal antibody: 1:1000 for immunoblotting; 1:50 for

immunoprecipitation

Oracle™ clone CB11, affinity purified mouse monoclonal IgG antibody, supplied ready to use
for HER2 immunohistochemistry in the Leica Microsystems Bond-max fully automated

staining system
Anti-phosphoHER2(tyr1248) rabbit monoclonal antibody; 1:1000 for immunoblotting

(Millipore, USA)

2.1.11.2 Anti-HER3 antibodies
Anti-HER3 Clone H3.90.6 (YY) mouse monoclonoal antibody, was a kind gift from Prof

Yarden’s lab

Anti-HER3 MO01, clone 2E9 mouse monoclonal antibody (Abnova)
Anti-HER3 MAB 3483 mouse monoclonal antibody (R&D)
Anti-HER3 RTJ2 mouse monoclonal antibody (Millipore)

The antibodies listed above were conjugated with fluorescent dyes and used for
immunofluorescence and FRET/FLIM. They are further described below (Conjugated

antibodies).
1B2E Cell signalling rabbit monoclonal antibody; 1:1000 for immunoblotting

Anti-phosphoHERS3 rabbit monoclonal antibody; 1:1000 (21D3, Cell signalling)

2.1.11.3 Miscellaneous antibodies
Anti-ubiquitin antibody; 1:1000 for immunoblotting (P4D1, Cell signalling)

UBI anti-ubiquitin antibody; 1:100 for immunofluoresence (CRUK)

Anti-GFP mouse antibody; 1:300 for immunoprecipitation, 1:10000 for immunoblotting (3E1,

Invitrogen )
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Anti-HA antibody; 1:40 for immunofluoresence (SantaCruz)

2.1.11.4 Secondary antibodies
Secondary antibodies for immunoblotting: polyclonal goat anti-rabbit/mouse HRP,
1:2000/1:3000 respectively (DAKO)

Goat anti-rabbit/anti-mouse IgG-Cy3: 1:200 (Jackson-Stratech)
Goat anti-mouse 1gG-Cy2 1:200 (Jackson-Stratech)

Goat anti-rabbit IgG-Cy5 1:250 (Jackson-Stratech)

Donkey anti-rabbit IgG-Cy 2 1:200 (Jackson-Stratech)

Donkey anti-mouse IgG-Cy3 1:250 (Jackson-Stratech)

2.2 Methods

2.2.1 Plasmid Constructs

The HER2-mGFP construct was made by excision of HER2 from HER2-YFP (a kind gift from
Selene Roberts, Daresbury laboratory) with Xhol and Hindlll, and ligation into pEGFP-N1
(Clontech) containing an A206K mutation in the EGFP, enabling the EGFP to fold in a
monomeric way. HER3-mRFP was made by PCR of the C-terminal half of HER3, to include
the BamHlI site contained in the gene and adding a Notl site at the C-terminus. (HER3-EGFP
was used as the template for this, also a kind gift from Selene Roberts). The PCR fragment
was ligated into the BamHI and Notl sites of pCDNA3.1-mRFP. The N-terminal half of HER3
was then excised from HER3-GFP by digestion with BamHI, and this was ligated into the
BamHI site of the previous construct and checked by restriction digestion and agarose gel
electrophoresis for correct orientation. A prior member of the supervisor’'s laboratory, Soren
Prag, made the mRFP1-Ubiquitin. Further site-directed mutagenesis in the HER2-eGFP
vector described above, were carried out by colleagues Dr Tai Kiuchi, Dr Melanie Keppler,

and Dr Elena Ortiz-Zapater, as shown below:

HER2-eGFP: 1714Q (acceptor impaired), V697R (JM mutation, acceptor impaired), V956R
(donor impaired), K753M (mutation at ATP binding site rendering the receptor kinase dead),
N764RK765F, I748RV750R (both mutations to validate HER2-HERS3 dimer model).

HER2-HA and HER3-HA were a kind donation from Prof Yarden and
HER3(K723MG697DG699D)-HA were a kind donation from Dr Angus Cameron and Dr
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Jereon Claus, Cancer Research UK labs, Lincolns Inn Fields, in collaboration with our group

for publication.

2.2.2 Plasmid Purification

50ul chemically competent DH5a bacterial cells were transformed with 1yl of the appropriate
plasmid by incubating together on ice for 30 minutes followed by heat shock at 42°C for 30-
45 seconds. The cells were then chilled on ice and 200ul LB broth was added before the
cells were allowed to recover at 37°C with shaking for 45-60 minutes. The cells were then
spread on agar plates containing appropriate selection antibiotics (100ug/ml ampicillin or 50
Mg/ml kanamycin), and incubated at 37°C overnight. For amplification a colony was picked
and grown in 5 ml LB broth with antibiotics for 4-6 hours with shaking at 37°C. This was then
grown up in 250ml LB broth overnight to an optical density (at 600 nm) of 4-5 units. Plasmids
were purified using the Qiaprep® Spin Endofree Maxiprep kit, according to Qiagen’s
instructions (cells were harvested by centrifugation; pellets were resuspended in RNase
containing buffer; cells were lysed; precipitation buffer was added to the lysates; precipitated
lysates were allowed to flow through an equilibrated maxi column; the column was washed
through with buffer and the flow-through was discarded; DNA was eluted into a centrifuge
tube using elution buffer; isopropanol was added to precipitate DNA prior to centrifugation;
the pellet was washed in 70% ethanol prior to further centrifugation; the pellet was air dried
before resuspension in water). The DNA concentration was determined using a nanodrop
ND-1000 Spectrophotometer.

2.2.3 Cell culture

MCF-7 human breast cancer cells were grown in DMEM full media. Cells were maintained at
37°C in a water saturated incubator with an atmosphere containing 5% CO,. Adherent cells
were grown in culture until 60-75% confluent, typically in a 75cm? tissue culture flask. The
growth medium was aspirated, cells were washed with 10mls PBS and then incubated with
2mls trypsin/EDTA at 37°C for 3 minutes. 10mls of full media was then added to the cells to
inactivate the trypsin/EDTA. The cells were split in a 1:3 or 1:4 dilution three times every 2-3

weeks.

SK-BR-3 cells were grown in a similar fashion but in McCoys full media, and were split in a

1:2 dilution every 2-3 days.

2.2.4 Transient Cell Transfection
Cells were transfected with plasmid DNA using FuGene6, according to the manufacturer’s

protocol (Roche). Briefly, cells were plated and allowed to grow for 24hours. Table X
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describes the cell densities used for transfection of various size wells, and the DNA-Opti-
MEM-Fugene quantities used for each type of well. For FLIM experiments cells were
seeded in a 24-well plate containing 13mm coverslips for 24hours. A DNA-Opti-MEM
complex was made with FuGene6 as shown in Table X, and incubated at room temperature
for 30 minutes. For biochemistry experiments, cells were seeded in 6cm plates, or 6 well

plates, and for the formation of cell pellets (see below), cells were plated in 15cm dishes.

The cell media was replaced with Opti-MEM containing 5% FBS and the DNA/FuGene
complex was added to the cells. Incubation and protein expression was allowed for 24-36

hours. In cases of co-transfection, such as HER2GFP-HER3HA, cells were transfected using

a donor:acceptor plasmid ratio of 1:3, but maintaining the total DNA content per well, i.e.
0.1pg HER2-GFP DNA, 0.3ug HER3-HA DNA per well for a 24 well plate, maintaining a total
of 0.4ug DNA per well.

2500 32 96

Table 2. 2 Cell densities and amounts of transfection reagent used per well, for various sized dishes for
transient cell transfection.

These values were used for transfection of both MCF-7 and SKBR3 cells with transfection efficiencies of
around 50-75% depending on the cell type and plasmid vector used.

2.2.5 Cell Treatments

Cell stimulation was performed with Heregulin-B2 (or NRG1) (50ng/ml) for HER2 and HERS3
experiments between 5-60 minutes, as determined by optimization experiments. Inhibition
was performed using the humanised monoclonal antibody trastuzumab (Herceptin) at
Img/ml, or Lapatinib (10uM), or geldanamycin (3uM). Inhibition was performed prior to
stimulation for time periods ranging from 60 minutes to 6 hours at 37 °C. Experiments always
included non-stimulated and non-inhibited controls. In the case of degradation experiments,
cells were pre-incubated with cycloheximide, 25-50ug/ml for 1 hour, followed by inhibition or
stimulation for upto 24hours, in the presence of cycloheximide.
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2.2.6 Western Blotting
Cells were cultured until 80% confluent in 6 well or 12 well tissue culture dishes. Cells were

stimulated or inhibited as described above from 5 minutes to 6 hours. For those
experiments requiring incubation with a reagent for more than 60 minutes, cycloheximide

(20uM) was used one hour prior to treatment.

Cells were then washed twice in cold TBS and lysed on ice by scraping into 100-350pl of
1.5 fold sample buffer, heated to 75°C. The lysates were centrifuged at 4°C at 16,0009 for 5
minutes to clear debris. The total protein content of the samples was determined using the
BCA assay (Pierce).

Aliquots were loaded onto 7.5% Tris-glycine SDS- polyacrylamide gels. Gels were run on an
Invitrogen X-Cell mini-gel system. The gels were subjected to constant voltage
electrophoresis at 30-40mAmp per gel, until the protein marker for 50kDA reached the
bottom of the gel. After separation on the 7.5% Tris-glycine gel, proteins were

I™ transfer

electrophoretically transferred onto PVDF membranes using the Invitrogen XCell |
apparatus (arrangement: sponge, two filter papers, gel, membrane, two filter papers,

sponge).

The membranes were then blocked in 4% BSA/TBS-Tween for 45minutes at room
temperature with shaking, then incubated with primary antibodies diluted in the blocking
buffer overnight at 4°C. Blots were rinsed once and washed two times with TBS-Tween for 5
minutes each on a roller, prior to incubation with horse radish peroxidase-conjugated
secondary antibodies in blocking buffer for one hour at room temperature. They were then
washed a further two times as before. The membranes were placed in an X-ray cassette,
covered in enhanced chemiluminescent (ECL) substrate for one minute as per manufacturer
instructions. The blots were then exposed on Hyperfiim and developed using Imaging

Systems Xograph compact X4 developer.

For reprobing with a second primary antibody, blots were treated with Re-blot plus diluted to
1:10 with TBS-Tween for 15 minutes at 37°C with agitation and then incubated overnight

with primary antibodies as above.

2.2.7 Co-immunoprecipitation

Cells were cultured in 60mm dishes for 24 hours, until they were 70-80% confluent. If
necessary, transient transfection was carried out as described above, and cells were allowed
to grow in antibiotic free media for 24-36 hours. Cell treatment was carried out as above,
and cycloheximide (20uM) was used in experiments with an incubation time of greater than

one hour.
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At the point of lysis, 350ul of ice-cold lysis buffer was used to lyse cells, which were scraped
and incubated for 30 minutes on ice with occasional mixing. The lysates were centrifuged as

above to clear cell debris and protein concentration determination carried out.

Lysates were rotated with 20ul washed Protein A/G beads for 30 minutes at 4°C in order to
preclear the lysate, which was then spun down to remove the beads. The
immunoprecipitation antibody was added to 300ul of lysate, containing identical amounts of
protein (approximately 250-350ug of protein), and incubated overnight at 4°C with gentle
shaking. Washed protein A/G beads were added for one hour, after which the supernatant
containing unbound protein was aspirated off and stored at -20°C. Beads were washed with
500ul ice-cold HNTG buffer 3-4 times, and heated with 1.5x sample buffer at 95°C for 15

minutes, with bromophenol blue dye.

Equivalent volumes of lysates, both whole cell lysate and the immunoprecipitate sample,
were loaded onto 5-7.5% Tris-glycine SDS- polyacrylamide gels and run as described above

through to development.

2.2.8 Cell Proliferation Assay

Cell proliferation was assessed using Cell Proliferation Reagent WST-1 (Roche) as per the
manufacturer's protocol. In order to test the effect of overexpression of various HER2
mutants, reverse transient transfection was carried out prior to assessment of proliferation. A
DNA-Opti-MEM complex was made with Fugene 6 as described above, and was left to
incubate for 30 minutes. Cells were trypsinised, and resuspended in Opti-MEM containing
5%FBS, at the appropriate concentration, as shown in Table X. The transfection mix was
then added to the cell suspension, and cells were seeded at the densities described above.
Proteins were allowed to express for 24 hours prior to commencement of the proliferation
assay. A transient transfection efficiency of approximately 70% was achieved using this

method.

Cells were cultured in 96-well plates, in a final volume of 100ul/well, at 37°C. 5 plates were
set up; one each to be assessed at 0, 24, 48, 72 and 96 hours. Once cells had been
transfected for 24 hours, media was changed to McCoys full media, using a multi-channel
pipettor. One 96-well plate was immediately removed for assessment of cell density using
the WST-1 reagent at this point (0O hours), and inhibitors or ligand were then added. Media
containing inhibitor or ligand was refreshed every 24 hours and a 96-well plate was
assessed every 24 hours for the duration of the experiment. In order to assess a plate, 10ul
of Cell Proliferation Reagent WST-1 was added to each well and the plate was returned to

incubate at 37°C for 4 hours. The plate was then removed, shaken thoroughly on a shaker
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for 1 minute and the absorbance of the samples measured on a microplate reader at 450nm.

A control blank was included on all plates.

2.2.9 Antibodies and direct conjugation to fluorophores
Cells and tissues sections were stained with immunoglobulins (IgGs), labelled directly or
indirectly with fluorophores. Antibodies were kindly conjugated to Cy-dyes or Alexa-dyes

according to protocol (Flurolink™

) at pH 8.5 by Dr Gilbert Fruhwirth, as described previously.
Briefly, un-conjugated dye was separated from the labelled antibody on a gel filtration
column. A 10ul aliquot of the labelled antibody was diluted and absorption measured at
280nm and 489nm for Cy2, 280nm and 552 nm for Cy3, 280nm and 650 nm for Cy5 and

280nm and 558nm for Alexa 546. Antibodies conjugated are listed below.
The dye:protein final ratio was estimated by the following equations:

(Cy2 DIP) finar = [1.13 (Asg0) ] / [Azg0 — (0.15 X Aygg)]

(Cy3 D/P) finat = [1.13 (Ass2) ] / [Azs0 — (0.08 X Assy)]

(Cy5 D/P) final = [0.68 (A650) ]/ [A280 — (0.05 x A650)]

(Alexa 546 D/P) final = [1.64 (A558) ]/ [A280 — (0.12 x A558)]

where Ax is the absorbance at wavelength x. The final ratio of protein:dye was aimed for 1:3
for acceptor fluorophore (Cy3 or Cy5)-labelled protein, and the amount of dye (Cy2 or Cy3)
used for labelling the donor protein was reduced accordingly to achieve a ratio of protein:dye

of 1:1. Final dye/protein ratios are listed with the relevant antibodies below.

2.2.10 Conjugated antibodies
Customised rabbit monoclonal antibody raised against HER2, (epitope CTAENPEYLGLDV-
CONH2)(Glbiochem) conjugated to Cy3 (D:P =1.5:1, used at 40ug/ml)

Anti-HER2 clone Abl7 mouse monoclonal antibody (Labvision) conjugated to Cy5
(D:P=3.5:1, used at 20ug/ml)

Anti-HER2 clone L26, mouse monoclonal antibody was a kind gift from Prof Yarden’s lab,

Rehovot, Israel, conjugated to Cy5 (D:P ratio=4:1, used at 10ug/ml)

Anti-HER2 clone N24 mouse monoclonal antibody (Labvision) conjugated to Cy5 (D:P
ratio=3.8:1, used at 10 pg/ml)
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Anti-HER2 Designed ankyrin repeat protein (DARPin) was a kind gift from Prof Kerry
Chester, UCL, London, conjugated to Cy5 (D:P ratio=3:1 , used at 8ug/ml)

Anti-HER3 Clone H3.90.6 (YY) mouse monoclonoal antibody, was a kind gift from Prof
Yarden’s lab, conjugated to Cy3 (D:P ratio=1.27:1, used at 1.36ug/ml)

Anti-HER3 MO01, clone 2E9 mouse monoclonal antibody (Abnova), conjugated to Alexa-546
(D:P ratio=0.71:1, used at 10pg/ml)

Anti-HER3 MAB 3483 mouse monoclonal antibody (R&D), conjugated to Alexa-546 (D:P
ratio=0.69:1, used at 10pg/ml)

Anti-HER3 RTJ2 mouse monoclonal antibody (Millipore), conjugated to Cy5 (D:P ratio=1.1:1,
used at 10ug/ml)

Anti-HA mouse antibody, conjugated to Cy3 or Alexa-546 (D:P ratio=2.1:1, and 1.8:1
respectively used at 15ug/ml)

2.2.11 Preparation of Cells for Imaging

Cells were washed in PBS, and fixed with 4% PFA for 20 minutes, washed 3 times in PBS,
treated with fresh 0.1% sodium borohydride/PBS (1mg/ml) for 3 minutes to reduce
background autofluorescence, washed 3 times in PBS, followed by distilled water, and
mounted onto standard glass microscope slides using 8ul of Mowiol/DABCO (antifade)
mounting medium. Sections were allowed to solidify overnight at room temperature and
then sorted at -20°C.

Samples for immunnofluorescence were treated as above, but with the addition of 0.1%
Triton-X for 10 minutes, after fixation with PFA, blocking with 1% BSA solution for 30
minutes followed by incubation with the conjugated antibody, diluted in blocking buffer, for 4
hours in the dark, or with the unconjugated antibody for an hour, and the secondary antibody

for 45 minutes.

2.3 Formalin-fixed, paraffin-embedded & fresh frozen resources

2.3.1 Cell pellets

In order to translate the dual-antibody based HER2-HER3 assay from application in vitro, on
mammalian cell lines, to human tissues, either fresh frozen or formalin-fixed paraffin
embedded (FFPE), a block of cell pellets were made in order to test the fluorophore-

conjugated antibodies prior to application in human tissue. SK-BR-3 cells, which
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endogenously express high levels of HER2 protein, were used to make cell pellets. These
cells were also transiently transfected with HER3-HA in a subset of pellets (SK-BR-3-
HER3HA) in 15cm dishes as described above.

Two 15cm dishes were seeded per pellet, for 24-36 hours, until fully confluent. Cells were
serum starved overnight, and neuregulin treatment was applied for 15 minutes prior to
fixation. At fixation, media was aspirated off, and cells washed with 20mls of PBS, twice.
Sterile cell scrapers were used to scrape off the cells. 10mls of PBS was added to each dish
and mixed in the dish to form a cell suspension, which was transferred to a 50ml centrifuge
tube. Cells were spun down for 5 minutes at 200g to form a pellet. Supernatant was then
aspirated off, and the cell pellet was resuspended in 15mls of neutral buffered formalin. The

cells were left to rotate with formalin for one hour at room temperature.

The fixed cells were then taken to the Breast Tissue & Data Bank for further processing.
The cells were spun down once again at 200g for 5minutes to re-form a pellet, and the
supernatant was decanted. The bottom of the Falcon tube was cut off using a scalpel, just
above the cell pellet. The pellet was then carefully removed from the Falcon and placed in
speciwrap containing a few drops of formalin. The speciwrap was folded to fit inside a biopsy
cage, and then placed in a cassette with lid. It was processed overnight, as standard,
dehydrated in a series of alcohols and xylene, followed by embedding in molten paraffin

wax, and held at no more than 60°C until the next morning.

2.3.2 Breast Tissue & Data Bank

The Guy’s and St Thomas’/King’s College London Breast Tissue and Data Bank (GSTT/KCL
BTDB) is a Human Tissue Authority licensed tissue bank which has been banking breast
tissue and clinical data on patients over the last 30 years. The Tissue Bank maintains over
7200 FFPE primary tumours, 2500 fresh frozen tumours and 900 matched tumour and blood
DNA samples, all of which are associated with prospectively acquired pathological and
clinical data. This invaluable resource is ideal for the validation of potential biomarkers. The
production of tissue microarrays (TMAS) has allowed organisation of breast tumour tissue
cores from hundreds of patients, into several blocks, upon which biomarkers may be tested
in a high-throughput fashion, whilst avoiding significant depletion of tissue resources.
Typically each TMA will contain a reference core of renal tissue, with all other tumour cores,
numerically coded and linked to clinical outcome data. A typical core is 10mm in diameter;
approximately 80 cores are embedded in one TMA block. Sections from TMA blocks were
cut at a thickness of 3-5um for the purposes of imaging within this project, and mounted on

charged glass slides. FFPE tissue requires dewaxing and antigen retrieval prior to
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processing for standard immunohistochemistry or fluorescence lifetime imaging. The FFPE

cell pellets described above were processed in an identical manner prior to imaging.

2.3.3 METABRIC cohort/dataset

The METABRIC (Molecular Taxonomy of Breast Cancer International Consortium) project
represents a cohort of patients who were recruited from 1989 and 2002 from 5 cancer
centres across Canada and the UK, including Guy’s & St Thomas’ NHS Trust Hospitals,
Cambridge Breast Unit, Addenbrooke’s Hospital, Nottingham University City Hosptial in the
UK and the Tumour Bank of British Columbia, Vancouver and the Manitoba Tumour Bank in
Canada'®*. The cohort selection criteria entailed female patients with primary breast cancer,
who had not had neoadjuvant treatment and had been followed-up for more than 5 years.
METABRIC has been approved by the 'NHS National Research Ethics Service,
Cambridgeshire 4 Research Ethics Committee' with reference number: 07/ MRE05/35.

The aim of this project was to collect clinical and genomic data on breast tumour in order to
create a robust taxonomy based upon molecular signatures as well as clinical parameters,
thus allowing optimisation of adjuvant treatment. Patients were recruited chronologically but
into 3 groups: lymph node negative (no chemotherapy), lymph node positive and ER positive
(hormone +/- chemotherapy) and lymph node positive but ER negative (chemotherapy

alone).

Clinical parameters such as metastasis to lymph nodes and presence of hormone receptors
have been used to decide on adjuvant treatment regimes, i.e. whether chemotherapy or
hormone therapy, respectively, is required after surgery, as described in Chapter 1. This
project aimed to analyse 2000 tumours by using a combination of high resolution array-CGH,
expression profiling, sequencing and tissue microarray analysis, and correlate the molecular
profiles obtained with the clinical outcome of the tumours. The clinical data collected
included survival data, date and cause of death, treatment information and hormone receptor
status, e.g. ER, PR and HER2 status. The data used in Chapter 5 relates to the subset of
patients which were recruited at Guy’s and St. Thomas’ Hospital, for whom tumour samples
were stored in the GSTT/KCL BTDB. This sample set consisted of approximately 200
pateints. Prof Sarah Pinder and Mr John Brown kindly marked original FFPE donor tissue

blocks and used them to make TMAs, respectively, for high throughput analysis.

2.3.4 Immunohistochemical staining of FFPE samples
FFPE samples were baked at 56°C overnight, followed by normalisation room temperature.
Dewaxing was then carried out by immersing slides in xylene for 7.5 minutes twice, followed

by absolute ethanol twice for 5 minutes each, 70% ethanol for 5 minutes and washing in
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distilled water for 3-5 minutes. Distinct methods of antigen retrieval were used within this

project, depending upon the antibody used.

In the case of HER2 or HERS antibody use, heat mediated antigen retrieval was used. This
entailed heating within Coplin jars in a waterbath at 95-98°C for 40 minutes(+/-1minute) or in
the Leica Bond Antigen retrieval system on a hot plate to 110°C for 25 minutes, with DAKO
Hercep Epitope retrieval solution in both cases. Epitope Retrieval Solution 2 contains an
EDTA based buffer and surfactant. Slides were immediately cooled for 20 minutes,

transferred to wash buffer for a minimum of 10 minutes and then processed for IHC.

For IHC the following steps were taken, either manually or automated within the Leica

Microsystems’ Bond-max™ fully automated staining system:

Slides were incubated with the primary antibody of interest, diluted in Bond Primary Antibody
Diluent, which contains Tris-buffered saline, surfactant, protein stabilizer and 0.35% ProClin
950 (active ingredient is the biocide, 2-methyl-4-isothiazolin-3-one), for 30-40 minutes. This
was followed by incubation with Envision peroxidise-blocking reagent for 5 minutes, Envision
horseradish peroxidise (HRP) for 30 minutes, DAB/Peroxide label for 5 minutes, and DAB
enhancer for 5 minutes. A light Haematoxylin counterstain was applied and sections

dehydrated, cleared and mounted using Eukitt mounting medium.

2.2.4 Preparation of pellets and FFPE tissue for FLIM imaging

FFPE tissue or cell pellets underwent dewaxing and antigen retrieval as described for IHC.
Sample borders were demarcated with a wax pen, and samples were washed 3 times with
TBS, followed by incubation with 0.1% sodium borohydride in TBS, to quench
autofluorescence, followed by a further 3 washes with TBS. Slides were blocked with filtered
1%BSA in TBS, followed by incubation with the fluorophore-conjugated antibody of interest,
diluted in filtered 1%BSA in TBS, overnight at 4°C. Slides were then washed 3 times with
TBS, for 5 minutes each time, followed by distilled water. Coverslips were applied with
Mowiol medium containing DABCO and left for at least 6 hours at room temperature prior to

transfer to -20°C for storage.

2.4 Structural modelling

| collaborated with Prof Franca Fraternali and Dr Flavia Autore who carried out the structural
modeling and created the model of the lapatinib-bound HER2:HER3 dimer. Briefly, they
modeled the HER2:HER3 dimer by comparative homology modelling using a multiple

templates approach. To build the HER1-like dimer they used the crystal structure of the
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HER1 homodimer (PDB 3GT8)', the crystal structure of HER1 complexed with imatinib
(PDB 1XXK)'*® and only one chain of the crystal structure of the HER3 homodimer
(BKEX)™’. To build the HER3-like dimer they used the HER3 homodimer structure (3KEX),
the crystal structure of HER1 imatinib bound (PDB 1XXK) and the crystal structure of the
inactive HER1 AMP-PNP bound (2GS7)'*°. The sequence alignment used to build the model
has been created by using PRALINE with the homology-extended alignment strategy*®®.
They generated three-dimensional models using the MODELLER package'®®. The selected
model was chosen on the basis of the MODELLER objective function's discrete optimized

protein energy (DOPE) score.

2.5 Microscopy

2.5.1 Confocal microscopy

Images were acquired on a confocal laser scanning microscope (model LSM 510 meta, Carl
Zeiss Inc.) using a 63X/1.4Plan-APROCHROMAT oil immersion objective. Each image
represents a single section in the Z-series, taken across the depth of the cell in 0.5um

intervals.

2.5.2 Multiphoton Fluorescence Lifetime Imaging

Time-domain FLIM was performed with an in-house developed multiphoton microscopy
system. The FLIM instrument was based around an inverted epi-fluoresence microscope
(Nikon TE2000 including 100W mercury lamp). The light source was a solid-state-pumped
(8-W Verdi, Coherent), femtosecond self-modelocked Titanium-Sapphire (Mira, Coherent)
laser system. Fluorescence lifetime imaging capability was incorporated with addition of

time-correlated single photon counting (TCSPC) electronics (Becker & Hickl, SPC 700).

Imaging data was collected with typical data comprising 256x256 pixel resolution and 256
time channels, in 117 frames over 300 seconds. This arrangement facilitates analysis using
multi-exponential decay models. A 40x oil immersion objective (Nikon) was used
throughout multiphoton imaging. Epifluoresence images of GFP, RFP, Cy3, Alexa-546 or

Cy5 in the same image field, were acquired prior to FLIM.

2.5.3 Single Photon Fluorescence Lifetime Imaging (Galileo)

The single photon imaging platform used was built in-house and based on a TE2000
fluorescence microscope with a Nikon 20x air objective (Nikon, Kingston upon Thames, UK)
and a CCD camera for detection of fluorescence. Fluorescence excitation is provided by a

553nm emitting laser diode (BDL-473_SMC, Becker and Hickl) which generates optical
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pulses with a duration of 40ps at a repetition rate of 80MHz. Fluorescence lifetime imaging
capability was incorporated with addition of a PMT detector (PMH-100, Becker and Hickl)
and time-correlated single photon counting (TCSPC) electronics (SPC830, Becker & Hickl).
Single photon, time-resolved fluorescence is detected at 593+10nm using a photomultiplier
tube (PMH-100, Becker and Hickl) with a 200ps time resolution and 20x (NAO.5) objective.
Automated operation is achieved by incorporating a motorized microscope stage
(Marzhauser GmbH, Wetzler, Germany), a closed-loop objective lens mount with a 500um
range of travel (Piezosystem Jena GmbH, Jena, Germany and a motorized filter cube

selector.

2.6 Analytical Methods

2.6.1 FLIM/FRET Analysis

The FLIM images obtained with our lifetime microscope were batch analysed by a PC
workstation running in-house exponential fitting software (TRI2) written in CVI by Dr Paul
Barber, based on the Levenburg-Marquardt algorithm with instrumental response iterative
reconvolution capabilities®®. This program outputs files where all the fitting parameters are
recorded for each images pixel into Excel format. These files are then analysed to produce a
distribution of lifetime, and an average lifetime, from which FRET efficiency can be

calculated using the following equation:

FRET.s = 1 —1(da)/1(d), where 1(da) is the fluorescent lifetime of the donor fluorophore, in
the presence of the acceptore, and 1(d) is the fluorescent lifetime of the donor fluorophore

alone.

All data was fitted with a single exponential decay analysis.

2.6.2 Survival analysis

Cox proportional hazard models were fitted using the 'survival' package®* in R%*?. Kaplan-
Meier curves and logrank tests were also performed using the 'survival' package. All survival
analysis was carried out in collaboration with Dr Katherine Lawler, bio-informatician, and

created in R.
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Chapter 3: Molecular determinants of
the lapatinib-induced HER2:HER3
dimer

3.1 Introduction

3.1.1 Structural conformation of the HER family

The members of the HER family (HERL/EGFR, HER2, HER3 and HER4) are structurally
composed of an extracellular ligand binding domain, a transmembrane (TM) region
connecting the cytoplasmic juxtamembrane (JM) domain, a tyrosine kinase domain (TKD)
and C-terminal tail with phosphorylation sites as described in Chapter 1.4. Here we review
the structural details of the HER family members and their interactions with TKiIs.
Downstream signaling is reliant upon receptor dimerisation (ligand-dependent or -
independent), allosteric activation and autophosphorylation (in trans)'®*’. Not only is the
activation of the HER family dependent upon interaction with other partners and ligand
control, but the structure of the receptor itself, imposes further constraints. An intramolecular
tether between domains Il and IV hold HER1, 3 and 4 in an auto-inhibited conformation®®*2%*
whereby the C terminal tail of the receptor cannot be activated by the kinase in cis, unless
the tether is removed, e.g. by conformational changes elicited on ligand binding. Although it
has been proposed that HER2 exists in an activated form, Alvarado et al show that inhibitory
interactions between domains | and Ill in HER2 may hold this receptor in a stronger auto-

inhibitory state that HER1, with failure to form homo- or heterodimers in vitro'%.

Multiple crystal structures of the ECDs of HER1-HER4 have already been solved®*?°® but
our knowledge of the intracellular structures, especially for HER2 and HER3, is more limited.
There is high sequence conservation, approximately 75% between HER2 and HER1 and
60% between the HER3 and HER1 TKDs’ (Figure 3.1). The TKDs all adopt a typical bi-
lobed folding. The N-lobe is mostly made up of B-strands with one a-helix whereas the C-
lobe is mostly made up of a-helices. The lobes are separated by a deep cleft, which is the
ATP binding domain. Access to this cleft may be manipulated by changes in orientations of

the N- and C-lobes of the TKD, depending on the activation state®*®

or oncogenic mutations
and can control access to TKls as discussed further below. In order to understand the

differential effects of anti-proliferative drugs upon the HER family, we must understand the
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intricacies of receptor activation, including various methods of receptor dimerisation and the

subtle conformational changes involved. HER1 dimerisation kinetics have been thoroughly

investigated compared to HER2 or HER3. We first review the data on HER1 dimerisation as
an aid to find tools to elucidate the HER2:HER3 heterodimer.
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Figure 3.1 Multiple sequence alignment of the kinase domains of the HER family

Residues conserved in all four members are highlighted in blue. The mutated residue 1714 (HER?2) that is part of
the receiver interface is highlighted in yellow while the mutated residue V945R (HER3) at the activator
interface is highlighted in green. The mutated residues inspired by the model assembly (1748, V750, N764 and
K765 (HER2)) are marked in orange while the residues mutated at the ATP binding pocket (K742, G716 and
G718 (HER3)) are marked in magenta. [JM-B = distil part of the juxtamembrane region (region B), P-loop =
phosphorylation loop]
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3.1.2 HER1 homodimerisation

Ligand-induced HER1 homodimerisation and allosteric activation have been well-
established'??%’. The extracellular domain (ECD) of HER1 has been highly characterized

using crystallographic studies3"2%82%°

, and the mechanism of ECD interaction during HER1
homodimerisation has been elucidated™!. The EGF bound ECDs were found to be
arranged in a back-to-back C shape with EGF binding between domain | and Ill. A hairpin

from domain Il of each receptor interacts with the other*",

3.1.2.1 Active vs inactive /asymmetric vs symmetric TKD dimer formation

Besides the ECD, the intracellular TKD is also important to HER1 dimerisation and TKD
activity is further controlled by the JM domain'®>#°. Studies of the TKD of HER1 have
demonstrated the activation of HER1 by the formation of asymmetric dimers whereby the N-
lobe of one kinase domain (donor or activator) stabilizes the C-lobe of the other (acceptor or
receiver), as described in Chapter 1.4.1, and shown in Figure 3. 2'°. Within this
asymmetric interaction, the receptor is in the ‘active’ conformation, with an a-C helix
positioned so as to stabilize the dimer interface by creating a salt bridge between Lys721
and Glu738 (Figure 3. 2). The ‘inactive’ conformation consists of the a-C helix in the ‘out’
position and resembles the inactive Src/CDK2-like kinase®®. Symmetric or ‘inactive’ dimer
formation is mediated by the N-lobes of both tyrosine kinase domains and both C-terminal
tails are embedded in the interacting interface as shown in the N-lobe mediated HER1

inactive homodimer.

These conformations have also been established for HER3 and are likely conserved
throughout the family of HER receptors®®’. Dimers likely exist in the native state of the cell,
as a mixture of the two types described. The balance between the numbers of active versus
inactive dimers will dictate receptor activation, and is likely influenced by the type and
structure of receptor, i.e. HER2 is the receptor most likely to engage with other active

receptors, as well as the presence of ligands or inhibitors.

A third conformation of the HER1 TKD has been discovered recently, which is intrinsically
disordered and resistant to dimerisation, thus regulating HER1 signaling®**. Lapatinib binding
kinetics are slower than expected as, according to this study, the predominant population of
HERZ1 is in the disordered state rather than the inactive state. On examination of the HER2
kinase, the same level of intrinsic disorder was not found; this receptor has a more ordered,
stable TKD dimer interface compared to HER1, and likely exists in the inactive form. This
phenomenon may help to explain why HER2 is more readily recruited to the active dimer as

it does not need to overcome the disordered state, as opposed to HERL1.
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Figure 3. 2  Schematic diagram of the symmetric/inactive HER1 homodimer, vs the asymmetric/active
homodimer™®

The TKD is shown interacting in an N:N lobe-mediated fashion for the inactive dimer and N:C lobe-mediated
fashion for the active dimer. JM regions are demonstrated in pink (JM-A) and green (JM-B) and the a-C helix,
as a blue cylinder. The C terminal tail is depicted in purple (C). Red dots on the asymmetric dimer depict
phosphorylation of sites on the active dimer but are not present on the inactive dimer.

Zhang et al found that the core of the intracellular dimerisation site of two HER1 TKD
monomers was dominated by hydrophobic interactions including 1706 on one monomer (N-
lobe of the kinase domain) and V948 from the other monomer (C-lobe of the kinase
domain)**®. These residues are also known as 1682 and V924, whereby the 24-residue
membrane-targeting signal sequence is not included at it is deleted in the mature protein.
The former annotation is used for all residues within this report. Mutations at either site led to
dimer disruption. These sequences are highly conserved between HER1, HER2 and HERS,
as shown in Figure 3.1. The C-terminal part of the JM domain, or the JM-B region (residues
697-709) is also involved in the asymmetric dimer interface’*®. Oncogenic mutation within
the highly-charged N-terminal region of the JM (JM-A) domain highlighted an alternative site
within HER1 (V665) which was essential to stabilization of the homodimer'®>?*##3  This
mutation has been observed in lung tumours which display constitutive HER1 activation.
V655N promotes the capacity of HER1 to act as an acceptor, releasing it from the auto-
inhibited state, thus promoting cellular transformation®*. The capacity of single residue
mutations to affect receptor behaviour demonstrates the importance of subtle conformational

changes to receptor function, in part, by stabilising or disrupting receptor dimerisation.
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We carried out site-directed mutagenesis at the N-lobe of HER2 TKD (HER2(1714Q)),
equivalent to HER1(I706Q) and at the JM-B site (HER2(V697R)), equivalent to the
HER1(V689R) to create two impaired ‘acceptor’ mutants in HER2. Due to the lack of critical
N-lobe residues in HER3, this receptor may only act as a ‘donor’. Hence site-directed
mutagenesis was carried out at the C-lobe of HER3 TKD (HER3(V945R)) to create a ‘donor’
impaired mutant. These mutants were used as tools to unravel the integral mechanics of the
intracellular HER2:HER3 dimer.

3.1.2.2 Full-length HER1 dimerisation

The majority of studies have shown allosteric HER1 activation by cell-based assays and
isolated kinase domain measurements. The tools for studying full length receptor kinetics
have only recently been developed, lending insight to the relevance of extracellular events to
intracellular dimerisation and propagation of signaling, and vice versa. For instance, Wang et
al. purified a near full length mutant HER1, which contains the L858R mutation that leads to
disruption of the autoinhibited conformation®®. Additional mutations at the dimer interface
were introduced (1706Q and V948R in the N- and C-lobes respectively), which demonstrated
the critical contribution of this asymmetric dimer interface to HER1 kinase activity within the

near full length receptor®*®.

Furthermore, live imaging of full-length HER receptors allows the examination of
dimerisation events and the ensuing kinetics. Quantum dot tracking has been used to
visualize live homodimerisation events for HER1?'®. Unoccupied receptors form transient
homodimers, but ligand bound receptors form more stable, less mobile dimers which are
spatially confined in microdomains, which may be regulated by the cell’'s actin cytoskeleton.
Treatment with a HER1 kinase inhibitor enhanced receptor mobility compared to ligand-
bound phosphorylated receptors, suggesting a role for activation in regulating mobility and

further receptor interactions.

