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Abstract

The extent of intratumour heterogeneity and its clinical implications are poorly understood.
This thesis addresses this theme of tumour heterogeneity with a broad focus on invasive
lobular carcinomas of the breast. More specifically the focus will be on studying the various
mechanisms of deregulation of E-cadherin, the morphological and phenotypic variation

mixed ductal lobular carcinomas, and finally heterogeneity of metastatic progression.

Invasive lobular carcinoma (ILC) is the second most common breast cancer subtype,
accounting for 10-15% of the all breast cancers, and is the most common ‘special type’.
Biologically, the most distinguishing feature of ILC is the loss of the cellular adhesion
molecule E-cadherin (absent in up to 90% of ILC), and this is considered fundamental to
development of the characteristic infiltrative growth pattern. The deregulation of E-
cadherin is not fully understood, and so this thesis aims to investigate the mechanisms of
E-cadherin deregulation in tumourigenesis. Co-localised with E-cadherin at the cell
membrane are a series of proteins (including ECT2, RacGAP1 and N-WASP) which
regulate the actin cytoskeleton; the expression of these proteins was investigated using
immunohistochemistry (IHC) of breast cancer tissue microarrays (Chapter 3). Differences
in cytoplasmic expression and localisation of these molecules were found between
different histological types and clinicopathological parameters that warrant further
investigation. It remains unclear whether these molecules contribute to deregulating cell

adhesion in vivo.

Mixed ductal-lobular carcinomas (MDL) display both ductal and lobular morphology, and
are a clear example of intratumour morphological heterogeneity. It is hypothesised that
these different components evolve from a common ancestor and diverge following
deregulation of the E-cadherin complex. To address this hypothesis, a cohort of 82 MDLs
was studied for clinical, morphological and molecular features (Chapter 4). Key findings
include: i) MDLs more frequently co-exist with ductal carcinoma in situ (DCIS) than lobular
carcinoma in situ (LCIS); ii) the E-cadherin-catenin complex was often normal in the ductal
component but deregulated in the lobular component; iii) E-cadherin deregulation was
different to that seen in classic ILC, which are typically completely negative for this marker,
not aberrant; iv) Epithelial to mesenchymal transition marker expression was not
associated with E-cadherin deregulation. Exome sequencing was performed to investigate

clonal relationships between the different intratumour morphologies, and identify



mechanisms underlying the change from a ‘ductal’ to a more infiltrative ‘lobular’ growth
pattern. Preliminary analysis revealed that i) all morphological components within a case
are clonally related; ii) divergence of the morphological components may occur early
during tumour evolution (where there are both DCIS and LCIS present) or later during
tumour progression (cases with only DCIS detectible); and iii) mutations were identified in
genes such as CDH1 and ESR1. The mechanisms driving the change in phenotype are
yet to be fully elucidated, but there is significant intertumour heterogeneity and each case

may utilise a unique molecular mechanism.

Breast cancers show variability in metastatic patterns depending on the tumour histology,
and molecular breast cancer subtype. Of particular interest, is the unique metastatic
pattern of ILC, which has the propensity to colonise less common sites such as the
gynaecological organs and gastrointestinal tract. To gain a greater understanding of this
complex process, we collated a unique cohort of 53 breast cancer cases with metastasis
to gynaecological organs (Chapter 5). Analysis of clinical and pathology data found that i)
patients with gynaecological metastasis (GM) presented at a young age (median of 47
years vs. 60 years in the general population); ii) there was a long latency to metastasis
(median 6 years); iii) ILCs more frequently spread to these organs (42.6% vs. 15% in the
general population). Interestingly, 74% of patients with GM had additional sites of
metastatic deposit, most commonly gastrointestinal organs and the peritoneum. The
primary tumours displayed features associated with a good prognosis: positive for ER, PR,
FOXA1 and GATAZ3; and negative for HER2, basal markers and Ki67 (low). The
expression of ER remained unchanged during metastatic progression in most cases;
whereas other markers, such as FOXA1 and GATA3 were reduced, and Ki67 and p53
increased during progression. Array comparative genomic hybridisation and targeted DNA
sequencing were undertaken to define the genomic changes that occur during progression
to gynaecological organs. Within each case, there was evidence of both clonal similarities

and divergence between the primary tumour and metastases.

The investigation of intratumour heterogeneity in primary breast cancer and its metastatic
progression will lead to a better understanding of the mechanisms driving tumour
progression. This thesis employs a variety of techniques to address this issue on a
number of levels, including heterogeneity at molecular levels, within a primary tumour type
and in the progression to metastasis. Ultimately, understanding intratumour heterogeneity
will provide patients with more appropriate treatment strategies.
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CHAPTER 1

GENERAL INTRODUCTION



1. General introduction

Breast cancer is the most common cancer in women in Australia, with a total of 14,000
women diagnosed with breast cancer in 2010 and more than 1.3 million women diagnosed
annually worldwide (Grayson, 2012). Breast cancer presents a significant burden to both
the patient and the health care system. The risk of developing breast cancer increases
with age and one in eight women will be diagnosed with breast cancer before the age of
85 in Australia (AIHW, 2012).

Breast cancer survival rates have improved dramatically over the past 50 years due to a
combination of factors, including better detection and improved screening programs (such
as Breast Screen Australia which provides free mammographic screening for all women
over the age of 50), improved treatment and an increased understanding of the biology of
the disease. In the 1950’s, the 5-year overall survival was just 40%, and by 2004 overall
survival had increased to 85% (Maxmen, 2012). However, breast cancer remains the
second most common cause of cancer death in women and nearly half a million women
still die from breast cancer each year (Grayson, 2012); 40,000 in the United States (Siegel
et al., 2013) and 2700 in Australia (Cancer Australia, 2012). In spite of substantial funding
for breast cancer research, which has contributed significantly to our understanding of
clinical and biological aspects of the disease, there are still large numbers of women dying
each year and so improvements continue to be required in clinical areas of prevention,

treatment and metastasis.

1.1.Clinical management of breast cancer

Breast cancer is a difficult disease to treat because it is extremely heterogeneous with
respect to morphological appearance, clinical behaviour (presentation, response to
treatment, metastatic potential, outcomes) and biology (molecular profiles and activated
biological pathways). To help manage this heterogeneity, various classification methods
have been introduced to identify clinically and biologically relevant subtypes of disease.
The diagnosis of breast cancer occurs via a number of mechanisms including palpation of
the breast, radiological examination by mammography, ultrasound or magnetic resonance
imaging (MRI). An abnormality identified is sampled by core needle biopsy or fine needle
aspiration and assessed for malignancy. If required a lesion is removed by surgical

excision, either by wide local excision or mastectomy. The tissue is assessed by a



pathologist to determine tumour stage, histological type, grade and expression of
molecular biomarkers. A multidisciplinary team of surgeons, radiologists, pathologists and
oncologists determine the most appropriate management strategy for the patient based on
these clinical and pathological variables.

In order to predict the clinical behaviour of the tumour, the breast cancer is staged using
the Tumour Node Metastasis staging system (TNM) developed by The American Joint
Committee on Cancer (AJCC, 2007). The TNM classification is based on:

* The size of the primary tumour: T1, <20 mm; T2, 20-50 mm; T3, >50 mm

* The number of metastatic lymph nodes: N1, 1-3; N2, 4-9; N3, >10 nodes

* The presence (M1) or absence (MO) of distant metastasis
Based on the combined scores, clinical stage | to IV is designated, with stage IV signifying
patients having the worst overall outcome.

1.2. Breast cancer classification

Breast cancers are further categorised based on cellular morphology (Section 1.2.1), the
expression of a suite of biomarkers (Section 1.2.2) and also patterns of gene expression
(Section 1.2.3).

1.21. Morphological classification of breast cancer

The tumour is assigned a grade using the Nottingham Combined Histological Grading
system (Elston and Ellis, 1991). Morphological features of the tumour are given a score of
1 to 3 based on three different cellular features:
* The percentage of the tumour exhibiting tubule formation: 1, >75%; 2, 10-75%; 3,
<10%.
* The degree of nuclear pleomorphism: 1, small regular uniform cells; 2, moderate
increase in size and variability; 3 marked variation.
* Mitotic count: 1-3, with a score of 3 having the most mitoses counted in a given
microscopic field area.
Taken together, breast cancers are classified as grade 1 (score of 3-5; well differentiated),
grade 2 (score of 6-7; moderately differentiated) or grade 3 (score of 8-9; poorly
differentiated), with grade 3 tumours having the poorest prognosis. Several independent



studies have demonstrated the prognostic value of grading in predicting tumour behaviour
and patient outcome (Lakhani S. R., 2012, Rakha et al., 2010a).

Breast cancer is classified into histological types based on the internationally recognised
World Health Organisation (WHO) classification of the different types of breast cancer
(Lakhani S. R., 2012). Current guidelines recognise 21 histological types of breast cancer
characterised by differences in cellular morphology and growth patterns. The most
common type of breast cancer is Invasive Carcinoma of No Special Type (IC-NST;
previously called Invasive Ductal Carcinoma IDC-NST, Figure 1.1a) representing up to
80% of all breast cancers. IC-NST are a morphologically heterogeneous group but they do
not exhibit the specific features to be classified as a so-called ‘special’ subtype. In fact the
remaining 20% of breast tumours are regarded as special types; Invasive Lobular
Carcinoma (ILC) being the most common accounting for up to 15% of all breast cancers
(Section 1.5; (Lakhani S. R., 2012)). ILCs are characterised by a unique pattern of growth,
whereby the cells are discohesive and grow in a single file of cells or dispersed throughout
the stroma (Figure 1.1b). There are a number of histological variants of ILC including
solid, alveolar, tubulolobular and pleomorphic lobular carcinomas (Figure 1.1f). A less
common type of invasive breast cancer that exhibits both ductal and lobular morphological
features is classified as mixed ductal-lobular (MDL) carcinoma, accounting for 3-5% of
breast cancers (Section 1.6; (Lakhani S. R., 2012, Rakha et al., 2009)). Other special
types of breast cancer include metaplastic, medullary, tubular, cribriform, mucinous, and
adenoid cystic carcinomas that all have unique histological features, growth patterns,

biology and outcomes (Figure 1.1).
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Figure 1.1: Representative images of some of the histological subtypes of breast cancer. a)
invasive carcinoma — no special type, b) classic invasive lobular carcinoma, c) tubular
carcinoma, d) mucinous carcinoma, e) invasive micropapillary carcinoma, f) pleomorphic
lobular carcinoma, g) medullary carcinoma, h) metaplastic carcinoma, i) adenoid cystic

carcinoma. (Vuong et al., 2014) with permission from Springer Science.