3.1.3 HER2 homo- and heterodimerisation

3.1.3.1. HER2 homodimerisation

Initial studies on HER2 homodimerisation focused on the TM region. HER2 homodimers
formed of the TM domain may exist in one of 2 forms, determined by dimer formation
between the N-terminal or the C-terminal®’. The C-terminal dimerisation motif is more stable
and likely to represent the inactive state. However receptors may easily shift between the

two conformations, thus regulating receptor dimerisation, activation and downstream
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signalling. Fleishman et al propose that in cells overexpressing HER2, active dimers are
more predominant because of a shift in the equilibrium with the inactive receptor dimer,
partly mediated by interactions at the N-terminal of TM domain favouring the active dimer?’.
An oncogenic mutation, V664E, found within the TM domain, favours this hypothesis®®'°,
The polar, negatively charged glutamic acid (E) is likely to be exposed during C-terminal
mediated dimerisation, thus destabilising these dimers and shifting the balance to active, N-
terminus mediated dimers. Conversely, substitution of valine for a larger isoleucine at
position 655 (V655I) may destabilise the dimer leading to a reduction in activation; a property

which may explain the protective effects of the mutation against breast cancer®®.

With regard to the intracellular dimerisation interface, Aertgeets et al first published the
crystal structure of the HER2 TKD bound to a type | TKI, SYR127063%*. The HER2 kinase
domain is solved in an active conformation, which undergoes allosteric activation by
homodimerisation, with the TKD forming an asymmetric, active dimer. This dimer is similar to
that seen in HER1 homodimerisation (Figure 3. 2).They hypothesise that the increased
flexibility in the a-C helix of HER2 compared to the rest of the HER family allows easier

activation of partners, thus explaining why it is the preferred partner for heterodimerisation.

3.1.3.2 HER2 heterodimerisation

The HER2:HER3 hetero-dimer is believed to be the most active, efficiently driving
downstream signaling pathways and cellular proliferation via the PI3K/AKT and MAPK
pathways'®’?%. Considering HER3-mediated P13-kinase (P13K) signaling has been shown to
be vital to cell motility, invasion and metastasis®?, it is crucial to unravel the molecular
factors relevant for this signaling pathway including dimerisation events. While the structural

details for the HER1 homo-dimer are becoming increasingly refined®'>?'%???

, Similar
molecular information for the hetero-dimers is not yet available. Structural studies have
demonstrated allosteric activation of HER2 either by homo-dimerisation or by hetero-
dimerisation with HER1?°® but the structural basis for the HER2:HER3 heterodimer has not
yet been solved. The relative contribution of distinct dimer interfaces, e.g. TM vs TKD
mediated, to the formation of heterodimers between HER2 and HER3 is also unknown. As
previously described, HER3 can serve only as the donor or activator within this

heterodimer*4®%’,

For example, dimerisation between TKD of HER1 and HERS is in the
asymmetric conformation, much the same as that described for HER1 homodimerisation®®’.
Mutation at the C-lobe TKD of HER3 (V945R) was shown to disrupt this ‘asymmetric’ dimer
interface, and is used in our experiments to elucidate the structure of the lapatinib bound

HER2:HERS3 dimer.
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Although HER3 is generally thought of as kinase-dead, Shi et al demonstrate a low level of
HER3 kinase-mediated trans-autophosphorylation’?®. Ssequence conservation and
structural analyses demonstrate an intact ATP binding pocket is retained. A number of
studies have recently highlighted the importance of nucleotide pocket occupation for
regulating kinase domain conformation independent of kinase activity?**??®, In the analogous
case of STRAD, which like HER3 is a pseudokinase, an intact and occupied ATP binding
pocket is critical for STRAD to activate the associated kinase LKB1 through a conformational
mechanism?"?%_ To investigate the importance of the HER3 TKD on heterodimer formation,
a series of mutations were introduced to disrupt the HER3 nucleotide pocket on kinase
domain  conformation ~and HER2:HER3 pocket and nucleotide  binding
(K742MG716DG718D, or KGG). K742 is a highly conserved ATP coordinating residue
throughout the HER family (Figure 3. 1) and this residue is most commonly targeted to
generate kinase inactive mutants of active kinases. The introduction of positively charged
residues into the conserved glycine rich loop (G716D and G718D) is additionally designed to
repel the negatively charged phosphates of ATP and thus preclude binding.

3.1.4 HER3 homodimerisation

In the case of HER3 homodimerisation, Jura et al published the seminal paper solving the
HERS3 kinase domain structure as locked in the inactive conformation much like HER1 and
HER4'®. Furthermore, HER3 forms an N-lobe mediated ‘inactive’ dimer within the crystal,
which may be an auto-inhibitory mechanism whilst the receptor is not ligand bound (Figure
3. 3A). Within this conformation, the C-terminal tail may link dimers, forming a crystal lattice
of concactamers, much like those seen with HER4 homodimers, which bury the dimerisation
interface for HER3. One N-lobe dimer is connected to 2 other dimers via the C-terminal tail
and the TKD C-lobes of the adjacent kinase domains (Figure 3. 3B). As the C-lobe of HER3
is always ready to engage in dimerisation with other members of the HER family, this
method of oligmerisation may form an alternative regulatory mechanism to preserve HER3 in

an inactive conformation in the native context.
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Figure 3.3 Schematic diagram showing HER3 homodimerisation and lattice formation'®’

(A) Symmetrical inactive HER3 homodimerisation mediated by the N lobes of both tyrosine kinase domains.
(B) Possible mechanism of HER3 oligomerisation mediated by the C-terminal tails and TKD C-lobe.

3.1.5 Tyrosine kinase inhibitors

The clinical use of TKIs has been outlined previously (chapter 1.5.2). We now focus on the
structural interactions of these drugs with HER1, 2 and 4. Table 1 illustrates the inhibition
constants or ICsy for those TKIs mainly in current clinical use, alongside their crystal
structures. Lapatinib is the most potent inhibitor of HER2 compared to any of others listed.
This effect may be related due to the binding mode of lapatinib (see below, 3.1.5.1 Type | vs
Il TKIs) and the likely existence of HER2 in the native inactive conformation?®. Although
clinical doses of erlotinib and gefitinib classically do not inhibit HER2, the inhibition constants
demonstrate that these drugs may be effective at higher doses®°. A high dose of erlotinib
(40uM) is used in our experiments, alongside canertinib, in order to compare the effects of
type | and type Il TKls as described below. Considering HER3 is a catalytically inactive
pseudokinase, no information is available on whether HER3 binds TKls and it is presumed

for our purposes that lapatinib does not bind to HER3.
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Canertinib* 30nM 127nM 388nM

Table 1 Inhibition constants (K;) for type I (gefitinib, erlotinib, canertinib) and type 11 (lapatinib)®

*Canertinib is a covalent modifier, so K; values are not appropriate measures of potency. For this compound the
IC50 values are given. Blue boxes highlight a bulky 3-fluorobenzyl-oxy group in lapatinib and an acetylene
group in erlotinib which bind differentially to TKIs and lead to the preference for erlotinib for the active
formation of HER1 compared to lapatinib which binds the inactive receptor.

3.1.5.1 Type lvs Il TKIs
Tyrosine kinase inhibitors (TKIs) of the HER family may bind to the receptor in an active-like
(type 1) or inactive-like (type Il) conformation, as defined by the arrangement of the a-C helix

activation |00p149,189,190,231-233

. Type 1l inhibitors bind to the ATP cleft and an adjacent
hydrophobic pocket created by the activation loop (containing the conserved DFG motif) in a
‘DFG-out’ conformation. For instance, the aromatic rings of erlotinib position the drug so that
the acetylene group (highlighted with a blue box in Table 1) is directed into the ATP binding
pocket when the receptor is in the active conformation®. In the case of lapatinib, a bulky 3-
fluorobenzyl-oxy group (highlighted with blue box in Table 1) requires accommodation within
an extra hydrophobic pocket, which is only created when the a-C helix is in an outward
position, in the inactive conformation'®. When the kinase domain is in the active
conformation, steric clashes occur between the a-C helix and the fluorobenzyl-oxy group,
causing lapatinib to bind preferentially to the inactive conformation. Crystallization studies
have demonstrated binding of all type Il inhibitors to a non-phosphorylated kinase, with the
activation loop in the afore-mentioned position, whereas type | TKls are insensitive to the

phosphorylation state of the kinase.
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Lapatinib is a potent reversible type Il TKI of HER1 and HERZ2, with a prolonged drug off rate
compared to type | TKIs such as gefitinib or erlotinib*®. We have shown the effect of Type |
TKls on HER family dimerisation by inducing HER1 homo-dimerisation (Figure 3.4)%*.
Although, lapatinib was not shown to stabilize HER1 homo-dimers in this study, it is likely
that, as type | and type Il TKIs recognise different native kinase conformations, this confers

differential effects on the distinct HER family receptors'®®?3%233

. Lapatinib may affect
HER2:HER3 dimer stability by exerting allosteric effects on the intracellular dimerisation
sites of the inactive receptors. Whether this reflects the effect of phosphorylation upon dimer
assembly is not clear. Although separate crystal structures for the HER2 and the HER3
kinase domains are available, a structure for the (lapatinib-bound) hetero-dimer does not

exist™> %%,

3.1.5.2 Oncogenic mutations

The HER2 TKD has been shown to be held in an inactive conformation, partly by bonds
between the a-C helix and a B4-sheet within the TKD?*. Oncogenic mutation of Gly residues
within this critical region (e.g. 776 and 778) have been discovered, most frequently in
patients with lung cancer and lead to receptor activation and decreased sensitivity to
lapatinib. A small number of breast tumours also contain HER2 TKD mutations but their
relevance to treatment is unknown®’. Furthermore, the HER2 G776 YVMA insertion (herein
referred to as HER2(YVMA)), one of the commonest found in lung cancer, was
demonstrated to lead to higher levels of HER2 phosphorylation, transactivation of kinase-
dead HER1, and resistance to TKIs targeting HER1%*®?*!, This insertion is at the C-terminal
end of the a-C helix in the TKD. It is proposed that the conformational change induced by

242 \We have

this insertion narrows the ATP binding cleft and increases kinase activity
generated this mutant in order to determine its effect on HER2 dimerisation and to test

whether it can compensate for an incompetent partner ATP pocket in HER3.
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Figure 3. 4  FRET/FLIM analysis reveals that erlotinib and gefitinib, but not lapatinib, induce
dimerisation of HER1

A) MCF-7 cells were transfected with vectors encoding HER1-mGFP and EGFR-HA. Cells were incubated for
24 h, serum starved for 1 h, and stimulated with EGF (50 ng/ml) for 1 h. Alternatively, cells were treated with
lapatinib, gefitinib, or erlotinib as indicated (10 uM) for 1 h, prior to fixation and staining with an anti-HA
antibody conjugated to Cy-3. Scale bars =5 um. B) Cumulative histogram of FRET efficiency between HER1-
mGFP and HA-Cy3 (bound to HER1-HA) calculated with the following equation in each pixel and averaged per
cell: FRET efficiency = 1 tau (da)/tau (control), where tau (da) is the lifetime displayed by cells co-expressing
both HER1-mGFP and HER1-HA stained with an anti-HA 1gG-Cy3, whereas tau (control) is the mean HER1-
mGFP lifetime measurement in the absence of the Cy3 acceptor. Data were obtained from 4-11 cells/treatment
group and are representative of 2 independent experiments. Values of p are <0.001(***) and <0.05 (*)
according to analysis of variance with post hoc testing with Tukey-Kramer’s multiple comparison test.
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3.2 Results

3.2.1 Optimisation of HER2-HERS3 cell-based assay

Initially a FRET-FLIM cell based assay for the quantification of HER2:HER3 dimerisation
was established and optimised. Although a direct protein interaction (nanometer (nm)
proximity) between HER2 and HER3 can be inferred by co-precipitation experiments®*?, it
has not formally been demonstrated by, e.g. FRET/FLIM. To investigate the spatial
distribution of the HER2: HER3 complex in situ, we monitored Forster Resonance Energy
Transfer (FRET) between HER2-EGFP and HER3-HA (stained with anti-HA 1gG conjugated
to Cy3), or HER3-RFP using fluorescence lifetime imaging microscopy (FLIM) which is a

gold standard technique for measuring protein proximity within the typically <10nm range.

As the fluorophores themselves may cause steric hindrance, disrupting protein-protein

interactions, optimisation involved the testing of two different types of FRET/FLIM assay:

Use of two fluorophore-fusion proteins measuring FRET between HER2-EGFP and HER3-
MRFP or

Use of one fluorophore-fusion protein and one fluorescently conjugated antibody measuring
FRET between HER2-EGFP and anti-HA igG-Cy3, bound to HER3-HA.

EGFP and RFP have a molecular weight of 26kDa and 30kDa respectively. Thus steric
hindrance may occur between these fluorophores. However, the molecular weight of
haemagglutinin (HA) is less than 10kDa, which may allow better stochiometry for antibody
binding and for FRET to occur between Cy3 and GFP. Figure 3. 5 demonstrates a small but
significant improvement in mean FRET efficiency detected between HER2-GFP and HER3-
HA (detected with anti-HA 1gG-Cy3) from 4% to 6.22%. Therefore, where available, HER3-

HA tagged constructs were used for assessment of HER2:HER3 dimer formation.
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Figure 3.5 Optimisation of HER2:HER3 dimerisation cell based FRET assay

(A) MCF-7 cells were transfected with HER2-EGFP and HER3-mRFP or HER3-HA for 24 hours prior to
fixation and staining with anti-HA 1gG-Cy3. Scale bars = 5uM. (B) Cumulative histogram of FRET efficiency,
calculated as described above. Data were obtained from 8-9 cells per condition, p value = 0.033 using the
unpaired student’s T-test.

3.2.2 Stabilisation of HER2:HER3 dimers on lapatinib treatment

We measured direct receptor-receptor interactions by FRET' to determine
heterodimerisation of HER2-GFP and HER3-HA in the presence of lapatinib, high-dose
erlotinib, canertinib, or the ligand, neuregulin (NRG1) (Figure 3. 6). Ligand treatment
resulted in a two-fold increase of FRET efficiency between HER2 and HER3. This effect is
consistent with published data demonstrating neuregulin-dependent regulation of HER2
oncogenic signalling*®?*24_ | apatinib treatment induced stabilisation of the HER2:HER3
heterodimer to a higher extent than NRG1; a further 1.5-fold increase compared to the
NRG1 effect (Figure 3. 6B). Treatment with the type | TKIs, erlotinib and canertinib,
however, induced a much lower level of dimerisation compared to the type Il TKI, lapatinib.
This effect was comparable to the NRG1 effect alone. Within the type | TKI group, there was
no significant difference between HER2:HER3 dimerisation induced by erlotinib or
canertinib. A small but significant increase in dimerisation was noted on comparison of
untreated cells, and those treated with type | TKls (p<0.05 according to one-way ANOVA).
These results indicate that HER2:HER3 dimers are stabilised by lapatinib inhibition, to a

greater effect than ligand treatment or treatment with type | TKIs.
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Figure 3. 6 Dimerisation of HER2 and HER3 induced by lapatinib, demonstrated by FRET/FLIM
analysis.

(A) MCF-7 cells were transfected with vectors encoding HER2-GFP and HER3-HA. Cells were incubated for
24 hours, serum starved for lhour, and stimulated with NRG1 (50ng/ml) for 15 minutes, or inhibited with
lapatinib (10uM), erlotinib (40uM), or canertinib (10uM) for 1 hour, prior to fixation and staining with anti-HA
antibody conjugated to Alexa-546 (X546). A high dose of erlotinib was used in order to circumvent the lower
IC50 of erlotinib for HER2 compared to lapatinib. Scale bars represent 5um. (B) Cumulative histogram of
FRET efficiency between HER2-GFP and HA-Alexa546 (bound to HER3-HA) calculated with the following
equation in each pixel and averaged per cell: FRET eff=1-tau(DA)/tau(control) where tau(DA) is the lifetime
displayed by cells co-expressing HER2-GFP and HER3-HA stained with anti-HA 1gG-Alexa546, whereas tau
(control) is the mean HER2-GFP lifetime, measured in the absence of the Alexa-546 acceptor. Cumulative
histogram of average FRET efficiency from 3 independent experiments. Results have been merged
(n>40cells/condition) with error bars representing standard error of the mean (SEM). Values of p are
<0.001(***) and <0.01(**) according to analysis of variance (ANOVA) with post hoc testing with Tukey-
Kramer’s multiple comparison test.
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3.2.3 Disruption of HER2:HER3 dimerisation by site-directed
mutagenesis of the juxtamembrane domain of HER2 and the kinase
domains of HER2 and HERS3

In order to examine the importance of the internal dimerisation site on HER2:HERS3
dimerisation, we over-expressed the ‘acceptor’ impaired mutants, HER2(1714Q)-GFP (N-
lobe kinase domain), and HER2(V697R)-GFP (JM region) and the ‘donor’ impaired mutant
HER3(V945R)-RFP in MCF-7 cells with the wild-type partner. FRET analysis showed a
reduction in lapatinib-induced dimerisation between HER2 and HERS3, with the HER2
‘acceptor’ impaired mutants, HER2(1714Q) and HER2(V697R) (Figure 3. 7). Although there
was a trend to a reduction in FRET efficiency in baseline dimer formation between
HER2(1714Q)-GFP or HER2(V697R)-GFP versus wild-type HER2-GFP and HER3-HA
(coupled to anti-HA 1gG-Cy3) for untreated cells, this was not significant when analysed by
ANOVA (for multiple comparisons across the groups). However analysis by student’s T-Test
demonstrated a significant decrease in dimer formation in untreated cells transfected with
HER2(1714Q)-GFP (p=0.0436) or HER2(V697R) (p=0.0171), compared to dimer formation

with the wild-type receptors.

These results suggest that within the lapatinib-induced HER2:HER3 dimer, the N-lobe of the
HER2 kinase domain and the HER2 JM domain may play a central role in dimer formation.
Mutations at these sites may also impair dimer formation in untreated cells, but to a much

lower extent.
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Figure 3. 7 Lapatinib induced dimerisation of HER2 and HER3 may be disrupted by mutation at the
internal dimerisation site of HER2 (HER2( 1714Q)) or at the juxtamembrane domain (HER2(V697R))

(A) MCF-7 cells were transfected with vectors encoding HER2-GFP (either wild type, or the N-terminus TKD
mutant HER2( 1714Q), or the JM mutant HER2(V697R)) and HER3-HA. Cells were incubated for 24 hours,
and inhibited with lapatinib (10uM) for 1 hour, prior to fixation and staining with anti-HA antibody conjugated
to Alexa-546. Scale bars represent 5um. (B) The cumulative histogram of FRET efficiency between HER2-GFP
and HA-Alexa546, bound to HER3-HA, calculated as described above, from 3 independent experiments, is
shown (n>40cells/condition). Values for p are <0.001(***) according to one-way ANOVA with Tukey’s post-
hoc test.
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This hypothesis was further tested by mutation of the C-lobe TKD residue in HER3(V945R),
a ‘donor’ impaired mutant (Figure 3. 8). These cells were treated with NRG1 as well as
lapatinib, in order to determine the effect of C-lobe mutation upon dimerisation within a
ligand-activated asymmetric dimer (Figure 3. 2) as opposed to the lapatinib-induced dimer.
Mutation at the HER3 C-lobe TKD (HER3(V945R)-RFP) did not attenuate the lapatinib
effect, demonstrating a significant near-two fold increase in HER2:HER3 dimerisation with
the TKI. However, NRG1-mediated HER2:HER3 dimerisation was significantly reduced on
transfection of the ‘donor’ impaired HER3(V945R)-RFP mutant, when compared to wild-type
(Figure 3. 8). The extent of heterodimerisation was reduced to the same level as that seen
with untreated cells, transfected with HER3(V945R)-RFP.

This finding supports the model of a ligand-induced, asymmetric HER2:HER3 dimer,
mediated by interaction between the N and C lobes of the kinase domain of HER2 and
HERS3, respectively (Figure 3. 2), which is disrupted by mutation of the C-lobe of HER3
TKD(HER3(V945R)). This seems to be in contrast to the lapatinib (type Il TKI) induced dimer
which is disrupted by mutation at the N-lobe of HER2 and HER3 TKD but not at the C-lobe
of HER3 TKD. As lapatinib binds to HER2 in the inactive form, it is likely to induce formation
of the inactive dimer, potentially mediated by interactions between the N-lobes of the HER2

and HER3 TKDs, resembling the symmetric dimer in Figure 3. 2.
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Figure 3. 8 Effect of mutations at the C-lobe of HER3 TKD upon ligand-induced and lapatinib-induced
HER2:HER3 dimerisation

(A) MCF-7 cells were transfected with vectors encoding HER2-GFP and HER3-RFP, either wild type or C-lobe
TKD mutation; HER3(V945R). Cells were incubated as described above, and treated with vehicle, lapatinib or
NRG1 prior to fixation. Scale bars represent 5um. (B) Cumulative histogram of FRET efficiency between
HER2-GFP and wild-type or mutant HER3-RFP, from 3 independent experiments (n=18-47 cells/condition).
Values for p are <0.001(***), <0.01(**) and <0.05(*).

3.2.4 HER3 ATP binding pocket competency is required for HER2:HER3

dimerisation

Mutation at the ATP binding site of HER3 completely abolished FRET between HER2-GFP
and anti-HA 1gG-Alexa 546 bound to HER3-HA (Figure 3. 9) implying a critical role for the
HER3 ATP pocket in HER2:HER3 dimerisation. Lapatinib did induce very low levels of
dimerisation with wild-type HER2 in this case (14% of that shown by wild-type HER3). These
data imply that the conformation and/or occupation of the HER3 nucleotide pocket is critical
for stable dimerisation with HER2. An analogous ATP promoted interaction occurs with the
pseudokinase STRAD where occupation of the inactive ATP binding pocket plays an
essential role in the activation of the associated kinase LKB1??’. However, active HER2 ATP
pocket conformation, as conferred by the HER2(G776YVMA)insertion®*®#?*’ compensates
for the inactive HER3 ATP pocket, increasing HER2:HER3 FRET three-fold compared to
that seen between HER2(YVMA)-GFP and wild-type HER3-HA, and overcomes the lack of
heterodimerisation noted with HER2-GFP and HER3(KGG)-HA. Lapatinib treatment does
not significantly increase dimerisation, between HER2(YVMA)-GFP and HER3-HA or
HER3(KGG)-HA, compared to the control non-treated cells. This effect is in line with
published data demonstrating attenuated response to lapatinib in cell lines expressing this

mutation?®,
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Figure 3. 9 HER3 ATP pocket competency is required for HER2:HER3 dimerisation and may be
partially overcome by constitutive activation of HER2 ATP pocket (HER2(YVMA))

(A) MCF-7 cells were transfected with vectors encoding HER2-GFP or HER2(G776YVMAIns)-GFP
(HER2(YVMA)-GFP) and HER3-HA, either wild type or the HER3K742MG716DG718D (HER3(KGG)-HA)
site directed mutation. Cells were incubated for 24 hours, and inhibited with lapatinib (10uM) for 1 hour, prior
to fixation and staining with anti-HA antibody conjugated to Alexa-546. Scale bars represent 5um. (B) The
cumulative histogram of FRET efficiency calculated as described above, from 2-3 independent experiments, is
shown (n=8-28 cells/condition), with error bars representing SEM. Values for p are <0.001(***) according to
one-way ANOVA with Tukey’s post hoc test.

87



HER3-like dimer
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Figure 3. 10 Proposed model of lapatinib-induced HER2:HER3 dimerisation (figure provided by Dr F
Autore)

(A) Proposed models for HER2:HER3 dimerisation. We propose two association modes, one called HER1-like
dimer (green dashed circle) and one HER3-like dimer (magenta dashed circle). The HER2 (blue) kinase domain
has been superposed in the models, the HER3 of the HER1-like dimer is shown in green and the HER3 of the
HER3-like dimer in magenta. Lapatinib is represented with white spheres and ANP (phosphoaminophosphonic
acid adenylate ester) with red spheres. (B-C) HER1-like dimer and HER3-like dimer models are shown,
respectively. The residues at the interface are drawn in liquorice representation. (D) Interfaces of interaction of
the HER2:HER3 model in the HER1-like dimer assembly. The residues buried upon dimer formation are
highlighted in green and blue for HER2 and HERS3, respectively. The residue 1714(HER2) is shown in yellow
while in brown are highlighted the mutated residues, HER2(1748RV750R). (E) Interfaces of interaction of the
HER2:HER3 model in the HER3-like dimer assembly. The residues buried upon dimer formation are
highlighted in magenta and blue for HER2 and HERS3 respectively. The residue 1714(HER2) is shown in yellow,
while the mutated residues, HER2(N764RK765F) are highlighted in brown. The mutants highlighted with the
red line and the red circle affect lapatinib induced HER2:HER3 dimerisation, while those highlighted with the
grey circle did not affect the lapatinib induced HER2:HER3 dimerisation.
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3.2.5 Proposed model of the lapatinib-bound HER2:HER3 dimer

Thus far we have demonstrated the stabilisation of the HER2:HER3 dimer on lapatinib
treatment. Homology modeling was used by our collaborators, Dr Franca Fraternali and Dr
Flavia Autore (Structural chemistry group) to predict a structural model for this dimer. The
high percentage of sequence identity in the HER family TKD and the recently published
crystal structures of the inactive dimers, for both HER1'*® and HER3 homo-dimers'®’#?,
have allowed prediction of models for the inactive HER2:HER3 dimer. Specifically, two
models for HER2:HER3 dimerisation have been proposed: the HER1-like dimer and the
HERS3-like dimer (Figure 3. 10), based respectively on the crystal structures of HER1 and
HER3 homo-dimers™®>*%. The dimer interfaces differ mainly in the role played by the C-tail,
which is intrinsic within the HER1:HER1 dimer interface, but is not present at the

HER3:HERS3 interface.

In order to differentiate between these two HER2:HER3 dimer associations, residues buried
upon dimer formation have been identified using POSPcomp?®®. Table 2 lists all the residues
from HER2 and HERS3 involved in the dimerisation sites for both models. The residue
I714(HER?2) is buried deep within the interface for the HER3-like dimer but is not so critical
for the HER1-like dimer association. Replacement of a non-polar hydrophobic isoleucine
with a polar hydrophilic glutamine should lead to repulsion at the dimer interface
demonstrated in the HER3-like dimer but not in the HER1-like dimer. Disruption of the
lapatinib-induced HER2:HER3 dimer upon mutation of either of these sites is demonstrated
in Figure 3. 7 and Figure 3. 8. The predicted structures have been used to guide the design
of further HER2 mutants targeting the interfaces specific to each of the proposed association
models. In particular two double mutants have been designed to disrupt the dimerisation
interfaces: the HER2(I748RV750R) addressing the HER1-like dimer interface and the
HER2(N764RK765F) targeting the HER3-like dimer interface, highlighted in brown in Figure
3. 10D and E respectively). The N764 and K765 residues are not at the interface in the
HER1-like dimer, whereas in the HER3-like dimer they are buried deep within the dimer
interface (Figure 3. 10E). The substitution of an arginine with a bulky phenylalanine
hydrophobic residue should generate clashes at the HER2:HER3 interface. Furthermore, the
substitution of an asparagine with a positively charged arginine should lead to repulsion from
another positively charged HER3 residue (R702) within 4A radius, disrupting the HER3-like

dimer interface.

Alternatively, to test the HER1-like dimer, we substituted two hydrophobic residues on HER2
with two positively charged residues (I748R, V750R), which should lead to repulsion from
the positively charged residues, K315 and K316, on the opposite interface of HER3.
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Figure 3. 11A and B demonstrate disruption of the lapatinib induced HER2:HER3 dimer on
transfection of the HER2 (N764RK765F) mutation, buried at the interface of the HER3-like
dimer, with a greater than four-fold reduction in HER2:HER3 dimerisation compared to wild-
type. Furthermore, transfection of the HER2 (1748RV750R) mutation, buried at the interface
of the HER1-like dimer, did not significantly alter the lapatinib induced effect, leading to a
near 3-fold increase in heterodimerisation compared to the untreated control. The magnitude
of the effect was not significantly different to that seen with wild-type HER2 and HERS3.
Although no significant difference in dimerisation was seen between the untreated control
arms for all conditions, there was a trend to reduction in dimer formation with the HER2
(N764RK765F) mutation compared to wild type or HER2(I748RV750R). On further analysis
using a student’s T-Test, a significant reduction in the extent of HER2(N764RK765F):HER3
dimer formation in untreated cells was noted compared to wild-type (p<0.001). This result
suggests the presence of HER2:HER3 dimers at baseline in a HER3-like dimer conformation
as described by our model, and may explain the preference of lapatinib to bind and stabilize
this particular configuration. Overall these results provide evidence supporting the HER3-like

dimerisation model over the HER1-like model.
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Model A

HER2 Residue Delta SASA

ALA 710
GLN 711
ARG 713
TRP 739
GLU 744
ASN 745
VAL 746
ILE 748
ARG 784
GLN 799
PRO 802
TYR 803
LEU 1000
ASP 1001
THR 1003
PHE 1004
TYR 1005
SER 1007
LEU 1008
LEU 1009
ASP 1011
ASP 1012
ASP 1013
HER3 Residue
VAL 699
ARG 702
TRP 728
SER 734
ILE 735
ILE 737
ARG 773
LEU 775
GLN /88
PRO 791
LEU 792
HIS 802
PRO 845
PRO 990
GLU 991
HIS 993
GLY 994
ASN 997/
LYS 998
LYS 999
GLU 1001
GLU 1002
Table 2.

31.17
17
75.89
36.43
46.14
37.53
33.63
30.45
32.5
45.74
18.25
26.66
83.02
12.64
16.79
79.53
47.72
31.11
38.47
27.61
70.87
32.34
16.07

18.82
47.15
22.44
19.13
67.66
40.44
21.31
30.08
15.04
9.65
13.1
16.34
32.5
46.43
57.78
29.78
12.11
40.54
166.65
43.3
82.11
11.43

HER2 Residue Delta SASA

Model B

ALA 710
GLN 711
MET 712
ARG 713
ILE 714
LYS 716
ASN 764
LYS 765
GLU 766
LEU 768
ASP 769
TYR 772
HER3 Residue
LYS 698
VAL 699
LEU 700
ALA 701
ARG 702
ILE 703
LYS 705
GLN 754
ALA 755
VAL 756
THR 757
ASP 758
LEU 761
PRO 779

32.66
25.48
21.7
35.5
65.31
15.32
12.18
76.98
37
18.82
45.02
25.05

96.61
26.84
46.74
28.21
28.24
20.82
21.17
37.27
56.77
51.53
13.32
18.79
17.45
14.29

Residues involved in the HER2:HER3 internal dimer interface for the two possible
dimer interfaces depicted in Figure 3. 10 (Table provided by Dr F Autore)
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HER2 -HER3 dimerisation HER2(N764RK765F)-HER3 dimerisation = HER2(1748RV750R)-HER3 dimerisation
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Figure 3. 11 Validation of proposed lapatinib-induced HER2:HER3 dimer using site-directed mutations

(A) MCEF-7 cells were transfected with vectors encoding HER2-GFP (either wild type, or the validation site
directed mutations, HER2(N764RK765F) or HER2(1748RV750R)) and HER3-HA. Cells were incubated for 24
hours, and inhibited with lapatinib (10uM) for 1 hour, prior to fixation and staining with anti-HA antibody
conjugated to Alexa-546. Scale bars represent 5um. (B) The cumulative histogram of FRET efficiency between
HER2-GFP and HA-Alexa546, bound to HER3-HA, calculated as described above, from 3 independent
experiments (n=15-38 cells/condition). Error bars representing SEM, values for p are <0.001(***) and <0.05(*).
There was no significant difference between cells treated with lapatinib, or untreated cells for cells transfected
with HER2(N764RK765F)-GFP.
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3.26 11714 (HER2) and K742G716G718 (HER3) are important
determinants of HER2 and HER3 phosphorylation

In order to examine how disruption in dimer formation, as measured by FRET/FLIM, affected
receptor function, we tested the effect of mutants disrupting HER2:HER3 heterodimerisation,
HER2(1714Q)-GFP and HER3(KGG)-HA, on HER2 and HER3 phosphorylation. As
expected, lapatinib treatment abolished wild-type HER2 phosphorylation (Figure 3.12A).
Neuregulin (NRG1) treatment increased HER2 and HER3 phosphorylation, implying
allosteric activation of HER2, by HER3. However, over-expression of the HER2 (1714Q, N-
lobe kinase domain mutant) resulted in minimal levels of HER2 phosphorylation compared to
the untreated, wild-type receptor. Activation of this mutant could not be rescued on NRG1
stimulation. Significant HER3 phosphorylation was only seen on exposure to the ligand,
NRGL1. Phosphorylation of HER3, in the presence of HER2 (1714Q), was reduced to 60% of
that seen with wild-type HER2 (Figure 3. 12A, upper panel). These observations are in line
with a reduction of HER2:HER3 dimerisation following over-expression of the N-lobe kinase
domain HER2 mutant, resulting in reduced phosphorylation and activation of dimers (Figure
3. 7).

Although, expression of the JM HER2(V697R) mutant did lead to a trend to reduction of
HER2 phosphorylation, either for untreated or ligand treated cells compared to wild-type
control, this difference was not significant. Phosphorylation of HER3 in the presence of
HER2(V697R)-GFP was significantly reduced compared to wild-type. However, this effect
was of a much smaller margin compared to the effect seen in the presence of HER2(1714Q)-
GFP. Within the context of the HER2:HER3 dimer, it is seen that the N-lobe of the HER2
kinase domain is essential to HER2 phosphorylation, but the JM region plays a less critical
role (Figure 3.12A).

Over-expression of the ATP nucleotide pocket mutant HER3 (KGG) abolished HER3
phosphorylation at baseline, and reduced NRG1-induced phosphorylation to less than 10%
of that seen with wild-type HER3 (Figure 3.12B). This result is as expected as site-directed
mutagenesis in the ATP binding pocket within the TKD inhibits activation of the kinase, thus
attenuating phosphorylation of tyrosine residues in the C-terminal tail, e.g. tyrosine 1289.
Despite transfection of HER2-GFP alongside HERS3, phosphorylation of HER2 was not
reliably seen and therefore is not presented here. The biochemistry data presented in Figure

3.12C was kindly carried out by Mr Jeroen Claus in collaboration for publication.
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Figure 3. 12 Phosphorylation of wild-type and site-directed HER2 and HER3 mutants on ligand and/or
lapatinib treatment

(A) MCF-7 cells were transfected with wild type HER2-GFP or the N-lobe TKD mutant, HER2(1714Q)-GFP, or
the juxtamembrane domain mutant HER2(V697R)-GFP for 24 hours in 5% Optimem. Cells were serum starved
in 0% FBS DMEM for 1 hour and then treated with neuregulin (NRG1, 50ng/ml) for 15 minutes or lapatinib
(Lap, 10uM) for 1 hour, prior to lysis. The histograms (lower panels) depict densitometry of phosphorylated
HER? levels, normalized to total HER?2 levels (upper histogram), and phosphorylated HER3 levels, normalized
to total HER3 (lower histogram). Error bars represent the standard error of the mean (SEM) from 3 independent
experiments, p values are <0.001(***), or <0.01(**) or <0.05(*) using one way ANOVA. (B) MCF-7 cells were
similarly co-transfected with HER2-GFP and mRFP-HERS3, wild type, KGG mutant or empty vector, for 24
hours, serum starved and then treated with neuregulin for 15 minutes. The histogram represents densitometry of
phosphorylated HER3 levels, normalized to total HER3 levels. Error bars represent SEM from 3 independent
experiments, p values are <0.001(***).
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3.3 Discussion

The propagation of an external signal to the interior of the cell requires protein-protein
interactions, in this case, between HER family members'®. Although ligand-induced
HER2:HER3 dimerisation efficiently drives downstream signaling, conformational restraints
ensure secondary levels of control to prevent inappropriate receptor activation. The structure
of an inactive receptor, either as monomer or dimer, is integral to regulation of activation, as
shown by the effects of oncogenic mutations in HERL1. In this case, the extent of
conformational change induced by a single point mutation, e.g. L858R, is sufficient to drive
the formation of active asymmetric dimers, and resistance to drugs such as lapatinib,
targeting the inactive conformation®*®. Although lapatinib is one of the key HER2-targeted
drugs in clinical use, little is known about its effect upon HER2 conformation and ensuing

molecular dynamics.

Without a quantifiable tool for the measurement of HER2:HER3 dimerisation, we cannot
easily unpick the differential effects of type | vs type Il TKIs upon heterodimer formation.
Therefore, we established the first FRET/FLIM assay quantifying lapatinib-induced
HERZ2:HER3 dimerisation in cells, providing a structural model for this dimer, which is further
interrogated by site-directed mutagenesis. During the optimization of this assay, we confirm
findings from Hoffman et al regarding the steric hindrance produced by fluorescent
proteins®*. In their study, CFP was fused to the C-terminus and the FIAsH binding motif was
inserted in the third intracellular loop of an A2A adenosine receptor. Treatment with an
agonist evoked conformational changes to the receptor that led to a greater separation of the
two fluorophores. A comparison of a tetracysteine tag with YFP demonstrated that the
insertion of the two fluorescent proteins can lead to steric hindrance within the receptor. This
effect is likely to be greater for intra-molecular FRET compared to inter-molecular FRET. We
have shown that FRET/FLIM quantification of HER2:HER3 dimerisation may be improved by
substitution of one fluorophore with a HA tag, against which a fluorophore-tagged antibody

may be used.

This FRET/FLIM assay has been used to demonstrate heterodimerisation of HER2 and
HERS3 upon lapatinib treatment. Lapatinib has been shown to inhibit HER2 phosphorylation
and lead to stabilization and accumulation of inactive HER2 homo- and hetero-dimers
(HER2:HER3 or HER2:HER1) by immunoprecipitation and computational modeling
techniques®“. Scaltriti et al demonstrated a qualitative increase in dimer formation using
immunoprecipitation, only quantifying the increase in total HER2 and reduction in phospho-
HER2 on lapatinib treatment. However, using the FRET/FLIM assay, we are better able to

guantify the extent of in-situ heterodimerisation, compared to ligand-induced and type | TKI-
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induced dimer formation, and start to infer the nature of the conformational changes brought

about by these agents.

Treatment with type | TKls which bind to the active form of the monomer, such as canertinib
and erlotinib, did not induce hetero-dimerisation of HER2:HER3 to the same extent as
lapatinib. However, both NRG1 and the type | TKls induced comparable levels of
dimerisation, which may be due to the formation of active, asymmetrical dimers. Although
the lapatinib effect upon HER2:HER3 dimerisation is in agreement with the co-
immunoprecipitation data from Scaltriti et al, Sanchez-Martin have shown a decrease in

HER2:HER3 dimers upon lapatinib treatment®*°

. However, this group used different cell
culture conditions to our group, with 2 hours of treatment, compared to 1 hour in our
experiments, and using lapatinib at a lower dose (5uM compared to 10uM). These
conditions may decrease the sensitivity of the assay. For instance both our group and
Sanchez-Martin et al show phosphorylation of HER2 and HER3 in untreated SK-BR-3 cells.
However, the immunoprecipitation assay does not demonstrate any dimer formation at
baseline, questioning how the receptors may be activated and phosphorylated. Furthermore,
no quantification of dimer effect or statistical analysis of TKI effect is demonstrated in this
data. The degree of dimer formation after 2 hours of TKI treatment may not be identical to
that seen at 1 hour by ourselves and Scaltriti et al, due to, for instance ongoing processes
such as receptor internalisation. On the other hand, we have demonstrated a degree of
baseline dimer formation between HER2 and HER3, likely explaining HER3 and HER2
phosphorylation at baseline, and we have used the more sensitive FRET/FLIM assay to
guantify interactions. Although Sanchez-Martin et al use intensity based measurements of
fluorophore-tagged secondary antibodies bound to HER2 and HER3 with acceptor photo-
bleaching to attempt to assess FRET, this method is much less sensitive compared to
FRET/FLIM, leading to very wide confidence intervals as shown in their data. Within the
context of the differences in experimental conditions and techniques, | feel that our data, in
line with Scaltriti et al, is likely to depict the early effects of lapatinib upon HER2:HERS3

dimerisation.

Site-directed mutagenesis at the HER3 C-lobe TKD lobe disrupted NRG1-induced
dimerisation, presumably mediated by an asymmetric N-C TKD lobe dimerisation model as
validated for HER1**° homo-dimerisation and HER1:HER3 heterodimers®®’. This mutation
did not disrupt the lapatinib-induced symmetric dimer. These results lend evidence to our
predicted models for the lapatinib-induced HER2:HER3 dimer. These models consist of
catalytically inactive monomers of HER2 and HER3, bound in an N-lobe kinase domain
mediated, symmetrical form. This model contrasts with the asymmetric lapatinib bound

HER2:HER3 dimer presented by Scaltriti*** et al; the only other model for the lapatinib
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bound heterodimer found in the literature. Their model is based upon the energy gain of
HER2 dimers associated with lapatinib compared to those associated with ATP, and
demonstrates the increased stability of HER2 non-phosphorylated dimers, but their
heterodimer molecular model is not validated. On the other hand our symmetric model is in
line with more recent data for HER1, demonstrating lapatinib induced stabilisation of the
HERZ1 receptor kinase in an inactive conformation and the presence of a symmetric kinase
homo-dimer using negative-stain electron microscopy®*. Both Mi et al®** and Bublil et al***
demonstrate differential activity of type | and type Il TKIs upon formation of HER1 TKD
homodimers. Bublil et al show an increase in HER1 homodimerisation with type | TKIs but
not with lapatinib. This may be due to the native conformation of the HER2 receptor as
opposed to the HER1. It is likely that in the native conformation, HER2 may be present as an
inactive monomer, whereas HER1 may be in a more disordered state?'’. Mi et al illustrate
how the equilibrium between asymmetric and symmetric HER1 homodimers may be
influenced by the type of TKI present. Our data suggests a similar mechanism for the
stabilisation of inactive symmetric HER2:HER3 dimers on lapatinib treatment. However the
extent of heterodimer stabilisation with lapatinib is much greater than that seen with either
type | TKI. Phosphorylation status of the receptor and differential dimerisation states of the
TKD, may also influence dimer mobility, co-confinement and internalisation®!®. This result
may have implications upon downstream effects leading to accumulation of inactive

lapatinib-bound heterodimers?¢24,

We validated our HER2:HER3 model using mutations within the hypothesised dimer
interfaces. For instance, the lapatinib effect is disrupted by mutation at a single residue in the
N-lobe of the HER2 tyrosine kinase domain (1714Q), suggesting the HER3-like model over
the HER1-like as a proposed model of lapatinib induced interaction. Although site-directed
mutation of the JM domain caused a similar disruption in HER2:HER3 dimerisation, there
was no significant decrease in HER2 phosphorylation, as opposed to the TKD mutant. This
result suggests that, although the JM domain may play a role in stabilizing the heterodimer, it

is not as critical as that seen in HER1 homodimers!’4195212.252

, and activation of the receptor
can still occur, leading to downstream phosphorylation. However, it seems the TKD mutant
disrupts the heterodimer to the extent that HER2 activation and phosphorylation is almost
entirely abolished. The HER2 TKD mutant demonstrates the importance of the intracellular
dimerisation interface in the lapatinib-induced dimer, further supporting literature in the
HER1 field, that the intracellular domain is likely to be at least as instrumental as the
extracellular domain in maintaining dimer stability?'®???5?, Although this mutation has not yet

been sequenced within breast tumours, such mutations, which disrupt HER2:HER3
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dimerisation, may confer a favourable outcome. Whether preformed heterodimers confer

resistance or sensitivity to lapatinib is a further question, tackled in Chapter 5.

One area of uncertainty is regarding the phosphorylation of HER2 at baseline, without NRG1
treatment. We have demonstrated with Western blot analysis, the phosphorylation of both
HER2 and HER3 on NRGL1 treatment above baseline. This result is in line with HER2:HERS3
heterodimer formation as seen by FRET/FLIM, allosteric trans-activation of the TKD and
phosphorylation of the C-terminal tail. However, a significant level of HER2 phosphorylation
is seen in untreated MCF-7 cells with little corresponding HER3 phosphorylation.
Homodimer formation due to overexpression of HER2-GFP may cause this effect, and would
explain the lack of phosphorylation of HER2(1714Q)-GFP at baseline. Alternatively, dimer
formation between the overexpressed HER2 and HER4, a receptor which is expressed in
high levels in MCF-7 cell lines, may also explain baseline HER2 phosphorylation. The
determination of HER2 homodimer formation by FRET/FLIM was unsuccessful due to the
toxicity and lack of physiological response demonstrated on transfection of HER2-GFP and
HER2-HA into MCF cells.

Intriguingly we also found that dimerisation of HER2 with HER3 critically depends on the
conformation of the catalytically inactive HER3 kinase domain. Mutations designed to disrupt
the HER3 nucleotide binding pocket entirely abolished FRET between HER2 and HER3. Our
data indicate that HER3 ATP binding pocket occupation is important for HER3 function
through conferring conformational stability, independently of catalytic activity. These findings
are in line with a growing body of work on conformational roles of nucleotide binding pocket
occupation that are independent from catalytic activity?*???*3, The fact that HER2:HER3
dimerisation can be modulated by the state of the HER3 ATP binding pocket, is an entirely
novel finding and indicates that the ATP binding pocket of HER3 might represent a
significant drug target. ATP pocket directed inhibitors which hinder HER3 binding to partner
kinase domains might be powerful agents in preventing HER3 dependent resistance.
Conversely, presence of the HER2(YVMA) mutation, conferring constitutive ATP pocket
activation®®, can compensate for HER3 ATP pocket incompetency. Wang et al have shown
transphosphorylation of kinase-dead HER3 and HER1 by HER2(YVMA). Our results suggest
that increased heterodimerisation of HER2(YVMA) with the kinase-dead HER3 receptor
could lead to its transphosphorylation. The structural basis behind this phenomenon is not
entirely clear. This HER2 mutation is one commonly found in non-small cell lung cancer

239,241

patients and an equivalent TKD mutation has been identified in a sub-group of breast

240

cancer patients=™, highlighting a group of tumours which may be susceptible to drugs

targeting the intracellular dimerisation interface.
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Within this chapter, we have discovered some of the conformational consequences of
lapatinib binding with HER2. Paradoxically, we have found that this drug drives HER2 into
the non-phosphorylated symmetric HER2:HERS3 dimer. What is the functional significance of
this effect? Treatment with BRAF inhibitors has been shown to drive dimer formation of wild-
type RAF inhibitors®**?*>. In a similar fashion, TKI treatment may lead to dimer stabilisation
and the development of resistance to treatment. In the next chapter, we explore the longer
term effects of lapatinib treatment in order to understand how mechanisms of resistance to
lapatinib may develop, and if the accumulation of the heterodimer may eventually contribute

to this effect.
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Chapter 4: Functional significance of
the lapatinib induced HER2:HER3
dimer

4.1 Introduction

Thus far, we have established that lapatinib induces the formation of a symmetric
HER2:HER3 dimer which is not phosphorylated, over a short time period of an hour. We now
look to define the functional consequences of dimer formation. It is well known that
interaction between active HER2 and HERS3 in the asymmetric dimer forms one the most
proliferative HER dimers via coupling with Akt signaling. Furthermore there is
interdependence of these two receptors as, in HER2 overexpressing cells, the loss of HER3
attenuates cell proliferation’”>*®*, However, it is not known whether the formation of the
inactive dimer affects downstream signalling, receptor levels or trafficking in order to escape
lapatinib-mediated inhibition. Therefore, we first review known mechanisms of action of
lapatinib, HER dimer mediated endocytosis and recycling, and HER3 as a potential player in

the development of resistance to lapatinib treatment.

4.1.1 Molecular mechanisms of action of lapatinib

Macroscopically, HER2-overexpressing cell lines such as BT474 have been used to
demonstrate the anti-proliferative effect of lapatinib®*. At the molecular level, it is well known
than lapatinib effectively suppresses HER1 and HER2 phosphorylation in cell lines, animal
models and human tumour samples®®®?**2% The off-rate for lapatinib is much longer than
the type | TKls, leading to a more sustained mechanism of action'®. The structure of
lapatinib bound to HERL is different to gefitinib or erlotinib as described previously (Chapter
3.1.5), which may contribute to the slow inhibitor dissociation rate. As erlotinib binds to the
active form of the receptor, it may be able to bind and dissociate much more rapidly
compared to lapatinib which binds to the inactive form and may require a conformational
change. Alternatively the structural differences in between the two drugs may lead to
different binding affinities, which may be higher for the inactive receptor. Whichever the
case, receptor phosphorylation recovers to only 15% at 72 hours after lapatinib washout,

compared to 60% for erlotinib at the same time point*®.
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Downstream signaling via AKT and Erk1/2 MAP kinases is inhibited, which correlates with
cell apoptosis, as opposed to treatment with trastuzumab which affects neither HER2

71258 |t is unclear whether the lack of HER2

phosphorylation nor cell proliferation
phosphorylation alone is sufficient to activate downstream apoptotic pathways or whether off
target TKI effects are involved. For instance, lapatinib has been shown to promote up-
regulation of pro-apoptotic TRAIL death receptors, DR4 and DR5 via the c-Jun amino-
terminal kinase (JNK)/c-Jun signaling axis®®, and the pro-apoptotic protein Bcl-2 interacting
mediator of cell death (BIM) via lapatinib-induced inhibition of the MEK-ERK pathway?®°.
Data pertaining to the role HER2 phosphorylation or dimerisation in the down-regulation of

cell proliferation is lacking.

How lapatinib-induced HER2:HER3 dimer formation affects individual receptor trafficking,
and degradation is to be investigated. A few studies have examined the effects of lapatinib
on total HER2 levels. Scaltriti et al have demonstrated accumulation of HER2 at the cell
surface over 24-48hours of lapatinib treatment, secondary to attenuation of HER2
ubiquitination, thus increasing susceptibility to antibody-dependent cell-cytotoxicity (ADCC)
conferred by trastuzumab®“. These receptors were in the form of HER2 homodimers and
HER2:HER3 heterodimers. Sanchez-Martin et al, however, showed a decrease in total
HER2 levels after 24 hours of lapatinib treatment®™°. However, these cells were also exposed
to the HER3 ligand, NRG1, which is known to lead to active HER2:HER3 heterodimer
formation and ensuing receptor degradation. Neither study has examined changes in HER3

levels or receptor distribution on extended lapatinib treatment.

The relevance of HER2:HER3 dimer formation to lapatinib efficacy or the development of
resistance is not well delineated. Cook et al examined the role of HER3 within a PI3K-driven
mouse model treated with lapatinib®*. They showed that the driving oncogenic unit within
this tumour was a complex of HER2, HER3 and PI3K. Lapatinib treatment attenuated HER3

phosphorylation in line with the literature®>262263

, and thus, PI3k activation leading to
reduced tumour growth. This model reflects coupling between HER3 and HER2 as a likely
oncogenic driver in HER2-overexpressing cancers, and highlights the importance of ablation
of HERS in attenuating downstream signaling and tumour growth. Intracellular trafficking and
recycling of this heterodimer is likely to play a key role in the maintenance of oncogenic

signaling and is further reviewed below.

4.1.2 HER2 and HER3 receptor trafficking

Having reviewed the well known characteristics of HERL1 internalisation, trafficking and

degradation (Chapter 1), we now focus on HER2, HER3 and the effect of dimer formation
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upon these processes. The rates of receptor turnover vary across the different members of
the HER family and depend on the dimerisation status of the receptor. The HER2 receptor
has a half life () of 6-10 hours™®%*%%° whereas the half life of HER3 is approximately 2-3

hoursl67,266

. HER3 shows similar kinetics to HER2 with reduced internalisation, down
regulation and degradation in comparison to HER1?®’. HER3 is endocytosed in a clathrin-
dependent manner, in the absence of ligand, independently of its tyrosine
phosphorylation®®. The effect of ligand binding upon HER3 endocytosis is more
controversial. Baulida et al report a very low rate of ligand-induced receptor internalisation®®®
in contrast to Waterman et al. who demonstrate efficient HER3 and neuregulin internalisation
over 20 minutes®®, followed by entry to the recycling pathway. A chimeric receptor
consisting of a HER1-derived TKD and the HER3 C-terminal tail, was used to demonstrate
that ligand binding or TKD activation via an alternate receptor, e.g. HER2, initiates effective
signalling followed by shunting to the HER3-characteristic recycling pathway?’®. Therefore it
is felt that the C-terminal tail of HER3 and co-receptor activation may be important factors in
deciding the trafficking fate of the HER3 receptor. Post-translation modifications regulate
ligand-bound HER3 degradation via the E3 ligase Nrdpl and the Nrdp1 regulator, USP8’
which is in turn regulated by Akt. This pathway may link HER3 expression with Akt

downregulation, as discussed in section 4.1.3.

As HER2 has no known ligand, a more rapid turnover is not inducible by this means. In cells
which overexpress HER2, accumulation at the plasma membrane is reported™¢?"?"2, The
mechanism behind this phenomenon is not entirely clear. Chimeric receptor studies
demonstrate that the carboxyl tail of HER2 (fused to the ECD of HER1) internalises three to
four times more slowly than the full length HER1 receptor, leading to reduced receptor
degradation®®. Impairment of HER2 internalisation may be due to actin associated proteins
in the plasma membrane domain causing retention in the membrane, or by infrequent
recruitment to clathrin coated pits at the carboxyl-terminus of HER2 due to inability to
interact with the clathrin adaptor protein complex-2 (AP-2)?"2"1:273.274 ' An glternate school of
thought is that HER2 is recycled to the cell surface rather than targeting for lysosomal

degradation®®®.

Figure 4.1 shows a detailed view of HER1 receptor trafficking to recycling or degradation®”,
which is thought to be representative of HER family trafficking. What is commonly referred to
as the ‘early endosome’ has been more recently distinguished into 2 different
compartments®’®: the sorting endosome and the endocytic recycling compartment (ERC).
The sorting endosome is the defined as the first discernible organelle to which internalised
transferrin receptors are delivered, after a brief time period (1-2minutes). They are tubulo-

vesicular structures which have a low luminal pH (6.0), and usually mature to late
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endosomes over 5-10 minutes. The low pH will often lead to the dissociation of ligands, and
a change in intracellular fate for the receptor. For instance, TGFa disassociates from HER1
dimers in the acidic sorting endosome, allowing HERL1 recycling as opposed to EGF which

remains within the HER1 dimer complex and targets the receptor for degradation®®.

The transport of receptors for recycling occurs within tubules which branch off the sorting
endosome, to deliver their cargo to the ERC. Rab 5, a small GTPase regulatory protein, and
early endosome antigen 1 (EAA1), a phosphoinositide binding protein, regulate fusion
between primary endocytic vesicles and sorting endosomes?”%’®, Receptors may recycle
from the sorting endosome directly back to the plasma membrane in a rapid manner (2-6
minutes), or via a long-lived organelle, the ERC. The ERC has many complex functions
which include recycling of the majority of proteins to the surface membrane, but also
transport of cargo to late endosomes via the trans-Golgi network (TGN). Late endosomes
are endocytic organelles which do not receive a direct input of vesicles that have originated
from the plasma membrane and are not on the recycling route. Early endosomes or sorting
endosomes mature to form late endosomes by acidification, mediated by vacuolar-ATPases,
which are blocked are by bafilomycin, and by fusion into large vesicles, which are also
known as multi-vesicular bodies (MVB). The main function of late endosomes/MVBs is

lysosomal degradation of proteins.
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Figure 4. 1 HER family receptor internalisation and trafficking®’®

Ligand binding induced phosphorylation of HER1 and recruitment of the E3-ligase cCbl, which targets HER1
for ubiquitination. Receptors are internalised via clathrin-coated pits by a multiprotein complex that includes
coat adaptors such as Epsin and Eps15. Fission of clathrin-coated vesicles is mediated by a GTPase, dynamin.
HER family receptors may also endocytose via non-clathrin-dependent pathways, and then merge with the
pathways depicted above. Endocytic vesicles shed clathrin and mature to early endosomes, or the sorting
endosome, which has a low pH (6.0). HERL1 trafficking from early to late endosomes/MVB is dependent on its
continued association with Cbl and its sustained ubiquitination. MVB sorting is regulated through recognition of
ubiquitinated cargo by Hgs/Vps27p, Tsg101/Vps23p and other components of ESCRT complexes. Fusion of the
MVB with the lysosome results in degradation of the contents of the internal vesicles. Recycling of receptors
back to the plasma membrane can occur throughout the endocytic pathway, either rapidly from the early
endosome/sorting endosome, or more slowly through the recycling endosome/endocytic recycling compartment.
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EGF-induced homodimerisation of HER1 induces efficient internalisation and degradation of
the receptor, as described in Chapter 1. However HER1 signalling is prolonged when it
forms a dimer with HER2 or HER3'?® as shown in Figure 4. 2. Whether attenuated
endocytosis is responsible is not entirely clear. HER1 dimer formation with HER2 reduced
internalisation rates more so than with HER3, but both heterodimers endocytosed slower
than the HER1 homodimer. However, Worthylake et al demonstrated no change in
internalisation of the heterodimer versus homodimer. It is generally agreed that, once
internalised, the HER1:HER2 heterodimer is not efficiently sorted to lysosomes but mostly
recycled to the cell surface'®®***?°  This effect is blocked by monensin, a drug known to
inhibit recycling of transmembrane receptors®®.  Degradation of HER1 within the
HER1:HER3 heterodimer is more pronounced compared to the HER1:HER2 dimer®®. It is
unclear why this is the case but reduced HER1 recycling may be due to a lower propensity
of HER1:HERS dimers to form and lower dimer stability compared to the HER1:HER2 dimer.
There is no evidence pertaining to the fate of the HER1 partner within this system. It is
assumed that the dimer disassociates in the acidic condition of the early endosome but it is
not known if the partner is degraded or also recycled back to the cell surface. In regard to

HERZ2:HER3 dimer trafficking, there is a real paucity of data describing dimer kinetics.
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Figure 4. 2 Proposed model of homo- or heterodimer-mediated recycling.?*

HER1 homodimers mediated by EGF binding internalise to sorting endosomes and are targeted for efficient
lysosomal degradation and termination of signalling. However, HER1:HER2 heterodimers evade down-
regulation, potentially by releasing EGF in the low pH of the sorting endosome, thus allowing receptor recycling
back to the cell surface, augmenting EGF signalling.
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Importantly, signaling from HER family receptors is not confined to the plasma membrane,
but was shown to continue after the receptor had been internalised®®*?**, Immunoelectron
microscopy of overexpressed HER1 receptors in A431 cells demonstrated the cytosolic
orientation of the tyrosine-phosphorylated tail and the presence of an active receptor in
endosomes, which suggests receptor signaling after internalisation®®. Expression of a
dominant negative dynamin (K44A) mutant blocks HER1 internalisation and leads to
increased cell proliferation and activation of pathways involving phospholipase C(PLC)Y and
Shc, with a reduction in MAPK activity and HER1 phosphorylation®®. It is assumed that this
effect is due to a loss of signaling from internalised HER1, which is unlikely to be able to
access the PLCY pathway en route to the late endosome. Recent analysis of detergent-
resistance membrane fractions has demonstrated the presence of endocytic lipid rafts, which
allow internalised HER1 to efficiently associate with effector substrates such as Grb-2 or
Shc, thus propagating the HER1 mediated signal®®?. Teis et al demonstrated that disruption
of an endosomal complex of an adaptor and scaffold protein (p14-MP1) by gene disruption
of p14, led to attenuation of signaling via ERK and HER1, and loss of cell proliferation®®.
HER1 signaling to ERK at the endosomal surface was vital for regulation of proliferation.
Introduction of a mutant pl14, which could localize to the plasma membrane but not the
endosome, failed to rescue this growth defect. Therefore, endocytosis alone does not
terminate signaling, and the latter examples demonstrate the different signaling pathways
which can be harnessed by internalised receptors versus those on the plasma membrane,
depending upon the local availability of substrates. Although there is no evidence pertaining
to signaling from internalised HER2 and HER3, cytosolic HER2 has been shown to

associate with PLCY?®".

Lack of TKD phosphorylation may also affect receptor endocytosis and recycling. Tyrosine
kinase activity has been demonstrated to be essential for normal HER2 trafficking once the
receptor has been internalized®®. Abolition of tyrosine kinase activity by site-directed
mutagenesis leads to normal receptor internalisation, but increased recycling of the inactive
receptor to the cell surface compared to degradation of the wild-type active receptor.
Waterman et al demonstrate a slow ligand-induced endocytosis of HER3 followed by a rapid
recycling to the cell surface, which they attribute to the lack of kinase activity of HER3?%°,
The recycling of this receptor is very similar to a kinase-defective non-small cell lung cancer-
associated HER1 mutant which demonstrates altered trafficking through endocytic recycling
compartments®®. This phenomenon suggests a mechanism by which the HER1 mutants
evade degradation and continue oncogenic signaling. However, drug treatment may
influence this process. For instance, treatment with the Hsp90 inhibitor, geldanamycin, has

been shown to improve endosomal sorting of HER2 to the lysosome, leading to enhanced
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degradation®®. The effect of TKI treatment upon turnover rate is unknown but endocytosis
and cellular trafficking of the HER family are important mechanisms for termination of HER-

mediated signaling and require further investigation in the case of HER2 and lapatinib.

4.1.3 HERS3 rephosphorylation as a potential escape mechanism from

TKI treatment

Emerging studies on lapatinib resistance suggest a vital role for HER3 signaling both in vitro
and in animal models'¥#?*?%3 These studies demonstrate an initial reduction of HER2 and
HER3 phosphorylation, followed by recovery of HER3 phosphorylation after approximately
12 hours, up to 24 to 96 hours, both in cell lines and from animal models'®?. Increased HER3
phosphorylation is attributed, in part, to increased HER3 expression with a rise in HER3
mMRNA%22°1 potentially mediated by the Akt/FOX03 and MAPK pathways?®#%%*. Although
these downstream signaling pathways may lead to compensatory HER3 activation, they are
not an easy target for therapy. For example, inhibition of PISK does not result in abolition of
signaling due to the activation of complex downstream pathways involving induction of
MAPK/ERK activity?®>. Furthermore, the PI3K inhibitor induces HER3 phosphorylation
without an increase in HER3 expression, thus questioning current models which explain
HERS3 reactivation by an increase in transcription. This link is reciprocal, with MAPK inhibitor

treatment leading to upregulation of Akt signaling?®?.

Elucidation of a crucial, ‘targetable’ mechanism of HERS re-activation is difficult. Sergina et
al and Amin et al have postulated that tyrosine kinase inhibition of HER2 by lapatinib is
incomplete, and that a feedback mechanism via reduction of PI3K/AKT signaling leads to re-
phosphorylation of HER3'9%%%?, Sergina et al found that suppression of HER2 levels with
SiRNA transfection led to a reduction in TKI-refractory HER3 phosphorylation'®??%. They
suggest that a forward shift in the HER3 phosphorylation-dephosphorylation equilibrium
leads to a higher steady state level of HER3 phosphorylation. A higher dose of the TKI can

abolish HER3 phosphorylation but this dose is not clinically viable?®.

Cellular localization of HER3 may be a driving factor in the development of resistance. SK-
BR-3 cells exposed to 5uM gefitinib for 48 hours, demonstrate relocalisation of HER3 to the
cell surface membrane, which can be suppressed using monensin treatment to inhibit
vesicular trafficking'®2. On inhibition of receptor recycling, the dephosphorylation of HER3
from cells pre-treated with gefitinib, is also attenuated. The effects of lapatinib on HER3
trafficking have not yet been studied and may lead to the identification of novel targets for
therapy in lapatinib-resistant tumours. Treatment with anti-HER3 siRNA or anti-HER3

h192

antibodies leads to apoptotic cell deat and re-sensitises both drug-refractory cells and
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tumour xenografts to lapatinib®®. These studies demonstrate a dual approach to HER2 and
HERS3 targeted-treatment, highlighting a strategy to overcome HER3 mediated resistance to

HER family TKls. However, this hypothesis has not yet been tested in the clinic.

We have attempted to further describe the effects of the formation of the lapatinib-induced
HER2:HER3 heterodimer in breast cancer cells, with an aim to highlight the importance of

dimer formation upon the ensuing HER3 re-activation.
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4.2 Results

4.2.1 Lapatinib treatment attenuates HER2 ubiquitination and allows

HER2 accumulation

As ligand binding to HER3 normally leads to HER2:HER3 dimerisation, receptor

ubiquitination and degradation®®’-2°¢281

, we examined whether lapatinib binding to HER2,
leading to inactive HER2:HERS3 dimerisation, led to the same post-translational modifications
of HER2. As a positive control, we used the heat shock protein-90 (Hsp-90) inhibitor,
geldanamycin (GA), which blocks ATP binding to Hsp-90, favouring poly-ubiquitination and
proteasomal degradation of the protein®*?2?°*. The E3 ligases CHIP and Cul5 have both
been implicated in this interaction'®®?**. Figure 4. 3A and B demonstrate a greater than ten-
fold level of HER2 ubiquitination, on immune-precipitation, with geldanamycin treatment as
opposed to treatment with lapatinio. HER2 ubiquitination levels are undetectable for
untreated and lapatinib treated cells at baseline, in line with the literature®“. It is likely that
reduced HER2 phosphorylation, due to lapatinib treatment, results in reduced binding of an
E3 ubiquitin ligase to HERZ2, allowing evasion from ubiquitination and degradation.
Consequently, we demonstrate the degradation of HER2 at 4 hours of GA treatment, as
opposed to HER2 accumulation on lapatinib treatment over the same period (Figure 4. 3C
and D). The histogram demonstrates a two-fold increase in HER2 over 4 hours of lapatinib

treatment, which is representative of the steady-state level seen at 24 hours (Figure 4. 4).

4.2.2 HER3 accumulates in SK-BR-3 cells, more so than HER2 on

extended lapatinib treatment

Long term effects of lapatinib treatment upon HER?2 levels have been shown to be similar at
12, 24, and 48 hours®*. We chose the 24 hour time-point to examine the effects of extended
lapatinib exposure upon endogenously overexpressed HER2 in SK-BR-3 cells. A clinically
achievable dose of 1uM?*® was used as higher doses of 10uM led to excessive cell toxicity
and cell death over the extended time period. In Figure 4. 4 we demonstrate an
approximately two-fold increase in total HER2 levels on 24 hours of treatment with lapatinib.
However, there is a greater, approximately three-fold increase of total HER3 within these
cells. This result seems to indicate that the HER2:HER3 dimer, stabilised upon 1 hour of
lapatinib treatment, may differentially affect HER2 and HERS3 recycling leading to receptor

accumulation at different rates.
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Figure 4. 3 Ubiquitination and accumulation of HER2 on lapatinib treatment

(A) MCF-7 cells were seeded in 60mm plates and transfected with HER2-GFP and treated with lapatinib
(10uM), geldanamycin (GA, 3uM) or vehicle at the time-points indicated, for upto 4 hours, prior to lysis. Whole
cell lysates were subject to immune-precipitation with an anti-GFP antibody, as described in Materials and
Methods. Immunoblot was carried out using the antibodies indicated above. (B) Histogram represents
densitometry of mean levels of ubiquitination, normalised to total HER2-GPF expression. Total HER2 levels
were normalised by a-tubulin expression. (C) MCF-7 cells were transfected with HER2-GFP for 24hours prior
to treatment as described above. (D) Histogram represents densitometry of mean total HER2 levels, normalised
to the loading control (a-tubulin). Error bars are representative of the SEM from 3 independent experiments, p-
values are <0.001(***), <0.01(**) or <0.05 (*) using one way ANOVA and students T-Test.

110



SKBR3 cells
0 4 18 24 Lap(hrs)
250
. . “ o
250
. ' . ! o
50
alpha
tubulin
B [ Notreatment
@ Lapatinib
£ 250 —
o
3 200-
o
i
& 150
=
S 100+
el
]
= 50
€
2 0 -
0 4 18 24
Time (hours)
g 400+ -
= |
[
— 300
o
w
T
= 200
°
el
Z 100
“©
€
2 0 T

0 4 18 24
Time (hours)

Figure 4. 4 Accumulation of HER2 and HER3 on 24 hours lapatinib treatment

(A) SK-BR-3 cells were seeded in 6 well plates for 23 hours prior to 1 hour pre-incubation with cycloheximide
(CH, 50pg/ml). Cells were then treated with lapatinib (1uM), or vehicle for the time-points indicated, in the
presence of CH, prior to lysis. The lysates were run to produce the Western blot shown, as per description in
Materials and Methods. (B) The histograms depict densitometry of total HER2 levels (upper panel), normalised
to a-tubulin levels and total HER3 levels and normalised to a-tubulin levels (lower panel). Error bars represent
SEM from 3 independent experiments, p values are 0.0001(***), or 0.0071(**) using students T-test.
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4.2.3 Dimer formation is necessary for HER3 re-phosphorylation on

extended lapatinib

Treatment of SK-BR-3 cells with lapatinib for 24 hours (Figure 4.5) leads to HER3 re-
phosphorylation, to a mean of 60% of the baseline level of untreated cells. This is in line with
previous data, showing HER3 re-phosphorylation after extended lapatinib treatment in SK-
BR-3 and T47D cells, providing a hypothesis for the emergence of resistance to TKI
treatment'®%%%22%3  Re-phosphorylation of HER3 is not due to loss of lapatinib activity as
phospho-HER?2 levels remain undetectable from 1 to 24 hours of lapatinib treatment (Figure
4.5A). HERL1 is not rephosphorylated and total HERL1 levels are reduced at 24 hours. Hence,
HER1 is unlikely to be the activating partner for HER3. The level of HER4 expression within
this cell line was undetectable, in line with the literature®®’, and therefore, is also unlikely to
be the co-receptor. The question of which receptor does indeed rephosphorylate HER3 is

still largely unanswered, both within our group, and in the literature.

Over-expression of the HER2 mutant (1714Q), which attenuates lapatinib-induced
dimerisation of HER2 and HERS, allows us to examine the effects of dimerisation on this
system (Figure 4. 6). We observed a four-fold reduction in HER3 re-phosphorylation at 24
hours treatment with HER2(1714Q) as compared to wild-type, while phospho-HER?2 levels
remained low after 24 hours of treatment. We hypothesized that this phenomenon could be
due to changes in receptor trafficking. Ligand-induced hetero-dimerisation of HER2:HER3
leads to receptor internalization, and sorting either to be degraded or recycled to the
membrane for further signaling®®®279-281:2%8.29 Thjs js a key mechanism by which the duration
and intensity of HER3 signaling is controlled, and is further investigated in the context of

lapatinib treatment.
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Figure 4. 5 Rephosphorylation of HER3 on 24 hours treatment with lapatinib

(A) SK-BR-3 cells were seeded for 24 hours prior to treatment with 1uM lapatinib (or vehicle) for the indicated
time points, prior to cell lysis. (B) The histogram depicts phosphor-HER2 levels, normalised to total HER2
levels, which were normalised by the loading control (o-tubulin). The immunoblots and histogram is
representative of 3 independent experiments. Error bars are representative of SEM, and the p value=0.011(*)
using the unpaired students T-Test.
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Figure 4. 6 Reduction of HER3 re-phosphorylation on transfection of the dimerisation mutant, HER2
(1714Q)-GFP

(A) SK-BR-3 cells were transfected with HER2-GFP, or the dimerisation mutant (HER2(1714Q)-GFP) for 24
hours prior to treatment with lapatinib 1uM, or vehicle, for the times indicated (hours), prior to cell lysis. (B)
The histogram depicts densitometry of phosphor-HER3, normalised to total HER3, which is itself normalised by
loading control (a-tubulin). Data is representative of 3 independent experiments. Error bars are representative of
SEM, and the p value=0.0199 (*) as measured by unpaired students T-test.
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Of note, levels of HER3 rephosphorylation are approximately one third lower in cells
transfected with the HER2 construct (Figure 4. 6B) as opposed to those seen with the
endogenous protein (Figure 4.5B). The immunoblots in Figure 4. 7 demonstrate a large
decrease in total HERS3 levels on transfection of HER2-GFP. The reduction in total HER3 is
sufficient to explain the reduction in levels of HER3 rephosphorylation seen in Figure 4. 6B.
Furthermore, within the transfected groups in Figure 4. 7 no accumulation of HER3 is seen,
either with wild-type HER2 or HER2(1714Q)-GFP, which may also reduce the level of HER3
rephosphorylation on lapatinib treatment of transfected cells. The blots in Figure 4. 7 have
been overexposed in parts, in an attempt to demonstrate both endogenous and transfected
levels of the proteins on the same image. Although quantification has been carried out, it is
unreliable due to overexposure in some lanes, hence leading to wide standard error bars.
However, the immunoblots clearly demonstrate reduced total HER3 levels in SK-BR-3 cells
transfected with HER2-GFP. This phenomenon may be due to an increase in degradation of
total HER3, a reduction in HER3 transcription or an increase in expression of microRNA
(miRNA) targeting HER3. The overexpression of HER2 within these cells may alter
downstream signaling pathways affecting HER3 receptor expression. For instance, FOxO1A
from the transcription factor family of forkhead box O (FoxO) has been shown to be a target
for HER2 in HER2-overexpressing cells, leading to reduced FoxO1A levels®®. Garrett et al
have previously shown that activation of a different member of the FoxO family, FoxO3, is
involved in HER3 up-regulation via nuclear translocation®®. Hence it is feasible that
overexpression of HER2 within our experiments led to a change in activation or localization
of downstream transcription factors, such as the FoxO family, leading to reduced

transcription and expression of HER3.

However, the lapatinib-induced effect on HER3 rephosphorylation seen in non-transfected
cells is still seen in cells transfected with wild-type HER2-GFP, albeit at a lower level. Hence,
| have presumed that lapatinib is still able to induce the formation of symmetric inactive
dimers as a pre-requisite to HER3 rephosphorylation, which can be attenuated on dimer
disruption using the HER2(1714Q) mutant (Figure 4. 6). As no naturally occurring cell line

expressing such a mutant has been isolated, this hypothesis is difficult to test further.
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Figure 4. 7 Transfection of HER2-GFP or HER2(1714Q)-GFP leads to increased HER3 degradation

(A) SK-BR-3 cells were transfected with HER2-GFP or the dimerisation mutant (HER2(1714Q)-GFP), or left
untransfected, for 24 hours prior to treatment with lapatinib (1uM) for the time-points indicated, prior to lysis.
(B) Histograms depict average densitometry for total HER3 (upper panel) or total HER2 (lower panel),
normalised by the loading control (a-tubulin). Error bars are representative of the SEM from 2 experiments, and
p values are <0.001(***) using one way ANOVA.
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4.2.4 Expression of the dimerisation mutant, HER2(1714Q)-GFP reduces

cell proliferation

| next investigated the functional significance of lapatinib treatment and of transfection of the
dimerisation mutant, HER2(1714Q)-GFP upon cell proliferation. MCF-7 cells were used as
this breast cancer cell line does not intrinsically overexpress HER2. However, it does
express high levels of the co-receptor, HER3%"". Therefore, | utilised this system to transfect
in wild-type HER2-GFP or the dimerisation mutant, HER2(1714Q)-GFP, in order to examine
effects of dimer formation and lapatinib treatment upon cell proliferation.

As expected, treatment with lapatinib, a HER1 and HER2 inhibitor, does not significantly
alter non-transfected MCF-7 proliferation rate, compared to untreated cells, as shown in
Figure 4.8A (red and orange lines). HER1 and HER?2 levels in MCF-7 cells are low to
undetectable”®’. Optical densitometry (OD) values are normalised to the time-point 0 value
for each condition, i.e. the OD for cells transfected with HER2-GFP at 0, 24 and 48 hours are
normalised by the average value noted for HER2-GFP at time-point 0. Cells transfected with
the dimerisation mutant, HER2(1714Q)-GFP (dark blue line) exhibited significantly lower cell
density compared to cells transfected with the wild-type (pale green), as shown in Figure
4.8A and B. As this mutant abolishes HER2 phosphorylation in absence of lapatinib, this

result provides evidence of a link between receptor phosphorylation and cell proliferation.

Figure 4.8B demonstrates the difference in cell density at 48 hours. This time-point was
chosen, rather than 72 hours, as at the later time point, a variable loss of transient
transfection of the constructs was observed. However, transfection at 48 hours was
observed to more robust. Furthermore, increased cell proliferation of non-transfected cells,
whether lapatinib treated or not, led to such high cell densities after 48 hours that OD values
started to dip, presumably due to cell over-confluence. Thus the 48 hour time-point was used

to represent end-point cell density rather than 72 hours.

Transfection of HER2-GFP, either wild-type or mutant, induced significant lapatinib-
sensitivity, as opposed to non-transfected cells treated with lapatinib, which did not differ
significantly from untreated non-transfected cells. Although transfection of the dimerisation
mutant reduced cell proliferation, lapatinib treatment conferred equivalent cytotoxicity to cells

transfected with either wild-type or mutant HER2.
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Figure 4. 8 Proliferation assays of MCF-7 cells transfected with HER2-GFP or dimerisation mutant
(HER2(1714Q)-GFP), untreated or treated with lapatinib.

(A) MCEF-7 cells were reverse-transfected in 96 well plates, with HER2-GFP, HER2(1714Q)-GFP, or with
vehicle, for 24 hours, prior to treatment with lapatinib (10pM) or vehicle. Proliferation assays were carried out
over the next 72 hours as described in Materials and Methods. Proliferation was determined using WST-1
according to manufacturer’s instructions via ELISA reader every 24 hours. The proliferation chart demonstrates
the ELISA readout, corrected using a reference wavelength (690nm), normalised according to untreated cells at
time-point 0 for each condition. The ELISA readout is assumed to be proportional to cell density. Hence average
fold change in cell density is represented. Each time point was carried out in triplicate per condition. The chart is
representative of 3 independent experiments, with bars representing SEM. (B) Histogram representing average
fold change in cell density at 72 hours, representative of 3 independent experiments. Error bars represent SEM
and p-values are <0.001(***), <0.01(**) or <0.05(*) using one way ANOVA.
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4.2.5 HERS3 re-phosphorylation is dependent upon HERS3 recycling to the

plasma membrane

We studied the various contributions of HER3 recycling and degradation by adopting an
imaging approach as well as an inhibitory strategy to interfere with either of the two
processes governing this equilibrium. First we determined the extent of endogenous HER3
degradation in SK-BR-3 cells and found that over a 24 hour period of NRG1 treatment
approximately 35% of HER3 is degraded (Figure 4. 10). We used two small molecule
inhibitors, monensin and bafilomycin to distinguish receptor recycling from receptor

degradation.