1.2.2. Biomarkers used in clinical practice

The tumour stage, grade and histological type are combined with an assessment of the
expression of molecular biomarkers that further help predict the response to specific
targeted therapies. Routinely, the expression of oestrogen receptor (ER), progesterone
receptor (PR) and human epidermal growth factor receptor 2 (HER2) is assessed by
immunohistochemistry (IHC). In situ hybridisation (ISH; Chromogenic- (CISH), silver
(SISH) or fluorescence (FISH)) is also used to confirm the HER2/c-ErbB2 gene copy
number status (Rakha et al., 2010b). The uses of ER, PR and HER2 as biomarkers are
good negative predictors for response to the targeted therapies that are currently available
for breast cancer patients. For example, it is not appropriate to give endocrine-based
therapy such as an ER antagonist (e.g. Tamoxifen) to patients with ER and PR negative
tumours. Likewise, the anti-HER2 antibody trastuzumab (Herceptin®) is not appropriate for

patients with HER2 negative tumours. The markers are also good positive predictors of



response to these treatments and have made a major contribution to improved outcomes
for breast cancer patients (Early Breast Cancer Trialists' Collaborative, 2005). The
combinations of all three markers provide more predictive value, for instance, tumours that
express ER and PR are associated with a better prognosis compared to those that
express HERZ2 or are negative for all three of these markers (triple negative) (Blows et al.,
2010, Walt et al., 1976, Lakhani S. R., 2012). When these targeted therapies are used in
combination with standard chemotherapy agents a greater overall patient outcome can be
achieved (Rakha et al., 2010Db).

ER and PR

The oestrogen and progesterone receptors are part of the nuclear receptor super family of
transcription factors that regulate the expression of many genes and signalling pathways in
response to steroid hormone binding (Clarke, 2003). There are two ER isoforms, ER alpha
and ER beta, with ER alpha expression being the best understood in both normal and

malignant breast; in the normal breast, ER and PR are expressed in the ducts and lobules.

ER alpha is referred to as ER throughout the rest of this thesis.

ER and PR are activated by their ligands oestrogen and progesterone, respectively, to
stimulate cell growth (Clarke, 2003). Approximately 80% of breast cancers are ER positive
and up to 70% are PR positive (Figure 1.2, (Harvey et al., 1999)). Patients with low level
ER and PR positivity have been found to respond to anti-endocrine therapy (Harvey et al.,
1999) and therefore a patient is eligible to receive therapy if greater than 1% of tumour
cells express ER and PR by immunohistochemistry (Hammond et al., 2010).

ER positive breast cancers benefit from anti-endocrine therapies. There are four main
categories of endocrine therapies; (i) ovarian suppression by either surgical removal of the
ovaries (oophorectomy) or chemically using GnRH analogues or radiation, (ii) Selective
Estrogen Receptor Disruptors (SERDs) prevent the dimerization and nuclear localisation
of ER e.g. (Fulvestrant), (iii) Selective Estrogen Receptor Modulators (SERMs) compete
with oestrogen for binding to the oestrogen receptor e.g. Tamoxifen), and (iv) aromatase
inhibitors (Als e.g. Letrozole). Menopausal status is important when determining which
treatment to use. For example, in post-menopausal women, oestrogen is produced
peripherally by aromatisation of androgens to oestrogen, and therefore aromatase

inhibitors are more appropriate for this group of patients. Tamoxifen is the gold standard of
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treatment for pre- and post-menopausal women and treatment for 5 years has been shown
to reduce the risk of recurrence by almost half in the first 10 years, compared to no
endocrine treatment (Early Breast Cancer Trialists' Collaborative et al., 2011). Recent
studies have found greater improvement with 10 years of tamoxifen administration
compared to 5 years (Davies et al.). Despite the high success rates of these therapies
some patients develop resistance to endocrine therapy (Section 1.3.1).

The progesterone receptor is an ER-regulated gene product, and expression of PR is
traditionally thought to be associated with a functioning ER pathway (Clarke, 2003).
However, this paradigm has been questioned by evidence that ER positive/PR negative
tumours can respond to a second type of endocrine therapy after not responding to first
line treatment, suggesting that the ER complex is still functional despite the lack of PR
expression (Cui et al., 2005). PR has recently been shown to not only be a target gene of
ER, but in the presence of progesterone, also form part of the protein complex that directs
ER binding to DNA (Mohammed et al., 2015). The PR-ER complex altered the
transcriptional program of breast cancer cells, a program of gene expression that is
associated with good outcome. /n vivo studies of xenografted human breast tumours in
mice treated with a combination of tamoxifen with progesterone displayed significantly
reduced tumour growth which suggests the possible utility of adding progesterone as a
therapy in ER and PR positive breast cancer (Mohammed et al., 2015).

HER2

Human epidermal growth factor receptor 2 (HERZ2) is a cell membrane bound receptor
tyrosine kinase and a member of the epidermal growth factor receptor family (Epstein et
al., 2010). The HER2 gene, ERBB2, is located on human chromosome 17q12 and is
amplified in 15% of breast cancers (Allred, 2010) (Chang and Hilsenbeck, 2010, Epstein et
al., 2010). This amplification results in over-expression of HER2 protein and is considered
an oncogenic driving event in HER2 positive breast cancer.

Both IHC and ISH are utilised to assess HER2 expression and amplification. HER2 over-
expression is considered to be established when the tumour cells display strong and
complete membrane staining in at least 30% of cells (Figure 1.2). ISH is used to quantify
gene amplification, and is defined by the presence of 6 or more gene copies per nucleus
(Wolff et al., 2007). HERZ2 positive breast cancer patients can benefit from three HER2



targeted therapies, Trastuzumab and Pertuzumab (monoclonal antibodies that inhibit
HERZ2-mediated signalling) or Lapatinib (small tyrosine kinase inhibitor that blocks both
EGFR and HER2) (Bedard et al., 2009, Epstein et al., 2010). Breast cancers that lack all
three biomarkers (Triple negative: ER, PR and HERZ2) derive no benefit from currently
available targeted therapy
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Figure 1.2: Representative images of ER, PR and HER2 positive IC-NST.

1.2.3. Intrinsic subtypes of breast cancer

Gene expression profiling studies have been utilised to further stratify breast cancer into
prognostic subgroups based on distinct patterns of gene expression, revealing vast
heterogeneity across all patients. Following the seminal study of Perou and Sorlie in 2000
(Perou et al., 2000), breast cancer has now been stratified into what is now known as the
‘intrinsic’ or molecular subtypes, of which there are broadly considered to be five; luminal
A, luminal B, basal-like, HER2 and normal-like (Figure 1.6). The main differences driving
the separation of these groups are the expression of ER and proliferation related genes.
The transcriptomes of ER positive and ER negative breast cancers cluster separately,
highlighting the difference in biology between these two subtypes. The distribution of these
subtypes varies across array platforms, selected populations and clustering method (e.g.
PAMSO0 (Parker et al., 2009), or Intrinsic/UNC sample predictor (Hu et al., 2006)), however
the luminal A subtype is the most frequent (24%-39%), followed by basal-like (17%-37%),
luminal B (10%-18%), HER2 (4%-10%) and normal-like (0-5%) (Perou et al., 2000, Sorlie
et al., 2003, West et al., 2001, van de Vijver et al., 2002). The molecular classification of
breast cancer has been shown to be predictive of clinical behaviour and patient survival
(Sorlie et al., 2003, Paik et al., 2004). It has been shown that patients with a HER2 or

basal-like breast cancer have a poorer outcome compared to the luminal breast cancers.



The luminal B subgroup has a poorer outcome compared to the luminal A subgroup (Sorlie
et al., 2001). However, the analysis method used to define the molecular subtypes can

produce different prognostic subgroups (Curtis et al., 2012).
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Figure 1.3: Gene expression profiling revealed 5 intrinsic breast cancer subtypes (A). (B)
The intrinsic subtype classification has been associated with clinical outcome (Sorlie et al.,
2003) Copyright (2003) National Academy of Sciences, USA.

The reproducibility of this classification system has been questioned and rigorously tested
to find that overall approximately 75% of samples cluster within the same molecular
subtype (Perou et al., 2000, Sorlie et al., 2001, Parker et al., 2009). However, Weigelt et
al., performed a retrospective analysis using three microarray analysis methods (single
sample predictors) to assess the agreement of molecular classification within individual
samples (Weigelt et al., 2010). The group found that the basal-like subgroup consistently
classified into same group irrespective of analysis tool used, and that there was great
variability with the other subgroups dependent on which classifier was used (Weigelt et al.,
2010), which has crucial implications if these were to be used to guide clinical decision
making. There has been a lack of reproducibility of robustly categorising tumours in the
normal-like subgroup, however this is because the original training set used true normal
breast samples and the tumours that fall into this group likely represents samples with low

9



tumour cellularity and high stromal contamination (Prat and Perou, 2011). Also 6-36% of
tumours are unable to be classified and differ between platforms (Sorlie et al., 2003, West
et al., 2001, van de Vijver et al., 2002) and therefore all of these caveats need further

validation.