Monensin is a Na'/H* antiporter which inhibits intracellular protein transport including
recycling™®?. Bafilomycin Al is a vacuolar H*-ATPase inhibitor, which inhibits acidification of
sorting endosomes and thereby slowing maturation to late endosomes and subsequent
lysosomal degradation®"3%, The importance of HER2:HER3 dimer recycling in HER3 re-
phosphorylation was tested by inhibiting recycling vesicle trafficking using monensin. We
observed a three-fold reduction of HER3 re-phosphorylation, from 60% to 10% on monensin
treatment (Figure 4. 9, furthest right 3 rows). In contrast, treatment with bafilomycin did not
significantly affect the HER3 re-phosphorylation level. Furthermore, monensin treatment, in
the presence of NRG1, led to an increase in HER3 degradation, from 35% with NRG1 alone,
to 60% degraded with the addition of monensin (Figure 4. 10). The latter effect may be
explained by monensin-induced inhibition of HER3 recycling leading to enhanced

degradation as one of the remaining fates of endocytosed HERS.
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Figure 4. 9 Monensin treatment reduces HER3 re-phosphorylation

(A) SK-BR-3 cells were seeded for 24hours prior to treatment with lapatinib (1uM) or bafilomycin (100nM) for
the times indicated, prior to lysis. In the case of monensin, treatment consisted of 3 hours incubation with 10uM
monensin prior to fixation where indicated. (B) The histogram depicts densitometry of phosphor-HERS3 levels,
normalised to total HER3 levels, normalised by loading control (a-tubulin). Data is representative of 3
independent experiments; error bars are representative of SEM, p value =0.0367 (*) using the unpaired
Student’s T-Test.
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Figure 4. 10 Monensin increased ligand-induced HER3 degradation

(A) Western blot of SKBR3 cells, seeded for 23 hours, prior to incubation with cycloheximide (20ug/ml) for 1
hour, in order to arrest protein synthesis. Cells were then treated with neuregulin (50ng/ml) or neuregulin and
monensin (1uM) for the times indicated, prior to lysis, in the presence of cycloheximide. (B) Histogram
depicting densitometry of total HER3 at the time points indicated compared to baseline as time-point 0. Total
HER3 levels were normalized for o-tubulin levels (loading control shown in Western blot panel). Data are
representative of 3 independent experiments; error bars represents SEM, p value = 0.0196(*) using the unpaired

Student’s T-Test.

121



| used confocal microscopy to investigate the location of HER3 with respect to the small Rab
GTPase Rab11, which was previously used as a marker for ‘slow’ receptor recycling via the
ERC**, compared to the Rab4, a marker for ‘rapid/fast’ recycling endosomes. Figure 4. 11
shows co-localization of HER3-GFP with the endosomal marker Rabll (white arrows), but
not EEA1 (a marker of early endosomes) (Figure 4. 12), showing that HER3 is primarily
being recycled via the ‘slow’ Rab11 route after 24 hours of lapatinib treatment. There is no
co-localisation between HER3-GFP and Rab11-RFP in non-treated cells, or in cells treated
with lapatinib for 1 hour. Not only is there an increase in the amount of intracellular HER3 co-
localising with Rabl1l after 24 hours of lapatinib treatment, but the nature of the Rab11-
labelled vesicle appears more to be tubulo-vacuolar rather than vesicular. There seems to
be no significant change in the co-localisation of HER3-GFP with EEA1 IgG (bound to anti-
mouse Cy3 IgG) on lapatinib treatment.

On examination of the distribution of HER2-GFP or the dimerisation mutant, HER2(1714Q)-
GFP, there seems to be an increase in the levels of intracellular, peri-nuclear HER2 over the
24 hour time period of lapatinib treatment (Figure 4. 13). This is the case for both the wild-
type or mutant receptor. However, no co-localisation between either type of receptor and
Rab11-RFP is noted.

Treatment with monensin produced some interesting results. As in the case of the cells used
for immunoblot, monensin (10uM) was added to the cell media for the last 3 hours of
incubation, prior to fixation for immunofluorescence (Figure 4. 14). Non-treated cells contain
a pool of intracellular HER3-GFP, a large part of which co-localises with Rab11-RFP on
monensin treatment (upper panel). This suggests that HER3 normally undergoes recycling
via the ERC, which can be attenuated, leading to accumulation of a proportion of the
receptor within the ERC. On treatment with lapatinib for 1 hour (middle panel), in the
presence of monensin, a larger fraction of intracellular HER3 appears to localize with Rab11,
in enlarged vesicles (white arrow), consistent with the monensin-induced block of exit from
endocytic recycling compartments. However, on extended lapatinib treatment (24 hours,
lower panel) in the presence of monensin, HER3-GFP is observed in punctuate perinuclear
structures which do not co-localise with Rab11-RFP (white arrows). This finding is discussed
below. Together, these confocal studies support the inference that the monensin effect
demonstrated on lapatinib-induced HER3 re-phosphorylation (Figure 4. 9) is due to

inhibition of HERS3 recycling, possibly via the ERC.
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HER3-GFP Rab11-RFP Merge

Lapatinib (Thour) No treatment

Lapatinib (24hrs)

Figure 4. 11 HER3-GFP co-localisation with Rab11-RFP on lapatinib treatment

SK-BR-3 cells were seeded in 24 well plates and transfected with HER3-GFP and Rab11-RFP for 24hours in
5% Optimem. Cells were then treated with lapatinib for 24 hours, 1 hour or incubated with vehicle in 5%
Optimem, prior to fixation with PFA and preparation for immunofluoresence as described in Materials and
Methods. Images are representative of cells seen; at least 10 fields of view were examined per condition. Areas
of co-localisation are highlighted with white arrows. The white scale bar represents 5um.
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Figure 4. 12 HER3-GFP does not co-localise with anti-mouse Cy3 IgG bound to mouse anti-EAAL 1gG
upon long term lapatinib treatment

SK-BR-3 cells were transfected with HER3-GFP and treated as described in Figure 4. 11, prior to fixation for
immunofluoresence. Cells were stained with mouse anti-early endosomal antigen-1gG (EEA-1) followed by a-
mouse-Cy3 IgG. Images are representative of cell seen; at least 10 fields of view were examined per condition.
Co-localisation between HER3-GFP and Cy3 1gG was not observed. The white scale bar represents 5um.
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Figure 4. 13 HER2-GFP and HER2(1714Q)-GFP do not co-localise with Rabll-RFP on lapatinib
treatment

SK-BR-3 cells were transfected with HER2-GFP or HER2(1714Q)-GFP, and Rabl1-RFP and treated as
described in Figure 4. 11, prior to fixation for immunofluoresence. Images are representative of cell seen; at
least 10 fields of view were examined per condition. Co-localisation between HER2-GFP and Rab11-RFP was
not observed as demonstrated with white arrows. The white scale bar represents 5um.
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Figure 4. 14 Monensin treatment reduces HER3-GFP and Rabl1l-RFP co-localisation at 24 hours of
lapatinib treatment

SK-BR-3 cells were transfected with HER3-GFP and Rab11-RFP and treated as described in Figure 4. 11, prior
to fixation for immunofluoresence. In this case, all cells were treated with monensin (10uM) for 3 hours just
prior to cell fixation. Images are representative of cell seen; at least 10 fields of view were examined per
condition. Co-localisation between HER3-GFP and Rabl11-RFP was observed at 1hour of lapatinib treatment
but not at 24 hours as demonstrated by the white arrows. The white scale bar represents S5pum.
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4.3 Discussion

Production of a mutant in HER2 which attenuates lapatinib-induced dimerisation (1714Q),
has provided a novel method for examination of the role of dimerisation in prolonged
lapatinib treatment. We have shown, in line with published data'®%%??%3  that
rephosphorylation of HER3 occurs after 24 hours of lapatinib treatment despite phospho-
HER2 levels remaining suppressed (Figure 4.5). HER3 rephosphorylation is a potential
escape mechanism from TKIs and it may be mediated by a variety of mechanisms. These
include up-regulation of HER3 via PI3K/Akt-induced de-phosphorylation of the transcription

factor FoxO3a, leading to nuclear translocation and HER3 transcription'9%2%3,

However,
these pathways are not easy to target and use of an inhibitor to PI3K or MAPK did not
abolish downstream signaling®®?. Accumulation of both HER2 and HER3 over the 24 hour
period of lapatinib treatment (Figure 4. 4) may lead, in part, to the increased levels of HER3
phosphorylation seen at 24 hours. Protein accumulation is likely to be due to lack of receptor
ubiquitination, as this post-translational modification is a key event to the targeting of
receptors to lysosomal degradation. This effect is in line with data from Garrett and Sergina
et al who demonstrated a reduction in HER3 re-phosphorylation on the reduction of total
active receptor levels by siRNA and antibody treatment targeting either HER2 or HER3'9%%3,
Although higher doses of lapatinib also reduced HER3 re-phosphorylation, neither of these

treatment strategies are clinically viable.

Transfection of HER2 (1714Q) into this system attenuated HER3 re-phosphorylation, thus
highlighting a novel, potentially vital step in the development of HER3-mediated resistance to
lapatinib. We propose HER2:HER3 dimerisation as a critical prior event to HER3 re-
phosphorylation on prolonged lapatinib treatment. The dimerisation mutant demonstrates
functional significance of the, non-lapatinib bound HER2:HER3 dimer, as cellular
proliferation of cells transfected with this mutant is significantly lower than that seen with
wild-type HER2-GFP (Figure 4. 8). However transfection of the mutant was not protective of
lapatinib-induced cytotoxicity. This cytotoxic effect may be induced by off-target lapatinib
effects such as the upregulation of pro-apoptotic death TRAIL death receptors®*® and the

pro-apoptotic protein Bcl-2 interacting mediator of cell death (BIM)?®°.

Although our results have improved understanding of the mechanism by which HER3
recycles within the lapatinib-induced dimer, it is not entirely resolved. My proposed model of
HER2 and HERS3 intracellular trafficking on lapatinib treatment is shown as a schematic in
Figure 4.15. Both HER2 and HER3 are phosphorylated in non-treated cells (time-point O,
Figure 4.5).
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Figure 4. 15 Schematic representing intracellular trafficking of HER receptors

The model represents intracellular events pertaining to HER3 (green receptor on plasma membrane) after
lapatinib binding to HER2 (pink receptor). The unphosphorylated HER2:HER3-lapatinib complex is stabilised
and internalises to the sorting endosome. HER2 and HER3 may dissociate in this vesicle with HER3 trafficking
to the endocytic recycling compartment (ERC). It is then sorted for recycling and may associate with substrates
such as Src or PLCY (represented by purple and brown receptors within the ERC). HER3 may re-phosphorylate
in the ERC or at the plasma membrane (yellow stars represent ATP). The receptor(s) with which HER3 interacts
for rephosphorylation are unknown and represented by the question mark over the blue receptor at the plasma
membrane. Monensin inhibits receptor recycling to the cell surface whereas bafilomycin inhibits maturation of
sorting endosomes to the late endosome.
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This phenomenon may be due to increased levels of HER2 in this cell-line pushing the HER
dimerisation equilibrium towards the formation of HER2 homodimers and HER2:HER3
heterodimers. Alternatively, autocrine production of ligand, e.g. NRG1*®, may lead to
HER2:HER3 dimer formation. Whichever the case, treatment with lapatinib (1 hour)
abolishes phosphorylation of both receptors but, as we know from Chapter 3, stabilises the
HER2:HER3 complex. This kinase inactive, receptor complex may be slowly internalised at

a similar rate to the constitutive internalisation of kinase-dead HER3%%°

, which is more rapid
than HER2 internalisation. This reaction is unlikely to occur in clathrin-coated pits as ligand
activation is required for the trafficking of e.g. HER1 receptors in this rapid, saturable
mechanism of endocytosis®’. Once within the sorting endosome, HER3 may disassociate
from HER2 within the acidic environment of this cellular compartment, leading to dimer
disruption, as supported by the confocal images of different patterns of co-localisation of
HER3 and HER2 with Rabl1 after extended lapatinib treatment (Figure 4. 11 and Figure 4.

13).

The structures within which internalized HER3 and Rab-11 co-localise after 24 hours of
lapatinib treatment (demonstrated in Figure 4. 11, white arrows) resemble fused vacuolar
structures in which receptors are sorted for recycling. Treatment with bafilomycin®3%,
which slows maturation from the sorting endosome to late endosome, does not affect HER3
rephosphorylation (Figure 4. 9). Therefore it is likely that HER3, after dissociation from the
dimer, is trafficked from the sorting endosome to the endocytic recycling compartment
(ERC), which is comprised of fused tubulo-vacuolar structures. This observation is in line
with the confocal images demonstrating co-localisation between HER3 and Rab-11, a
membrane marker present primarily in the ERC?®. HER3 rephosphorylation to 60% of
baseline (Figure 4.5) may occur at the cell surface or at any point along the recycling
pathway from the ERC. However, this phenomenon is unlikely to occur in endosomal
membranes to which protein tyrosine phosphatases (PTP) are tightly anchored®®. For
instance, recently, PTP1B which is a phosphatase for HER1 has been shown to be on the
cytoplasmic face of the endoplasmic reticulum, a specific location in the cell where it can
interact with endocytosed HER1, via direct membrane contacts sites between the
endoplasmic reticulum and endosomes®”. This is another example whereby HER
phosphorylation state can be directly influenced by receptor traffic and is specifically
regulated at different intracellular organelles, by virtue of location-specific receptor-

phosphatase interactions.

HER3 may associate with a variety of substrates within the endosome, as discussed below,
and traffic in a complex to the cell surface whereby HER3 becomes phosphorylated either by

these substrates or alternate membrane-bound receptors. The biochemical data that
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demonstrate attenuation of HER3 re-phosphorylation by monensin, a drug which inhibits the
function of cellular recycling pathways, corroborate this model. Monensin reduces recycling
from the ERC to the cell surface, thus allowing intracellular accumulation of HER3 and
increased dephosphorylation by phosphotyrosine phosphatases. Confocal images from
short-term lapatinib treatment support this conclusion by demonstrating enlarged recycling
vesicles in which HER3-GFP and Rabl11-RFP co-localise (Figure 4. 14, middle panel).
However, monensin treatment of cells exposed to lapatinib for 24 hours leads to the
accumulation of HER3 within punctuate perinuclear structures which do not co-localise with
Rabl1, and do not appear to represent the ERC. A possible explanation is that extended
lapatinib treatment increases the level of HER3 recycling, and hence the load processed
through the ERC, which is likely the rate-limiting factor within this recycling pathway.
Blockage of ERC function, as effected by the pH-neutralising capacity of monensin, could
lead to accumulation of HERS3 in the short term (1 hour lapatinib) but shunting to alternate
endocytic vesicles in the long term (24 hours lapatinib) as the receptor load outweighs ERC
processing capacity. HER3 may accumulate in these vesicles or traffic to late endosomes for
degradation. As monensin is a sodium ionophore which collapses sodium-hydrogen

gradients®®

, it may disrupt the pH in late endosomes or lysosomes in the short term, which
would attenuate receptor degradation and allow HER3 accumulation within these vesicles. In
summary, although it has not been possible to elucidate every step in the HER3 recycling
pathway, the evidence shown supports HER3 rephosphorylation on extended lapatinib

treatment, due to a higher rate of recycling via the ERC.

A key question within this field concerns which receptor is in fact responsible for HER3
rephosphorylation. HER2 tyrosine kinase activity has been suggested as a potential
mechanism of reactivation of HER3%*® but a consistent absence of HER2 phosphorylation is
seen at the time-point of HER3 rephosphorylation on our immunoblots, in line with the

literature9%262

. Hence any contribution of residual HER2 kinase activity is likely to be
minimal. An alternative receptor kinase may be implicated. A variety of candidates have
been tested, by other groups and us, including IGF-1R, C-MET, HER1, and HER4**°, MUC4
with no positive results®®. Activation of MET via HER3 has been shown to lead to resistance
to gefitinib treatment in lung cancer cell lines and in 22% of lung tumours which were
resistant to gefitinib®*°. Similarly in gastric cancer cell lines, MET receptor activation has
been shown to rescue cells from lapatinib-induced cytotoxicity and represents a mechanism
of resistance to lapatinib®'*. An alternate membrane-bound receptor tyrosine kinase, bearing
a kinase domain similar to MET, AXL, has also been implicated in the development of
resistance to lapatinib®*2. IGF-1R has been implicated in mediation of resistance to

trastuzumab via HER13'3. Another suggestion is that the residual kinase activity of HER3 is
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sufficient to auto-phosphorylate the up-regulated receptor. However this activity is 1000 fold
less than that shown by HER1 and Shi et al hypothesise that it would only be sufficient to
activate a competent TKD in trans rather than autophosphorylation of HER3%%%. The cellular
location of HER3 may also play a role in the activation of a HER3-dependent resistance
mechanism. For instance, HER3 may associate with substrates which are only present in the
endosomes, such as PLCY. Such an association has been demonstrated between cytosolic
HER2 and PLCY?*’, and HER1 and Src in endocytic recycling compartments®®°. The identity
of the partner for HER3 re-phosphorylation is still elusive.

We have demonstrated, amongst others!9%262263

, the vital role of HER3 in mediating
resistance to HER targeted TKIs. However, in targeting this receptor for treatment, we face
several challenges. Firstly, disruption of the HER2:HER3 dimer at the extracellular
components may not be sufficient to affect intracellular binding. For example, pertuzumab,
an antibody to the HER2:HER3 extracellular dimerisation interface, is very effective at
inhibiting ligand-induced heterodimerisation®®*?*, but is much less effective at disrupting
ligand-independent HER2:HER3 dimerisation®*3!°, This is likely to be due to the different
structural characteristics of the HER3 ECD in the liganded versus unliganded conformation.
Secondly, the function of HER3 is not mediated through its tyrosine kinase catalytic activity.
Within the last two chapters we have highlighted two key areas which may be useful targets
for novel therapies: the kinase domain ATP binding site and its dimerisation domain. As
mutation of the ATP pocket in HER3 abolished HER2:HERS3 dimerisation, this pocket could
be targeted by the ATP analogue class of TKls which target noncatalytic functions.
Lapatinib-induced TKD-mediated HER2:HER3 dimerisation seems to be a key event leading
to altered HER3 trafficking and re-phosphorylation. Therefore, allosteric drugs targeting this
site or pre-existing somatic mutations equivalent to HER2(1714Q) could also attenuate the
development of HER3-mediated resistance. Such strategies disrupting the kinase domain-
mediated dimer could prove powerful, paired with existing HER2 targeted drugs which
disrupt the extracellular dimerisation site, such as pertuzumab. Furthermore, if receptor
recycling is critical to the development of resistance, the recycling pathway may be a key

novel target in circumventing TKI mediated resistance.

Several studies have demonstrated utility of lapatinib in early HER2-positive breast
cancer**. However not all tumours which overexpress the HER2 receptor are sensitive to
lapatinib®®, and resistance eventually develops. Lapatinib induced hetero-dimers may
persist within these tumours and highlight patients at risk of early recurrence, who may
benefit from increased surveillance. Furthermore, tumours which do not classically
overexpress HER2 (by FISH or immunohistochemistry), may yet respond to HER2-targeted

drugs, such as lapatinib®"*8 With the advent of new HER2 targeted drugs, combination
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regimes need to be designed rationally with appropriate biomarkers. For example, as
pertuzumab is less effective at disrupting ligand independent HER2:HER3 dimerisation®*3**
combination treatment with lapatinib may lead to a failure of efficacy in the clinic due to the
stabilisation of the lapatinib-induced HER2:HER3 dimer. These examples require a validated
biomarker assessing the effect of the HER2 targeted drug upon HER2:HER3 dimerisation
and the degree of persisting hetero-dimers. | have attempted to translate this FRET/FLIM
HER2:HER3 dimer assay to a dual antibody-mediated assay to measure HER2 and HERS3

interactions in patient tumour samples, as described in the next chapter.
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Chapter 5: Development of a
FRET/FLIM based biomarker -
challenges and pitfalls

5.1 Introduction

As discussed in Chapter 1, a number of prognostic tools, based upon clinical data,
anatomical staging and histopathological features, predicting the risk of metastatic relapse
are used by oncologists to more accurately guide clinical decision-making®>**°. The appeal
of these instruments lies in their simplified and averaged format, but this is also their major

flaw as they cannot predict outcome on an individual level.

It is hoped that translational genomic and proteomic research will discriminate more
accurately than is possible at present between patients with a good prognosis and those
who carry a high risk of recurrence. Rational treatments, targeted to the specific molecular
pathways of an individual’s high-risk tumour, are at the core of tailored therapy. Recent
experience with molecule-targeted therapeutics suggests that the efficacy of such therapies
would be improved if we could selectively treat patients on the basis of aberrations in protein
function/activity within specific biochemical pathways, rather than simply the level of target
antigen expression®*°. FRET-FLIM imaging of protein function and protein complex formation
could potentially improve patient selection for targeted therapy, by specifically identifying for
each patient whether the targeted pathway is active in a particular tumour sample, thus truly

tailoring medicine to the individual.

Since the widespread adoption of the HER2-targeted inhibitor, trastuzumab (a monoclonal
antibody to the extracellular domain of HER2) for HER2 over-expressing breast cancer,
there has been a surge in the development of targeted, potential anti-cancer drugs. During
drug development, only one in 10,000 compounds screened at the target localisation stage
will succeed to approval for clinical use. This process may take more than 10 years®®.
Furthermore, once the drug is within the clinical sphere, clinical outcomes rarely meet initial
expectations. For instance, although the tyrosine kinase inhibitors (TKIs), erlotinib and
gefitinib, are targeted to HER1, and approved for use in non-small cell lung cancer®®,
response rates are less than 10% in unselected populations and overexpression of HER1
does not correlate with response to treatment®**??%, There is a real need for validated
predictive biomarkers for drug activity, both for drug development and to rationalise clinical

drug use. We propose that quantification of associations between signaling proteins by
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FRET/FLIM may allow delineation of the specific molecular pathway alterations within the

cancer patient at a subcellular level.

The cancer genome or proteome is relatively plastic and can be reprogrammed, at different
stages of tumour development, to carry out various cellular processes such as proliferation,
invasion and metastasis, or reversion to dormancy®®*. This plasticity gives rise to spatial
heterogeneity of cancer within the body and makes it challenging to fully assess treatment
response. Molecular imaging provides a solution by mapping the spatial response of the
tumour to treatment within the individual and thereby, to monitor progress throughout the
patient journey. Hence, a further challenge in mapping response to treatment is tumour
heterogeneity, which is only just beginning to be described in terms of gene expression®®.
We have reviewed recent advances in prognostic and predictive tools, in terms of gene
expression signatures in Chapter 1.2.2. We now describe the potentially complementary
tools of assessment of protein expression and interaction in the development of novel

prognostic and predictive biomarkers.

5.1.1 Existing prognostic protein-based biomarkers for HER2-positive

breast cancer

Evaluation of HER2 overexpression by immunohistochemistry (IHC) or gene amplification
using fluorescent in situ hybridisation (FISH), is not only the strongest prognostic factor in
patients with HER2-positive disease, irrespective of lymph node status®?®, but also remains
the sole criteria by which we choose to prescribe HER2-targeted therapy®*"*?%, However, of
these HER2-positive patients only 50% respond to, for instance, trastuzumab in the
metastatic setting®*?°. As HER2 gene amplification or protein overexpression alone does
not appear to be the only key to drug response, we have sought to quantify HERZ2 interaction

with HER3, in order to create a new prognostic or predictive biomarker.

The gold standard of measurement of HER2 overexpression is IHC, initially, which is scored

according to the HercepTest™ guidelines:

0= no staining or membranous staining in <10% of invasive tumour cells

1= faint or barely perceptible membranous staining in >10% of invasive tumour cells
2= moderate complete membranous staining in >10% of invasive tumour cells

3= strong complete membranous staining in >10% of invasive tumour cells.
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A negative score is 0 or 1, and a positive score, 3. An equivocal score, of 2, is followed by
FISH analysis for determination of gene amplification. Patients with HER2-positive tumours
by either method are eligible for treatment with HER2-targeted therapy. HER2
overexpression is an indicator of earlier disease recurrence and shorter overall survival. For
instance, patients with HER2 negative tumours have a much lower risk of death; 63% of that
for patients who are HER2 positive®**. However, better predictive biomarkers are required in

order to define which patients may benefit from HER2-targeted drugs.

Dimerisation of HER2 with other members of the HER family is important for activation, but
in particular, dimerisation with HER3 has been shown, in vitro, to be a potent oncogenic

175

unit™”. HER2:HER3 heterodimers are the most stable and form the most actively signalling

pair of receptors within the HER family>*°

. Quantification of this interaction may prove to be a
better prognostic and/or predictive biomarker for the use of HER2-targeted treatment in
breast cancer. Studies have sought to assess the level of expression of all 4 members of the

HER family by IHC as prognostic or predictive biomarkers®'%%®

, with HER3 expression
emerging as prognostic for poor clinical outcome, alongside HER1 and HER2, but HER4
expression as potentially associated with a good prognosis. Overexpression of both HER2
and HER3 is observed in a small number of cases (3-11%%*°3%) and is associated with

|336

reduced overall survival and disease-free surviva Assessment of expression of

downstream affectors of HER2 and HER3, e.g. activated Akt and Erk, did not appear to add

prognostic information and was not associated with survival**’.

HERS protein overexpression is present in upto 75-85% of breast tumours®¥23%* but may be
also be seen in normal adult tissue®*’. Strong IHC staining, mainly found in tumours, is

variably expressed, as assessed with different antibodies (3-50%3%%33833%9

) and seems to be
predictive of poor survival compared to moderate or weakly stained tumours®*®., HER3
expression is associated with clinical markers of poor prognosis, such as tumour size>2cm
and tumour type, and a dichotomous classification of protein expression (as positive or
negative only) demonstrated an association between positive/strong HER3 staining and
early local recurrence®®. Splice variants of HER3 have previously been detected, the most
common of which is a 1.4kB ectodomain transcript®*®3*2, This transcript is expressed in
normal human tissues, implying a physiological role, in a variety of cancer cell lines and
tumours including ovarian and squamous cell carcinomas. Although the lack of a
transmembrane and intracellular domain has led to the assumption that this variant is mainly
secreted, intracellular expression has also been demonstrated®**. This transcript exists as a
dimer but does not bind ligand and its function is unknown. The prognostic implication of

various splice variants is not yet clear.
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Overamplification of the HER3 gene has been shown, by FISH to be prognostic of poor
disease-free survival (hazard ratio 2.35, CI=1.08 to 5.11) but HER3 protein expression was
not prognostic in this study®*?. However, HER2 protein overexpression did not predict for
early recurrence (HR 1.42 but CI-0.0-2.24 and p=0.129) either, which may suggest a
selection bias within this patient group. Furthermore, HER3 staining was scored according to
criteria developed for HER1, which may not be applicable for this protein as HER1 protein
distribution is mainly membranous, whereas HERS3 distribution has been shown to be more
cytoplasmic®*. The authors themselves comment on the inconsistency of the
immunohistochemical studies due to the lack of availability of highly specific antibodies,
especially for HER3, for which only one of humerous antibodies could be validated. Hence,
assessment of HER3 protein overexpression by IHC alone seems fraught with difficulty and

does not seem to be a robust biomarker.

Assessment of the activation state of both HER2 and HER3 is possible by IHC-based
staining of phosphorylation at C-terminal tyrosine residues, and has been evaluated as a
biomarker. Expression of both phosphorylated HER2 and phosphorylated HER3 has been
shown to be prognostic of early relapse, and shorter time to death, in the case of
phosphorylated HER2*'. However, co-expression of proteins does not necessarily indicate
interaction. Proximity ligation assays use a fluorescence-based dual antibody technology,
summarised in Figure 5.1, in order to measure protein proximity of the less than 40nm
length scale®***3*. This method has been used to demonstrate correlation between detection
of HER2:HER2 homo-oligomers or HER2:HER3 hetero-oligomers and early tumour
recurrence, with a hazard ratio of 1.72 or 2.18 respectively or death, with a hazard ratio of
1.69 or 2.21 respectively**. However, technological issues mean that this assay may only
measure protein oligomerisation but not direct interactions which by definition should be of
the <10nm length scale, as considered further in the Discussion. FRET/FLIM technology

may better quantify protein dimerisation and is further explored.
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Figure 5. 1 Schematic diagram of proximity ligation assay for measurement of, e.g. HER2:HER3
oligomerisation*

(A) Proximity probes (antibodies with DNA strands attached) bind to target proteins, e.g. HER2 and HER3. (B)
Circular DNA strands are added to the sample, and act as a template for hybridisation with the probes if they are
within proximity. The purple area in the circular DNA strand represents a part of the template which
corresponds in part to one proximity probe, and the other part, to the other probe, leading to assay specificity.
Both probes must be within 40nm proximity in order to allow hybridisation with the template**’. (C) Rolling-
circle amplification of the circular DNA molecule is primed by one of the proximity probes, creating a product
which remains attached to the probe. (D) A long single-stranded DNA molecule is generated, rolled up in a ball,
which can be visualised by hybridisation of fluorescence labelled probes complementary to the amplification
product.
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5.1.2 Clinical applications of FRET/FLIM

Several methods have been used to quantify protein-protein interactions in vitro, but
translation for use in clinical tumour samples has not yet been achieved for most, except
FRET/FLIM based assays. For instance, protein-fragment complementation assays allow the
study of protein-protein interactions in vitro or animal models, but rely on the introduction of
the proteins of interest fused to an inactive fragment of a reporter protein, which regains
activity once the proteins of interest interact**®. However, these fusion proteins cannot be
used in human tissue samples. Forster resonance energy transfer (FRET) imaging by
fluorescence lifetime imaging (FLIM) has been used to quantify protein-protein interactions
at the nanometre scale, in vitro and in live cells and animal models?!15116:123:309.349-355 " nq
example of using FRET imaging to monitor, in the preclinical setting, the pharmacodynamic
response to therapy in situ is the application of the probe SCAT3 to monitor caspase-3
activity during tumour cell apoptosis subsequent to cisplatin or photodynamic (PDT)
treatment *°. This technique was repeated at varying time-points in order to observe drug
effects on the tumour. Such an assessment of ‘on-target’ drug effects could greatly improve

response assessment.

A two antibody FRET/FLIM approach has been applied, by ourselves and others, to human
cancer tissues to detect the nano-proximity between a donor fluorophore-conjugated anti-
protein kinase C (PKC) or anti-HER1 antibody, and an acceptor fluorophore-labeled
phospho-specific antibody, providing a highly specific quantification of phosphorylation 222,
More recently, the first FRET/FLIM assay to quantify HER1 and HER2 homo- and

heterodimerisation in tumour tissue has been established®’

. We have previously shown the
translation of an in vitro protein-protein interaction assay, measuring HER1 ubiquitination, in
cell lines, to a dual antibody-based assay for quantification of HER1 ubiquitination in tissue,
using FRET/FLIM technology (Figure 5. 2)%. These images demonstrate in vitro assessment
of functional HER1 modifications, i.e. ubiquitination, which is associated with downregulation
and degradation of this receptor'®”*®3%° Cell lines with varying susceptibility to HER1
degradation (panel B), mimic varying tumour phenotypes. Thus, translation of these assays
for use in patient tumour tissue may delineate a group of patients who are more likely to
respond to drugs manipulating this pathway. Development of instruments combining
endoscopic cellular resolution imaging with technology to quantify fluorescent lifetime and

FRET, is underway and will increase potential clinical applications®®.
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Figure 5. 2 Multiphoton FLIM measurements of the intermolecular FRET between HER1-GFP and
ubiquitin-mRFP1?

A) Endogenous HER1 ubiquitination is assessed in the breast cancer cell lines, HCC and MDA-MB-468. HER1
ubiquitination is increased in cells which highly degrade HER1 on EGF treatment (HCC) as opposed to those
which degrade HERL1 less readily (MDA-MB-468). This is shown by the pseudocolour fluorescence lifetime
maps. Here, FRET was measured between Cy2 and m-RFP.

B) Translation of the above FRET-by-FLIM assays to dual fluorophore-labelled antibody assays for application
to endogenous protein interactions in tumour tissue. These figures show the initial assessment of FRET
efficiency between anti-HER1-Cy2 and anti-ubiquitin-Cy3 in A431 cancer cells (with the established
methodologies being applied to patient-derived cancer tissues). Anti-ubiquitin-Cy3 1gG concentration is at
control level at 1ug/ml, whereby no ubiquitin staining is seen (epifluorescence Cy3 image), versus optimal
concentration (10ug/ml), whereby a reduction in fluorescence lifetime of Cy-2 is seen on the pseudocolour
lifetime images.
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5.1.3 Tumour heterogeneity

In addition to the heterogeneity observed between individual cancer patients, cancer
genome plasticity and the inhomogeneous tumour microenvironment, can give rise to
intratumoural heterogeneity among cancer cells within the same tumour. This has been
demonstrated by using next-generation sequencing in combination with physical dissection
of the tumour specimen®*, or ultradeep sequencing to reveal the clonal frequency of
individual mutations in order to reconstruct the evolutionary tree of the individual cancer
clones®*?%%3  This phenomenon poses a new challenge in the attempt to image tumour
biological response at a microscopic scale as discussed below. Detailed analysis and
subclassification of entire ductal carcinoma in situ lesions, by immunohistochemistry and
microarray analysis, showed intratumoural biological diversity in 46% of all samples®**%®. It
is likely that histopathological analysis leads to an underestimation of total intratumour
heterogeneity as only a small percentage of the tissue is examined. Disseminated tumour
cells may exhibit a very different phenotype to that of the primary tumour. They may consist
of stem cells, which are resistant to treatment or may express antigens which allow escape
from immune surveillance in order to seed at a distant site and establish metastases. For
example, comparison of the HER2 status of primary and metastatic lesions by IHC reveals
significant discordance: 127 out of 342 patients, 90 having a HER2 positive primary tumour
but HER2 negative metastases, and 37 having a HER2 negative primary tumour but HER2
positive metastases®®®. A similar series has observed heterogeneity for HER2 amplification
within the primary tumour site®’. This discordance between primary and metastatic tumour
site could alter management of metastatic disease but is often not uncovered due to the

difficulty in obtaining repeated, invasive biopsies on patients with metastatic disease.

Imaging techniques, such as FRET/FLIM have a limited depth of penetration and do not
inform on whole body distribution. There is scope to link whole body imaging (e.g. PET/CT)
to imaging of pathological mechanisms within the tumour cells at a nanometer scale. The
enabling technologies linking these two imaging scales will include image-guidance by the
co-registration of different images (e.g. PET and ultrasound (US)), to improve the current
accuracy of sampling tumour-infiltrated lymph nodes, for instance. Image-guided biopsy may
complement whole body imaging by improving the accuracy of assessment of response and
recurrence, but is invasive. Tumour sites exhibiting poor response to therapy may be
biopsied to define whether these cells exhibit a clonal change or a change in receptor
expression. For instance, the difference or discordance in protein expression (e.g. HER2

368

status™") on cancer cells between the primary tumour and distant metastatic sites may

correlate with a differential sensitivity to treatment.
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5.1.3.1 Challenges in assessing tumour heterogeneity

Although molecular imaging may help delineate intra- and inter-tumour heterogeneity, these
findings may create challenging clinical implications. For example, the smallest volume of
the tumour expressing the imaged target which may warrant a change of treatment, and the
implications of determining the molecular profile of the biopsied material from e.g. the
secondary site, are issues which will have to be tackled in this context. The presence of an
established targeted therapy such as trastuzumab indicates that HER2 detection either in a
primary or metastatic site warrants treatment with the targeted drug. However, the proportion
of HERZ2 receptors detected within the tumour may be difficult to standardise and quantify in
vivo, due to the limits of resolution with PET imaging. Current histopathological
recommendations define HER2 positivity as greater than 10% of cells exhibiting the strong

membranous staining for the receptor on immunohistochemistry®*®

. However, until these
guidelines were published, controversies existed in this established field regarding
standardised operating procedures, and proficiency testing within the laboratory. The direct
translation of this definition to a 3-dimensional in vivo sample is fraught with further
difficulties. Large scale observational clinical studies are required to assess the prognostic
significance of varying levels of HER2 receptor detection within a tumour sample on imaging,

prior to establishment of guidelines regarding treatment decisions.

5.1.3.2 Combining whole body imaging and microscopic imaging

Whole body imaging of tumour pathophysiological processes such as hypoxia,
angiogenesis, apoptosis and proliferation visualises disease processes with millimeter
resolution. In order to link these processes to molecular mechanisms which are mostly
based on subcellular protein modifications, events such as HER dimerisation and
phosphorylation must be visualised. One approach is to utilise whole body imaging
modalities such as CT, PET, MRI or US to delineate disease at a whole body level and guide
biopsy to specific sites of interest, where subcellular processes may be assessed by, e.g.
FRET/FLIM. This strategy represents complementary information that completes the

description of the cancer molecular phenotype.

Image-guided percutaneous biopsy is a well-established method in cancer diagnosis. For
example, over the last 20 years, routine methods for the diagnosis and staging of breast
cancer have relied on percutaneous biopsy under ultrasound or stereotactic mammographic
guidance®®. Breast cancer screening leads to a much higher detection rate of breast
anomalies or microcalcifications. Most of these anomalies are not palpable and require
image guidance to obtain diagnostic material. Image-guided biopsy has increased the

accuracy of non-operative diagnosis and differentiation between malignant and benign
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disease from 63% to 95%. In the meantime patient morbidity has decreased due to a
reduction in the rates of open surgical biopsy. Immunohistochemical information from the
tissue obtained by image-guided biopsy may also be used to guide treatment decisions for
chemotherapy and targeted therapy. For example, percutaneous ®F-FDG-PET-CT guided
bone biopsies have been shown to change the diagnostic staging, and thus alter planned
treatment in over half of the cancer patients studied®”*. This group used repeated *®*F-FDG -
PET/CT scans to position a needle in order to biopsy metabolically active bone lesions which
were deemed equivocal on routine staging with CT, MRI or ‘®F-FDG-PET. Intended
treatment was altered in 56% of patients (n=20), with a variety of tumour types. This study
illustrates the benefits of the combination of two imaging modalities in order to correctly

biopsy equivocal sites, which may impact on treatment decisions.

The use of image-guided endoscopic biopsy can produce tumour cells or tissues for
nanoscopic analysis in a relatively patient-compliant manner, thereby linking clinical imaging
to a more precise assessment of molecular mechanisms. This multimodality imaging
approach (in combination with genetics/genomic information) could be used to bridge the
gap between our knowledge of mechanisms underlying the processes of metastasis and
tumour dormancy and routine clinical practice. Treatment regimes could therefore be
individually tailored both at diagnosis and throughout treatment, through monitoring of drug
pharmacodynamics providing early readout of response or resistance. Delineation of the
variety of phenotypes exhibited by tumour cells throughout the body, by examination of the
malignant proteome, is necessary prior to answering the question of the clinical significance

of tumour heterogeneity.