Diagnostic platforms such as Oncotype Dx (Genomic Health, USA) and Mamma-Print
(Agendia, The Netherlands) (others reviewed here (Reis-Filho and Pusztai, 2011)) have
been developed utilising gene expression signatures to help guide patient management.
However, these tests have not been widely adopted since added benefit of these tests
compared to standard histopathology analysis is limited, as these tests mostly recapitulate
the information already provided by histological grade, tumour size, ER, HER2, Ki67 and
the use of EGFR, CK14 and CK5/6 as representative markers of the basal-like molecular
profile (Weigelt and Reis-Filho, 2010, Cuzick et al., 2011, Nielsen et al., 2004, Bhargava et
al., 2009). These tests are also expensive compared to standard IHC tests. Traditional
microarray technology relies heavily on good quality frozen tissue with good quality RNA.
However tests such at the Oncotype DX (real time PCR based) and Nanostring
Technologies Prosigna™ Breast Cancer Prognostic Gene Signature Assay (PAM50 gene
signature, using direct RNA hybridisation) can exploit the wealth of FFPE material
available to generate risk of recurrence scores and validate in large cohorts with follow up
information. There are also many clinical trials underway utilising the Mamma-Print
platform such as PROMIS, I-SPY, MINDACT and MINT. These prospective trials have the
overall goal to improve patient care based on molecular testing to predict therapy benefit,

risk of recurrence and ultimately omit patients from unnecessary chemotherapy.

1.3. Biomarkers of tumour behaviour and hormonal signalling

Ki67, p53 and basal markers

Ki67 is a proliferation marker that is expressed in cells undergoing division (Gerdes et al.,
1983). It is assessed to determine tumour growth rate and can be used to predict better
response to chemotherapy agents (Ingolf et al., 2014). Ki67 is sometimes used in the
clinical setting, however reliability is an issue, since there is no standardised IHC
procedures or an agreed cut off for designating a tumour as Ki67 “high”, “low”, “positive” or
“negative” (Harris et al., 2007). One study has found that a Ki67 score of 13.25% stratified

luminal A and luminal B tumours (Cheang et al., 2009). The degree of value added by Ki67
10



is also questionable since tumour grade encompasses tumour proliferation by counting the
number of mitoses. A suite of markers normally expressed in the basal/myoepithelial cells
of the normal breast is used to define a group of tumours with an aggressive phenotype
known as the basal-like tumours (Fulford et al., 2006, Fulford et al., 2007, Cheang et al.,
2008). These markers include cytokeratin 5/6 and 14, and epidermal growth factor
receptor (EGFR), and these markers highlight a poor outcome subgroup of triple negative
breast cancers (Rakha et al., 2007). The tumour suppressor p53 is also typically
associated with triple negative tumours (Rakha et al., 2010b). Many of these markers are
of interest for research studies but are not used routinely in clinical practice.

Androgen receptor

The androgen receptor (AR) is another member of the nuclear receptor superfamily of
transcription factors and is activated by the binding of testosterone. AR and testosterone
have analogous roles in the prostate and prostate cancer as for ER and oestrogen in the
breast. AR is expressed in the normal breast (McGhan et al., 2014) and in up to 90% of
breast tumours (Allegra et al., 1979, Kuenen-Boumeester et al., 1992, Isola, 1993) (Hall et
al., 1996). AR can be tumour suppressing in ER positive cells and is associated with a
good prognosis (Peters et al., 2009, Castellano et al., 2010). It has been suggested that
AR may be oncogenic in ER negative breast cancer cells (Ni et al., 2011). However, other
studies have found that AR expression is associated with better disease free and overall
survival in lymph node positive triple negative tumours (Rakha et al., 2007) and also
associated with longer time to relapse in ER negative disease (Agoff et al., 2003). Cells
that are ER negative and AR positive have been associated with a molecular apocrine
molecular subtype (Farmer et al., 2005), apocrine differentiation (Niemeier et al., 2010)
and are enriched for ERBBZ2 amplification (Ni et al., 2011). Historically, breast cancers
were successfully treated with testosterone (Goldenberg, 1964 ), yet the mechanism of
action remains unknown. Testosterone treatment was stopped due to the discoveries that
testosterone can be converted to oestrogen, causes adverse side effects and, ultimately,
because of the successful introduction of selective oestrogen receptor modulators (Cole et
al., 1971). Interest around AR being a therapeutic target in breast cancer has arisen again
recently due to the high frequency of AR expression and greater understanding of the
function of AR (Garay and Park, 2012). AR may be a potential target in triple negative
breast cancer, where it is expressed in approximately 40% of tumours (Ogawa et al.,
2008).
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ER beta

ER beta (ERp) is encoded by ESR2, is a transcription factor and is also part of the nuclear
receptor superfamily. Although there is some structural homology with ERa, ERp has
opposing roles to ERa; ERp is growth inhibitory and displays tumour suppressive functions
(Fox et al., 2008). In fact, the two oestrogen receptors share approximately 54% homology
and have similar affinity for natural oestrogens, yet differ in their transcriptional programs,
response to SERMs (Katzenellenbogen and Katzenellenbogen, 2000) and the preferential
binding of phytoestrogens to ERp (Kuiper et al., 1998). There are 5 known ERp isoforms,
and due to the lack of specific antibodies available, there is a lot of contradictory data in
the literature regarding the prognostic and predictive value of ERp (Thomas and
Gustafsson, 2011, Haldosen et al., 2014). For example, the expression of ERf-1 was
associated with better survival, particularly in triple negative breast cancer (Honma et al.,
2008). ERp-1 has also been shown to inhibit epithelial to mesenchymal transition in basal-
like breast cancer (Thomas et al., 2012) and may explain the better outcome observed by
Honma et al. This is in contrast to another study that found nuclear expression of ER(-2
and ERp-5, but not ERp-1, was associated with better survival. Nuclear ER(-2 was also
found to be a predictor of response to endocrine therapy, however, the cytoplasmic
expression of ERp-2 was associated with poor outcomes (Shaaban et al., 2008). This
study did not differentiate into intrinsic breast cancer subtypes. In a cohort of 936 breast
cancer patients, 55% of the cohort expressed ERf, only 30% of cases co-expressed both
ERa and ERpP and the expression of ERf was evenly distributed across the intrinsic
subtypes (Novelli et al., 2008). This study found that ERf predicted response to hormone
therapy in luminal A lymph node negative tumours. Yet in lymph node positive luminal B
tumours, ERp positivity with PR negativity was associated with high risk of relapse (Novelli
et al., 2008). In a small cohort of ER positive, HER2 negative patients (n = 81) treated with
endocrine therapy, low expression of ERB1 was associated with risk of early relapse and
high expression of ERp2 was associated with late relapse (Dhimolea et al., 2015). Overall
the functional role of ERp and its many isoforms may in fact be important, particularly with
differential functions in different breast cancers subtypes. The functional role of ERf in
endocrine resistance is also an area of great interest. However much more work with

validated antibodies is essential.
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ER pioneer factors: FOXA1 and GATA3

A special group of transcription factors known as pioneer factors are essential for binding
independently to, and unwinding, compacted chromatin to allow other transcription factors
to bind. Pioneer factors facilitate rapid transcriptional responses (Hah et al., 2011) as they
do not rely on other proteins for their DNA interactions. For ER, those factors are GATA3
and FOXA1, without whom ER is unable to bind to the DNA and transcribe target genes
(Figure 1.4 A). FOXA1 and GATAZ3 are part of large families of highly conserved
transcription factors (the forkhead box A (FOXA) and GATA families, respectively (Cirillo
and Zaret, 1999, Cirillo et al., 2002)). In ER positive breast cancer cells FOXA1 was
essential for all ER-DNA and PR-ER-DNA binding events (Carroll et al., 2005, Laganiere
et al., 2005, Mohammed et al., 2015). Silencing of FOXA1 resulted in inhibition of ER
binding and ER transcriptional activity (Hurtado et al., 2011, Carroll et al., 2005) and
functional FOXA1 was required for growth of tamoxifen-resistant MCF7 cells (Hurtado et
al., 2011). In prostate cancer cells, FOXA1 plays an equivalent role for AR, however,
silencing of FOXA1 resulted in the reprogramming of AR binding events, and therefore
changing gene expression (Figure 1.4 B, (Wang et al., 2011a, Sahu et al., 2011)). FOXA1
is essential for both ER and AR activity in breast and prostate cancer, respectively. FOXA1
is highly expressed in molecular apocrine breast tumours and was found to be essential
for the expression of AR regulated genes (Robinson et al., 2011).
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Figure 1.4: A) FOXA1 binds to compacted chromatin, allowing ER and AR to bind to the
DNA. B) Altered FOXA1 binding plays different roles in breast and prostate cancer
(Robinson et al., 2013b).

Interestingly, FOXA1 expression was found to mediate differential transcription programs
in metastatic tumours compared to their matched primary tumour, suggesting that FOXA1
is required for ER function in a drug resistance setting (Figure 1.4 B, (Ross-Innes et al.,
2012)). FOXA1 expression is associated with good outcome (Badve et al., 2007), as
FOXA1 expression indicates that the ER is functional therefore increasing sensitivity to
SERMSs, and may predict also response to tamoxifen (Mehta et al., 2012). Hisamatsu et al,
studied a series of ER positive, HER2 negative tumours that have high FOXA1 expression
responded equally well to endocrine therapy with or without chemotherapy (Hisamatsu et
al., 2012).

These studies highlight the potential utility of FOXA1 as a useful biomarker and potentially
a therapeutic target, particularly in the metastatic setting, since FOXA1 was expressed
alongside ER in treatment resistant cells (Ross-Innes et al., 2012, Nakshatri and Badve,

2007), but this needs to be assessed in larger metastatic cohorts.
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FOXA1 is mutated in approximately 2% of all breast cancers (The Cancer Genome Atlas
Network, 2012). The mutations were exclusively found in ER positive tumours, were
mutually exclusive relative to GATA3 mutations and found to cluster in the DNA binding
domain and C-terminal transactivation domain (Robinson et al., 2013b). The functional
consequences of these mutations have not been fully investigated, however one study has
found the single nucleotide polymorphisms (SNPs) in FOXA1 binding sites modulate
FOXA1-DNA interactions and change the gene expression program (Cowper-Sal lari et al.,
2012). We can also extrapolate the potential functional effect of FOXA1 mutations from in
vitro studies. For example, silencing of FOXA1 rendered tumour cells less sensitive to
endocrine therapies, and therefore a mutation that diminishes DNA binding may allow the
tumour to become independent of oestrogen and less likely to respond to therapy (Hurtado
et al., 2011). On the other hand, mutation in the C-terminal domain may allow FOXA1 to
bind to alternative sites in the genome and alter the transcriptional program (Robinson et
al., 2013b). Mutations in the ER gene, ESR1, have been implicated in ER positive
metastatic disease (see Section 1.3.1), and therefore the functional consequence of
FOXA1 mutations in metastasis is an avenue worthy of further investigation.