In the following section, | will describe in detail the work that has been undertaken to
translate our pre-clinical FRET/FLIM assay for HER2:HER3 dimerisation, to measure
endogenous protein-protein interactions in archived pathological material. We hypothesised
that prognostic tools based on unraveling the molecular networks within the proteome that
drive cancer proliferation, such as HER2:HER3 dimerisation, may help improve disease
outcome predictions. Furthermore, this assay may improve upon current predictive
biomarkers as there is a dearth of tools in this arena for HER2-targeted drugs. Resistance to
treatment could be understood better by imaging the recruited signaling pathways in
response to drug combinations. Translating such assays into clinical benefit will guide the

rational use of expensive drugs.
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Results

5.2.1 Distribution of HER2 and HER3 expression across METABRIC TMA

of primary patient tumours

In order to describe the distribution of both HER2 and HER3 across our set of TMAs, a
HER3 (RTJ2) antibody, a clone of which was previously used for IHC in tumour tissue®?®,
and a HER2 antibody from the FDA approved DakoHercept test (Dako), were successfully
applied to the METABRIC TMAs of formalin-fixed paraffin embedded (FFPE) primary tumour

tissues.

Figure 5.3 demonstrates two different tumour cores, one of which is negative for HER2 and
HER3 (upper panel) and one of which is strongly positive for both proteins (lower panel). The
distribution of HERZ2 in the positive sample is predominantly membranous (black arrows) but
an intracellular component is also detected (red arrow). In contrast, the predominant
distribution of HER3 is intracellular (black arrows), with some membranous staining (red
arrow) in line with published evidence®*®. These assays were applied across the whole
patient cohort of 220 patients. Samples were scored independently by the supervisor, Dr
Cheryl Gillett, who is experienced in breast histopathology interpretation and by the primary

PhD researcher (Gargi Patel).

Although guidelines for HER2 scoring in IHC are well established (e.g. HercepTest™), no
such guidelines exist for HER3. HER1 staining in IHC is scored according to the HER1
pharmDX™ guidelines which some groups have used to score the immunohistochemical
staining patterns of other members of the HER family®*?. These guidelines score as positive,
any membranous staining by IHC, above background, whether it is complete or incomplete
circumferential staining. The intensity of the staining may then be scored from 1-3+.
However, this system is not applicable in our cohort as HER3 demonstrates a different
cellular distribution both within our samples (Figure 5. 3) and in the literature®*. On review
of IHC staining of HER3 across the cohort, it became clear that patterns of HER3 staining
were predominantly intracellular at various intensities, but the range of intensity was not
high. Therefore, we scored tumour cores for HER3 as either negative or positive, if any

staining above background was present, in more than 10% of tumour cells.
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Figure 5. 3 Immunohistochemistry stain for HER2 and HER3 in METABRIC tissue samples

Tissue microarray sections were stained for IHC for HER2 or HER3 as described in Materials and Methods.
Both the antibodies used, namely RTJ2 (Millipore) and the antibody from HercepTest (Dako), have been
validated for use in FFPE tissue for IHC. The top panel shows an example of a tumour core which did not stain
for either protein. The lower panel shows a tumour core which was positive for HER2 and HER3. The image on
the left shows complete staining of cell membranes for HER2 in >10% of cells (black arrows). Although there is
an increased intensity of HER2 on the membrane, cytoplasmic staining, of lower intensity, is also present (red
arrow). The lower right image demonstrates a different distribution of staining for HER3. Although some low
intensity membranous staining is present (red arrow), the majority of staining is cytoplasmic (black arrows) of a
heterogeneous nature. Scale bar represents 100um.
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TMA number Total number of cores Missing  No tumour  Not assessable
HER2

81A 88 17 7 0

82A 44 18 3 0

83A 88 43 2 6 Total in analysis
Totals 220 78 12 6 124
HER3

81A 88 30 3 0

82A 44 23 0 0

83A 88 33 2 0 Total in analysis
Totals 220 86 5 0 129

Table 5. 1 Characteristics of cores assessed from METABRIC TMA

TMAs were composed of 44 or 88 cores per slide, with a further 7 or 11 normal tissue cores
respectively, for orientation and had been made in triplicate. Only one of these triplicates
was used within this initial step of assessing HER2 and HER3 expression within the
METABRIC cohort (denonated as ‘A’ in the numeration above). Review of the data resulted
in the omission of many cores due to the core being missing or unassessable on imaging, as
shown in the table above. A total of 96 patients from the TMAs assessed for HER2
expression and 91 patients from the TMAs assessed for HER3 expression were lost from
analysis due to these errors. Of the assessable tumour cores, a further 14 and 4 patients
from the TMAs assessed for HER2 and HER3 respectively were lost to analysis due to a

lack of follow up or outcome data.

In order to establish whether this cohort of patients was representative of the population, we
assessed the prognostic significance of a variety of clinic-pathological factors which are
known to be strongly predictive of outcome. For instance, lymph node positivity
demonstrated a hazard ratio (HR) of 3.8 (confidence intervals, Cl, 2.3-6.5), with a p value of
4.4x107 for DMFS and 3.7 (Cl, 2.1-6.4) with a p value of 4.30x10° OS at 10 years on
univariate analysis using Cox’s proportional hazard models. Similarly, oestrogen positivity
demonstrates a positive effect with a HR of 0.46 (Cl, 0.26-0.81, p=0.0073) for DMFS and a
HR of 0.39 (ClI, 0.22-0.69, p=1.43x10) in line with the literature. Unfortunately neither HER2
nor HER3 emerged as a statistically significant independent prognostic predictor for
outcome, either DMFS or OS. However, Kaplan-Meier curves demonstrating distant-
metastasis free survival (DMFS) and overall survival (OS) at 10 years (Figure 5.4)
demonstrate separation of the survival curves for patients who are HER2 positive (poorer
outcome) versus those that are negative for both DMFS and OS. The survival curves for
HER3 however demonstrate less separation and more overlap. The lack of statistical

significance is likely to be due to the small numbers of events in each group.
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Figure 5. 4 Kaplan-Meier curves demonstrating distant metastasis-free survival and overall survival

according to HER2 or HERS3 expression by IHC

Distant metastasis-free survival (DMFS) and overall survival (OS) probabilities according to HER2 (A) and
HERS3 (B) overexpression. DMFS is reported as distant metastasis or disease-specific death and OS is reported
as disease-specific death. Inset figure legend indicates number of patients within each group, and in brackets, the

number of events for this group. Cox proportional hazard models were fitted using the 'survival' package

201 &
In

R?2 Kaplan-Meier curves and logrank tests were also performed using the 'survival' package. This figure was
created in collaboration with Dr Katherine Lawler, bio-informatician.
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5.2.2 Validation of antibodies targeted to HER2 and HER3 in cell lines

In order to translate the pre-clinical FRET/FLIM assay for use in tumour tissue, several
conditions must be fulfilled. The FRET/FLIM assay described in Chapter 3 is based upon
FRET interaction between GFP and RFP or Cy3 bound to an anti-HA antibody. However,
antibodies, directly conjugated to a fluorophore are required if this assay is applied in FFPE
tissue. Therefore, we first validated the antigen specificity of a variety of antibodies in cell
lines transfected with the fluorescently tagged protein of interest. Those successfully
validated were kindly conjugated with fluorophores by Dr Gilbert Fruhwirth. Monoclonal
antibodies were selected as they are more specific than polyclonal antibodies which are
raised against multiple epitopes on any given antigen. Furthermore, conjugation of
monoclonal antibodies with fluorophores is more reliable compared to serum from polyclonal
antibodies, which contains a heterogeneous complex mixture of antibodies, which may be
conjugated with different dye: protein ratios.

Once conjugated, the antigen specificity was re-tested as the process of antibody
conjugation (described in Materials and Methods) could lead to a loss of specificity.
Furthermore, both antibodies must bind to the protein of interest in a configuration which
sterically positions the fluorophores within an appropriate proximity for FRET to occur.
Therefore, we first screened a variety of antibodies against HER2 and HER3 in order to
provide a panel of antibodies which could then be applied in various combinations to select

those which provide the highest level of interaction by FRET/FLIM.

Figures 5.5 and 5.6 demonstrate the validation of antibodies targeted against HER?2. Initially
the primary antibodies were tested in cells overexpressing the fluorescently tagged protein of
interest, by indirect fluorescent labelling with a secondary antibody raised against the
species in which the primary antibody was raised, as shown in Figure 5. 5. The upper panel
shows co-localisation of overexpressed HER2-GFP and anti-rabbit 1gG-Cy3, bound to a
customised rabbit anti-HER2 primary antibody (raised against an immunizing peptide
sequence around tyrosine 1248 of the human ErbB2 protein (CTAENPEYLGLDV-CONH2),
referred to as ‘in house antibody’ herein) in MCF-7 cells, which do not express endogenous
HER?2 protein. Figure 5. 5A also shows a negative control, whereby a secondary antibody is
applied alone without a primary antibody. The Cy3 epifluorescence image shows the lack of
staining with a secondary antibody alone. The lower panel however demonstrates that once
this monoclonal antibody is conjugated to a Cy3 fluorophore, the antigen specificity is lost,
with non-specific staining in the Cy3 epifluorescence image. The causes for this loss of

specificity are explored in the discussion below.
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Similarly, Figure 5. 5B, upper panel, shows localisation of overexpressed HER2-GFP and
anti-mouse 1gG-Cy3 bound to the primary ant-HER2 antibody (Labvision, Ab-17). In this
case, conjugation of this antibody with Cy5 does not affect antibody specificity as shown in
the lower panel, top row. A non-specific antibody conjugated to Cy5 does not co-localise with
HER2-GFP as shown by the images in the middle row. The antibody was also tested in SK-
BR-3 cells in which HER2-GFP was expressed, as demonstrated in the lower panel.
Endogenously expressed protein is detected (highlighted with yellow arrows) at a lower
intensity compared to transfected protein (white arrows), as expected.

This method of validation was followed for all antibodies described below. The pertinent
images for the relevant antibodies are shown. For example, if the antibody works equally
well when used indirectly or when conjugated with a fluorophore, only the images of the
directly conjugated antibody are shown. Figure 5.6 shows co-localisation of HER2-GFP with
two directly conjugated antibodies, clone L26 and N24, (donated by Prof. Yosef Yarden,
Weizmann Institute of Science) and designed ankyrin repeat proteins (DARPIns) conjugated
to Cy5. As the DARPIn has been genetically engineered to mimic naturally occurring ankyrin
proteins, which are highly specific, high-affinity and mediate protein:protein interactions, this
molecule was harnessed by collaborators for potential use in the development of FRET/FLIM
assays. Ankyrin proteins usually consist of four or five repeat motifs and have a molecular
mass of 14-18kDa. The small nature of these proteins can also make them ideal for use in
FRET/FLIM assays, as they are more likely to achieve higher FRET efficiencies compared to

larger bulkier antibodies?, which typically have a molecular mass of 150kDa (IgG).

The proteins examined in Figure 5. 6 are all raised to extracellular epitopes on HER2, and
hence cells do not require permeabilisation during preparation. Figure 5.6B demonstrates
that signal localisation is not affected whether this step is carried out. It was important to
differentiate between antibodies which bind to extracellular epitopes of the protein versus the
intracellular epitopes as localisation of both fluorophores on the same side of the plasma

membrane is a pre-requisite in order for FRET to occur, as described above.

148



GFP Cy3 .
A epifluorescence epifluorescence  Colour merge image In house ant'bOdy

Indirectly labelled antibody

MCF-7 cells transfected with HER2-GFP
Rbt anti-HER2 IgG (40ug/ml) +
Anti-rabbit IgG-Cy3 (1:200)

MCF-7 cells transfected with HER2-GFP
Anti-rabbit IgG-Cy3 (1:200) alone

GFP Cy3 5
epifluorescence epifluorescence Colour merge image F| uorescent]y-la bel |ed anthOdy
SK-BR-3 cells transfected with HER2-GFP
+anti-HER2 IgG-Cy3 (40ug/ml)
B GFP s _ Clone 17 antibody
epifluorescence epifluorescence Colour merge image

Indirectly labelled antibody

MCF-7 cells transfected with HER2-GFP
Mouse anti-HER2 IgG(40ug/ml) +
Anti-mouse IgG-Cy5 (1:300)

MCF-7 cells transfected with HER2-GFP
Anti-mouse IgG-Cy5 (1:300) alone

Colour merge image

GFP Cy5

Fluorescently-labelled antibody

epifluorescence

epifluorescence

MCF-7 cells transfected with HER2-GFP
Mouse anti-HER2 1gG-Cy5 (20ug/ml)

MCF-7 cells transfected with HER2-GFP
Mouse control IgG-Cy5 (20ug/ml)

Untransfected SKBR3 cells
Mouse anti-HER2 1gG-Cy5 (20ug/ml)

Figure 5. 5 Validation of intracellular HER2 antibodies in cell lines

(A)The top panel demonstrates validation of the in-house HER2 antibody, which shows colocalisation with
HER2-GFP prior to conjugation with a fluorophore (in yellow/orange in the merged image). However after
fluorescent labelling, the antibody seems to lose specificity. (B) Similar images for HER2, clone 17 are shown.
This antibody not only shows specific staining of HER2 before and after being labelled but also identifies
endogenously expressed HER2 (yellow arrow), as well as transfected HER2 GFP (white arrow), as shown in the
bottom panel. Scale bars represent 5pum.
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Figure 5. 6 Validation of extracellular HER2 antibodies in cell lines

(A) Confocal images demonstrate colocalisation of a variety of HER2 antibodies targeted to extracellular
epitopes of HER2. MCF-7 cells were seeded for 24 hours and transfected with HER2-GFP, prior to processing
for immunofluorescence and staining with the indicated antibodies. Colour merge images demonstrate co-
localisation of HER2-GFP and HER2 antibodies in all three cases (yellow/orange in colour). (B)As cells
processed for antibodies targeted to extracellular epitopes do not require permeabilisation, the effect of Triton
(permeabilisation) upon HER2 antibody staining with HER2(Y'Y) antibody is shown here. Hoechst nuclear stain
is shown in purple. Scale bars represent 5um.
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In the case of HERS3, fewer antibodies targeting this protein are available, especially for use

in immunohistochemistry and immunofluorescence.

Figure 5. 7 demonstrates colocalisation of four selected HER3 antibodies (donated by Prof.
Yosef Yarden (herein referred to as YY), or purchased from R&D, Abnova (M01, clone 2E9,
referred to as M01) or Millipore(RTJ2)) with HER3-RFP or HER3-GFP in MCF-7 cells, which
overexpress HER3 endogenously in addition to the transfected, fluorescently tagged protein.
The upper panel in Figure 5. 7A shows the use of a mouse HER3-targeted antibody (MO01)
to identify endogenously expressed HER3 alongside transfected HER3-GFP. The colour
merge image highlights co-localisation of HER3-GFP and the conjugated antibody (white
arrow) as well as membranous staining of endogenous HER3 protein (yellow arrows).
Although the antibody donated by Prof Yarden (YY) shows strong specific staining of HER3,
the R&D antibody was poor in comparison, with low intensity staining even at high antibody

concentration. Neither of these antibodies recognised endogenous HERS3 protein.

Although the intracellular HER3 antibody (RTJ2) did demonstrate good staining of HER3 on
indirect labeling with a secondary Cy3 antibody (data not shown), this was no longer the
case after conjugation with Cy5 fluorophores. Figure 5. 7B demonstrates non-specific
staining of all cells of varying intensity, but not corresponding to regions of HER3-GFP
expression (colour merge image). Therefore, this antibody was used for HER3
immunohistochemistry in formalin-fixed, paraffin-embedded tissue, with DAB staining, as

opposed to optimization of a FRET/FLIM assay for HER2:HERS interaction.

Having completed this initial screen of antibodies to HER2 and HER3, we selected
candidates which could be suitable for demonstrating HER2:HER3 dimerisation by
FRET/FLIM, initially in cells prior to translation for use in tissue. As only extracellular HER3
antibodies retained specificity after conjugation with a fluorophore, extracellular HER2
antibodies were required to maintain fluorophore proximity. In the case of HERS3, the
antibody donated by Prof Yarden (YY) and MO1 (Abnova) were selected, and in the case of
HER2, the antibody donated by Prof Yarden (YY), N24, and the HER2 DARPIn.
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Figure 5. 7 Validation of HER3 antibodies

A variety of antibodies targeted to extracellular (A) or intracellular (B) epitopes were tested by
immunofluorescence. Both MCF-7 and SK-BR-3 cell lines were used as they overexpress HER3 endogenously,
and were also transfected with HER3-GFP or RFP as indicated. The colour merge images show areas of co-
localisation in orange/yellow. In the uppermost panel, yellow arrows show endogenous HER3 protein, which is
identified by the HER3 (MO01) antibody, as well as the transfected HER2-GFP protein (white arrow). Scale bars
represent Spum.
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5.2.3 FRET/FLIM measurement of HER2:HER3 dimerisation in cell lines

In Figure 5. 8, both anti-HER2 IgG-Cy5 and anti-HER3 IgG-Alexa546 (both antibodies
donated by Prof Yarden, YY) were applied to stain untransfected SK-BR-3 cells, untreated or
treated with ligand, NRG1 or lapatinib. The donor fluorophore (Alexa546) exhibits a
reduction in fluorescence lifetime, in the presence of the Cy5 acceptor. The FRET efficiency
derived as described in Materials and Methods, is therefore used to quantify the
endogenous HER2:HER3 dimer population. At baseline, there is an innate level of
dimerisation between HER2 and HERS3, which increases approximately two-fold on
treatment with either ligand or inhibitor. As there was no significant difference between
ligand and inhibitor treatment, NRG1 was used in the screening of the remaining antibodies
for the pair which demonstrated the highest level of FRET interaction between HER2 and
HER3.

Four pairs of conjugated antibodies/DARPin demonstrated a positive FRET efficiency when
both donor and acceptor were present, indicating a favourable configuration for fluorophore
interaction as shown in Figure 5. 8 and Figure 5. 9. Three pairs of antibodies demonstrated
a baseline FRET efficiency of 5-10% (the pair of antibodies donated by Prof Yarden, (Figure
5. 8), the Abnova antibody (M01) and DARPIn, and M0O1 and the HER2 antibody donated by
Prof Yarden (Figure 5. 9)). Those pairs in which IgG HER3(MO01)-Cy5 was used,
demonstrated a significantly larger increase in FRET efficiency to 25% on ligand treatment
as opposed to the HER3 antibody donated by Prof Yarden, except in the presence of 1gG
HER2(N24)-Cy5. In this case both baseline FRET efficiency and that detected on ligand
treatment was significantly lower than the other pairs. These antibodies were then applied to

FFPE material to assess antibody specificity in this medium.
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Figure 5. 8 Measurement of HER2:HER3 dimerisation on treatment with lapatinib and NRG1

(A) The upper panel shows untransfected SK-Br-3 cells which were seeded for 24 hours, treated with NRG1 or
lapatinib and stained with both anti-HER2 1gG-Cy3 and anti-HER3 IgG Cy2. Both these antibodies had been
donated by Prof Yarden. Cells were fixed and processed for FRET/FLIM analysis. Scale bar represents Sum.
(B) Bar graph shows cumulative analysis of FRET efficiency, calculated as described previously. 20-25 points
were taken for each condition. Error bars represent SEM, values for p are <0.001(***) or <0.01(**) calculated
by one way ANOVA.
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Figure 5. 9 Degree of HER2:HERS3 dimerisation in SK-Br-3 cells measured by FRET/FLIM, using different antibodies

SK-BR-3 cells were plated on 24 well coverslips and transfected with HER3-HA and HER2-HA for 24 hours. Cells were treated with NRG1 (50ng/ml) for 15 minutes prior
to fixation and processing for FRET/FLIM analysis. Scale bars represent 5um. Lower panels show cumulative analysis of FRET efficiency, calculated as described
previously, for each antibody pair. 20-30 points were taken for each condition. Error bars represent SEM, values for p are <0.001(***) or <0.01(**).
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5.2.4 Validation of fluorophore-conjugated antibodies in formalin fixed,

paraffin-embedded cell pellets

Although HER2 expression is routinely assessed in breast tumour samples, the same is not
true of HERS. Initially, it became necessary to devise a method of validating the fluorophore-
conjugated antibodies in FFPE material prior to application to archived tumour tissue.
Therefore, we developed a method for the production of cell pellets consisting of SK-BR-3
cells which endogenously overexpress HER2 and HERS3, but were also transiently
transfected with HER3-HA. Figure 5. 10A and B demonstrate validation of the fluorophore-
conjugated antibodies/DARPIn to HER2 and HER3, in FFPE cell pellets. Three cell lines
which overexpress a spectrum of HER2 protein, from none (0, negative) to strongly positive
(3+) were used to test the HER2 antibodies. As such a spectrum was not available for
HER3, HER3-HA was transiently transfected into SK-BR-3 cells prior to processing into cell
pellets. Both HER2(YY)-Cy5 and HER2(DARPIn)-Cy5 demonstrated a differential staining
pattern between strongly positive and negative cell pellets (Figure 5. 10A, upper panels)
with an increase in intensity and membranous staining in the strongly positive cell lines.
However, antibody staining with HER2(N24)-Cy5 seemed fairly non-specific, with no specific
membrane staining in the strongly positive cell line. Hence this antibody was excluded from
further optimization. Both HER2(YY)-Cy5 and HERZ2(DARPIn)-Cy5 were tested in an
available tissue composite control block which contained archived tumour tissue expressing
a spectrum of HER2 proteins (Figure 5. 11). Both antibodies demonstrate higher intensity
and more membranous staining in tissue which is strongly positive for HER2 (3+) as

opposed to negative or weakly positive (0 or 1-2+).

In the case of HER3 (Figure 5. 10B), the fluorophore-conjugated MOl antibody
demonstrates an intracellular distribution of HER3, with some areas of higher intensity
staining which are likely to represent transfected HER3-HA (yellow arrows). However the
antibody donated by Prof Yarden no longer recognizes the antigen in FFPE cells. Indirect
antibody labeling (RTJ2) highlights transiently transfected HER3-HA, demonstrated by both
by immunofluorescence and immunohistochemistry (IHC) with DAB staining. The
transfection efficiency appears to be around 10-20% with the transfected cells demonstrating
a much higher intensity stain and a more membranous distribution (yellow arrows) compared
to endogenously expressed HER3 (white arrows). From these tests in cell pellets,
HER2(YY)-Cy5, HER2(DARPIn)-Cy5 and HER3(MO01)-Alexa546 were chosen for testing for
FRET/FLIM in cell pellets.
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Figure 5. 10 Assessment of fluorophore-conjugated antibodies in PPFE cell pellets

HER3(M01)-Cy3 IgG HER3(YY)-Cy3 IgG

Epifluorescence (Cy3)
Widefield image

(A) A block containing cell pellets from 3 different cell lines was available, containing MCF-7 cells (HER2
negative/0), BT474 (HER2 3+), and either MDA-MB-453 or MDA-MB-175 (2+ or 1+ respectively). Three
antibodies were assessed on these blocks to demonstrate the spectrum of staining from negative to highly
positive. All antibodies differentiated between HER2 negative and strongly positive cells. (B) Three
fluorescently labelled antibodies to HER3 were tested on cell pellets of SK-Br-3 cells, transfected with HER3-
HA, as a similar block was not available for HER3. Although both HER3(MO01) and (RTJ2) identified HER3
protein, either endogenous or transfected, the HER3(Y'Y) antibody did not. IHC image of HER3(RTJ2) antibody
with DAB staining on the far right demonstrates HER3 distribution for both transfected (yellow arrows) and
endogenous protein (white arrows). Scale bars represent 50um.
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Figure 5. 11 HER?2 antibody and DARPIn staining of HER2 overexpressing tumour tissue

Sections from a tumour block containing tumour tissues expressing various levels of HER2 protein, were used
to test fluorescently labelled HER2(YY)-Cy5(A) and HER2 (DARPIn)-Cy5 (B). Both agents demonstrate high
intensity membranous staining for HER2 protein in HER2 strongly positive (3+) tissue compared to HER?2
negative (0), as assessed by the Hercep Test. The distribution of HER2(YY)-Cy5 and HER2(DARPIn)-Cy5 in
low expressing tissue (1+) was variable, although the same tumours had not been assessed for both agents. Scale
bar represents 50um.
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5.2.5 FRET/FLIM measurement of HER2:HER3 dimers in FFPE cell pellets

In order to validate the FRET/FLIM assay in FFPE material, two sets of cell pellets were
constructed, one stimulated with ligand, and one unstimulated. These pellets were
anonymised prior to application of the antibodies to both pellets, simultaneously. These
pellets were then processed for FLIM in order to select a pair of antibodies which reliably
differentiated HER2:HER3 interaction between stimulated and non stimulated cells (Figure
5. 12). Of the antibodies tested, the only successful pairing was HER2(DARPIn)-Cy5 and
HER3(MO01)-Alexa546.

As can be seen from the histogram in Figure 5. 12B, the level of FRET efficiency observed
in FFPE pellets compared to cell lines (Figure 5. 8 and Figure 5. 9) at baseline is slightly
reduced, and the interaction noted on ligand treatment is significantly reduced. This is likely
to be due to background fluorescence or ‘autofluorescence’ from the FFPE pellet diluting the
signal. Furthermore, processing of the cells after stimulation may not preserve the
protein:protein interactions efficiently. Although the signal from HER2(DARPIn)-Cy5 may
demonstrate some non-specific cytoplasmic staining of background, on examination of the
pseudocolour lifetime images, FRET/FLIM appears to occur on membranous regions of the
cells, especially after ligand treatment, as expected (white arrows). Therefore, we have
validated our FRET/FLIM assay in formalin fixed paraffin-embedded tissue, and shown
differentiation between the extent of HER2:HER3 dimerisation with and without ligand, as a
positive control. The final optimisation step is the application of this assay to FFPE archived

tumour tissue.
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Figure 5. 12 HER2:HER3 dimerisation measured in cell pellets, as measured by FRET/FLIM

(A)Images from FFPE cell pellets of SK-Br-3 cells are shown. Cells for Pellet B were treated with neuregulin
(50ng/ml) for 15 minutes prior to fixation; cells for pellet A were untreated. The cells were processed for the
manufacture of cell pellets as described in Materials and Methods. Sections were dewaxed and antigen retrieval
was carried out as per routine for FFPE tumour tissue, followed by processing for IF. The operator was blinded
to the identity of each pellet during image acquisition and analysis. White scale bar represents 50um. (B)
Cumulative analysis of FRET efficiencies, calculated as described previously, are shown in a bar graph. 5 points
were taken from each tumour specimen. Error bars represent SEM, values for p are <0.001(***).
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5.2.6 FRET/FLIM measurement of HER2:HER3 dimers in FFPE tumour

tissue

Once our FRET/FLIM assay had been validated in cell pellets, it was then applied to FFPE
tumour tissue in order to assess the spectrum of HER2:HER3 dimers detectable. Therefore,
we used a section from a composite block of four tumour tissues, each expressing various
levels of HER2 protein (3+, 2+, 1+ and 0 or negative, as scored using the Hercep Test). Of
note, the level of HER3 protein expression in each tumour tissue had not been previously
documented, and of course is highly relevant within our assay. The bar graph in Figure 5.
13B shows the range of lifetimes detected in these tissues, which did not entirely correlate
with the IHC scoring of HER2. An antibody raised against an intracellular epitope of HER3,
2F12, kindly validated by Dr Gregory Weitsman, was used to control for any non-specific
binding of HER2(DARPIn)-Cy5. As the DARPIn binds to an extracellular epitope of HERZ2,
and 2F12, to an intracellular epitope, little change in fluorescent lifetime of HER3(2F12)-
X546 is expected as the fluorophores are too far apart for FRET to occur. In order to
illustrate this point, the mean lifetimes and FRET efficiencies for the 4 tissues for both
HER3(M01)-X546 and HER3(2F12)-X546 are illustrated in the bar chart.

Within the group of tissues assessed with the validated HER2:HER3 assay, using
HER3(MO01)-X546, a variety of fluorescent lifetimes were noted, with a shorter lifetime,
indicating increased FRET efficiency. However, the mean lifetimes from HER3(2F12)-X546
did not differ significantly across the tissues. Although our assay demonstrates no FRET
efficiency in the HER2 negative tissue specimen, HER2:HER3 dimer formation within tissues
which are classified as HER2 ‘positive’ is heterogeneous. For instance, the FRET efficiency
detected in HER2 1+ and HER2 3+ tissue is, on average 6.5-7%, and is significantly higher
than that seen in HER2 2+ or HER2 negative tissue. No significant difference was detected
between the lifetimes in the HER2 1+ and HER2 3+ samples. This result indicates that
HER2:HER3 dimer formation may be exist in tumour which are usually classified as HER2
‘negative’ by the Hercep test, as well as in HER2 ‘positive’ tumours. These results are
preliminary and a full evaluation of this assay across a much larger cohort of tumour tissues

is required.
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Figure 5. 13 HER2:HER3 dimerisation in tumour tissues expressing various levels of HER2 protein

(A)FRET images from formalin-fixed paraffin-embedded invasive ductal breast tumour samples within a
composite block, stained with HER2(DARPin)-Cy5 and either anti- HER3(MO01)-Alexa546 or anti-
HER3(2F12)-Alexa546. The latter was used as negative control since the epitope recognised is on the
cytoplasmic portion of HER3 whereas the HER2 DARPIn recognises an extracellular epitope on HER2"%
White bar represents 50um. (B) Both FRET efficiency and lifetime are represented on the scale to the left of the
bar chart. FRET efficiency=1-lifetime or t(DA)/ t (control) where t (DA) is the lifetime of anti-HER3(2E9)-
Alexa546 in the presence of anti-HER2 DARpin-Cy5, whereas t (control) was that of anti- HER3(2F12)-
Alexa546 in the presence of anti-HER2 DARpin-Cy5. The quantification of FRET by FLIM was pioneered by
our group more than a decade ago®™*. Detailed methodology pertaining to cell staining with fluorophore-
conjugated antibodies, imaging protocols and analysis algorithms are published**"*** Red and blue pixels on
the pseudocolour tumour image = low lifetime/high FRET efficiency and high lifetime/low FRET efficiency,
respectively. The tumour tissues express various levels of HER2 protein, as scored by immunohistochemistry,
ranging from highly positive (3+) to negative (0), according to the Hercep scoring system. Cumulative analysis
of FRET efficiency based on fluorescent lifetimes is shown in a bar graph in the (B). Error bars represent SEM
and p values are <0.001 (***).
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5.2.7 Development of a method for measurement of protein:protein

interactions in isolated tumour cells

In order to develop an assay which can predict tumour response to targeted therapies,
multiple tumour biopsies are ideally required both in the process of validation and for
monitoring during ongoing treatment. However, the acquisition of fresh tumour tissue on
recurrence or from metastatic sites is often difficult, unfeasible and confers patient morbidity.
Circulating tumour cells (CTCs) have been used as surrogate biomarker and presence of a
high number of these cells are associated with a poor prognosis®”>. However, the baseline
count of CTCs was not prognostic in patients who were HER2 positive. In this case
delineation of protein expression and interaction in these cells may be associated with
prognosis and/or predictive of response to HER2-targeted treatment. Therefore, in addition
to the quantification of protein:protein interaction in primary tissue, we sought to optimize the
assay for use on isolated tumour cells aspirated from distant sites such as lymph nodes,

which may also be applied to isolated circulating tumour cells.

We are developing a protocol in order to combine information from pre-procedural **F-FDG-
PET scans with real time endobronchial ultrasound guided transbronchial fine needle
aspiration (EBUS-TBNA) of mediastinal and hilar lymph nodes in non-small cell lung cancer
(Figure 5. 14). An ongoing collaboration with a group performing EBUS for diagnostic and
research purposes, allowed access to lymph node aspirates from malignant and benign
lymph nodes in order to refine our protocol. The protocol for isolation of epithelial cells from
lymph node aspirates was optimised, by increasing cell yield from the lymph node aspirate,
immediately transferring the aspirate to ice for transport followed by cytospin of cells onto a
slide for staining, with or without red cell lysis, in order to reduce background signal. Figure
5. 14 demonstrates an example of the application of this protocol, using a FRET/FLIM assay
for HER1 ubiquitination which | had previously developed, as a post-translational
modification which may be relevant in isolated lung cancer cells. This assay is of relevance
in lung tumours as HERL1 is an important target for novel therapies, e.g. gefitinib or erlotinib,
and ubiquitination of this receptor is associated with downregulation and degradation of
HER1157'358'359.

In this example, the ®F-FDG-PET scan carried out at diagnosis shows a left sided thoracic
malignancy, highlighted in black on the PET scan and in orange in the co-registration scan.
An enlarged lymph node is seen on the CT scan but does not show increased FDG avidity
(white arrow in the co-registration scan). This lymph node was biopsied using EBUS-TBNA

and haematoxylin and eosin (H&E) images demonstrate malignant infiltration of the node.
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Figure 5. 14 Extraction of tumour cells from endobronchial ultrasound guided lymph node aspiration

(A) Co-registration of images from CT and '®F-FDG-PET combines spatial resolution of CT with the functional
capacity of PET in order to stage this patient with non-small cell lung cancer. The middle image shows FDG
uptake in the left upper lobe primary tumour (red spot) and very low FDG uptake in an adjacent left paratracheal
lymph node, as demonstrated by the white arrow. The low FDG uptake in left paratracheal lymph node was not
deemed to be significant but EBUS-guided transbronchial needle aspiration (TBNA) showed evidence of
metastatic infiltration by non-small cell lung cancer (NSCLC). The H&E images show a mixed population of
lymphocytes, but with a few groups of atypical cells. Within these cells, a high nuclear to cytoplasmic ratio,
angulated and prominent nucleoli suggest malignant transformation.
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Figure 5.14 legend ctd:

(B) FRET/FLIM assays are performed on samples obtained by EBUS-TBNA. HERL ubiquitination is assessed
by measuring FRET between anti-HER1-Cy2 IgG and anti-ubiquitin-Cy3 1gG. Interaction between Cy2 and
Cy3 results in a shortening of the lifetime of Cy2, as seen in the pseudocolour lifetime image. FRET efficiency
was calculated using the following equation in each pixel and averaged per each cell. FRET efficiency = 1-
Taal Teontroly Where 1 4, is the lifetime of cells stained with both anti-HER1-Cy2 IgG and anti-ubiquitin-Cy3 IgG
and Teontror 1S the mean anti-HER1-Cy2 lifetime measured in the absence of acceptor. The lifetime error image
on the far right illustrates the small error margins associated with this approach. Analysis was done using
Bayesian fitting methods®”®. Scale bar represents 5um.

We have demonstrated the feasibility of delineation of protein interactions or post-
translational modifications, such as HER1 ubiquitination (Figure 5. 14B) within these
metastatic tumour cells from a non-FDG avid lymph node, which may be different to those
seen in the primary FDG-avid tumour. In a similar manner, the HER2:HER3 assay
developed herein could be applied to metastatic tumour cells from breast cancer patients,
e.g. by collection of circulating tumour cells or from lymph node fine-needle aspirates, to

better profile both the primary and metastatic tumour.
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5.3 Discussion

Despite the challenges and pitfalls of translation of a cell-based FRET/FLIM assay for use in
human tissue, we have quantified, for the first time, HER2:HER3 interaction in FFPE tumour
samples. A panel of antibodies were screened and optimised, and FFPE cell pellets created
to further test these antibodies. Preclinical validation of this assay confirmed an increase in
HER2:HER3 dimer formation upon treatment with the ligand, neuregulin, compared to
baseline, in FFPE cell pellets. Currently, the only other method for the assessment of protein
interaction between HER2 and HERS3 in tumour tissue is in situ proximity ligation assay
(PLA)**. However, this method does exhibit some technological flaws. The maximum
degree of resolution of this assay is approximately 40nm, due to the constraints of antibody
formation and DNA hybridisation, which entails the distance between proteins in clusters or
an oligomer, but not necessarily within a dimer. FRET/FLIM assays provide a higher degree
of resolution, of less than 10nm, thus allowing quantification of protein dimerisation.
Furthermore, the PLA technique described in this example is an intensity-based assay, so
that overexpression of HER2, a known prognostic factor, will result in high signal intensity
and interpretation of homodimer formation if the receptors are situated in clusters. Therefore,
it is difficult to extract the prognostic significance of results obtained with PLA, from the
highly prognostic value of HER2 overexpression alone. In design, our FRET/FLIM assay is
more specific, in terms of measuring HER2:HER3 dimerisation not oligmerisation, and less

likely to be biased by HER2 amplification.

Within our cohort of patients we have shown that there is a trend for HER2 overexpression
by IHC to be prognostic of a poor outcome both for DMFS and OS. However, this is not
statistically significant and HER3 overexpression is not prognostic of outcome. The lack of
statistical significance is likely to be due to the small event numbers. Although the cohort
contains 220 patients, only 110 and 125 patients were used in the survival analysis for HER2
and HER3 respectively. Within this subset of patients, only 22 and 28 events occurred in, for
example, the overall survival analysis for HER2 and HER3 overexpression, respectively.
Therefore larger patient numbers, and hence a larger number of events would be required to
achieve statistical significance. Furthermore, the assessment of HER3 overexpression by
IHC is not yet standardised, either for the antibodies applied or the scoring method used,
and is difficult to quantify. These factors are likely to play a large part in the variation in

results seen here and in the literature.

Our FRET/FLIM assay quantifying HER2:HER3 dimer formation may potentially improve
prediction of outcome, and predict for response to HER2-targeted drugs. For instance,

tumours expressing both phosphorylated HER2 and HER3 have been shown to be
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predictive for response to lapatinib in a cohort of patients with advanced inflammatory breast
cancer®*’. This finding suggests that patients with a higher level of pre-formed dimers of
HER2 and HER3, may be more likely to respond to lapatinib, and requires testing in

prospective clinical studies.

Assessment of HER2 heterodimer formation may be able to identify a subset of patients who
are not classified as HER2 positive but may still benefit from HER2-targeted treatment. In a
recent study of postmenopausal, ER-positive tumours, treatment with lapatinib and letrozole
for HER2 negative tumours which relapse early (<6months of tamoxifen treatment), has
been shown to produce a trend to improved progression-free survival and clinical benefit rate

although this is not statistically significant®®,

We have shown here, for the first time that
heterodimers of HER2 and HER3 may be present in tumour samples where HER2 is not
classically overexpressed, as well as in samples which are strongly positive for HER2
(Figure 5. 13). For instance, a tumour sample scored as expressing a low level of HER2
receptor (1+) demonstrated the same degree of dimer formation as one scored as
expressing a very high level of HER2 (3+), which was significantly higher than that seen in a
moderately expressing tumour (HER2 (2+)). One explanation of this phenomenon is that
those tumours expressing a high level of HER2 exhibit a higher level of HER2
homodimerisation compared to a lower scoring tumour, which may be more likely to form the
HER2:HER3 heterodimer. As HER3 heterodimer induced signaling and proliferation is

330

thought to be the most potent™”, with increased recycling of heterodimers compared to

homodimers®®!