GATAS is a transcription factor expressed in the luminal epithelial cells (but not the
myoepithelial cells) of the breast and is essential for maintaining cellular differentiation
(Asselin-Labat et al., 2007, Kouros-Mehr et al., 2006, Naylor and Ormandy, 2007). GATA3
is overexpressed in luminal breast cancers, is strongly associated with ER positive breast
cancer (Sorlie et al., 2003, Hoch et al., 1999) and has been identified as one of the only
frequently mutated breast cancer genes (mutated in approximately 10-15% of breast
cancers (The Cancer Genome Atlas Network, 2012, Stephens et al., 2012). It has been
reported that GATAS is expressed in approximately 77-95% of ER-positive tumours and 0-
24% of ER-negative tumours (Hoch et al., 1999, Voduc et al., 2008, Liu et al., 2012).
GATAS is also expressed highly in urothelial carcinomas and is a useful marker to
determine whether a metastasis is of breast or urothelial origin, particularly since more
than 80% of metastatic breast cancers express GATA3 (Liu et al., 2012). One study has
suggested that GATA3 expression is predictive of response to hormone therapy (Parikh et
al., 2005), where the absence of GATAS3 expression was observed in tumours that were
unresponsive to hormone therapy. It must be noted however that the sample size was
small in this study. Low expression of GATA3 has been associated with poor outcome,
particularly high tumour grade, positive lymph node and HER2 overexpression (Mehra et
al., 2005, Liu et al., 2012, Ciocca et al., 2009, Jacquemier et al., 2009). The prognostic
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role of GATAS in breast cancer has been contradictory. The study by (Mehra et al., 2005)
suggests that GATAS is an independent marker of patient outcome in their cohort,
however (Voduc et al., 2008) found that GATA3 was neither prognostic for patient
outcome nor predictive of response to hormone therapy. These conflicting results are likely
due to the lack of consensus for scoring cut offs, which ranged from 5-30%. The study by
(Voduc et al., 2008) had the lowest frequency of GATAS3 positive tumours, with only 32%
of their 3119 cases showing GATAS3 positivity. This is striking when GATAS is strongly
associated with ER positivity, and it is widely established that over 70% of breast cancers
are ER positive.

GATAGS directly regulates the expression of ESR1, and reciprocally, ERa directly
stimulates expression of GATAS. It is therefore unsurprising that GATA3 plays a crucial
role in the response of ER to estrodiol in breast cancer cells (Eeckhoute et al., 2007). It
has been shown that there is no physical interaction between GATA3 and ER (Eeckhoute
et al., 2007), therefore other factors must be recruited to regulate expression of ER.
GATAS3 has been identified to act upstream of FOXA1 by directly binding to the regulatory
region of FOXA1 (Kouros-Mehr et al., 2006, Usary et al., 2004) and overexpression of
GATAS3 shown to up-regulate FOXA1 expression (Usary et al., 2004). Taken together, it is
likely that FOXA1 mediates crosstalk between GATA3 and ER. Further work is necessary
to understand the interplay between all of these factors involved in ER signalling in the
mammary gland. Also the role of these transcription factors on the function of ERp is

unknown.

1.3.1. Mechanisms underlying endocrine resistance

Despite the great success of endocrine therapies in reducing patient mortality, there are a
subset of patients whose tumours do not respond to endocrine therapy, specifically, one
third of women treated with tamoxifen for 5 years will relapse within 15 years (Early Breast
Cancer Trialists' Collaborative, 2005).

There have been many molecular mechanisms described that confer endocrine resistance
(Osborne and Schiff, 2011). The most obvious example is the loss of ER expression that
occurs in approximately 15-20% of metastatic breast cancers (Hoefnagel et al., 2012,
Cummings et al., 2014). However, up to 85% of metastases still express ER and therefore

other mechanisms of resistance must be involved (Dodwell et al., 2006). Several growth
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factor signalling pathways have been implicated in driving resistance to endocrine therapy.
For example the MAPK/ERK, EGF, HER2 and AKT/PI3K pathways have all been shown to
inappropriately phosphorylate ER under certain conditions and many of the genes in these
pathways are frequently genetically modified, such as frequent amplification of ERBB?2,
activating mutations in PIK3CA and loss of PTEN (The Cancer Genome Atlas Network,
2012). This hyper-phosphorylation causes over activation of ER function, resulting in
activity in the absence of ligand and altered transcriptional activity (Martin et al., 2003,
Britton et al., 2006, Jeng et al., 2000, Bhat-Nakshatri et al., 2008, Lupien et al., 2010,
Miller et al., 2010, Hurtado et al., 2008). Alterations of cell cycle regulators have also been
implicated in endocrine resistance due to constitutive activation of growth factor pathways,
such as up-regulation of MYC (Mukherjee and Conrad, 2005) and Cyclin D1 and
inactivation of RB1 (Bosco et al., 2007, Butt et al., 2005) (reviewed extensively here:
(Musgrove and Sutherland, 2009)). These results are based largely around in vitro studies,
and how these mechanisms translate into the clinical setting and the frequency of these

mechanisms occurring in the patient population needs to be further explored.

The gene encoding ER alpha, ESR1, is rarely mutated or amplified in primary breast
cancers (Karnik et al., 1994, Roodi et al., 1995, The Cancer Genome Atlas Network,
2012). Very recent reports however have found a high frequency of ESR7 mutations in ER
positive metastatic breast cancer (Figure 1.5 A, (Li et al., 2013, Toy et al., 2013, Robinson
et al., 2013a, Merenbakh-Lamin et al., 2013, Jeselsohn et al., 2014)). Mutations have been
found to cluster in the ligand binding domain of the gene and confer ligand independent,
constitutive activation of the receptor (Jeselsohn et al., 2014). Genomic rearrangements
are also rare but have been reported. For example, ESR1-CCDC170 and ESR1-YAP1
fusion genes have been identified and contribute to an endocrine resistant phenotype (Li
et al., 2013, Veeraraghavan et al., 2014).
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Figure 1.5: A) A summary of the 5 studies that have reported ESR71 mutations in breast

cancer metastasis. (Jeselsohn et al., 2015). * Indicates the number of ESRT mutations
reported in each study. Matched primary tumours that were also assessed for ESR1

mutations are indicated by the dashed line. With permission from Nature Publishing Group.

The prevalence of ESR1 mutations in these studies ranged from 14-54%, and taken
together, 29/187 (21%) of metastatic samples harboured an ESR1 mutation in the ligand
binding domain (Jeselsohn et al., 2015). Interestingly, the majority of patients were treated
with an aromatase inhibitor. Of note, no ESR71 mutations were detected in ER negative
breast cancers, and ESR1 mutations was also more prevalent in patients who had
received multiple lines of endocrine therapy (Jeselsohn et al., 2014). This highlights that
endocrine treatment is selecting for the outgrowth of treatment resistant subclones, or the
mutation is acquired later under treatment pressure after the primary tumour has been
removed. These studies found that fulvestrant and tamoxifen were still able to bind and
inhibit the mutated ER, however it required much higher doses than needed for wild type
ER (Robinson et al., 2013a, Toy et al., 2013, Jeselsohn et al., 2014), and cells expressing
mutant ER were still able to grow in the presence of fulvestrant and tamoxifen. Mutant
ESR1 was also resistant to fulvestrant-induced degradation, revealing a molecular
mechanism underlying resistance to the drug (Jeselsohn et al., 2014). Higher doses of

fulvestrant have been shown to increase progression free and overall survival in a clinical
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trial (Di Leo et al., 2010), thus raising the question as to the utility of higher doses of
tamoxifen or the development of mutant specific SERMs and SERDs to help target ER
positive metastatic disease. One such drug, GDC-0810 (ARN-810), is a much more potent
SERD than fulvestrant and is currently in clinical trials (Lai et al., 2015). This data is

promising as current treatment options for metastatic disease is limited.

As described earlier, FOXA1 and GATA3 also have roles in altering ER and AR function
and contributing to altering gene expression and cell survival (Eeckhoute et al., 2007,
Ross-Innes et al., 2012). Overexpression of AR also confers endocrine resistance in cell
models (De Amicis et al., 2010). Due to the large number of putative mechanisms
described in the literature, a patient with a treatment resistant recurrence will need to be

managed according to the mechanism underlying the resistance.

1.4. Molecular profiling of breast cancer

Recently, international consortia such as The Cancer Genome Atlas network (TCGA) and
ICGC (The Cancer Genome Atlas Network, 2012, Stephens et al., 2012, Curtis et al.,
2012, Ellis et al., 2012) have generated a large molecular profiling resource of breast and
other tumour types comprising of gene expression, DNA copy number, DNA methylation
and gene mutation data from exome or whole genome sequencing. This has helped define
the comprehensive molecular portrait of breast tumours. There are very few recurrently
mutated genes considered to drive breast carcinogenesis (“driver mutations”) and some
tumours harbour very many mutations (mostly genomic substitutions termed “passenger
mutations” that do not promote tumourigenesis) while others have very few alterations
(Stephens et al., 2012, The Cancer Genome Atlas Network, 2012, Shah et al., 2012). Of
40 genes defined as a driver, seven genes contributed as much as 58% of the driver
alterations; TP53, PIK3CA, GATA3, ERBB2, MYC, FGFR1 and CCND1, and were altered
in more than 10% of cases (Figure 1.7, (Stephens et al., 2012, The Cancer Genome Atlas
Network, 2012)). The other 33 mutated cancer genes (responsible for 42% of the driving
genetic events) were mutated relatively infrequently and include AKT1, BRCA1, CDH1,
PTEN, RB1, KRAS and SMAD4. Surprisingly, very few new cancer genes were discovered
(e.9. MAP3K1, NCOR1 and CDKN1B)(Stephens et al., 2012). ER positive and ER
negative breast tumours were demonstrated to have very different mutation profiles, with
mutations in PIK3CA, GATA3 and MAP3K1 enriched in the luminal subtypes (Ellis et al.,
2012, The Cancer Genome Atlas Network, 2012), while TP53 was most frequently
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mutated gene in ER negative and triple negative tumours (The Cancer Genome Atlas
Network, 2012, Shah et al., 2012). These massively parallel sequencing studies have
overwhelmingly exemplified breast tumour diversity within known subgroups and the

complexity underlying tumourigenesis.

The signalling pathways implicated by the frequently mutated genes involve cell-cycle
regulation (e.g. TP53, RB1 and CCND1), PI3K-AKT kinase signalling (e.g. PIK3CA) and
cell adhesion (e.g. CDH1). TP53 is a DNA binding protein involved in maintaining genomic
stability. TP53 has many mechanisms of action, including activation of DNA repair
proteins, inducing cell cycle arrest and apoptosis (Brosh and Rotter, 2009). In fact, TP53 is
the most mutated gene in human cancer, emphasising its important role as a tumour
suppressor (Brosh and Rotter, 2009, Surget et al., 2013). CCND1, encoding cyclin D1,
also regulates the progression of cell cycle by activating the cyclin-dependent kinases 4
and 6 (CDK4/6). Activated CDK4/6 promotes cell cycle entry by phosphorylating the
retinoblastoma (RB) gene (Chau and Wang, 2003). Cyclin D1 acts as an ER cofactor,
where it binds and activates ER-mediated transcription in both the presence and absence
of ligand (Zwijsen et al., 1998). Due to the high prevalence of CCND1 amplifications and
its role in cell cycle regulation in breast cancer, CDK4 and 6 inhibition has been targeted
for therapeutic intervention, in fact, early progress reports from ongoing clinical trials are
promising (Finn et al., 2015).

PIK3CA encodes the p110a isoform of class-IA Pl3-kinase. Mutations in PIK3CA have
been found to cluster into two mutation hotspots and these mutations induce oncogenic
PI3K-AKT signaling and result in increased cell proliferation and survival (Yuan and
Cantley, 2008). In breast cancer, PIK3CA mutations are an early event in ER positive
tumours; mutations in PIK3CA have been found in matched cases of DCIS and IC-NST
(Kalinsky et al., 2011, Miron et al., 2010, Li et al., 2010b) and also in columnar cell lesions

(Troxell et al., 2012) and therefore are likely to play a vital role in breast tumourigenesis.

As described above, GATAS is a transcription factor expressed in the luminal epithelial
cells of the breast and is essential for maintaining cellular differentiation (Asselin-Labat et
al., 2007, Kouros-Mehr et al., 2006). Mutations in GATA3 appear solely in ER positive
breast tumours and lead to the loss of the protein’s DNA binding capacity and tumour
suppression activity (The Cancer Genome Atlas Network, 2012, Jiang et al., 2014, Usary
et al., 2004, Si et al., 2015) (Cohen et al., 2014). GATA3 mutations were found to be
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mutually exclusive relative to PIK3CA and TP53 mutations, and low protein expression is
strongly correlated with markers of poor prognosis (high-grade, ER negative and HER2
overexpressing tumours (Yoon et al., 2010, Kouros-Mehr et al., 2006)). GATA3 mutations
also correlated with better patient overall survival among patients with ER positive tumours
(Jiang et al., 2014), emphasising the functional role of GATAS3 in the development of
luminal breast cancers and may explain to some degree the heterogeneity observed in
variable patient outcomes. The loss of GATAS3 function may be playing a protective role as
it may not be transcribing genes associated with poor outcomes (i.e. CCND1 and aurora
kinase A have been shown to be GATA3 target genes (Molenaar et al., 2010, Theodorou
et al., 2013, Jiang et al., 2010)) and could potentially act as a biomarker of good prognosis

in ER positive breast cancer patients (Cohen et al., 2014).

Integrated genomic and transcriptomic features of breast cancer

To gain greater understanding of the processes driving tumourigenesis, Curtis et al.,
integrated copy number profiling with gene expression in tumours with defined clinical
outcome (Curtis et al., 2012). This integrated analysis revealed 10 novel subgroups (as
opposed to the five identified by gene expression profiling alone (Sorlie et al., 2001)) that
stratified patients based on overall survival. For example, patients with tumours classified
as integrated cluster 5 have the worst outcome compared to the other nine clusters. Also
of note was an ER positive subgroup (IntClust2) that has quite poor outcomes, highlighting
a unique high-risk subgroup, and further accounting for the heterogeneity in clinical
outcomes seen even in patient’s with the hallmarks of a tumour with a ‘good’ prognosis. As
observed in the sequencing studies, there were two groups, IntClust3 (predominately
luminal A and invasive lobular carcinomas) and IntClust4 (including both ER positive and
negative tumours) that had very little copy number alterations and have more favourable
outcomes. This study has been seminal in gaining understanding in how copy number
alterations influence gene expression in breast cancer. An integrated approach of
analysing all molecular information is essential to understanding complex pathways
involved in breast tumourigenesis. These analyses are still in their infancy and whilst there
are large gains in our biological understanding of breast cancer, the clinical utility is largely
unknown, and further investigation is warranted. In spite of there being 10 subgroups
defined by (Curtis et al., 2012) no single group encompasses a pure histological special
type of breast cancer.
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1.5. Invasive lobular carcinoma

As mentioned above, Invasive Lobular Carcinoma (ILC) is the most important special type
of breast cancer. ILC accounts for 5-15% of all invasive breast cancers (Lakhani S. R,
2012, Arpino et al., 2004, Pestalozzi et al., 2008, Rakha et al., 2008, Orvieto et al., 2008)
and the incidence of ILC is increasing, whereas the frequency of IC-NST has remained
stable (Li et al., 2000). There is some evidence to suggest this correlates with the
increasing use of hormone replacement therapy (Daling et al., 2002, Reeves et al., 2006,
Li et al., 2006) and one study suggests increase in alcohol consumption could also be
responsible (Li et al., 2010a). Patients with ILC tend to present at an older age compared
to IDC (average 64 and 60, respectively) (Arpino et al., 2004, Li et al., 2005, Rakha et al.,
2008, McCart Reed and Kutasovic et al., 2015). ILC can be detected as a palpable mass
and is evident on mammography as a spiculated mass or architectural distortion in many
cases. However, mammographic screening fails to detect the tumour in as many as 57-
76% of women compared to as few as 5- 15% for IDC (Evans et al., 2002, Moy et al.,
2002, Soo et al., 2001). ILC also frequently presents as a multifocal or multicentric lesion
(85%) and/or bilaterally (30-67%), which is also more common than for IDC (Beute et al.,
1991, Newman, 1966, Foote and Stewart, 1941, Chen et al., 1999, Intra et al., 2004).

ILCs are morphologically characterised by a proliferation of non-cohesive, small neoplastic
cells that are dispersed in the stroma as single cells or arranged in single files of cells. This
diffuse and infiltrating growth pattern contributes to the difficulty in the detection of ILC by
mammography and difficulty for surgeons sometimes to palpate the mass during surgery.
As a consequence, tumours are detected and diagnosed late, are often of larger size,
tumour margins are difficult to assess and patients are therefore more likely to have a

mastectomy compared to patients with IDC.

Mitoses are infrequent, therefore the histological grading of ILC is typically low to
moderate, with approximately 76% of ILC being grade 2 (Rakha et al., 2008, McCart Reed
and Kutasovic et al., 2015). A number of histological variants of ILC have also been
recognised including pleomorphic, solid, alveolar and tubulolobular types. These variants
share the discohesive growth patterns with classic ILC but may tend be of higher grade
and can have worse outcomes (Eusebi et al., 1992, Middleton et al., 2000, Buchanan et
al., 2008, Orvieto et al., 2008). Precursor lesions for ILC are called atypical lobular

hyperplasia (ALH) and lobular carcinoma in situ (LCIS) and are present alongside ILC in
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58-98% of cases (Abdel-Fatah et al., 2007, Dixon et al., 1982, Newman, 1966, Orvieto et
al., 2008, Buchanan et al., 2008).

Classic ILC are almost always ER, PR positive, and rarely exhibit HER2 amplification or
express abnormal p53 or basal markers (McCart Reed and Kutasovic et al., 2015). Due to
a high frequency of hormone receptor expression, patients with ILC generally have a good
response to hormonal therapy (Rakha et al., 2008, Pestalozzi et al., 2008), but they have a
poor response to chemotherapy and this is probably due to the low mitotic index of the
tumour. Despite the presence of favourable prognostic factors, the locoregional control,
disease free interval and overall survival is not necessarily better than that for patients with
IDC. Some studies have shown no difference in survival (Winchester et al., 1998),
whereas others have found that at five years, ILC have better survival rates than IDC,
however this declines after 10 years where ILC have a significantly worse overall survival
(Nagao et al., 2012, Pestalozzi et al., 2008, Rakha et al., 2008). It is not clear why this is
the case but could be related to a combination of factors including the difficulty of early
detection, difficulty in surgical removal, larger tumour size, poor response to chemotherapy
and the nature of distant metastases.

1.6. Mixed ductal lobular carcinomas

Invasive breast cancers exhibiting both ductal and lobular morphological features are
classified as mixed ductal and lobular carcinomas (MDL). MDLs account for 3-5% of all
invasive breast cancers (Lakhani S. R., 2012), and are a clear example of morphological

intratumour heterogeneity.