, the mitogenic capacity of both these tumour samples may be equivalent.
This would indicate that both would benefit from HER2-targeted therapy, whereas in clinical
practice, only the highly overexpressing tumour would be prescribed such therapy. Of course
the results presented here are very preliminary, on only four tumour samples and require
validation across both retrospective and prospective clinical trials prior to a change in clinical
practice. In the first instance, we are planning to apply this assay to the Guy’s cohort of
METABRIC samples in order to test the hypothesis that HER2:HER3 heterodimer formation

does not correlate with HER2 overexpression and may be prognostic of clinical outcome.

Although our assay has great potential in providing an improved prognostic and predictive
tool, development of this tool has been fraught with many challenges and has been
significantly delayed. First, it was necessary to select antibodies which could be viable for
use in tumour tissue. Although many HER2 antibodies have been identified and validated for
use in immunohistochemistry, the pool for selection of antibodies raised against HER3 is
significantly smaller, with few having been validated in the literature®**33¢3%8:33 Fyrthermore,
the conjugation of fluorophores to the antibodies of choice was a stringent process which

required the antibody to be provided without routine carrier proteins, such as bovine serum
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albumin (BSA), to avoid non-specific labeling of albumin. Antibody ultra-filtration and
fluorophore conjugation at a variety of pH levels may render the antibody non-specific, as
seen with a HER2 antibody (Figure 5. 5) and the HER3 antibody (RTJ2, Figure 5. 7), best
characterised for use in IHC. The process of conjugation may be contaminated by any
additional free lysines which may be present within the antibody solution, resulting in
conjugation of these lysines with the fluorophore and non-specific staining of tissue from

these products.

As we have noted from our cell-based assay stochiometry between the bound fluorophore-
conjugated antibodies must be optimal in order for FRET to occur. This phenomenon
explains the variation seen in FRET efficiency between the examples of different
fluorescently labeled conjugates shown in Figure 5. 9 (hot all antibody pairs tested were
shown here). The conjugation of small proteins such as DARPins added a further dimension
as these molecules are significantly smaller than antibodies, thus potentially reducing
distances over which FRET may occur. However, fluorescently-labeled DARPins are
transiently unstable, thus requiring careful storage and repeated conjugation of fresh
DARPIn with fluorophores was necessary. As, the acceptor fluorophore was required to be in
excess of the donor fluorophore, HER2 was chosen as the acceptor as expression of this
protein is routinely assessed in the staging of breast tumours, allowing the selection of

HERZ2-positive tumour cases as controls.

Aside from the challenges in finding the optimal antibody pair for our FRET/FLIM assay, we
faced further issues related to the tissue itself. It is well established that tumour tissues
exhibit ‘auto-fluorescence’ which may vary from benign tissues, and may in itself be used as
a mechanism for differentiating benign and malignant specimens®*"°. Furthermore, the
preparation of tissue in formalin leads to dehydration and thus, significant changes to auto-

fluorescence®®

. We defined the lifetime of tissue auto-fluorescence as short but variable, by
analysing unstained equivalent FFPE samples. We attempted to circumvent this issue by
selecting fluorophores with longer fluorescent lifetimes, such as Cy3 and Cy5 compared to
Cy2. However, some dilution of signal due to auto-fluorescence is unavoidable, and
explains, in part the difference in FRET efficiency detected between FFPE cell pellets and

cells in vitro (Figure 5. 12 and Figure 5. 9 respectively).

This degree of contamination due to ‘auto-fluorescence’ may be reduced by using fresh
frozen tumour samples or isolated tumour cells. As the majority of tumour specimens are
processed in formalin and paraffin, with a smaller proportion having equivalent fresh frozen
sections, an assay which is limited for use in frozen sections, would not be as generally

applicable as one which is successful in FFPE material. Optimisation of our assay in FFPE
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material also lends the assay for use in screening of multiple specimens from tissue
microarrays, which can contain over 100 tumour cores per section. This HER2:HER3 assay
will now be applied to TMAs from the METABRIC cohort of patients in order to assess its
prognostic capacity. Gene expression data from this cohort is available. Hence data from
protein:protein interactions, gene expression and traditional clinico-pathological variables will

be combined in an aim to improve upon current methods of prognosis.

Within this work, we also begin to address the relevance of tumour heterogeneity in
developing fully inclusive prognostic and predictive tools. Expression profiles of, for example,
HER2, vary both within the primary tumour and between the primary and metastatic site®®,
but the clinical significance of this is unknown. Identification of HER2 expression and/or
dimerisation with HER3 on circulating tumour cells in patients without distant metastases
may provide vital additional information in the staging of patients with local disease. In order
to assess treatment response, repeated biopsies may be necessary at different time points
to obtain surrogate markers for treatment response. However, this approach confers
morbidity to patients in the attempt to access cancer tissues or cells, and may not be
acceptable or feasible. A non-invasive method of imaging is routinely used in this case, e.g.
MRI scans in the assessment of tumour response to neoadjuvant chemotherapy, but is not
feasible for all patients receiving treatment. Imaging based on ionising radiation, such as X-

ray, CT, and PET may lead to unacceptable levels of radiation exposure.

In the era of drugs targeted against specific molecular pathways, it is imperative that we
develop methods of imaging at the molecular scale, such as FRET/FLIM, in order to select
appropriate initial therapy and accurately assess on-target drug effects. Such technology has
the potential to reduce drug costs and patient morbidity. For example, *F-FDG-PET
scanning has been shown to improve selection of patients for hepatic surgery of colorectal
liver metastases®'. This study demonstrated a risk reduction in the number of futile
laparotomies from 45% to 28% using PET/CT compared to CT, potentially saving costs of
surgical interventions, inpatient stays and patient morbidity. In order to maximise predictive
capacity, the issue of heterogeneity of the malignant profile in primary and metastatic tumour

cells must be addressed.

We have demonstrated the feasibility of application of a FRET/FLIM assay to tumour cells
from distant tumour sites in order to profile the malignant proteome of the escaped cells
(Figure 5. 14). Smears and cell block preparations of EBUS-TBNA aspirates can be
screened for HER1 mutations that can render the tumour drug resistant, such as the T790M
mutation which can confer gefitinib resistance; as well as for quantifying protein-protein

interaction of interest, e.g. HER1 ubiquitination. This technique was used to examine
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signaling events at a site which was suspicious on routine imaging with CT but negative on
functional imaging with’®FDG-PET. The success of treatment strategies may be monitored
(both spatially and temporally) by the changes in specific tumour cell mechanisms. In the
future, molecular imaging may be carried out on image-guided biopsy material, in order to
apply the right treatment regimen to the right patient at the right time. The main challenge to
this strategy would be the difficulty in choosing the site for biopsy and the need to minimise
multiple biopsies, and hence the need to improve the accuracy of currently available image-
guidance techniques. In part, this challenge could be addressed by examining circulating
tumour cells (CTCs) which may be obtained in a less invasive way (discussed further in
Chapter 6).

Tumour heterogeneity and a differential response to treatment represent a few of many
characteristics influencing the eventual tumour phenotype, and thus, response to cancer
therapeutics. Whole body imaging is the only technique currently available for the study of
both primary tumour and metastases, both at diagnosis and to monitor response to
treatment, but may not provide vital information at the molecular level. Image-guided biopsy,
co-registration of complementary imaging modalities and appropriate biomarker choice may
provide optimal risk stratification and help overcome these challenges. Prospective trials with
biomarker end-points are required to map the tumour phenotype. Clinical outcome and
response to treatment has a complex and multifaceted relationship to genotype and gene
expression, dysregulation of signaling pathways via gene expression, protein activity,
protein-protein interactions and tumour phenotypic traits. It may be possible to extract this
data from patients using a combination of techniques, including molecular imaging of
protein-protein interactions, assessment of gene expression and functional whole body
imaging. We have set up such a pilot study in order to attempt to establish the multi-
parameter dataset required to predict response to treatment. However, the real challenge is
to integrate datasets from each observable level of variation, from genotype to tumour

phenotype, in order to inform clinical management for the individual patient.
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Chapter 6: Summary and Future
Directions

6.1 Summary

The advent of targeted therapy has brought major improvements in clinical outcome for
cancer patients. For example, the TKI imatinib is specific to the bcr-abl fusion protein, and
when administered in patients with chronic myelogenous leukaemia (CML) which produces
this protein, clinical remission rates of 90% are achieved®®*’. However, the promise of
targeted agents has not been realised to same extent for all TKls, in part due to the lack of
patient selection based upon molecular profiling. For instance, the HER1 TKiIs, erlotinib and
gefitinib produce response rates of less than 10% in unselected populations and
overexpression of HER1 does not correlate with response to treatment®?#%%, Investigation of
somatic gain-of-function mutations in HER1, led to the discovery of a missense mutation
L858R in the HER1 activation loop which facilitates gefitinib binding®®*3#*. This and other
activating mutations are correlated with a much improved response rate to TKI therapy, and
have helped revolutionise treatment regimens for non-small cell lung cancer patients. By
analysing the relationship between structure and activity of HER1, bound to TKIs, a better
understanding of sensitivity and mechanisms of resistance to these drugs has evolved. In
the case of lapatinib, response rates are 40% in metastatic breast cancer patients. In the
hope to understand the effects of lapatinib upon HER2 and the ensuing molecular events, |
have quantified HER2:HER3 interactions within a structural context, using FRET/FLIM

technology, which was translated for use in patient tumour tissue.

Within this thesis, | have demonstrated the differential effects of various TKls upon
HER2:HER3 heterodimer formation, quantifying lapatinib-induced dimerisation as greater
than that induced by TKIls binding to the active form of receptor, in contrast with lapatinib,
which binds to the inactive form. We have developed, for the first time a model of the
lapatinib-induced dimer, validated by a chemical biology approach using site-directed
mutagenesis at the dimer interface. Lapatinib-induced dimer formation eventually leads to
the development of resistance by the re-phosphorylation of HER3. | have used a novel
mutation of HER2 to disrupt TKD-mediated dimer formation and attenuate the development
of resistance, as well as emphasising the importance of the N-lobe of the TKD within this
dimer. Furthermore, | have shown, for the first time that the structural integrity of HER3 is
vital to the formation of this heterodimer. Hence, elucidation of the structural conformation of

the lapatinib-induced HER2:HER3 dimer has led to the discovery of strategies to target the
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intracellular dimerisation interface, and hence provided biological insights into novel, viable

drug targets which could circumvent dimer-mediated resistance.

The clarification of the cell biology has helped to highlight the HER2:HER3 dimer as highly
relevant for assessment in clinical tumour samples by FRET/FLIM, in order to create a novel
prognostic or predictive biomarker. As we have shown HER2:HER3 dimer formation to be
key to HER recycling and the development of resistance to lapatinib, the FRET/FLIM assay
may be particularly of use in the delineation of mechanisms of resistance in tumour
recurrence. We have faced many technical challenges in the optimisation of this assay, as
described in Chapter 5, some of which still remain. For instance, further work needs to be
carried out in the delineation of auto-fluorescence in tissue in order to devise strategies to
eliminate signal dilution. However, we have shown for the first time, HER2:HER3 dimers of
varying extent in a variety of breast tumour tissues. A significant amount of work remains to

be carried out in order to fully validate this assay and define its clinical utility.

6.2 Future directions

Quantification of HER2:HER3 dimer formation as a prognostic biomarker is currently being
tested within our group. The FRET/FLIM assay is being applied to TMAs from the
METABRIC dataset, initially profiled in Chapter 5, to correlate dimer formation with clinical
outcome in terms of disease recurrence or disease-related death. In order to maximise
prognostic capacity, it is important to fully profile the tumour within its milieu. The
combination of data from gene derived signatures and clinico-pathological factors together
with output from our proteomic based assay should provide a better prognostic model for
outcome. This hypothesis will now be tested in the group as data from all three sources are
available for the METABRIC patient cohort. Further improvements in protein-based
biomarkers are being sought by examining protein network maps to highlight interactions
between key nodes of relevance to HER2. Simultaneously, we aim to better describe the
tumour microenvironment and immune response in order to fully profile, not only the tumour
itself, but also external factors which may be relevant to metastasis. Integration of the
terabytes of data that are likely to be generated using this strategy is likely to pose a real
challenge and will require high powered bioinformatics and computational modeling.
Furthermore, once validated, high-throughput technology will have to be developed to

facilitate the use of these assays in clinical practice.

Although prognostic tools already exist, we hope to improve upon prediction of outcome by
these methods. However, the tools for prediction of response to treatment for targeted drugs

are severely lacking and it is in this arena that | hope our assay will be of most benefit.
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Firstly, validation of the assay must be carried out in a population treated with a HER2-
targeted agent, either retrospectively or prospectively or both. Due to the time of patient
recruitment, few patients within the METABRIC cohort would have received treatment with
trastuzumab and none would have received lapatinib, eliminating this group from assessing
predictive capacity for our HER2-based FRET/FLIM assay. However our group is attempting
to obtain access to tissue samples from previous studies assessing lapatinib response, in
order to correlate HER2:HER3 dimer formation to response. We will also try to address the
hypothesis that even those tumours which are HER2 negative may respond to HER2-
targeted treatment if the oncogenic pathway is heterodimer formation between low levels of
HER2 and HER3, by quantifying HER2:HER3 dimerisation in all tumours within this cohort.

Further validation of this assay in the prospective setting is required. Neoadjuvant clinical
trials provide an opportunity to use complete tumour eradication (pathological complete
response, pCR) as a surrogate end-point in order to assess predictive capacity of
biomarkers. Although pCR has not yet been validated as a surrogate end-point for overall
survival, it is used in neoadjuvant studies in order to gauge the potential of a new drug,
correlate biopsy-derived potential biomarkers with outcome and to inform on the design of
much larger, more time-consuming and expensive adjuvant studies. For instance,
incorporation of pertuzumab, a humanised monoclonal antibody against the dimerisation
domain of HERZ2, into standard neoadjuvant chemotherapy, has recently demonstrated the
next incremental benefits in the early treatment of HER2+ve patients when compared to
trastuzumab, a monoclonal antibody targeting an alternative extracellular domain of HERZ2.
Upon pertuzumab treatment, critical proteomic events such as HERZ2:HER3 receptor
dimerisation, allosteric activation, initiation of further downstream signalling and cell
proliferation, are prevented, leading to an improvement in pathological complete response
from 29% (trastuzumab and docetaxel) to 45.8% (pertuzumab, trastuzumab and

docetaxel)*.

With current therapies we can see a clinical benefit in the region of 30% in terms of pCR, on

the use of trastuzumab and chemotherapy***.

A significant improvement has been made
on the addition of pertuzumab. However, if we are to make incremental clinical gains for
patients, we need to address the functional state of the protein network for relevant
oncogenic protein such as HER2 and HERS3, on an individual basis, especially if we are to
realise the potential of treatment with targeted therapies alone®®. Treatment with
pertuzumab and trastuzumab without chemotherapy, results in complete tumour eradication,
i.e. pCR of 17% which is very promising but currently unacceptable when compared to
standard chemotherapy. However, validated biomarkers may highlight selected patients who

may yet benefit from lapatinib treatment. The neoadjuvant study I-SPY1, demonstrated
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improved prediction of disease free survival using gene expression signatures compared to
clinic-pathological variables and pCR in a subset of patients who did not receive
trastuzumab®®®. However trial exemplifies the lack of a good predictive biomarker for pCR.
Nine potential biomarkers, including clinco-pathological variables and a variety of gene
expression signatures, were tested but very little consistency was found in the prediction of
response to therapy. A good signature for accurate prediction of pCR in all groups does not

yet exist and hence, the search for biomarkers continues.

Profiling protein-protein interactions such as HER2-HER3 dimerisation, in combination with
current biomarkers, may lead better prediction of pCR. | have completed the initial stages of
setting up a prospective neoadjuvant clinical trial in order to test whether HER2:HER3 dimer
formation alongside functional imaging with FDG- and FLT-PET could improve prediction of
response to HERZ2-targeted treatment (trial schema, Figure 6.1, Table 6.1 and full
documentation, Appendix 1). As recent evidence has shown that no benefit to the
substitution of trastuzumab with lapatinib in the neoadjuvant treatment of HER2 positive
tumours®®’, within our clinical trial, we propose to use the standard regime of trastuzumab
and taxane chemotherapy, as well as anthracycline based combination chemotherapy. Both
fresh frozen and FFPE samples will be taken at the indicated time-points in order to obtain
both gene expression data and to assess a variety of protein:protein interactions, including
HER2:HER3 dimer formation. We also aim to answer some of the questions raised within
this thesis regarding tissue heterogeneity by combining imaging modalities to fully profile the

tumour.

STANDARD INTERVENTIONS

Baseline assessment DOCETAXEL + TRASTUZUMAB (4cycles) Surgery EC (4cycles) + Trastuzumab (14cycles)

= 1 i
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Figure 6. 1 Neoadjuvant clinical trial schema

Primary Objective

Endpoint

To correlate PET imaging response in
breast and axillary lymph nodes with
residual cancer burden (RCB) at definitive
surgery

Correlation of SUV response for each
tracer with residual cancer burden
(RCB) in breast and axilla

Secondary Objective

Endpoint

To evaluate optical proteomic profiling of
HER2 and related protein interactions in
primary tissue and circulating tumour cells as
a method for predicting response to targeted
treatment and chemotherapy

Correlation of outcome from optical
proteomic profile with [18F]-FLT and
FDG, conventional MRI RECIST
response criteria, RCB and
pathological response to treatment
from surgical specimen

To evaluate PET imaging using the tracers
[**F]-FLT and FDG as a method for evaluating
response to systemic therapy in HER2 positive
breast cancer

Correlation of SUV response for
each tracer with conventional MRI
RECIST response assessment

To correlate PET imaging response with
biopsy derived proliferation biomarkers

Correlation with % cell positive for
proliferation markers ki 67 (MIB-1),
geminin, mcms and mRNA
expression markers of proliferation
genes (if present)

Non invasive assessment of Ki and K1 from
this dataset

The dynamic analyses will use an
input function derived from the aorta
of heart of both to derive rate
constants Ki and K1, measurements
transport and phosphorylation for
both tracers

To obtain performance estimates for the ability
of the tracers FDG and FLT to report MRI
response

Evaluate the ability of FDG and FLT
tracers to predict RCB

To assess nodal imaging response using PET
imaging

Correlate with standard imaging
response in nodes, SUV response
in breast.

To assess the safety of fluorothymidine in
patients with breast cancer.

Determining the causality of each
adverse event to the two agents,
and grading AE severity according
to NCI CTCAE version 4.0.

Table 6. 1 Clinical trial primary and secondary end-points
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In collaboration with Prof Michel O’'Doherty (Nuclear Medicine) and Dr Jennie Glendenning
(Clinical Oncology) we hope to incorporate functional imaging with both *F-FDG- and '°F-
FLT-PET scanning to define tumour changes after one cycle and four cycles of trastuzumab
with chemotherapy, with corresponding tumour biopsies for FRET/FLIM imaging, as shown
in Figure 6. 1. Furthermore, we aim to collect blood samples for assessment of number of
circulating tumour cells (CTCs) and to test feasibility of quantification of protein:protein
interactions on these cells. The current validated methods for detection of CTCs rely on
blood or bone sampling prior to immunocytochemical or molecular analysis®*®. Bone marrow
involvement delineates the metastatic group more accurately in breast cancer patients, but
bone marrow biopsy is invasive and the cells obtained are often not viable®°. CTCs in the
blood have been identified by a variety of immunological approaches, including identification
of epithelium-specific antigens, e.g. cytoskeleton-associated cytokeratins, surface adhesion
molecules, or growth factor receptors, and by molecular PCR-based techniques. The
presence or absence of CTCs in the blood both before and after treatment has been shown

to correlate with treatment response®%3%,

Furthermore, the presence or absence of
radiological signs of disease progression can be combined with CTC counts in the blood to
improve the prediction of overall survival in metastatic breast cancer patients undergoing
therapy®®*. Since we would ultimately like to derive tools that can monitor patients non-
invasively and can, in the future, inform on treatment stratification strategies for tumour
progression on treatment, an important part of any prospective trial will therefore also be to
establish the relationship between non-invasive (e.g. radionuclide) imaging-derived

parameters and the molecular parameters derived from biopsies.

In summary we aim to produce the best possible biomarkers for both prognostication and
prediction of response to treatment in order to minimise patient morbidity, toxicities and
financial burden. Development of minimally invasive methods of obtaining tumour cells for
imaging are necessary for tumour surveillance, both during and after treatment. The

eventual goal is to select the right drug for the right patient at the right time.
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LIST OF ABBREVIATIONS AND DEFINITION OF TERMS

Abbreviation : Definition
A ABPI Association of the British Pharmaceutical Industry
AE adverse event
ALP alkaline phosphatase
ALT alanine aminotransferase
ARSAC Administration of Radioactive Substances Advisory
Committee
AST aspartate aminotransferase
B BP blood pressure
c °c degrees Celsius
CDM Clinical Data Manager
Cl Chief Investigator
CIN cervical intra-epithelial neoplasia
CIRB Central Institutional Review Board
CRA Clinical Research Associate
CT computerised tomography
CTA clinical trial authorisation
CTC circulating tumour cell
CTCAE Common Terminology Criteria for Adverse Events
D Day calendar day
DW Diffusion weighted
E EC Epirubicin and cyclophosphamide
ECG Electrocardiogram
eCRF electronic case report form
EDC electronic data capture
EGFR epidermal growth factor receptor
ER oestrogen receptor
EU GMP European Union Good Manufacturing Practice (EU
directive 2003/94/EC)
F FDG Fluorodeoxyglucose
FEC 5-fluorouracil, epirubicin and cyclophosphamide
FFPE formalin-fixed paraffin-embedded
FLIM fluorescence lifetime imaging microscopy
FLT Fluoro-L-thymidine
FNA fine needle aspirate
FRET Forster resonance energy transfer
[18]F radioisotope of fluorine
G GBqg Gigabecquerel
GCP Good Clinical Practice
H Hb Haemoglobin
HER2 Human epidermal growth factor receptor 2
HTA Human Tissue Authority
I ICH GCP International Conference on Harmonisation of Good
Clinical Practice
IMAGINT HER imaging and molecular interaction mapping in
breast cancer
IMP investigational medicinal product
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IRMER lonising Radiation (Medical Exposure) Regulations
IRR99 lonising Radiation Regulations (1999)
ITF Investigator Trial File
IUPAC International Union of Pure and Applied Chemistry
J KHPCTO King’s Health Partners Clinical Trials Office
L LD50 lethal dose for 50% of sample population
LVEF left ventricular ejection fraction
MBq Megabecquerel
M MCM Minichromosome maintenance (complex)
MDT multi-disciplinary team
MHRA Medicines and Healthcare products Regulations
Agency
MIA(IMP) Manufacturer’'s Authorisation for Investigational
Medicinal Products
MRI magnetic resonance imaging
mSv millisievert
MUGA Multi-gated acquisition scan
N NCI National Cancer Institute
NPV negative predicted value
P pCR pathological complete response
PET positron emission tomography
PET CT positron emission tomography combined with
computerised tomography
PPV positive predictive value
Q QP Qualified Person
R RCB Residual cancer burden
REC Research Ethics Committee
RECIST Response evaluation criteria in solid tumours
S SAE serious adverse event
SDV source data verification
SOP standard operating procedure
SUSAR suspected unexpected serious adverse (drug) reaction
SUV standardised uptake value
T TNM Tumour (lymph) Nodes Metastases
TUNEL classificationterminal deoxynucleotidyl transferase
dUTP nick end labeling
U ULN upper limit of normal
USM urgent safety measures
W | WHO World Health Organisation
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PROTOCOL SUMMARY

1.1 Full Title

A randomised Phase Il trial of [18F]-fluorothymidine and the standard tracer
[18F]Fluorodeoxyglucose in the assessment of systemic therapy response in HER2 positive
breast cancer and its utility compared to FDG PET, conventional imaging response and
biopsy derived biomarkers.

1.1.1 SHORT TITLE

[18]FLT- and [18]FDG-PET as imaging biomarkers for the response to neoadjuvant
treatment in HER2 positive breast cancer.

1.2 Clinical Trial Objectives and Endpoints

1.2.1 PRIMARY OBJECTIVES AND ENDPOINTS

Primary Objective Endpoint

To correlate PET imaging response in Correlation of SUV response for
breast and axillary lymph nodes with each tracer with residual cancer
residual cancer burden (RCB) at burden (RCB) in breast and axilla

definitive surgery

1.2.2 SECONDARY OBJECTIVES AND ENDPOINTS

Secondary Objective Endpoint

To evaluate optical proteomic profiling of Correlation of outcome from
HERZ2 and related protein interactions in optical proteomic profile with
primary tissue and circulating tumour cells | [*®F]-FLT and FDG, conventional

as a method for predicting response to MRI RECIST response criteria,

targeted treatment and chemotherapy RCB and pathological response
to treatment from surgical
specimen

To evaluate PET imaging using the Correlation of SUV response for

tracers [*®F]-FLT and FDG as a method each tracer with conventional

for evaluating response to systemic MRI RECIST response

therapy in HER2 positive breast cancer assessment

To correlate PET imaging response with Correlation with % cell positive
biopsy derived proliferation biomarkers for proliferation markers ki 67
(MIB-1), geminin, mcms and
MRNA expression markers of
proliferation genes (if present)
Non invasive assessment of binding The dynamic analyses will use
affinity (K; and K;) from this dataset an input function derived from
the aorta of heart of both to
derive rate constants K; and Kj,
measurements transport and
phosphorylation for both tracers
To obtain performance estimates for the Evaluate the ability of FDG and
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ability of the tracers FDG and FLT to FLT tracers to predict RCB
report MRI response
To assess nodal imaging response using | Correlate with standard imaging
PET imaging response in nodes, SUV
response in breast.

To assess the safety of fluorothymidine in | Determining the causality of
patients with breast cancer. each adverse event to the two
agents, and grading AE severity
according to NCI CTCAE version
4.0.

1.3 Design

This is a multi-centre, non-therapeutic Phase Il trial directly evaluating PET imaging using
[*8F]-thymidine and FDG tracers, and proteomic biomarkers as a predictor for breast cancer
response to standard neo-adjuvant chemotherapy.

Eligible patients will have ER negative and HER2 positive phenotypic receptor expression
and require neoadjuvant chemotherapy. Neoadjuvant chemotherapy will consist of 4 cycles
of trastuzumab/docetaxel followed by definitive surgery, and then further chemotherapy with
4 cycles of epirubicin and cyclophosphamide (EC) as outlined in section 5.2. Patients will
undergo imaging evaluation as per standard, prior to surgery, as well as FLT and FDG PET-
CT.

1.4 Trial interventions

Patients who consent to the study will be randomised and followed using one of two tracers,
the IMP FLT and the IMP FDG at baseline and following their first trastuzumab/docetaxel
administration at day 17+3. All participants will have a research core biopsy performed prior
to chemotherapy, following their day 1743 PET scan and through the definitive resection
specimen at the time of surgery. All research scans will be performed prior to their research
core biopsy.

Functional imaging results will be compared to standard imaging and pathological
assessments of response to chemotherapy. All routine scans will be in accordance with
departmental standard practice using contrast enhanced breast MRI using an image
acquisition protocol which includes DW at baseline and after 3 cycles and will be reported
according to RECIST criteria.

The following PET imaging evaluations will be performed:

» Changes in PET tracer uptake after 1 cycle of standard neoadjuvant chemotherapy
will be correlated to subsequent ‘gold-standard’ cross-sectional imaging response
using MRI after the 3" chemotherapy cycle.

» Dynamic FDG and FLT PET CT scans will be performed to assess the uptake over
time in this breast cancer sub-type and determine the optimum imaging time for
FDG response assessment.

» Correlation of SUV response in the nodes with standard cross-sectional imaging,
SUV response in the breast primary and the degree of response of nodal disease
(if present) at definitive surgery

» Correlate PET imaging response for both tracers with residual cancer burden
(RCB) at definitive surgery

« Dynamic analysis using an input function derived from the aorta or the heart or
both to derive rate constants Ki and k1, measurements of transport of and
phosphorylation for both tracers
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+ Patients receiving the both tracers will be followed for reporting of adverse events
(AEs) from when the informed consent is signed until their post-imaging telephone
assessment after administration of the tracer.. |If there is any doubt with the
telephone conversation the patient will be seen by the oncologist /treating
physician. If there are AEs that occur while the patient is on study which are
attributed to the tracer, and which are still present at the post study discussion, the
patient will be followed monthly by their oncologist / treating physician until
resolution or stabilisation of these events.

Participants in this study will have biopsies performed at baseline prior to chemotherapy
(both paraffin-fixed formlin-embedded and fresh frozen) after first trastuzumab/docetaxel
administration following day 17(+/-3) PET scan and through the definitive surgical specimen
at completion of 4 cycles of neoadjuvant chemotherapy.
These tissues will be used to assess response to the targeted agent as well as
chemotherapy, and correlate with functional imaging through:
o HER2-HERS interactions
o Further assessment of protein-protein interactions related to metastases,
such as cofilin activation and interaction of protein kinase C and ezrin
o Proliferation index ki-67
o S phase specific replication marker geminin, MCM replication fork licensing
factors and mRNA expression markers of proliferation genes
o Biomarkers of apoptosis (terminal transferase uridyl nick-end labelling assay)
o Glucose uptake biomarkers (Glut 1 receptor), and
o Tumour genotype

These assays will be applied to the diagnostic and research pre-chemotherapy core, post
cycle 1 research core and on cores through the definitive surgical specimen. These changes
will be correlated with changes in SUV uptake on PET scan using both tracers. Both biopsy
and imaging assessments will be correlated with gold standard cross-sectional imaging
response using MRI and pathological response (RCB) score following definitive surgery.

1.5 PET Tracer administration Schedule

At their PET study visits, participants allocated to receive FDG tracer will have 200 MBq of
[*®F]-Fluorodeoxyglucose administered via intravenous injection (time = To).

A dynamic scan will be performed over the breast primary for 100 minutes and then two 10
minute local views over the whole breast and also incorporating the breast in the final scan.
The first of these two scans will be at 120 to 130 min after FDG injection and the patient will
remain on the couch for this scan. The second of these two scans will occur at 170-180
minutes and will require a further single bed position low dose CT scan and PET acquisition.
Either the aorta or the heart or both will be within the field of view to allow the derviation of
an input function to enable the non invasive assessment of Ki and k1 from this data set as
well as SUVmax, mean and SUV peak (derived from a 1cm?® box drawn over the SUVmax
area. Ten patients will have a single venous blood sample drawn for metabolites during the
dynamic imaging through a single venous access allowing the analysis of metabolites for
image data correction (3.3.1).

For participants allocated to receive FLT, 200 MBq (-10%) [*3F]-fluorothymidine will be
administered via intravenous injection (time = Ty). A dynamic scan will be performed over
the primary for 100 minutes this single view will also include the axilla and a summed view at
90 — 100 minutes will be obtained from the dynamic data. Ten patients will have 5 venous
blood samples drawn for metabolites during the dynamic imaging through a single venous
access allowing the analysis of metabolites (the glucuronide form of FLT) for image data
correction (3.3.2). Scans will be evaluated qualitatively, semi-quantitatively and quantitatively

204



PET CT17/08/12 v0.1 prot jg and TN-23
CONFIDENTIAL

using a variety of measures including SUVmax and SUV peak. The input function will be
derived from the aorta or the heart for non invasive assessment of Ki and k1 from this data.

1.6 Treatment Group

A total of 30 patients with ER negative, HER2 positive breast cancer will be enrolled for
evaluation. Patients will have been seen by the treating oncologist who knows the patient
has breast cancer and has recommended neoadjuvant chemotherapy as described in this
protocol (see 5.3). The patient will then be asked if they wish to take part in the study.

1.7 Trial Timelines and Accrual Rate

It is anticipated that recruitment to the trial will be completed in 24 months.

2. INTRODUCTION AND TRIAL RATIONALE

2.1 Background

Breast cancer is the most common female cancer. A subset express the human epidermal
growth factor receptor 2, HER2 (ErbB2) receptor (15%). This study will focus on the ER-
HER2 positive breast cancers. In these patients, despite the advent of treatment with the
monoclonal antibody, trastuzumab/Herceptin and selection of HER2+ve tumours for therapy,
response to treatment often remains suboptimal hence necessitating other ongoing clinical
studies of combination regimens. There is a clear need to develop an early imaging
surrogate for assessing tumour response to systemic therapies and facilitate assessment of
novel therapeutics. Furthermore, there is a paucity of tools available for the assessment of
the ‘on-target’ effects of these novel drugs. Development of biomarkers which can inform
specifically on these effects may provide early proof of tumour response or drug resistance
and could help tailor treatment regimens to individual patients.

2.1.1 Rationale for developing functional imaging in breast cancers

Neo-adjuvant breast cancer therapy typically requires at least 9-12 weeks of chemotherapy
(3-4 cycles) before assessment of tumour shrinkage and surgical planning can occur. This
would typically be with magnetic resonance cross-sectional imaging (MRI). Early
identification of patients who will fail to benefit adequately from standard therapy is pivotal to
improving outcomes for breast cancer patients. Changes seen on MRI during neoadjuvant
chemotherapy are predictive of subsequent pathological response in HER2 + breast cancer
(Loo et al, 2011). However, assessment is constrained by the significant time lag from start
of therapy to measurable size reduction of the tumour. This is equivalent to about 3 cycles
(each 21 days) of chemotherapy treatment. Biopsy-derived biomarkers, such as the Ki-67
proliferation index, may have prognostic and possible predictive potential for subsequent
systemic therapy response (Yerushalmi 2010).

In cancers such as lymphoma, early PET scans after 1-2 cycles of therapy can identify those
patients who are not benefiting at an early stage, thus informing transition to alternative
treatment. This trial will determine if similar methods can be developed specifically for
patients receiving chemotherapy for HER 2 positive breast cancer. Validating an optimal
early imaging surrogate for tumour response will enable more rapid and tailored patient
treatment decisions to be made in the future, hence preventing toxicity from ineffective
chemotherapy and allow prompt transition to other treatments. This project will determine if
PET functional imaging techniques can be developed specifically for patients receiving
chemotherapy for HER2+ve breast cancer to detect drug induced changes in tumour
metabolism which precede size change. If this is shown to be the case FDG or FLT imaging
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may be used in prospective trials testing early imaging response adaptive chemotherapy
approaches in neoadjuvant chemotherapy for HER2+ve breast cancer.

2.1.2 Positron emission tomography (PET)

Positron emission tomography (PET) functional imaging detects drug induced changes in
tumour metabolism which precede size change. We will compare the ability of the tracers 2-
[fluorinel18]fluoro-2-deoxy-D-glucose (FDG) 3’deoxy-3’-[18F]fluorothymidine (FLT) to provide
an early means of determining whether chemotherapy is being effective of not.

2-[fluorine18]fluoro-2-deoxy-D-glucose (FDG) PET is the most commonly used PET tracer
for staging in cancer. Although not routinely used in breast cancer FDG PET has been
shown to correlate with uptake in the primary and has a sensitivity and specificity of 97% and
100% for detecting axillary nodal metastasis when compared with FNA cytology or sentinel
lymph node biopsy (Straver, 2010). Preoperative FDG uptake has been demonstrated to
correlate with prognosis in breast cancer and axillary nodal response to chemotherapy
(Oshida, 2000, Straver, 2010). Following neoadjuvant chemotherapy the predictive value of
early assessment of response with FDG using semi-quantitative assessment (Standardized
Uptake Value, SUV) has been demonstrated and a threshold decrease of 45% identifies
responders in ~73% patients. Uptake patterns differ with time according to histology, with
uptake generally being lower in the receptor positive breast cancers than the triple negative
subtypes and the optimal scan time in the different subsets remains undefined (Boerner
1999 Buck 2002, Basu 2007, Straver 2010).

FDG uptake non-specifically represents proliferation through an increase in general cell
metabolism requiring glucose as an energy source. Uptake may be confounded by post
therapy inflammation within the tumour or surrounding tissues thereby falsely indicating lack
of response. Biological factors predicting enhanced baseline FDG uptake include higher
proliferative index (ki-67), and negative receptor status (Buck 2002, Basu 2007, Straver
2010). The risk of underestimating tumour response is, therefore, greater in the oestrogen
negative or HER2 positive subpopulations. Potentially the optimal imaging biomarker for
early tumour response may derive from novel imaging strategies which have greater
specificity for tumour metabolism and are not susceptible to inflammatory change.
Proliferation can be assessed by the tracer 3’deoxy-3’-[18F]fluorothymidine (FLT). This is a
structural analogue of thymidine which assesses DNA turnover by reflecting the use of
thymidine.

FLT PET can be used as an imaging probe to assess in vivo cellular proliferation in
malignant tumors. The diagnostic utility of FLT has been evaluated in a number of different
primary tumour sites and correlation between uptake and proliferative activity (Ki-67) has
been demonstrated. Although, FLT has been available for some years, data reporting its use
in breast cancer is limited. In metastatic breast cancer changes in FLT uptake at 1-2 weeks
following therapy (chemotherapy or endocrine) pre-date imaging and marker response
(Kenny 2007, Pio 2006). Details of tumour subtype were not reported in either of these
studies and FLTs ability to report tumour response in HER 2 positive breast cancer
specifically remains unproven. However, given that an impact on proliferation would be
rapidly expected following exposure to effective systemic therapy, there is a powerful rational
for believing that FLT PET may be the optimal biomarker for response prediction.

2.1.3 Tumour tissue derived biomarker studies

Unravelling the complexity of the macromolecular networks that drive biological function to
derive clinically useful biomarkers, is arguably the most important challenge of post-genomic
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biology and medicine. Currently the molecular diagnostics developed for clinical use are
based on detecting genetic changes (gene amplification/increased copy number, mutations)
and genomic signatures derived from microarray analysis). The therapeutic responsiveness
of cancers to HER-targeted therapies do not necessarily correlate with the receptor levels.

For instance, when trastuzumab/Herceptin is given as with chemotherapy for first-line
treatment of HER2-overexpressing metastatic breast cancer, it is associated only with a 50%
objective response rate (Slamon et al, 2001). Overexpression of HER2 alone does not
promote cell division as effectively as HER2 coupled to HER3, via the PI3K/protein kinase B
pathway. HER3 is the preferred dimerisation partner for HER2 and this heterodimer is
believed to be the most active dimer, thus forming a key target for inhibition (Holbro, 2003,
Tzahar, 1996). Proteomic assessment of this dimer may provide a predictive biomarker for
response or resistance to HER targeted treatments. In addition to primary resistance,
HER2+ breast cancer patients who initially respond can subsequently progress/relapse on
trastuzumab treatment (acquired resistance). In the case of genetic mutations (e.g. AKT1
and PTEN), the incidence in breast tumours is typically low. In a recently published series of
hormone receptor positive breast tumours, the incidence of AKT1 and PTEN mutations are
reported at 1.4% and 2.3%, respectively (Stemke-Hale et al., 2008). The more common
PIK3CA mutation (34.5%) was however not significantly correlated with any measured
clinical variable (relapse-free survival or overall survival) (Stemke-Hale et al., 2008).

Studying protein function (in terms of activity and spatiotemporal location) will give a broader
patient base to integrate into a metastatic signature, regardless of whether patients have
germline or somatic mutations. For probing protein function in cancer tissues, we have now
finalised a multivariate tumour invasion signature containing information that can classify
breast cancer patients at an individualized level, by imaging in breast cancer tissue cores
from 221 patients, the macromolecular interaction between activated protein kinase C (PKC)
and ezrin, as well as cofilin activation status. Ezrin and cofilin are actin microfilament-
associated proteins, which we and others have shown to be important mediators of breast
cancer cell migration; and various clinical reports have highlighted the significant contribution
of ezrin and cofilin to the clinical development of metastasis in cancers. The difference
between patients according to this image-based protein function signature correlates
significantly with the development of metastasis/time to metastasis (p-value ~ 0.008)
(Kelleher et al., 2006; Kelleher et al., 2010; Kelleher et al., 2009; Patel et al., 2011). The
assays/tools and algorithms that have been developed in this protein function-based
metastatic signature will be complemented by our in-house assay that measures
HER2/HER3 complex by Férster resonance energy transfer (FRET)/ fluorescence lifetime
imaging microscopy (FLIM), then applied to the new EU FP7 programme: entitled ‘HER
imaging and molecular interaction mapping in breast cancer (IMAGINT)'.

Recent pre-clinical studies have demonstrated the significance of delineation of dimerisation
of the HER family receptors in the modulation of targeted therapies using monoclonal
antibodies. Gaborit et al used time-resolved FRET to quantify EGFR and HER2 dimers in
ovarian tumour cell lines and in vivo in mouse models. Quantification of EGFR/HER?2
heterodimers revealed perturbation of heterodimerisation on trastuzumab or cetuximab
treatment and this effect correlated with clinical response to treatment in mouse models.
Ghosh et al described inhibition of HER2 homodimer tumour cell line proliferation in vitro and
a correlation between high HER2 homodimer expression at diagnostic biopsy and prolonged
disease free, and overall survival in a cohort of HER2+ve breast cancer patients treated with
trastuzumab. Lee-Hoeflich et al described a central role for the HER2/HER3 dimer in the
pathogenesis of HER2+ve breast cancer as HERS3 signalling was demonstrated to be vital to
cell proliferation in HER2+ve cell lines, as opposed to EGFR related signalling. The HER2
oligomeric states have already been shown to be pertinent to predicting response to targeted
treatment both in vitro and in vivo. We propose to use highly sensitive optical proteomic
imaging with FRET/FLIM to profile HER2 dimerisation along side related metastatic protein
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interactions such as ezrin and cofilin, and to integrate this result with functional imaging with
FDG- and FLT-PET in order to better predict outcome to targeted therapy.

In order to complement the assessment of pertinent protein-protein interactions in primary
tissue, we aim to apply the proteomic biomarkers described above to circulating tumour cells
(CTCs). We plan to identify and isolate circulating tumour cells using CellSearch (Veridex,
Raritan, NJ),which is the most widely used technology for this application and has been used
to show a negative correlation between CTC number and prognosis in metastatic breast
cancer (Cristofanilli et al, Liu et al). However, the evaluation of CTCs as prognostic
biomarkers has been hampered especially in early stage disease due to poor performance
characteristics of the variety of assays which are available to detect CTCs (Rack et al,
2010).

Although the value of CTCs alone as biomarkers has yet to be demonstrated, we hope to
evaluate not only the numbers of CTCs, but also protein function within CTCs, e.g. HER2-3
dimerisation, within the context of the primary tumour. This information will be integrated
into the metastatic signature described above. We may then be able to evaluate the
significance of protein-protein interactions/activation in potential metastatic cells as opposed
to the primary tumour, in terms of prediction and prognostication.

Systemic imaging (e.g. PET-CT) allows whole body localisation and quantification of contrast
agents (e.g. fluorodeoxyglucose, **F-FDG and fluorothymidine, *®FLT) uptake but suffers
from a lower sensitivity and spatial resolution in comparison with optical imaging. We will
combine the high resolution tissue imaging techniques, offering molecular markers, with
clinical bioimaging methods; a combination which will be truly complementary. It is expected
that an integrated analysis of the datasets obtained for each patient will allow us to derive a
new generation of biomarkers that can predict response to molecule-targeted treatments and
have the potential for clinical validation and exploitation.

2.1.4 Chemotherapy

The neoadjuvant setting provides an excellent opportunity to investigate potential molecular
predictors of response to targeted treatments, such as trastuzumab/Herceptin. This study is
designed to optimise the validation of predictive biomarkers such as FDG/FLT-PET and
biopsy derived assays of protein-protein interactions related to the targeted treatment,
without affecting overall or disease-free survival. The chemotherapy drugs used have been
widely studied in the adjuvant setting and have also been applied in the neoadjuvant setting
as described below. Patients will receive the targeted agent (trastuzumab) first, with taxane
chemotherapy for 4 cycles with biopsies before treatment and on completion of the first cycle
of chemotherapy (to co-ordinate with PET imaging), in order to assess the biological ‘on
target’ activity of trastuzumab. Following the first 4 cycles, patients will undergo definitive
surgery to excise the tumour, from which pathological response will be assessed. Following
surgery, patients will have a further 4 cycles of epirubicin and cyclophosphamide, without
trastuzumab, to complete a standard number of chemotherapy cycles. Patients will then
continue to complete one year of trastuzumab therapy.

In the case of HER2+ve tumours, the pivotal randomised controlled neoadjuvant trials
examining the effect of the addition of trastuzumab to chemotherapy are summarised in the
table below (Baselga et al 2012, Gianni et al 2012, Baselga et al 2010, Gianni et al 2010,
Untch et al, 2010, Coudert et al, 2007, Buzdar et al 2005). These studies have established
an improvement in pathological complete response rate on addition of trastuzumab to
various neoadjuvant chemotherapy regimens. Gianni et al (NOAH, 2010) randomised
patients to neoadjuvant chemotherapy with doxorubicin, paclitaxel, cyclophosphamide,
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methotrexate and fluorouracil, with or without the addition of concomitant trastuzumab for 1
year (in both the neoadjuvant and adjuvant setting). They demonstrated a significant
improvement in 3 year event-free survival from 56% to 71% (HR 0.59, 95% CI 0-38-0-90];
p=0-013), and in pathological complete response rate (pCR) from 19% to 38%. Buzdar et al
similarly reported an impressive improvement in pCR for patients treated with 8 cycles of
neoadjuvnt chemotherapy (taxane+FEC) +/- concomitant trastuzumab for 1 year, from 26%
to 65.2%.

More recently, the Neo-ALLTO, NeoSphere and GeparQuinto studies have examined the
effect of addition of further targeted therapies, i.e. lapatinib (an EGFR and HER2 tyrosine
kinase inhibitor), and pertuzumab (a humanised monoclonal antibody directed at the
dimerisation domain of HER2) to a ‘control’ arm of neoadjuvant trastuzumab and taxane,
followed by definitive surgery, adjuvant anthracycline-based chemotherapy and adjuvant
trastuzumab up to 1 year. Both studies demonstrated excellent pCR of 29% and 29.5%, and
overall response rates of 81.4% and 70.5% respectively, in the arm containing taxane and
trastuzumab alone. Furthermore, the taxane/trastuzumab regimen was very well tolerated.
For example, within the NeoSphere study, the number of adverse events in this arm was 20
(107 patients), the most common of which was febrile neutropaenia (7%) as expected. Of
the 106 patients eligible for this arm of treatment, only 3 patients did not proceed to surgery
and adjuvant chemotherapy/trastuzumab, due to patient choice. There were no cardiac
serious adverse event or toxic deaths in the neoadjuvany phase. Data from the
GeparQuinto study deomonstrated a pCR of 30.3% using 6 cycles of neoadjuvant
anthracycline/taxane chemotherapy with concomitant trastuzumab versus the same
chemotherapy with lapatinib, but adverse events were higher with 29.6% experiencing
dyspnoea, 39.1% experiencing oedema and 14% of patients discontinuing chemotherapy.

These studies demonstrate neoadjuvant treatment with taxane and trastuzumab, followed by
definitive surgery and adjuvant chemotherapy/trastuzumab as a feasible, tolerable regimen
with comparable, if not improved outcomes to standard neoadjuvant therapy in terms of
pCR. In addition, the NeoSphere study demonstrates an improvement in pCR with the
addition of pertuzumab, an antibody which prevents HER2 dimerisation, to trastuzumab and
taxane, thus highlighting the importance of quantification of HER2-HER3 dimerisation in
tumour samples as proposed within this study.

We propose to administer docetaxel with trastuzumab for the first 4 cycles of treatment, thus
employing the targeted agent first, in order to compare histopathological proteomic profiles
and FLT/FDG-PET scans pre- and post-trastuzumab treatment, without the added biological
effect anthracyclines. Primary use of 4 cycles of taxane and trastuzumab in the neoadjuvant
setting in this protocol is in keeping with that administered in the NeoSphere and NeoALLTO
trials. Furthermore, all the neoadjuvant trials listed in the table below administered at least 4
cycles of taxane as in our protocol. As per the Neo-ALLTO study, we have opted for
adjuvant anthracycline followed by trastuzumab in order to avoid the cardiotoxicity of
concomitant treatment. Hence trastuzumab will be recommenced after surgery to complete 1
year of treatment. In total, all patients receive a cumulative dose of
anthracycline/taxane/trastuzumab which is equivalent to the majority of the neoadjuvant
trials summarised here and our current standard of care. Therefore, overall survival and
disease-free survival is not compromised within this study design.

Trial Chemo regimen pCR/DFES Reference

NeoSphere A#T+D vs pCR: 29% vs Gianni et al,
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A#PER+T+D vs 45.8% vs 24% Lancet Oncol
4#PER+D vs vs16.8% Jan 2012; 25-
4#PER+T. Followed 32
by surgery, then adj
3# FEC (except last
group : 4#D+3#FEC)
NeoALTTO L+P vs T+P vs PCR: 24.7% vs Baselga et al
L+T+P (12 weeks of | 29.5% vs 51.3% Lancet Jan
Paclitaxel) 2012
GeparQuinto AHECHT-4#D+T vs pPCR 30.3% vs Untch et al,
A#EC+L-4#D+ L 22.7% Lancet Oncol
Jan 2012
NOAH 3#AP-4#P-3CMF pPCR: 38% vs 19%. | Gianni et al
+/-T(33wks) 3-year event-free Lancet
survival, 71% vs 2010;375:377-
56% without T; HR | 384
0-59 p=0-013
GeparQuattro AHEC-4#D+T vs 31.7% (vs 15.7% in | Untch et al,
AHEC-4#D+T+X HER2-ve pts) JCO
(concurrent or 2010;28:2024-
sequential) 2031
(T=24wks vs 36wks
respectively)
GETN(A)-1 6#DCarbo+T 43% Coudert et al
(18wks) JCO 2007
25:2678-2684
Buzdar et al A#P-AHFEC +/- 65.2% vs 26%/ Buzdar et al,
concomitant T No recurrence at JCO 2005
throughout (24wks) median follow up 23:3676
16.3 mons vs 3 in
chemo arm

A=Doxorubicin, Carbo=Carboplatin, C=Cyclophosphamide,D=Docetaxel, E=Epirubicin, F=5-
fluorouracil, L=Lapatinib, M=Methotrexate, P=Paclitaxel, Per=Pertuzumab, T=Trastuzumab,
X=Capecitabine, pCR-pathological complete response, DFS=disease-free survival

2.2 Investigational Medicinal Product: : [*®F]-fluorothymidine ([**F]-FLT)

Full details of the physical and chemical characteristics of the IMP [*®F]-fluorothymidine, is
provided in the Investigator’s Brochure.

2.2.1 Structure of [*®F]-FLT

The [*®F]-fluorothymidine drug product is a mixture of radio-labelled fluorine-18
fluorothymidine and ‘cold’ Fluorothymidine. [See Section 6.1 Pharmaceutical Data.]

2.2.2 Mechanism of action of [*®F]-FLT tracer

[*8F]-fluorothymidine is a Positron Emission Tomography (PET) radiotracer is chemically
altered thymidine with the addition of Fluorine-18. Thymidine is an essential component of
DNA. [*®F]-fluorothymidine monitors synthesis of DNA and hence proliferation of cancer cells
in the body. It is not incorporated into DNA but does reflect the uptake of thymidine into cells
and the cell pool of thymidine. It has particularly been studied in gliomas, oesophageal
cancers, lymphomas, oropharyngeal cancers, lung cancer and breast cancer.

Radio-labelled [**F]-fluorothymidine metabolism has been evaluated as a cancer imaging
agent, both pre-clinically and clinically. Radio-labelled thymidine clears rapidly and

210



PET CT17/08/12 v0.1 prot jg and TN-23
CONFIDENTIAL

extensively from the blood after intravenous administration. The uptake is very low in normal
tissues of the cerebral cortex, lung, heart and soft tissue in the oropharynx and normal
breast tissue, allowing excellent differentiation of malignancies against these tissues.
Highest uptake is observed in the liver and bone marrow and this does present a problem
with identifying malignancy at these sites.

2.2.3 Pre-clinical experience

[*®F]-fluorothymidine has been used in mice and rats to assess a variety of tumour models
as described in the IB.

2.2.4 Clinical Experience

A summary of patient studies carried out using [*®F]-fluorothymidine is provided in Table 1.
There is one published toxicology study (Spence 2008) which did not raise any safety
concerns. No safety concerns have been highlighted in any of the studies performed in the
literature. At Guy’s and St. Thomas’ NHS Foundation Trust we have recruited 8 patients
(with 3 or 4 repeat scans each) to a mechanistic study using [*®F]-fluorothymidine in patients
with head and neck cancer and lung cancer without incident to date.
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Disease studied No. Reference
patients
GLIOMA
30 3 scans each Schwarzenberg, 2012
20 Hong, 2011
18 3 scans each Wardak, 2011
15 3 scans each Schiepers, 2010
2 repeats Galldiks, 2010
11 Backes, 2009
14 Price, 2009
13 Ullrich, 2008
Cancer and radionecrosis 19 Spence, 2009 & 20087
18 Hatakeyama, 2008
9 Schiepers, 2007
21 3 scans each Chen, 2007
12 Muzi, 2006
25 Saga, 2006
10 Yamamoto, 2006
23 Jacobs, 2005
25 Chen, 2005
Cancer and benign 26 Choi, 2005
H &N
10 3 scans each Troost, 2010
17 Troost, 2010
43 Hoshikawa, 2011
14 (2 scans,) Menda, 2010
8 (2 scans each) Menda, 2009
6 2 scans each de Langen, 2009
10 Troost, 2007
11 Cobben, 2004
GERM CELL TUMOUR
11 2 scans Pfannenberg, 2010
OESOPHAGUS
21 2-4 scans Yue, 2010
22 ? same patients Han, 2010
10 van Westreenen, 2005
5 Dittmann, 2003
GASTRIC
45 Herrmann, 2007
COLORECTAL
26 Yamamoto, 2009
15 Roel, 2008
10 Francis, 2003
11 Visvikis, 2004
10 2 scans each Wieder, 2007
GASTRIC
21 Kameyama, 2011
45 2 scans each Ott, 2011
21 Kameyama, 2009
PANCREAS
46 Herrmann, 2012
31 (10 Herrmann, 2008

benign)
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5 Quon, 2008
HEPATOCELLULAR
CARCINOMA
Cancer and benign 18 Eckel, 2009

LUNG (NSCLC unless stated)

30 2 per patient Kahraman, 2011

51 3 per patient Mileshkin, 2011

9 Cheebsumon, 2011

34 2 per patient Zander, 2011

22 2 or 3 per patient Benz, 2011

5 3 per patient Everitt, 2009

9 2 per patient de Langen, 2009

34 Yamamoto, 2008

31 2 per patient Sohn, 2008
Cancer and benign 55 Tian, 2008

54 (? Yamamoto, 2008

included

above)

18 Yamamoto, 2007
Cancer and benign 22 Yap, 2006

17 Muzi, 2005
Pulmonary nodules 47 Buck, 2005

17 Cobben, 2004
Cancer and benign 20 Halter, 2004

9 Dittmann, 2003

26 Buck, 2003

18 Vesselle, 2003

10 Vesselle, 2002
Acute myeloid
leukaemia

10 Buck, 2008
LYMPHOMA
Mantle lymphoma 8 Herrmann, 2011
NHL 66 Herrmann, 2011
HD and NHL 48 Kasper, 2007
Indolent lymphoma 11 Wagner, 2003
Indolent lymphoma 7 Buchmann, 2004
Breast

20 2 scans each Contractor, 2011

21 Contractor, 2011

13 2 scans each Kenny, 2007

14 2 scans each Pio, 2006

8 Been, 2006

14 Breast cancer Smyczek-Gargya, 2004
SARCOMA

20 2 scans each Benz, 2011

22 Buck, 2008

19 Cobben, 2004

2 Dittmann, 2003
MELANOMA

10 Cobben, 2003
RENAL

16

3 scans each

Liu, 2011
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1 Dittmann, 2003
OVARIAN CANCER

6 Richard, 2011
Total number of 1623 601 repeat scans
patients in these patients

Table 1: Patients studies using PET [*®F]-FLT reported in the literature: publications
where it was thought the same patient group was republished have been omitted.

Note: There are additional studies by some of the authors which are believed to be
duplicate studies and are included in the reference list at the end.
2.3 Investigational Medicinal Product: [*®F]fluorodeoxyglucose ([**F]-FDG)

Full details of the the IMP [*®F]-fluorodeoxyglucose, including pharmaceutical, clinical and
preclinical information, is provided in the SmPC for MetaTrace FDG solution for injection.

2.4 Rational for Proposed Study

This exploratory phase Il study seeks to identify whether PET functional imaging approaches
using 2-[fluorine18]fluoro-2-deoxy-D-glucose (FDG) and 3'deoxy-3’-[**F]fluorothymidine
(FLT) can be utilised alongside tumour derived biomarkers, including optical proteomic
profiling, in patients with HER2+ve breast cancer to provide an in vivo assessment of
response to standard neoadjuvant systemic therapy that is not constrained by the inherent
time lag associated with MRI RECIST evaluation.

3 TRIAL DESIGN
3.1 Clinical Trial Objectives and Endpoints
3.1.1 PRIMARY OBJECTIVES AND ENDPOINTS

Primary Objective Endpoint

Correlation of SUV response for

To correlate PET imaging response in each tracer with residual cancer

breast and axillary lymph nodes with burden(RCB) in breast and axilla
residual cancer burden (RCB) at
definitive surgery

3.1.2 SECONDARY OBJECTIVES AND ENDPOINTS

Secondary Objective Endpoint

To evaluate optical proteomic profiling of Correlation of outcome from
HERZ2 and related protein interactions in optical proteomic profile with
primary tissue and circulating tumour cells | [**F]-FLT and FDG, conventional

as a method for predicting response to MRI RECIST response criteria,

targeted treatment and chemotherapy RCB and pathological response
to treatment from surgical
specimen

To evaluate PET imaging using the Correlation of SUV response for

tracers [*®F]-FLT and FDG as a method each tracer with conventional
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for evaluating response to systemic
therapy in HER2 positive breast cancer

MRI RECIST response
assessment

To correlate PET imaging response with
biopsy derived proliferation biomarkers

Correlation with % cell positive
for proliferation markers ki 67
(MIB-1), geminin, mcms and
MRNA expression markers of
proliferation genes (if present)

Non invasive assessment of Ki and K1
from this dataset

The dynamic analyses will use
an input function derived from
the aorta of heart of both to
derive rate constants Ki and K1,
measurements transport and
phosphorylation for both tracers

To obtain performance estimates for the
ability of the tracers FDG and FLT to
report MRI response

Evaluate the ability of FDG and
FLT tracers to predict RCB

To assess nodal imaging response using
PET imaging

Correlate with standard imaging
response in nodes, SUV
response in breast.

To assess the safety of fluorothymidine in
patients with breast cancer.

Determining the causality of
each adverse event to the two
agents, and grading AE severity
according to NCI CTCAE version
4.0.
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3.2 Design of the Clinical Trial

3.2.1 STUDY SCHEMA

STANDARD INTERVENTIONS

Baseline assessment DOCETAXEL + TRASTUZUMAE (4cycles) Surgery EC (4cycles) + Trastuzumab (14cycles)
D1 D21 D42 D63 D74
™
MRI U H
Echo prior to
a7 trastuzumab, to
Echo U continue according to
standard protocol
RESEARCH ASSESSMENTS

= T 1
BIOPSY Research core
&blds AI through surgical

specimen

This is a multi-centre, non-therapeutic Phase |l imaging trial study. Study participants will
comprise 30 patients with ER negative HER2 positive breast cancer who require
neoadjuvant chemotherapy and meet the eligibility criteria defined in section 4.

Patients will receive standard sequential chemotherapy with four cycles of T-H (taxane/
trastuzumab), prior to definitive surgery followed by four cycles of EC (epirubicin,
cyclophosphamide). Chemotherapy will commence on D1 of each cycle, 21 days per cycle.
All participants will have standard cross-sectional imaging response assessments using MRI
after 3 cycles of treatment. Participants may also have USS and mammography as per local
protocol wherever indicated.

In this proposed study, primary disease will be examined with FLT and FDG to assess the in
vivo response characteristics. All patients will have standard diagnostic biopsy, and a
research core biopsy taken prior to initiation of chemotherapy (D-14 to DO0), a core biopsy
after Day 17+3 PET scan, prior to cycle 2 chemotherapy and representative biopsies through
the resection specimen from definitive surgery after completion of 4 cycles of primary
chemotherapy. Tissue from these specimens will be analysed using the FRET/FLIM
metastatic signature as well as other tissue derived biomarkers described in 3.4.

Participants will undergo additional study interventions according to the diagram above.
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3.2.2 PATIENT RECRUITMENT

30 patients with ER- HER2 positive breast cancer will be enrolled. Each patient will
participate in the trial for approximately 16 weeks. Patients will be recruited from the breast
cancer clinicians at Guy’s and St. Thomas’ NHS Foundation Trust Hospitals, and University
College London NHS Trust Hospitals. Patient follow up will be performed through the local
breast clinic.

The [*®F]-Fluorodeoxyglucose and [**F]-fluorothymidine scans will be performed at the Guys
and St Thomas’ NHS Foundation Trust and KCL PET Imaging Centre. Travel costs for
patients from UCLH will be reimbursed for research visits for PET imaging. Biopsies will be
taken and fixed locally, and then sent to the central laboratory at the Breast Tissue Bank,
Guy’s Hospital for further processing. Surgical resection specimens may be retained at the
local institution as long as a representative core biopsy is sent to the central laboratory.
Patients will be asked to give consent to the biobanking of any biological material that is
excess to requirements of the study for use in future research, subject to the approval of the
research by a research ethics committee.

3. 3 Functional Imaging

Patients will be randomised to FLT or FDG to optimise the balance of tumour and patient
factors that might affect performance assessment. In all patients baseline PET-CT scanning
assessment will take place prior to commencing chemotherapy followed by a post cycle 1
chemotherapy scan on day 17(x3). Imaging will be performed using a GE Discovery VCT
64-slice PET-CT scanner.

3.3.1. PATIENTS ALLOCATED TO FDG PET-CT

Patients randomised to FDG tracer will have PET-CT imaging according to the following
protocol.

Following a 6-hour fast, patients will receive intravenous injection of 200 MBq of [**F]FDG.

A dynamic scan will be performed over the breast primary for 100 minutes and then two 10

minute local views over the whole breast and also incorporating the breast in the final scan.

The first of these two scans will be at 120 to 130 min after FDG injection and the patient will

remain on the couch for this scan. The second of these two scans will occur at 170-180

minutes and will require a further single bed position low dose CT scan and PET

acquisition. In the first 10 patients allocated to this tracer, who give consent, a venous

blood sample will be taken during the imaging study visit to record the radioactivity within

the blood following injection of the FDG tracer and permit the analysis of metabolites for

image data correction. These bloods samples may be taken via the patients indwelling

chemotherapy venous access device where present, or via a second venous cannula

inserted in the opposite arm and linked to a sterile cannula tubing.

This imaging time gives adequate count statistics for lesion localization, drawing of the

region of interest and SUVmax determination. Acquired scans will be reconstructed with

OSEM (ordered subset expectation maximization; 30 subsets, one iteration, 5.14 m post

filter, 4.69 mm loop filter).

Scans will be evaluated qualitatively and semi-quantitatively using SUVmax and SUV peak.
SUVmax is measured by a single operator hand-drawing a region of interest on the axial
PET image using the CT component of the study to ensure the region corresponds to the
tumour of interest. The SUVmax is derived as the highest SUV within the tumour and
measured on all scans and displayed graphically against the time. Other volume processing

217



PET CT17/08/12 v0.1 prot jg and TN-23
CONFIDENTIAL

of the uptake will be performed and the data will be used to test other offline processing
methods. The dynamic images obtained will also have an input function derived by placing a
region of interest over the aorta and over the heart cavity. From this input function a k1 and
Ki value for the tumour will be derived.

Following the FDG PET-CT scan patients will not require scheduled telephone follow up
owing to the substantial clinical experience supporting absence of toxicity from this standard
radiotracer as detailed in the SmPC.

3.3.2. PATIENTS ALLOCATED TO FLT PET-CT

Patients randomised to FLT tracer will have PET-CT imaging according to the following
protocol.

Following a 6 hour fast, 200 MBq of FLT will be injected through a venous cannula whilst the
patient is lying on the scanner couch. A dynamic scan will be performed for 100 minutes in a
single position over the breast cancer. Semiquantitative imaging will be performed at 90
minutes using a static scan acquired from the dynamic imaging data set Analysis of the
static SUV measurements will be compared with histology and with the quantitative
measurements. Quantitative imaging will be performed using the dynamic curves generated
from the underlying aorta and heart.

In the first 10 patients allocatd to this tracer, who give consent, 5 venous blood samples will
be taken during their imaging studies to record the radioactivity within the blood following
injection of the radioactive IMP and permit the analysis of metabolites (the glucuronide form
of FLT) for image data correction. These bloods samples may be taken via the patients
indwelling chemotherapy venous access device where present, or via a second venous
cannula inserted in the opposite arm and linked to a sterile cannula tubing. This will allow
high performance liquid chromatography and a cartridge method will separate FLT from the
FLT glucuronide on the 5 ml blood samples. These procedures allow a calibrated arterial
input function, generated from the images of the aorta or the heart, corrected for decay and
the presence of *®F-labelled metabolites to be obtained.

Following their FLT PET-CT scan patients will have blood pressure and pulse check, and be
telephoned the day after their scan to document any toxicities experienced.

Note: patients may have FLT and FDG-PET scans carried out on the same day as
trastuzumab/Herceptin infusion in order to minimise patient visits. However, if this is
the case, nursing staff who are pregnant may NOT administer trastuzumab due to risk
to the foetus from radioactive tracer.

3.4 Biopsy & Blood Analyses

For all participants research-specific tumour tissue will be obtained pre and post treatment
exposure and alterations in tissue characteristics correlated with change in FLT/FDG SUV.
Material will include surplus tissue from the formalin-fixed, paraffin-embedded (FFPE)
diagnostic core biopsy, an ultrasound guided pre-chemotherapy research core, an
ultrasound guided research core biopsy performed following the day 17 PET-CT scan and
a research core through the definitive surgical resection specimen. All research cores will
be stored in both FFPE and fresh frozen format.

Immunohistochemical/immunofluorescent assessment will consist of FRET/FLIM metastatic
signature, biomarkers of apoptosis (terminal transferase uridyl nick-end labelling assay,
TUNEL), proliferation (MIB-1, the S-phase specific replication marker -geminin, MCM
replication fork licensing factors) and glucose uptake biomarkers (Glut 1 receptor). Tumour
genotype analysis will involve whole tumour genome sequencing techniques and use of
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specific tests to detect copy number change (e.g. neu/HER2), mutations (e.g. EGFR), DNA
methylation status, changes in expression of known and as yet unknown oncogenes, tumour
suppressor genes and mRNA expression markers of proliferation genes. These biomarker
changes will be correlated with SUV and SUV change for both PET tracers.

Blood samples for assessment and harvest of CTCs will be taken prior to (day -14 to 0) and
after 4 cycles of neoadjuvant chemotherapy. For the majority of patients at these time-
points, routine bloods will be taken, e.g. prior to biopsy or surgical procedure. Hence, bloods
for CTC will be taken at the same time. Presence of 5 or more CTCs per 7.5mls of blood has
already been identified as a prognostic marker for metastatic breast cancer patients
(Cristofalli et al.). Therefore, the number of CTCs per 7.5miIs of whole blood will be
measured pre and post treatment, as well as application of the FRET/FLIM metastatic
signature described above.

Blood samples taken for CTC evaluation must be handled with the following restrictions:

e Blood should be taken by venepuncture or sterile collection from an indwelling cather
(e.g. PICC line or Hickman line) into a CellSave Preservative Tube only, and will be
provided from the central laboratory (Prof Ng’s lab at KCL) for each test required for
each patient. These tubes are evacuated and are designed for use with standard
blood collection systems.

e The Tube should be filled until blood flow stops, and then gently inverted 8 times in
order to prevent coagulation.

e Tubes must be stored and transported at temperatures between 15-30 degrees
(tubes crack if stored below 0 degrees)

e Samples may then be transported to the central lab for processing within 96 hours.

All analyses will be performed in collaboration with the bioinformatics, biostatistics and
mathematics groups of the Comprehensive Cancer Imaging Centre and Breakthrough
Breast Cancer Research Unit at KCL (Ton Coolen, Lars Holmberg and Tony Ng). At Guys
hospital, the central radiology and pathology collaborators are Dr Jyothi Parikh, Professor
Sarah Pinder and Dr Cheryl Gillett and our surgical collaborator is Prof Arnie Purushotham.
All biopsy material will be taken and preserved locally according to standard operating
procedures for FFPE or fresh frozen tissue. However, all study related material will be
transported and stored for the purposes of the study in the HTA licensed Guys’ and St
Thomas’ Breast Tissue and Data Bank. Patients will be asked to give consent to the
biobanking of any biological material that is excess to requirements of the study for use in
future research, subject to the approval of the research by a recognised research ethics
committee.

4 PATIENT SELECTION
4.1 Eligibility Criteria

Female patients with ER negative Her 2 positive breast cancer who will be treated with
neoadjuvant chemotherapy should be considered for participation in accordance with the
inclusion and exclusion criteria below.

4.1.1 INCLUSION CRITERIA:

e Female age =18 years
e Women of childbearing potential must have documented negative pregnancy test
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within the 2 weeks prior to day 1 chemotherapy and agree to use a medically
acceptable birth control during the duration of their chemotherapy.

Stage II-lll biopsy proven early breast cancer for whom primary chemotherapy is
recommended. Staging performed in accordance to local criteria.

All patients will have Her 2 positive tumours (IHC 3 or IHC 2 and FISH amplified)
All patients will have ER negative primary tumours (Allred <3)
ECOGPSof0Oor1l

Primary tumour size >2cm

Eligible for neoadjuvant chemotherapy according to departmental guidelines
Adequate biochemistry for chemotherapy:

Laboratory values as follows

ALT and AST < 1.5X upper limit of normal [ULN];

total bilirubin < upper limit of normal except in patients with document Gilbert’s
syndrome,
Alkaline phosphatase <2.5 x ULN

Adequate haematology for chemotherapy. Laboratory values as follows
Absolute neutrophil count (ANC) 21,500/,

Platelets count =100,000/ul

Haemoglobin =210g/dL

Adequate renal function for chemotherapy; creatinine clearance greater than 60
assessed by Cockcroft Gault calculation or EDTA.

Adequate cardiac function with baseline left ventricular ejection fraction(LVEF) of
>55% on echo/MUGA prior to treatment

No prior malignancies other than CIN cervix or basal cell skin cancer

Written informed consent

Able to comply with treatment plans, scheduled visits, all study PET imaging and biopsy
procedures and follow-up

4.1.2 EXCLUSION CRITERIA:

Any prior treatment for breast cancer

Patients who are pregnant will be excluded. If there is any doubt about
pregnancy a pregnancy test will be taken.

Patients who are breast feeding

Evidence of distant metastasis at diagnosis precluding neoadjuvant
treatment

Requirement for concurrent radiotherapy treatment

Serious medical condition or concurrent medical illness likely to
compromise ability to complete prescribed chemotherapy course.
Anticoagulation requirement which would preclude serial biopsy
Significant history of uncontrolled cardiac disease/clinically significant
cardiac disease; i.e. unstable angina, recent myocardial infarction (within
prior 6 months); NYHA Class IlI-1V heart failure, including pre-existing
ventricular arrhythmia valvular dysfunction or conduction abnormality
Any other problems that may make the patient unable to tolerate the
PETCT scan or translational biopsies

Investigational Medicinal Product in the previous 28 days

220



PET CT17/08/12 v0.1 prot jg and TN-23
CONFIDENTIAL
4.2 Patient Registration

All patients screened will be registered in the electronic data capture (EDC) system. A
screening number will be automatically allocated during this process and will include any
patients who are screen failures or those who decline participation.

All patients who give informed consent for the trial will be registered within the EDC
system. The patient trial number and tracer allocation will be automatically allocated by the
EDC system during the registration process. Patients must be registered in the EDC
system within 7 days prior to first study specific procedure.

5 TREATMENT

5.1 PET Imaging
A total of 30 patients will be scanned in this study using either FDG or FLT tracers.

5.1.1 RADIATION DOSE AND SCHEDULE

15 patients scanned using FDG

PET component, 200 MBq of FDG: 4 mSv

CT component for dynamic and static PET scan: 2 mSv
CT component for second static PET scan: 2 mSv
Total effective dose per session: 8 mSv

Total effective dose for two sessions: 16 mSv

15 patients scanned using FLT

PET component, 200 MBg FLT: 6.5 mSv

CT component for dynamic and static PET scan: 2 mSv
Total effective dose per session: 8.5 mSv

Total effective dose for two sessions: 17 mSv

5.1.2 RISK ASSESSMENT

The total radiation dose to patients enrolled in this study is ~ 9 times the natural background
radiation dose in the UK. The risk of inducing fatal cancer as a result of radiation exposure is
less than ~0.05/Sv for the whole population and less for older age groups (1/5 of this value
for patients over 60). The risks of fatal cancer associated with the exposures in this study are
therefore up to ~ 1 in 1170. These are small compared to a natural lifetime risk of 1 in 4.

5.1.3 POST SCAN FOLLOW-UP

The post-imaging assessment will be scheduled as a telephone call on 24hours following
PET scanning. If there are AEs that occurred while the patient was on study which are
attributed (including possibly related AEs) to [*®F]-thymidine and are still present at the
post-imaging phone call the patient will be followed up monthly afterwards until resolution,
to baseline or stabilisation of these events. Due to the short half life of FLT 30 day follow-
up is not necessary and will not be performed.

Post-scan safety assessment is not required for participants randomised to FDG due to the
known safety profile of this standard tracer and absence of any expected side effects.
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With respect to chemotherapy, follow-up will occur as normal for these standard
chemotherapy in local oncology clinics after every cycle of chemotherapy. The end of study
is defined at definitive surgery. The Off-Study visit will constitute a final clinic appointment
after surgery whereby the patient will be seen by one of the Participating Investigators after
surgical treatment.

Further details regarding follow-up can be found in Section 7.4.

5.1.4 REPLACEMENT OF PATIENTS

Any patient who does not have fully evaluable (for example due to scanner failure) PET-CT
scans will be replaced.

5.1.5 MODIFICATIONS TO THE IMAGING SCHEDULE

The imaging schedule should be completed on the day allocated. If the schedule is not
able to be completed on Day 1 the patient will be asked to return the following day. This
may result from an isotope production failure. If the patient declines then the patient will be
replaced in the total numbers to be recruited.

5.2 Chemotherapy
5.2.1 CHEMOTHERAPY DOSE AND DOSE MODIFICATIONS

Chemotherapy is given as per SmPC protocol with 4 cycles of trastuzumab/taxane
combination prior to surgery, followed by 4 cycles of anthracycline with
cyclophosphamide,e.g. EC. These regimens are widely used and described on the South
East London Cancer Network guidelines as outlined below. Dose modification should follow
these or local guidelines:

(www.selcn.nhs.uk/content/load _document.asp?document _id=7877)

It is permitted to use docetaxel (100mg/m?) with trastuzumab followed by AC (doxorubicin
60mg/m? and cyclphosphamide 600mg/m?) or EC(epirubcin 90mg/m?, cyclophosphamide
600mg/m?) as per local preference. Definitive surgery must occur between 3-6 weeks post
cycle 4 of docetaxel/trastuzumab. Adjuvant anthracycline chemotherapy should be
commenced at least 3 weeks after the last cycle of trastuzumab and once the patient is
deemed to have recovered clinically post-op, pending review by treating physician and
satisfactory LVEF assessment by echo/MUGA. Radiotherapy may be administered as
indicated and per local guidelines after chemotherapy has been completed.

5.3 Trastuzumab/Herceptin dose and dose modifications

Trastuzumab should be given in accordance to local and national guidelines with appropriate
LVEF monitoring, for example as per the South East London Cancer Network guidelines
which have been adopted by Guy’s and St.Thomas’ Hosptial, summarised below:
(www.selcn.nhs.uk/content/load_document.asp?document_id=8377)

Loading dose is given on Day 1 of the first day of cycle 1 at 8mg/kg as per normal practice
with docetaxel administered on day 2. Following this first loading dose, 4 subsequent cycles
will be administered at a dose of 6mg/kg concomitantly with docetaxel. Cardiac monitoring
with an initial echo or MUGA(depending on local protocol), and a repeat echo or MUGA after
3 cycles of trastuzumab will be carried out as per normal protocol. After 4 cycles,
trastuzumab will be stopped whilst the patient is undergoing definitive surgery, followed by
adjuvant treatment with anthracycline and cyclophosphamide for 4 cycles. Following
anthracycline treatment, a repeat echo or MUGA (depending on local protocol) will be
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required prior to re-loading with trastuzumab at 8mg/kg, followed by 13 cycles of
trastuzumab will be administered, at maintenance dose (6mg/kg) with cardiac monitoring as
per standard protocol.

5.4 Concomitant Medication and Treatment

Concomitant medication may be given as medically indicated. Details (including doses,
frequency, route and start and stop dates) of the concomitant medication given must be
recorded in the patient’s medical records and the electronic Case Report Form (eCRF).

6 PHARMACEUTICAL INFORMATION
6.1 [*®F]-fluorothymidine
6.1.1 SUPPLY OF [*®F]-FLUOROTHYMIDINE

A conditional Qualified Person (QP) certificate including a ‘use within’ period must be
provided for each batch of IMP, immediately following each synthesis, and prior to
administration to the patient. A final QP certification must be provided for each batch of IMP
once all of the data is available, and has been reviewed by the QP, following administration
to the patient.

The PET Clinician will order the [*®F]-fluorothymidine for each patient and the laboratory
manager for the Radiochemistry facility will order the required precursor and any chemicals
related to its production. The study drug [*®F]-fluorothymidine will be supplied by:

The PET Imaging Centre
St. Thomas’ Hospital
London

SE1 7EH

UK

MIA(IMP) No. 11387

Tel: 020-7188-4988
Fax: 020-7620-0790

The PET Imaging Centre, where the GMP manufacture of the tracer takes
place, is a controlled area only accessible by authorised personnel, who are
required to follow strict protocols (PET Imaging Centre SOPSs) to minimise
microbial contamination entering the facility and radioactive contamination
being tracked outside.