There is limited data assessing the clinical and biological significance of MDL carcinomas.
MDLs are generally under reported and a small lobular component is sometimes not
annotated. Small studies have found that MDLs are associated with better prognosis when
compared to pure IC-NST, but poorer prognosis when compared to pure ILC, although
most of these differences were lost when adjusting for tumour grade (Sastre-Garau et al.,
1996, Suryadevara et al., 2010, Rakha et al., 2009). Furthermore, the metastatic pattern of
mixed tumours tends to follow that of the histological type that is most prevalent in the
primary tumour (Rakha et al., 2009). These tumours are therefore considered to be a
distinct entity to pure IC-NST and ILC (Rakha et al., 2009, Bharat et al., 2009). There is

also evidence that the incidence of MDLs is increasing (Li et al., 2003, Rakha et al., 2009).
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MDL tumours may pose a problem with regard to patient management, as the different
histological components may have different clinical behaviours (i.e. response to therapies)
and metastatic patterns (i.e. IC-NST have a propensity to spread to the brain, liver and
lung, while ILC have a propensity to spread to the gastrointestinal tract, peritoneum and
gynaecological sites (Harris et al., 1984)).

To date, there is very limited understanding of the molecular evolution of MDL carcinomas.
There have been a few suggested theories in relation to their origin. Firstly, are these
distinct morphological entities representing two independent collision tumours or do they
arise from a common clone? Secondly, if the two components are clonally related, then
what is the mechanism of transition from one phenotype to the other? Small pieces of
evidence indicate that the lobular and ductal components are clonally related lesions as
opposed to separate collision tumours, yet this is not well characterized. LOH and CGH
analyses reported the shared loss of a common allele in both DCIS and LCIS components
(Wagner et al., 2009), and identified multiple sub-clones within pre-invasive lesions
(Buerger et al., 2000) suggesting that these morphologically distinct entities might be
related clones. However, the mechanisms underlying the change in phenotype have not
been investigated. Given that the E-cadherin molecule plays such a definitive role in the

phenotype of ILCs, it is likely to also be important in the biology of the MDL as well.

1.7. Molecular aspects of ILC

The frequent expression of ER and PR means ILC are typically classified as a luminal
tumour phenotype (McCart Reed and Kutasovic et al., 2015), however there is
heterogeneity and some lobular tumours are classified by gene expression profiling as
HERZ2, basal-like or molecular apocrine subtypes (Weigelt et al., 2008). ILC and ER
positive IDC exhibit different gene expression profiles, emphasising the different biology
between the two types. Genes differentially expressed between IDC and ILC are involved
in processes of cell adhesion, cell-cell signalling and actin cytoskeleton signalling (Korkola
et al., 2003, Weigelt et al., 2008).

From a genomics point of view, ILC and ER positive IC-NST exhibit a different pattern of
DNA copy number aberrations (CNA) than high-grade tumours, and often fewer CNAs
overall. Common CNAs include gain of 1q and 16p, while loss of 16q is very common,

occurring in approximately 90% of all ILCs (Figure 1.6 A, (Buerger et al., 1999, Etzell et
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al., 2001, Mastracci et al., 2006, Hwang et al., 2004, McCart Reed and Kutasovic et al.,
2015)). Amplifications of 8p12 (FGFR) and 11913 (CCND1) are common and are
considered to be potential drivers of low-grade disease and therefore potential drug targets
(Reis-Filho et al., 2006). Some of these molecular features are identified in associated pre-

invasive lesions, ALH and LCIS, supporting the role of these lesions as precursors for ILC
(Vos et al., 1997, McCart Reed and Kutasovic et al., 2015).
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Figure 1.6: Genomic features of ILC. A) Circos plot of SNP CGH data. All chromosomes are
represented on the outside. The zoomed in regions show the frequent copy number
alterations identified in ILC (loss = green, gain = red). B) Across the TCGA cohort, CDH1
and PIK3CA were the most frequently mutated genes. TP53 was mutated infrequently, and

there was an enrichment for ERBB2 mutations in ILC compared to IC-NST. (McCart Reed
and Kutasovic et al., 2015).

The TCGA has profiled the largest series of ILC to date. High resolution copy number
profiling has confirmed gain of 1q and 16q loss in luminal tumours. The luminal A subtype
for which ILC is part of, was found to have a low mutation rate compared to the other
tumour groups, and harboured the most significant variation in mutated genes. The most
frequently mutated genes in ILC were CDH1 (54%, including both copy number loss and
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mutation), followed by PIK3CA (42%) RUNX1 (8.4%), MLL3 (7.7%) and FOXA1 (6.5%).
TP53 (6%) mutations were rare (Figure 1.6 B, (The Cancer Genome Atlas Network, 2012,
McCart Reed and Kutasovic et al., 2015)). Interestingly, enrichment for ERBB2/HER?2
mutations was identified within lobular cancers. Of the eight somatic variants identified, all
were within the kinase domain, 4/36 (11%) were ILC and 4/789 (0.5%) were IC-NST.
Another recent study also identified ERBB2 mutations in 6/22 (27%) of ILC that harboured
CDH1 mutations (Ross et al., 2013). A CDH1 mutation was also found in the 4 ILC cases
with ERBB2 mutations from the TCGA. These mutations indicate a possible alternative
mechanism for HER2 driven proliferation, as opposed to gene amplification, and that there
may be potential benefit from anti-HER2 therapies in these patients.

The most significantly mutated gene in ILC however is CDH1, encoding the cell adhesion
protein E-cadherin (see Section 1.8). CDH1 mutations have been reported to occur in
approximately 30% — 80% of ILC (Rakha and Ellis, 2010, Berx et al., 1996, Cleton-Jansen,
2002) yet rarely in occur in IC-NST (0/26 (Roylance et al., 2003), 0/42 (Berx et al., 1995),
0/25 (Kashiwaba et al., 1995)). The TCGA originally reported CDH1 mutations in 30/36
ILC and the mutations also corresponded with both low mRNA and protein expression
(The Cancer Genome Atlas Network, 2012). Since the TCGA data has been updated with
more patient samples and is available to the public, the frequency of somatic CDH1
mutations in ILC was identified in much fewer cases 78/155 (50%). This frequency has
been confirmed by another genome sequencing study were 20/40 (50%) ILC had CDH1
mutations (Ellis et al., 2012). The differences in reported frequencies may be attributed to
differences in sequencing methods, however these recent studies highlight that the real
frequency of CDH1 mutations in ILC is likely to be lower than previously considered.

1.8. E-cadherin

Epithelial cadherin (E-cadherin), the loss of which is a defining feature of ILC is a calcium
dependant transmembrane protein that mediates cell-cell adhesion and cellular polarity
(Nagafuchi et al., 1987). The extracellular domain of E-cadherin binds to itself on
neighbouring cells. The intracellular domain of E-cadherin associates with the actin
cytoskeleton via a-, -, and y-catenin to form adherens junctions between non-neural
epithelial cells (Figure 1.7 A, B, (Ozawa et al., 1989, Reynolds et al., 1994)). E-cadherin is
largely regulated by its catenin-binding partners, which anchor E-cadherin to both the cell
membrane and the actin cytoskeleton. E-cadherin mediated cell adhesion maintains cell
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viability and when this adhesion is lost, the detached cells undergo a cell death program
called anoikis (Fouquet et al., 2004).

The loss of E-cadherin occurs in up to 90% of ILC (Figure 1.7 C) and is considered
fundamental to the development of the characteristic invasive growth pattern of lobular
cancers (Berx et al., 1996). The impairment of functional cell-cell adhesion following E-
cadherin loss likely contributes to the characteristic discohesive nature of tumour cells in
all lobular neoplasms (Berx et al., 1996, Derksen et al., 2011, Vos et al., 1997). Knowledge
is increasing as to the very dynamic regulation of this molecule, as well as the importance

of E-cadherin in maintaining normal multicellular integrity and how this is disrupted in many
disease states.
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Figure 1.7: A) Schematic of the E-cadherin adhesion complex (Alberts et al., 2008); with
permission from Garland Science. B) E-cadherin positive IC-NST. C) E-cadherin negative
ILC.

1.8.1. Deregulation of E-cadherin in breast cancer
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E-cadherin is considered a ‘master regulator’ of tumourigenesis; it is a tumour suppressor
gene and a metastasis suppressor. Its role in functional adherens junctions prevents
tumour invasion and migration, a fundamental step in the metastatic dissemination of
tumour cells (Frixen et al., 1991, Vleminckx et al., 1991, Berx and Van Roy, 2001, Berx et
al., 1995).

There is a strong genotype:phenotype correlation with the loss of CDH1 (located on
human chromosome 16922.1) and E-cadherin protein loss in ILC (Berx et al., 1996)).
There is a small of proportion of ILC tumours with detectable E-cadherin, however in these
cases the IHC staining tends not to be completely ‘linear’, membranous staining. In fact, it
has been shown that the E-cadherin-catenin protein complex in these cases is also
probably dysfunctional (Da Silva et al., 2008), and is regarded as aberrant staining.
Furthermore, the lobular component of mixed ductal-lobular carcinomas and some high-
grade ductal cancers also display E-cadherin deregulation, however the mechanisms in
which deregulation occurs is likely to be different. E-cadherin is used diagnostically to
confirm an ILC, therefore the assessment of E-cadherin by IHC as a differential diagnosis
between ILC and IDC is not always ideal, and should be based on morphology rather than
E-cadherin staining (Dabbs et al., 2013).

The loss of membranous E-cadherin consequently affects the function and localisation of
its membrane- binding partners. Indeed, when E-cadherin is lost, a-, -, and y-catenin
protein expression is also frequently lost, while p120-catenin relocates to the cytoplasm. In
fact this switch in cellular localisation of p120-catenin is considered a surrogate biomarker
for lobular classification (Dabbs et al., 2007).

In lobular cancers, loss of E-cadherin is an early event in tumourigensis. The resulting
impairment of functional cell-cell adhesion likely contributes to the characteristic
discohesive nature of tumour cells in all lobular neoplasms (Mastracci et al., 2005, Da
Silva et al., 2010), including the early precursor lesions atypical lobular hyperplasia (ALH)
and lobular carcinoma in situ (LCIS) (Zou et al., 2009, Moll et al., 1993, Vos et al., 1997,
De Leeuw et al., 1997, Etzell et al., 2001, Sarrio et al., 2003). This is supported by the
identification of 16q loss in ALH and LCIS (Lu et al., 1998, Simpson et al., 2005b) and
CDH1 mutations in LCIS (Mastracci et al., 2005).

The various mechanisms of CDH1 inactivation have been well documented. CDH1 does
not appear to be haploinsufficient, and inactivation tends to follow Knudson’s two hit
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hypothesis, which states that a gene can only be inactivated if there is a “hit” in both alleles
(Knudson, 1971). In ILC, CDH1 is inactivated by any combination of gene mutation,
promoter methylation, loss of the gene on 16q or by transcriptional repression (Berx and
Van Roy, 2001). Most mutations in CDH1 are frame-shift mutations that are predicted to
yield truncated protein fragments. The mutations are scattered over the whole coding
sequence and no hot spots have been identified (Figure 1.8, (Berx et al., 1996, The
Cancer Genome Atlas Network, 2012, McCart Reed and Kutasovic et al., 2015)). CDH1
promoter methylation is also evident in a large proportion of cases, and interestingly this
has been found in non-neoplastic epithelial cells adjacent to lobular neoplasms,
suggesting that these normal cells may have increased disease susceptibility and that in
some cases, methylation may be the first ‘hit’ to affect the CDH1 gene (Droufakou et al.,
2001, Zou et al., 2009).
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Figure 1.8: The mutation spectrum of CDH1 (Cerami et al., 2012, Gao et al., 2013). Mutations

have been found across the whole coding sequence of the gene.

Mutations in CDH1 have also been identified in other types of epithelial cancers, most
notably in diffuse gastric carcinoma (Berx et al., 1998, Hansford et al., 2015), which have a
very similar diffuse growth pattern to ILC. In hereditary diffuse gastric carcinoma, 25-30%
of patients inherit a germline mutation in CDH1 and somatic methylation of the second
CDH1 allele is evident in the resulting tumours (Guilford et al., 1998, Fitzgerald et al.,
2010). In families with CDH1 germline mutation, females have a 42% chance of
developing lobular breast cancer in their lifetime (Hansford et al., 2015). Genetic analysis
of families with a history of ILC without gastric carcinoma, have shown that germline CDH1
mutations in ILC are extremely infrequent, but have been reported (Petridis et al., 2014,
McVeigh et al., 2014, Schrader et al., 2011), suggesting that familial ILC is driven by the

germline mutation of other genes.

1.8.2. The role of the actin cytoskeleton in E-cadherin regulation

29



Recent evidence has emphasised the role for the actin cytoskeleton in the regulation of
normal E-cadherin function, and the potential for its involvement in the deregulation of E-
cadherin during tumourigenesis. The re-localisation of p120-catenin from the membrane to
the cytoplasm has been shown to infer tumour cell survival by interacting with regulators of
the actin cytoskeleton (Schackmann et al., 2011). In a mouse model of ILC, cytosolic p120
catenin was capable of activating Rho/Rock signalling, which activates downstream actin
cytoskeleton remodelling pathways. This enabled the induction of anoikis resistance,
which allows tumour cells to grow and survive independent of attachment to other cells —
under normal conditions this detachment induces cell death (Schackmann et al., 2011).
This pathway then facilitated invasion through the stroma and dissemination to distant

organs.

Many other components of the actin cytoskeletal machinery are involved in adhesion
junction maintenance including Myosin |l isoforms (Smutny et al., 2010) and N-WASP
(Kovacs et al., 2011). Additionally, F-actin was found to interact with a-catenin via a
complex molecular pathway that both enables junctional tension between cells, and also
provides a scaffold for actin polymerisation. This pathway involves the centralspindlin
complex (Ratheesh et al., 2012). In vitro knockdown of the aforementioned molecules
yielded E-cadherin deregulation and cells detached from one another, reflecting possible
ways in which the actin cytoskeleton molecules regulate E-cadherin function in human

cancers.

Cortactin is another actin-binding protein of interest. Located on chromosome 11g13, this
Src substrate is frequently a hotspot for amplification and overexpression in cancer,
particularly in breast and head neck carcinomas (Schuuring, 1995, Schuuring et al., 1998).
Cortactin amplification has been found in up to 15% of breast cancers and is associated
with ER/PR positive and HER2 negative tumours. Studies suggest that it may be a marker
to determine risk of relapse in breast cancer (Hui et al., 1997, Hui et al., 1998). Cortactin
has been found to increase cell motility by accumulating at lamellipodia (Huang et al.,
1998, Bowden et al., 1999) and interact with the Arp2/3 complex to activate actin
polymerisation (Uruno et al., 2001). This suggests a role for cortactin in the invasive
capabilities of tumour cells and may be another potential mechanism involved in E-
cadherin deregulation (Helwani et al., 2004). Disruption in any one of these molecules may
therefore occur in tumours as a mechanism of destabilising the adherens junction resulting
in loss of E-cadherin function. These mechanisms may contribute to the characteristic
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discohesive and infiltrating nature of breast cancer cells and potentially to the metastatic
progression to particular sites. The junctional cytoskeleton has been found to be greatly
dynamic in its function and understanding this will give new insights into how the actin

cytoskeleton regulates E-cadherin junctions in this disease state.

1.8.3. Epithelial to mesenchymal transition

E-cadherin deregulation is critical in Epithelial to Mesenchymal Transition (EMT). EMT is
an essential process in embryogenesis, fibrosis and wound healing, enabling a cell to
detach from its neighbours and migrate. This is essential for the arrangement of different
cell types in the formation of organs and normal tissue structures (Thiery et al., 2009). In
this process cells lose epithelial traits by repressing E-cadherin expression, in particular by
the transcription factors TWIST, Snail and Slug. Cells take on a more mesenchymal
phenotype, switching on the expression of markers such as N-cadherin and vimentin, and
this enables more motile capabilities. This concept has sparked great interest as a key
requirement for metastatic progression to occur, in particular enabling tumour cells to
detach from the tumour mass, invade through both the local stromal tissue and the
endothelial cell wall of blood or lymphatic systems. This capacity is also considered
important for extravasation and invasion into the new host tissue. Since EMT is a dynamic
and reversible process cells can then undergo mesenchymal to epithelial transition (MET)
to enable colonisation in a new organ. These processes have been demonstrated
frequently in experimental models of metastasis however it is difficult to observe in clinical
samples due to the transient nature of the process. Nevertheless, markers of EMT, such
as E-cadherin down-regulation, and N-cadherin and vimentin up-regulation are associated
with a subgroup of high-grade ductal cancers that are triple negative (Sarrio et al., 2008,
Karihtala et al., 2013, Aleskandarany et al., 2014). Unlike lobular cancers, where E-
cadherin deregulation is an early and probably irreversible event driven by genomic
alterations, this EMT phenomenon evident in some ductal cancers is more often a late
stage and dynamic process. Infrequent expression of classic EMT markers (Fibronectin,
Vimentin, N-cadherin, Smooth Muscle Actin, Osteonectin, Snail, Twist) in a large cohort
also supports the suggestion that EMT does not underpin the invasive phenotype
observed in ILC (McCart Reed and Kutasovic et al., 2015; under revision at J Pathol).

1.9. Molecular evolution of breast cancer
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Like all cancers, breast cancer arises due to the accumulation of genetic alterations that
manifest in the acquisition of numerous cellular features that enable the cell to sustain
proliferative signalling, evade growth suppressors, resist cell death, enable replicative
immortality, induce angiogenesis, activate invasion and metastasis, reprogram energy
metabolism, and evade immune destruction (Hanahan and Weinberg, 2000, Hanahan and
Coussens, 2012). These ‘hallmark’ processes provide selective advantages to the growth
and development of a neoplastic clone (Stratton et al., 2009). The normal breast
epithelium consists of two layers of cells - an internal layer of luminal cells surrounded by a
layer of myoepithelial cells. These cells form the tree like structure of ducts and lobules
that begin at the Terminal Duct Lobular Units (TDLU) and end at the nipple. The
myoepithelial cells regulate normal mammary gland development and have been
considered a natural tumour suppressor as they negatively regulate tumour cell growth,
invasion and angiogenesis (Barsky and Karlin, 2005). Molecular abnormalities have been
identified in histologically normal breast cells in women with breast cancer (Lakhani et al.,
1999, Tripathi et al., 2008). Two hypotheses have been generated to explain the presence
of molecular changes in the normal breast; the sick lobe hypothesis and the field
cancerisation effect. The sick lobe hypothesis speculates that the genetic changes occur
during early development of the breast, making the cells more susceptible to oncogenic
stimuli (Tot, 2005). The latter hypothesis suggests these alterations occur as a result of

acquired carcinogen events during adulthood (Dakubo et al., 2007).

Morphological evidence suggests that breast cancer arises from the normal TDLU of the
breast, via a series of increasingly abnormal stages that progress into cancer over a long
period of time. Intermediate stages in this multistep pathway involve the putative precursor
lesions Columnar Cell lesions (CCL) (Simpson et al., 2005a) and atypical hyperplasias
which can progress into an in situ carcinoma — a neoplastic clonal proliferation that is still
confined to the ductal system (DCIS and LCIS). With the accumulation of further genetic
alterations and through a dynamic interaction with the local microenvironment, malignant
cells break through the basement membrane and invade into the surrounding stromal
tissue to become an invasive carcinoma (Figure 1.9, (Simpson et al., 2005b, Lopez-
Garcia et al., 2010)). These invasive cells may then acquire further attributes enabling
them to invade through the stroma, intravasate into the lymph-vasculature system and
metastasise to distant sites. This is a complex and variable process encompassing
multiple precursor lesion types giving rise to a diverse series of invasive cancers with

different biological and clinical features, and differing metastatic capabilities. The presence
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of early neoplastic lesions has been associated with risk of developing invasive breast
cancer. Predicting which lesions will or will not progress is difficult, and only small
percentage of patients with IC-NST (20%) display ADH (Degnim et al., 2007) and
approximately 50% of patients with DCIS progress to IC-NST (Collins et al., 2005) (similar
findings are observed in ILC, described in more detail in Section 1.5). The management of
patients with these early lesions can therefore be difficult and understanding of breast

cancer progression is essential to improve patient management.