6.1.2 FORMULATION OF [*®F]-FLT

[*®F]-FLT is prepared individually for each patient immediately prior to use. It is supplied
as a sterile, pyrogen free and essentially particle free, intravenous solution for injection,
containing [*®F]-FLT. The final [*®*F]FLT drug product is supplied in a simple 10% ethanol
solution, which is the eluent from the final column at the end of the drug substance
manufacture. Due to the nature of the product no further formulation development has
been undertaken. The final vial will contain a minimum of 500MBq with a volume of 1-
10ml
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6.1.3 ['®F]-FLT STORAGE AND LABELLING

The [*®F]-FLT must be used within a maximum of 3 hours after the end of synthesis. The
actual expiry date and time for each individual batch of IMP will be dependent upon the
radioactivity of each batch measured at the end of synthesis. The vials of IMP must be
stored and transported within a lead pot or other suitable shielded container, in the
absence of light. The IMP should be maintained at ambient temperature.

The vials of IMP and the lead pot container will be labelled according to Eudralex volume
4: Annex 13 ‘Investigational Medicinal Products’ of the EU guide to GMP.

6.2[**F]-fluorodeoxyglucose ([*°F]-FDG)

The study drug [*®F]-FDG will be MetaTrace FDG Solution for injection.

Marketing authorisation number:  PL 27150/001

Marketing authorisation holder: Siemens PLC
Siemens House
Oldbury
Bracknell
Berkshire
RG12 8FZ
United Kingdom

The PET Clinician will order the MetaTrace FDG Solution for injection for each patient.
Multidose vials will be labeled for clinical trial use and a separate stock maintained for the
purpose of this trial. Storage, administration and disposal will be in accordance with the
SmPC.

6.3 [*®F]-FLT and [*®F]-FDG tracer Administration

Aseptic technique must be employed when preparing the drug for administration. Both
tracers are radioactive and must be handled to ensure the safety of the operators and
patients. This will be achieved by adhering to the local rules and lonising Radiation
(Medical Exposure) Regulations (IRMER) requirements which define practice, and the
IRR99 regulations which cover radiation doses to staff.

Metatrace FDG is delivered in multidose vials and tracer withdrawal will performed under
asceptic conditions in accordance with the SmPC. Each vial of [**F]-fluorothymidine is
intended for single use only, and any unused portion of the product should be discarded.

The intravenous administration of allocated radiotracer will take place in the radionuclear
imaging lab within the PET Imaging Centre. The radioactivity concentration of the tracer
will be measured immediately prior to use. The exact volume of tracer drug product that
will be administered to each patient will be dependent on the tracer concentration.

FDG tracer administration will be in accordance with the SmPC and patients will receive a
maximum radioactivity dose of 200 MBq (-10%) [*®F]-FDG

For FLT the clinical dose will contain a maximum of 50 ug of [*®F]-FLT, and radioactivity
concentration. The volume will be adjusted to account for the radioactive concentration of
the product at the time of administration. Patients will receive a maximum radioactivity
dose of 200 MBq (-10%) [*|F]FLT,, equating to a maximum chemical dose of less than
50 pg [*®F]-FLT.
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Before administration, the exact administered activity must be checked and documented
by two independent operators within the PET Centre. Operators will be adequately trained
and can be imaging technologists, radiologists or doctors. The IMP administration
documentation must be available for the verification by representatives of the sponsor or
regulatory authorites.

e Patients must fast starting 6 hours prior to tracer administration (Time = Ty), until
after their scan (Time = To.1). Patients may drink water throughout this period of
approximately 5 hours of fasting.

e Patients will be administered a single i.v. dose of [**F]-FLT or [**F]-FDG over a
period of approximately 10 seconds. The tracer will be injected through a cannula
with the patient lying in a supine position on the imaging couch. A three-way tap
is used so that the cannula can be flushed with saline to check patency, prior to
the tracer administration using one port. The tracer is then administered through
a second port and the cannula again flushed with saline to ensure there is no
tracer residue within the cannula. The administration site will be evaluated pre-
and post-administration for any localised reaction.

6.4 IMP Accountability

Accurate records relating to the order for the IMP, dispensing of the IMP, and
administration (including the exact date and time the IMP was administered) to the patient
must be maintained. These records must be available for inspection at any time by
representative of the sponsor or regulatory authorities. The IMPs employed for the imaging
study are to be used in accordance with this protocol and under the supervision of the
Investigators. Any discrepancies between the number of vials dispensed and the volumes
administered to patients must be accounted for in the Radio-pharmacy records.

Unused [*®F]-FLT IMP manufactured at site or MetaTrace FDG will be destroyed by an
authorised person following the local destruction policy for radiopharmaceuticals and the
MetaTrace FDG SmPC. Returned IMP will not be retained for verification by the CRA due
to the associated hazards of handling radiopharmaceuticals. Full documentation of all
processed will be maintained for verification.

7 INVESTIGATIONS SCHEDULE
Please also refer to the tabulated Schedule of Assessments in Section 7.5.

In cases where a patient has investigations at a different hospital, for example a blood
sample, then it is the Investigator’s responsibility to ensure he/she receives and reviews the
results. The results must be recorded in the eCRF and the reports from the other hospitals
must be available for source data verification. Laboratory reference ranges, including
effective dates, and evidence of laboratory accreditation must be obtained from all
laboratories used. Details of all evaluations/ investigations, including relevant dates,
required by the protocol must be recorded in the medical records.

7.1 Baseline- Pre Imaging Evaluations

The following must be performed/obtained prior to randomisation:
o Written informed consent (see Section 7.1.1 “Obtaining Written Informed
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Consent”)
) Demographic details
o Medical History (including diagnosis, current signs and symptoms at time of
consent)
o Histological confirmation of ER negative and HER2 positive breast cancer >2cm in
diameter
Concomitant diseases,
Concomitant medication, treatment plan and Treatment History
Physical Examination
ECOG performance status
Negative pregnancy test
Echo/MUGA confirming adequate cardiac function with baseline left ventricular
ejection fraction(LVEF) of >55%

After completion of these screening assessments, if the patient is eligible for the trial, the
patient must then be registered

7.1.1 OBTAINING WRITTEN INFORMED CONSENT

o Written informed consent must be obtained from the patient before any protocol-specific
procedures are carried out and within 28 days before administration of the IMP, [*®F]-FLT
or [**F]-FDG.

e The patient will be approached by their treating Oncologist/Clinician for an initial
discussion of the study. If the patient is interested in participating, they will be given the
patient information sheet to read. If the patient then decides to participate, they will be
referred to the PET Imaging Centre where any further questions with regard to the
radiation aspects of the trial will be discussed by the Clinical PET Specialists and any
other aspects of the trial prior to their PET imaging. The patient will be able to withdraw
consent at this time if they wish. The final signature will be obtained at least 24 hours
after the initial discussion by the oncologist or the PET physician.

¢ Patients will be approached in order to obtain consent for extra biopsy material to be
collected specifically for research prior to commencement of their standard chemotherapy
and during therapy after cycle 1 as described in the protocol. Patients will be asked to
give consent to the biobanking of any biological material which is excess to the
requirements of this study for use in future research, subject to the approval of the
research by a research ethics committee.

Only the Chief Investigator (Cl) and those Sub-Investigator(s) delegated responsibility by
the CI, and who have signed the ‘Delegation of Duties & Authorised Signatures Form are
permitted to obtain informed consent from patients and to sign the consent form. All
signatures must be obtained before the occurrence of any medical intervention required by
the protocol and at the same time.

The CI or the Sub-Investigators must inform the patient about the background to, and
present knowledge of the normal management of their disease and the IMPs, and must
also ensure that the patient is aware:

¢ Of the absence of known toxicity of the IMPs and the possibility of experiencing side-
effects.

e The study is assessing the FLT and FDG IMP because it is not currently known if
PET-CT imaging using these tracers offers an improvement on the use of standard
imaging assessment of response.
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e The PET-CT scans performed for the study following start of chemotherapy will not be
used by her oncologist/clinician to determine further treatment

e That she may refuse to participate either before, or at any time during the trial, without
penalty or loss of benefits, to which he is otherwise entitled.

¢ Of whom to contact for answers to pertinent questions about the research and their
rights, and also who to contact in the event of a research-related injury.

¢ A copy of the consent form and patient information sheet must be given to the patient
to keep, and the original consent form and patient information sheet, must be filed in
the Investigator Site File.

7.2. Evaluations During the Study
7.2.1 PRECHEMOTHERAPY STUDY IMAGING AND BIOPSY (D-10 TO D1)

Randomisation to FLT or FDG tracer will take place after obtaining informed consent. All
study specific pre-chemotherapy procedures will be completed within 10 days of
randomisation. Day 1 of the study will be defined as the first study specific imaging
procedure; this may be up to and including 10 days prior to first chemotherapy
administration. Biopsy will take place following all pre-chemotherapy study imaging.

7.2.1.1 PET imaging

Baseline PET scans using the allocated tracer will be performed following completion of
screening assessments prior to the first cycle of chemotherapy/trastuzumab.

FLT PET Group

Patients will fast prior to the PET scan for 6 hours. An intravenous injection of 200MBq (-
10%) [*®F]-fluorothymidine will be administered (Time = T,) and imaged in accordance with
section 3.3.2 and section 6.

Participant will receive a telephone call from one of the investigators on the day following
completion of all baseline FLT PET scans to collect information to evaluate AEs
experienced.

FDG PET Group

Patients will fast for 6 hours prior to their PET scan. An intravenous injection of 200 MBq (-
10%) [*®F]-fluorodeoxyglucose will be administered (Time = T,) and imaged in accordance
with section 3.3.1. Follow-up telephone call is not required due to the absence of side
effects as described in the SmPC

7.2.1.2 Biopsy & research bloods

Histopathological material should be available for the purposes of this study from the
routinely collected biopsy material and, in all patients, blocks from the original diagnostic
core will be requested for baseline assessment of study biomarkers.

In all patients an ultrasound guided core biopsy will be collected using a 16 or 14 gauge
needle specifically for research prior to commencement of their standard chemotherapy.
This will be scheduled at the time of marker clip insertion where possible. This biopsy may
be taken at any time between 24 hours after PET imaging and commencement of
chemotherapy. Research bloods will be taken at the same time as the pre-research biopsy
bloods and processed as outlined in section 3.4 for evaluation for circulating tumour cells.

All biopsy material and material from research bloods will be stored for the purposes of the
study in the HTA licensed Guys’ and St Thomas’ Breast Tissue and Data Bank. Patients
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will be asked to give consent to the biobanking of any biological material which is excess
to the requirements of this study for use in future research, subject to the approval of the
research by a research ethics committee. Analyses will be performed in accordance with
3.4,

7.2.2 STUDY EVALUATIONS AFTER CYCLE 1 CHEMOTHERAPY/TRASTUZUMAB (DAY 17+3)

Participants  will receive all pre-chemotherapy investigations, prescription and
administration of their first cycle of chemotherapy/trastuzumab in accordance with SmPC
guidelines and local protocols on the chemotherapy day unit, as outlined in section 5.2 and
5.3. The date of their first cycle will be recorded.

7.2.2.1 PET imaging

A post chemotherapy PET scan will be performed on day 17+/-3 after first chemotherapy.
The tracer used will be according to allocated group

FLT PET Group

Patients will fast for 6 hours before the PET scan. An intravenous injection of 200 MBq (-
10%) [*®F]-fluorothymidine will be administered (Time = T,) and imaged in accordance with
section 3.3.2 and section 6.

Participants randomised to FLT group will receive a telephone call from one of the
investigators on the day following completion of the day 17+/-3 scan to collect information
to evaluate AEs or concomitant medications continuing from, or experienced since, Day 1.

FDG PET Group

Patients will fast for 6 hours prior to their PET scan. An intravenous injection of 200 MBq (-
10%) [*®F]-fluorodeoxyglucose will be administered (Time = T,) and imaged in accordance
with section 3.3.1. Follow-up telephone call is not required due to the absence of side
effects as described in the SmPC

7.2.2.2 Biopsy& research bloods

All participants will have a pre-biopsy blood sample for analysis of haemoglobin, INR,
white blood count (WBC) with differential count and platelets. The research blood test for
evaluation of CTCs will be carried out at this point, and will be processed as described in
section 3.4.

Unless technically impossible or laboratory results outside acceptable guidelines tumour
biopsy will be performed under imaging guidance prior to commencing chemotherapy
and following completion of day 17+3 study imaging (prior to the second cycle of
treatment). This will be scheduled at a minimum of 24 hours following PET study imaging
and will comprise one core to be formalin fixed and paraffin embedded and one core to
be fresh frozen. Where possible this will be scheduled on the same day as other routine
hospital appointments. All biopsy material and blood samples will be stored for the
purposes of the study in the HTA licensed Guys’ and St Thomas’ Breast Tissue and Data
Bank. Patients will be asked to give consent to the biobanking of any biological material
which is excess to the requirements of this study for use in future research, subject to the
approval of the research by a research ethics committee.

7.3 Cycle 2 to end of study
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Patients will complete their neoadjuvant chemotherapy (cycles 2-4) according to Guys
and St Thomas’ Breast Unit protocols or local protocols, and the SmPC. Dates of each
cycle and the administered cytotoxic will be documented on the eCRF.

Response monitoring, including clinical assessment, magnetic resonance imaging tumour
response measurements (RECIST and ADC) will be performed at any point after the third
cycle of neoadjuvant chemotherapy according to standard practice.

7.3.1 DEFINITIVE SURGERY

Patients will proceed to definitive surgery according to usual practice at 3 to 6 weeks after
their final chemotherapy. At definitive surgery, research cores will be taken through the
resected surgical specimen for FFPE and fresh frozen processing. Although lymph node
tissue will not be routinely required, we reserve the right to request access to this tissue
at a later date. All biopsy material to be stored for the purposes of the study in the HTA
licensed Guys’ and St Thomas’ Breast Tissue and Data Bank. Pathological evaluation of
chemotherapy response on the resection specimen will incorporate residual cancer
burden (RCB) assessment of the primary tumour and lymph nodes.

7.4 Post Study Follow-up

End of study is defined as day of post-surgery oncology clinic visit prior to commencing
adjuvant anthracycline based chemotherapy.

All patients should have assessment of cardiac function by echo or MUGA depending on
local protocol, at least 3 weeks after the last cycle of docetaxel/trastuzumab, prior to
recommencing anthracyclines. All ongoing follow-up and any further treatment will be in
accordance with Guys and St Thomas Breast Unit or local hospital protocols under the
supervision of the clinical team.

229



PET CT24/12/10V2

Schedule of Events

CONFIDENTIAL

prot jgandTN

TIME in
relations to
scheduled
breast cancer
therapy

Baseline

pre
therapy

Cycle 1

Cycle

Cycle 3

Cycle 4

Post
therapy

Surgery

Post
surgical
follow
up

d-10 to d1

d17
dl | £3

di

D17
dl | £3

D1

within 21
days final
cycle

At least 3
weeks
after cycle
4 chemo

Pregnancy test
(where
indicated)

Consent

Demographics
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Echo/MUGA

FDG PET

FLT PET
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through
resected
surgical
specimen

#neoadjuvant chemotherapy, and all associated monitoring including MRI at baseline,
post cycle 3 and prior to definitive surgery will be supervised by the treating oncologist
and performed in accordance with departmental protocols in all patients. DW sequences
are incorporated as part of standard MRI acquisition sequences.

tPET and MRI imaging may be scheduled on the same day. If MRI is taking place after
the PET scan this may be a minimum of 4 hours after completion of the PET imaging.
MRI may be scheduled at any point after the third cycle of treatment, prior to surgery, as
per local protocol.

« Telephone call for AE recording will take place 24 hours following FLT PET imaging
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8 ASSESSMENT OF SAFETY
8.1 Adverse Event Definitions
8.1.1 ADVERSE EVENT

The Medicines for Human Use (Clinical Trials) Regulations 2004 and Amended
Regulations (2006) gives the following definitions:

Adverse Event (AE): Any untoward medical occurrence in a subject to whom a
medicinal product has been administered including occurrences which are not
necessarily caused by or related to that product.

Adverse Reaction (AR): Any untoward and unintended response in a subject to an
investigational medicinal product which is related to any dose administered to that
subject.

Unexpected Adverse Reaction (UAR): An adverse reaction the nature and severity of
which is not consistent with the information about the medicinal product in question set
out in:

The summary of product characteristics (SmPC) for [*®F]-FDG .

The Investigator's Brochure (IB) for [*®F]-FLT

8.1.2 SERIOUS ADVERSE EVENTS (SAES)

Serious adverse Event (SAE), Serious Adverse Reaction (SAR) or Unexpected
Serious Adverse Reaction (USAR): Any adverse event, adverse reaction or
unexpected adverse reaction, respectively, that

. Results in death;

Is life-threatening;

Required hospitalisation or prolongation of existing hospitalisation;
Results in persistent or significant disability or incapacity;

Consists of a congenital anomaly or birth defect.

8.2 REPORTING RESPONSIBILITIES

Guy’s & St Thomas NHS Foundation Trust and King’s College London as sponsor
has delegated the delivery of the Sponsor’s responsibility for Pharmacovigilance (as
defined in Regulation 5 of the Medicines for Human Use (Clinical Trials) Regulations
2004 to the King’s Health Partners Clinical Trials Office (KHPCTO).

All SAEs, SARs and SUSARs (excepting those specified in this protocol as not
requiring reporting) will be reported immediately by the Chief Investigator to the
(KHPCTO) in accordance with the current Pharmacovigilance Policy.

Death as a result of disease progression and other events that are primary or
secondary outcome measures are not considered to be SAEs and should be reported
in the normal way, on the appropriate CRF.

The KHPCTO will report SUSARS (Suspected Unexpected Serious Adverse
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Reactions) and other SARs to the regulatory authorities (MHRA, competent
authorities of other EEA (European Economic Area) states in which the trial is taking
place.

The Chief Investigator will report to the relevant ethics committees. Reporting
timelines are as follows:

o SUSARs which are fatal or life-threatening must be reported not later than 7
days after the sponsor is first aware of the reaction. Any additional relevant
information must be reported within a further 8 days.

o SUSARSs that are not fatal or life-threatening must be reported within 15
days of the sponsor first becoming aware of the reaction.

The Chief Investigator and KHPCTO (on behalf of the co-sponsors), will submit a
Development Safety Update Report (DSUR) relating to this trial IMP, to the MHRA
and REC annually.

8.2.1 EVENTS EXEMPT FROM BEING REPORTED AS SAES TO KHPCTO
Events specified in this section do not require reporting as SAEs in this trial.

SAE or SAR related to chemotherapy or targeted treatment - Any AE or SAR
deemed related to chemotherapy or Trastuzumab as per the Guys and St Thomas
Breast Unit Protocols or local Hospital Breast Unit Protocols, and the relevant SmPC
does not require reporting.

Elective admissions — Elective admissions to hospital for procedures which were
planned and documented in the medical records at the time of consent (e.g. planned
surgical procedure chemotherapy administration) are not SAEs, and do not require SAE
reporting.

8.3 Recording of adverse events and serious adverse events in eCRFs

AEs, including SAEs, must be recorded in the eCRF for that patient.

Patients who have received either IMP [*®F]-FLT will have specific telephone assessment
of AEs at 24 hours post scan. The IMP [*®F]-FDG is the standard diagnostic radiotracer
used in PET imaging and undesirable effects following its administration have not been
observed to date. Therefore routine 24 hour telephone assessment following FDG PET
imaging is not mandated by the study protocol.

All concomitant medications including herbal medications and supplements must be
recorded. Any therapy used to treat the event must be recorded. The eCRF will be
reconciled with the Safety Database during and at the end of the trial. Therefore it
should be ensured the data entered on the SAE report and the data entered into the
eCRF are consistent. The DDO Medical Advisor and the Investigator(s) will regularly
review the safety data from both the Safety Database and the clinical database.

8.4 Follow-up of adverse events

Follow up will continue until all the necessary safety data for the event has been
gathered and until the drug-related AE or SAE has either resolved, returned to baseline
or stabilised (section 7.4).

Requested follow-up information should be reported to the KHPCTO in a timely manner
and as soon as possible after receipt of the follow up request. For fatal or life-
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threatening cases, follow-up information should be reported to the KHPCTO as soon as
possible.

8.5 Ethics and Regulatory approval

The trial will be conducted in compliance with the principles of the Declaration of
Helsinki (1996), the principles of GCP and in accordance with all applicable
regulatory requirements including but not limited to the Research Governance
Framework and the Medicines for Human Use (Clinical Trial) Regulations 2004, as
amended in 2006 and any subsequent amendments.

This protocol and related documents will be submitted for review to the Research
Ethics Committee (REC), and to the Medicines and Healthcare products Regulatory
Agency (MHRA) for Clinical Trial Authorisation

Subsequent protocol amendments will be submitted to the REC and Regulatory
Authorities for approval. Annual progress and safety reports and a final report at
conclusion of the trial will be submitted to the KHPCTO (on behalf of the Sponsors),
the REC and the MHRA within the timelines defined in the Regulations

8.6 Pregnancy

The Investigator must make every effort to try and ensure that a clinical trial patient is not
pregnant. This should be done as part of the consent process by explaining clearly to
the patient the potential dangers of radiation if the patient is pregnant.
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9 ASSESSMENT OF IMAGING TECHNIQUES
9.1 Timing and Type of Imaging Assessments

The timings of the dynamic sequence may require modification to achieve the highest
possible quality study imaging data. This would not affect the overall radiation dose. The
venous sampling times may also be modified but the total number of samples will not be
changed.

9.1.1 BASELINE EVALUATIONS

A mammogram and MRI must be performed prior to entry into the study. Patients must
have an identified HER2 positive ER negative breast cancer confirmed on biopsy. Patients
must also have adequate assessment of cardiac function as described in eligibility criteria.
If additional conventional imaging is available i.e. MRI or CT scans, this will be utilised for
identification of the abnormal site.

9.1.2 INTERPRETATION OF IMAGING DATA

Images from the first patient will be analysed unblinded to the MRI or mammogram scan to
assess whether the scanning equipment specifications and scanning methodology are
effective, and to adapt them to ensure quality imaging data. The purpose is also to resolve
any practical and logistical issues with the events schedule for future patients, such as
patient discomfort or adjusting the timing of study assessments.

All PET CT scans will be analysed using SUV and a variety of image processing methods
to analyse the dynamic data and the blood sampling. Example proforma scoring sheets
are shown in Appendix 3.

Following scoring of all study scans, the results will be compared with the standard MRI
cross-sectional imaging, biopsy and definitive surgical histology to assess whether the
[*8F]-fluorothymidine agrees with tumout proliferation index and clinical response.

The scans will be read and scored by two of the three reviewers Dr SF Barrington, Dr MJ
O’Doherty, Dr V Warbey individually and by consensus. The dynamic data will be
analysed by Physicists working with Dr P Marsden. The reporters will not know the
histology or outcome measurements performed.

Patients who have not completed the imaging schedule will be replaced on the trial and
their scans will not be included in the imaging analysis.
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10 PATIENT WITHDRAWAL BEFORE COMPLETION OF STUDY SCHEDULE

The Investigator must make every reasonable effort to keep each patient on study for the
whole duration of the trial (i.e. untii a maximum of 7 days post IMP administration).
However, if the Investigator removes a patient from the study, or if the patient declines
further participation, final off-study assessments must be performed. This may be on the
day the decision is made to withdraw, or should be as soon as possible thereafter. All the
results of the evaluations and observations, together with a description of the reasons for
study withdrawal, must be recorded in the medical records and eCRF.

Patients who are removed from the study due to AEs (clinical or laboratory) will be treated
and followed according to accepted medical practice. All pertinent information concerning
the outcome of such treatment must be recorded in the eCRF and SAE form where
necessary.

The following are justifiable reasons for the Investigator to withdraw a patient from study:

1. Withdrawal of consent by patient

2. Withdrawal by the Investigator for clinical reasons not related to the IMPs
[**F]-fluorothymidine

3. SAE preventing completion of imaging schedule

4. Unacceptable toxicity from IMPs [**F]-fluorothymidine

5. Serious violation of the study protocol (including persistent patient attendance failure

and persistent non- compliance)

11 DEFINING THE END OF STUDY

The ‘end of trial’ is defined as the last visit of the last patient participating in the trial and is
defined as the date of post-surgical follow up. Therefore, this will either be completion of
the last patient’s Off-Study visit after surgery if no IMP-related AEs have been seen, or
until any IMP-related AE monthly follow-up visits have been completed.

It is the responsibility of the KHPCTO to inform the MHRA and the investigator to inform
the Main REC within 90 days of the ‘end of the trial’ that the trial has closed.

In cases of early termination of the trial (e.g. due to a clear difference between the two
agents at the interim analysis), the KHPCTO will notify the MHRA and the investigator will
notify the Main REC within 15 days of the decision and a detailed, written explanation for
the termination/halt will be given.

The entire trial will be stopped when:
1. The stated number of patients to be recruited is reached.
2. The stated objectives of the trial are achieved.

Regardless of the reason for termination, all data available for the patient at the time of
discontinuation of follow-up must be recorded in the eCRF.

In terminating the trial, the Investigators must ensure that adequate consideration is given
to the protection of the patient’s interest.
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12 DATA ANALYSIS AND STATISTICAL CONSIDERATIONS

12.1 Randomisation

Consenting patients who meet the study eligibility criteria will be randomised to one of the
2 PET tracer groups. Treatment allocation will be stratified for tumour nodal involvement
(yes/no) and performed centrally via the electronic data capture system.

12.2 Sample size

The primary objective of the study (Parts A and B) is to correlate SUV change for each
tracer with RCB. If this correlation is high (85% or higher) in this exploratory study then
SUV change will be considered a good guide to the RCB. If the correlation is 60% or less
then it would not be considered reliable. This would require a total of 30 patients
randomised, 15 to each tracer, using an alpha of 10%, one sided and a power of 80%.
Additional patients will be recruited if fully evaluable scans are not available for each
patient.

The final analysis will be conducted after one of the following conditions is met:

1. The trial is terminated early (e.g. due to toxicity).
2. All patients have had the opportunity to complete the experimental and standard of
care imaging schedule, definitive surgery and have completed their Off-Study visit.

Once one of the conditions is met, a data cut-off date will be established. All patient
visits occurring on or before this date will be analysed and summarised in the final study
report. Any data collected after this date will be summarised in a supplemental report.

12.3 Interim Assessment

An interim assessment will be performed to ensure that the data acquisition is optimal for
the patients taking part in the study. This will be performed after the first patient willing to
have dynamic imaging and blood sampling and conventional dynamic imaging without
blood sampling. This will be reviewed by the imaging specialists and the CI.

12.3 Presentation of Data

Statistical analysis: This is an exploratory study. Therefore the statistical analysis will be
predominantly descriptive in nature. The primary objective will be assessed using
Pearson’s correlation coefficient assuming normality of the change in SUV and % change
in the sum of the longest dimensions of the tumour using MRI. If not, then Spearman’s
rank correlation will be considered. All evaluable patients will be analysed.

Secondary endpoints will be analysed using the relevant descriptive summary statistics,
e.g. proportions with 95% confidence intervals or means with standard deviations and
presented in tabular and graphical formats. As this is an exploratory study with a small
sample size, no formal comparisons will be made between tracers for these endpoints.

Data will be presented in a descriptive fashion. Variables will be analysed to determine
whether the criteria for the trial conduct are met. This will include a description of
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patients who did not meet all the eligibility criteria, an assessment of protocol violations,
IMP accountability and other data that impact on the general conduct of the trial.

Baseline characteristics will be summarised for all enrolled patients. Patients who died
or withdrew before treatment started or did not complete the required safety
observations will be described and evaluated separately.

IMP administration and extent of completion of the imaging schedule will be described.

12.5 Toxicity

Patients who have received either IMP [**F]-fluorothymidine or [*®F]-fluorodeoxyglucose
will be assessed for toxicity by assessment of AEs. Basic safety variables will be
summarised by descriptive statistics. All AEs including laboratory variables will be
assessed for severity using the NCI CTCAE (Version 4.0).

13 ADMINISTRATION

13.1 Completion of the eCRF

An eCRF will be used to collect the data. The Investigator is responsible for ensuring the
accuracy, completeness, clarity and timeliness of the data reported in the eCRFs.

Only the Investigator and those personnel who have signed the ‘Delegation of Duties &
Authorised Signatures Form and have been authorised by the Investigator should enter or
change data in the eCRFs. Authorised users will be included on a Master User List in
order to be provided access to the eCRF. All protocol required investigations must be
reported in the eCRF. The Investigators must retain all original reports, traces and images
from these investigations for future reference.

Data will be entered directly into electronic screens by authorised site personnel.
Amendments to eCRF data will be made directly to the system and the system audit trail
will retain details of the original value(s), who made the change, a date and time and a
reason for the change.

Once an eCRF has been entered by the site personnel, the data is cleaned using manual
and automated checks. Queries will be issued to the site electronically. Authorised
personnel must answer the queries by making relevant amendments to data or providing a
response. Answered queries will be closed or reissued as appropriate.

Once the patient is off study and the eCRF has been fully completed, the Investigator must
provide an electronic signature to authorise the complete subject casebook.

At the end of the study all eCRFs are retained and archived and a PDF copy will be
archived at site.

13.2 Quality Assurance

Monitoring of this trial to ensure compliance with Good Clinical Practice and scientific
integrity will be managed by the King’'s Health PartnersClinical Trials Office Quality
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Investigator (s) and the institution (s) will permit trial-related monitoring, audits, REC
review, and regulatory inspections (where appropriate) by providing the sponsor’s
representative direct access to source data and other documents (i.e. patients’ case
sheets, blood test reports, x-ray reports, histology reports etc).

13.3 Data Handling

The Chief Investigator will act as custodian for the trial data. The following guidelines
will be strictly adhered to:

Patient data will be anonymised.

All anonymised data will be stored on a password protected computer.

All trial data will be stored and archived in line with the Medicines for Human Use
(Clinical Trials) Amended Regulations 2006 as defined in the King’'s Health Partners
Clinical Trials Office Archiving SOP.

13.4 Clinical Study Report

At appropriate intervals, interim data listings will be prepared to give the Chief Investigator
the possibility to review the data and check the completeness of information collected. All
clinical data will be presented at the end of the trial on final data listings. The report will be
submitted by the Chief Investigator to the MHRA, REC and Sponsor.

13.5 Indemnity

This trial is being carried out under the auspices of Guy’s and St Thomas’ NHS Foundation
Trust and University College London NHS Trust. Therefore injury to a patient caused by
the compound under study will be covered by the NHS liability scheme. The NHS Trusts
will provide patients with compensation for adverse side effects, in accordance with the
principles set out in the Association of the British Pharmaceutical Industry (ABPI)
guidelines on compensation for medicine-induced injury.

13.6 Publication Policy and Press Releases

The data from this study will be presented at conferences or research meetings and
published in peer reviewed journals.

13.7 Finance

Funding for this trial has been provided by a grant awarded by the European Union FP7
entitled ‘HER imaging and molecular interaction mapping in breast cancer (IMAGINT) and
through funding provided by the King’'s College London Comprehensive Cancer Imaging
Centre.
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15 APPENDICES

15.1 APPENDIX 1: WHO PERFORMANCE SCALE

Activity Performance Description Score

Fully active, able to carry out all normal activity without restriction. 0
Restricted in physically strenuous activity but ambulatory and able to 1
carry out work of a light or sedentary nature, e.g. light housework,

office work.

Ambulatory and capable of all self-care, but unable to carry out any 2
work activities. Up and about more than 50% of waking hours.

Capable of only limited self-care. Confined to bed or chair more 3
than 50% of waking hours.

Completely disabled. Cannot carry out any self-care. Totally confined 4
to bed or chair.
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15.2 APPENDIX 2: DECLARATION OF HELSINKI

Recommendations guiding physicians in biomedical research involving human

subjects

Adopted by the 18th World Medical Assembly, Helsinki, Finland, June 1964 amended by
the 29th World Medical Assembly Tokyo, Japan, October 1975,

and
the 35th World Medical Assembly, Venice, Italy, October 1983
and
the 41st World Medical Assembly, Hong-Kong, September 1989
and

the 48th General Assembly, Somerset West, Republic of South Africa, October 1996

INTRODUCTION

It is the mission of the physician to safeguard the health of the people. His or her
knowledge and conscience are dedicated to the fulfilment of this mission.

The Declaration of Geneva of the World Medical Association binds the physician with the
words, “The health of my patient will be my first consideration”, and the International Code
of Medical Ethics declares that, “A physician shall act only in patient’s interest when
providing medical care which might have the effect of weakening the physical and mental
condition of the patient”.

The purpose of biomedical research involving human subjects must be to improve
diagnostic, therapeutic and prophylactic procedures and the understanding of the aetiology
and pathogenesis of disease.

In current medical practice most diagnostic, therapeutic or prophylactic procedures involve
hazards. This applies especially to biomedical research.

Medical progress is based on research which ultimately must rest in part on
experimentation involving human subjects.

In the field of biomedical research a fundamental distinction must be recognised between
medical research in which the aim is essentially diagnostic or therapeutic for a patient, and
medical research, the essential object of which is purely scientific and without implying
direct diagnostic or therapeutic value to the person subjected to the research.

Special caution must be exercised in the conduct of research which may affect the
environment, and the welfare of animals used for research must be respected.

Because it is essential that the results of laboratory experiments be applied to human
beings to further scientific knowledge and to help suffering humanity, the World Medical
Association has prepared the following recommendations as a guide to every physician in
biomedical research involving human subjects. They should be kept under review in the
future. It must be stressed that the standards as drafted are only a guide to physicians all
over the world. Physicians are not relieved from criminal, civil and ethical responsibilities
under the laws of their own countries.
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| - BASIC PRINCIPLES

1. Biomedical research involving human subjects must conform to generally accepted
scientific principles and should be based on adequately performed laboratory and animal
experimentation and on a thorough knowledge of the scientific literature.

2. The design and performance of each experimental procedure involving human
subjects should be clearly formulated in an experimental protocol which should be
transmitted for consideration, comment and guidance to a specially appointed committee
independent of the investigator and the sponsor provided that this independent committee
is in conformity with the laws and regulations of the country in which the research
experiment is performed.

3. Biomedical research involving human subjects should be conducted only by
scientifically qualified persons and under the supervision of a clinically competent medical
person. The responsibility for the human subject must always rest with a medically
qualified person and never rest on the subject of the research, even though the subject
has given his or her consent.

4, Biomedical research involving human subjects cannot legitimately be carried out
unless the importance of the objective is in proportion to the inherent risk to the subject.

5. Every biomedical research project involving human subjects should be preceded
by careful assessment of predictable risks in comparison with foreseeable benefits to the
subject or to others. Concern for the interests of the subject must always prevail over the
interests of science and society.

6. The right of the research subject to safeguard his or her integrity must always be
respected. Every precaution should be taken to respect the privacy of the subject to
minimise the impact of the study on the subject’s physical and mental integrity and on the
personality of the subject.

7. Physicians should abstain from engaging in research projects involving human
subjects unless they are satisfied that the hazards involved are believed to be predictable.
Physicians should cease any investigation if the hazards are found to outweigh the
potential benefits.

8. In publication of the results of his or her research, the physician is obliged to
preserve the accuracy of the results. Reports of experimentation not in accordance with
the principles laid down in this Declaration should not be accepted for publication.

9. In any research on human beings, each potential subject must be adequately
informed of the aims, methods, anticipated benefits and potential hazards of the study and
the discomfort it may entail. He or she should be informed that he or she is at liberty to
abstain from participation in the study and that he or she is free to withdraw his or her
consent to participation at any time. The physician should then obtain the subject’s freely
given informed consent, preferably in writing.

10. When obtaining informed consent for the research project the physician should be
particularly cautious if the subject is in a dependent relationship to him or her or may
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consent under duress. In that case the informed consent should be obtained by a
physician who is not engaged in the investigation and who is completely independent of
this official relationship.

11. In case of legal incompetence, informed consent should be obtained from the legal
guardian in accordance with national legislation. Where physical or mental incapacity
makes it impossible to obtain informed consent, or when the subject is a minor, permission
from the responsible relative replaces that of the subject in accordance with national
legislation.

12. The research protocol should always contain a statement of the ethical considerations
involved and should indicate that the principles enunciated in the present Declaration are
complied with.

Il - MEDICAL RESEARCH COMBINED WITH PROFESSIONAL CARE
(Clinical research)

1. In the treatment of the sick person, the physician must be free to use a new
diagnostic and therapeutic measure, if in his or her judgement it offers hope of saving life,
re-establishing health or alleviating suffering.

2. The potential benefits, hazards and discomfort of a new method should be weighed
against the advantages of the best current diagnostic and therapeutic methods.

3. In any medical study, every patient - including those of a control group, if any -
should be assured of the best proven diagnostic and therapeutic method. This does not
exclude the use of inert placebo in studies where no proven diagnostic or therapeutic
method exists.

4, The refusal of the patient to participate in a study must never interfere with the
physician-patient relationship.

5. If the physician considers it essential not to obtain informed consent, the specific
reasons for this proposal should be stated in the experimental protocol for transmission to
the independent Committee (1,2).

6. The physician can combine medical research with professional care, the objective
being the acquisition of new medical knowledge, only to the extent that medical research is
justified by its potential diagnostic or therapeutic value for the patient.

[l - NON-THERAPEUTIC BIOMEDICAL RESEARCH INVOLVING HUMAN SUBJECTS
(Non-clinical biomedical research)
1. In the purely scientific application of medical research carried out on a human

being, it is the duty of the physician to remain the protector of the life and health of that
person on whom biomedical research is being carried out.

2. The subjects should be volunteers - either healthy persons or patients for whom
the experimental design is not related to the patient’s illness.
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3. The investigator or the investigating team should discontinue the research if in
his/her or their judgement it may, if continued, be harmful to the individual.

4. In research on man, the interest of science and society should never take
precedence over considerations related to the well-being of the subject.
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15.3 APPENDIX 3:
EXAMPLE PET REPORTING SCORING SHEETS FOR BREAST CANCER

PET Reporting [[*®F]-fluorothymidine

Subiject no: / reader initials:

Mark axial slice number where possible

SUVmax SUVpeak SUVmean Quantitative quantitative
data data
Culprit lesion
1
Culprit lesion
2
PET Reporting [[*®F]-fluorothymidine Pre chemotherapy
Subiject no: / reader initials:
Mark axial slice number where possible
SUVmax SUVpeak SUVmean guantitative
data

Culprit lesion 1

Culprit lesion 2

PET Reporting [[*®F]-fluorothymidine post chemotherapy

Subject no: / reader initials:

Mark axial slice number where possible
SUVmax SUVpeak SUVmean

guantitative data

Culprit lesion 1
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Culprit lesion 2

prot jgandTN

MR Reporting

Subiject no: /

Mark axial slice number where possible
size

ADC

reader initials:

guantitative data

Culprit lesion 1

Culprit lesion 2
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