Historical perspective of breast cancer evolution

Progression
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Figure 1.9: The historical model of the progression to invasive breast cancer. This model is
out-dated as evidence has accumulated that shows an invasive cancer can arise from either
ducts or lobules irrespective of the histological type, and hyperplasia of usual type (HUT)
are no longer considered a precursor lesion. However, progression generally follows a
pathway of morphologically recognisable stages over time from normal breast epithelium,
to pre-invasive hyperplasia (ALH, ADH) and in situ carcinoma (LCIS, DCIS), through to the
progression to invasive carcinoma (ILC, IC-NST (formally known as IDC)) (Lopez-Garcia et

al., 2010) Permission from John Wiley and Sons.

Loss of Heterozygosity (LOH), Comparative Genomic Hybridisation (CGH), gene mutation
analysis and gene expression studies have been utilised to understand clonal evolution

during breast cancer progression. These methods have demonstrated that ER positive and
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ER negative breast cancers have very distinct molecular profiles (Perou et al., 2000), and
within ER positive disease, the extent of genetic alterations is associated largely with
histological grade and proliferation (Roylance et al., 1999). Gene expression profiling has
corroborated this by showing that lesions cluster according to histological grade and not
the stage of tumour progression (Ma et al., 2003). These data have shown both that breast
cancer progression is much more complex than originally suggested and that breast
cancers of low- or high-grade follow distinct molecular pathways (Figure 1.10, (Simpson et
al., 2005b, Lopez-Garcia et al., 2010)). For example, tumours of the low-grade pathway
frequently express hormone receptors and display loss of 16g and gains of 1q and 16p
(Abdel-Fatah et al., 2008). The high-grade group are much more heterogeneous,
frequently lack the expression of hormone receptors and tumours of this group express
HER2 (due to a high frequency of 17q amplification) and basal markers. The genomes of
high-grade tumours are more frequently aneuploid and have very complex karyotypes
(Natrajan et al., 2010). Loss of 1p, 8p and 17p and gain of 1q and 8q are the most
frequently copy number changes observed in high-grade breast carcinomas (Lopez-Garcia
et al., 2010).

Recently, RNA and DNA sequencing have been successfully applied to low input FFPE
material investigating the molecular changes that occur in early breast neoplasias. Whole
genome sequencing found shared somatic mutations and aneuploidies between early
neoplasia and the matched invasive carcinoma (Newburger et al., 2013). These results
suggest that the accumulation of mutational events that affect a large number of genes
occurs in the early neoplasia as a result of increased ancestral cell division, and that in
some cases these early events predispose the breast tissue to develop into a carcinoma.
RNA sequencing was performed on a matched progression series of 25 patients to find
that gene expression patterns in early neoplasia (such as ADH) were distinct from normal
breast and breast cancer, with elevated transcription of ERBB2, FOXA1 and GATA3 even
at the early stage of tumourigenesis (Brunner et al., 2014). This study reiterates the
importance of ER signalling in tumourigenesis. These technologies are increasing our
understanding of the events that occur early in the development of breast cancer and may

pave the way in the ability to identify patients that may be at risk of progression.

34



19+ prolilerative —» Grade | IDC

JiIsease » ADM ——p Low grade \:' (luminal)
> = DCIS . SN
y d DCIS \\ .
\

~

4 o > \ - N
L / | \ Tubular carcinoma
/ N / \\‘ (luminal) \

/ e b / \\
/‘ / N / _\’ Tubulo-lobular carcinoma \\
/ S/ i B 1 — N \ (luminal) \ \
/S / — 1 \
/ / IN T — ‘
/ / » » Classic IL .
,/'/' - (luminal) o ]
/ // - N\
” |
/ 2 /
~
/// , v = ILC ('
) = - I¢ rphic ILC
=y PLCIS ¥ (luminalHER2 ‘// {
Norma v L ’ / |
molecular apocrine)
breast / /
= > ntermediate grade Grade 11 IDC /
\ DCIS ~ (luminal) N\
\‘\-. | | \ ]
\ \ v e /
\ . /
\ \ —_— .
‘\, \\
\ \\
\ \ > >
\ A
\ ]
»
\\
\
\
—— y

Figure 1.10: The high- and low-grade multistep model of breast cancer progression. (Lopez-

Garcia et al., 2010) Permission from John Wiley and Sons.

1.10. Metastatic progression

Death from breast cancer is not commonly caused by the growth of the primary tumour,
but the spread of the tumour to distant organs — the process known as metastasis. Up to
90% of all cancer deaths are the result of tumour dissemination to distant organs (Gupta
and Massague, 2006). When the tumour remains localised in the breast and has not yet
spread, the patient has a 98% chance of surviving more than 5 years. This decreases to
83% when the tumour has spread regionally to the lymph nodes, and decreases further to
23% once the tumour has spread to distant organs (Parise et al., 2009). Metastatic cancer
is a significant burden and there is a critical need for a greater understanding of this

process to improve patient survival.

1.10.1. The metastatic cascade

Metastasis is a stepwise biological process in which tumour cells hijack normal processes
to facilitate the spread and colonisation of distant organs. Each step of the metastatic
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cascade is complex, involving the acquisition of genetic alterations and interactions with
the local microenvironment, making comprehensive understanding of this process

challenging (Chiang and Massague, 2008).

For a tumour to successfully metastasise, cells must first detach from the primary tumour
mass, resist anoikis, and activate pathways of local invasion. The cells degrade
components of the extracellular matrix by the secretion of proteases that enable invasion
through the stroma and into the vasculature. Together, this process is known as
intravasation. Once cells have entered the vasculature, they must endure the harsh
environment of velocity induced shear forces, lack of supporting substratum, and the
presence of immune cells. The cells are now known as circulating tumour cells (CTCs),
and the few that survive these conditions are largely inefficient at forming a secondary
tumour, with as little as 0.01% successfully colonising a distant organ (Fidler, 1970). For
colonisation to occur, circulating tumour cells escape the vasculature by arresting in
endothelial layers of distant vasculature. Coagulation factors are produced by the cells to
facilitate arrest in capillary beds and migration through vessel walls into the new
microenvironment, a process known as extravasation. Here, the tumour cells must form its
own vasculature to provide oxygen, nutrients and growth factors to survive and seed a
clinical metastasis (Figure 1.11, (Poste G., 1979, Fidler, 2003).
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Figure 1.11: The metastatic cascade. Metastasis is a step-wise process that involves the
detachment of cells from the primary tumour, the capability to invade the local
microenvironment, invade to circulatory system, survive in the bloodstream and colonise

and survive at a distant site. Each step in the process requires the cells to exploit many
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different signalling pathways to survive (Chaffer and Weinberg, 2011). Copyright © 2011,

American Association for the Advancement of Science.

1.10.2. The pre-metastatic niche

For a metastasis to develop, the circulating neoplastic cells must find an appropriate niche
or adapt to a new microenvironment. Recent evidence has shown that both the primary
tumour and CTCs are capable of sending out signals (through chemokines and exosomes
— membrane bound vesicles that contain protein and nucleic acids (Kaplan et al., 2005,
Peinado et al., 2012, Ghajar et al., 2013)) that can prime target sites and modify their
microenvironments to support the successful colonisation of CTCs. This has been
demonstrated in a mouse model, where human tumour exosomes were extracted from the
blood of metastatic melanoma patients and injected into mice, increasing the metastatic
behaviour of both mouse and human primary tumours cells. The exosomes were able to
reprogram bone marrow progenitor cells toward a pro-vasculogenic phenotype and
provide a favourable environment for tumour cells to colonise and increased tumour
burden in these mice (Peinado et al., 2012). These primed microenvironments have been
called the ‘pre-metastatic niche’ and greater understanding of how cells reprogram distant
sites, or why some cells choose particular sites over others, may provide insights into
mechanism that can block the colonisation of distant organs and ultimately preventing

death from metastasis.

1.10.3. Seed and Soil Hypothesis

There are two long-standing theories defining the mechanism of cancer spread; (i) Paget’s
‘seed and soil hypothesis’, which states that the pattern of metastasis is governed by the
intrinsic properties of the primary tumour (Paget, 1889), and (ii) Ewing’s proposal that
metastatic dissemination is simply determined based on the mechanical flow of the blood
and lymph around the body (Ewing, 1928). Metastasis was first considered to be a non-
random process by Stephen Paget who in 1889 hypothesised through the analysis of a
large autopsy series that metastases will only develop when the cells encounter a suitable
environment (Paget, 1889). This pattern of organ preference is given the term
organotropism, and successful colonisation depends on the molecular interactions
between the tumour cells (“seed”) and the microenvironment (“soil”). James Ewing

countered this in 1928 by suggesting that tumours spread in the direction of blood flow and
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hence form metastases in the organs directly in line from the site of the primary tumour
(Ewing, 1928). There is evidence to support both of these theories in breast cancer

metastasis.

The most common sites of breast cancer metastasis are the regional lymph nodes, lung,
liver and bone (Lee, 1983). Overall, all histological types and molecular subtypes can
spread to these organs, suggesting that to some degree, these organs are targeted
directly by blood and lymphatic flow. However, the distribution of the spread of histological
and molecular types to these organs is skewed to some extent, suggesting there may be
some element of organotropism too. Through analyses of autopsy and surgical series
comparing the organ specific metastatic spread of the main histological types, IC-NST and
ILC it has become clear that ILC spread more frequently to the peritoneum, gynaecological
organs, gastrointestinal tract, adrenal glands, central nervous system and skin, while IC-
NST spread more frequently to the lung/pleura, liver and brain (Sastre-Garau et al., 1996,
Jain et al., 1993, Borst and Ingold, 1993, Harris et al., 1984, Lamovec and Bracko, 1991,
Arpino et al., 2004, Cummings et al., 2014). Further, a study by Porter et al., demonstrated
that low-grade tumours more frequently spread to the bone whereas high-grade tumours
spread to the lung and liver (Porter et al., 2004). The molecular subtype of the primary
tumour also impacts the distribution of metastatic disease. For example, ER+/PR+ luminal
tumours preferentially spread to the bone but not the brain, while ER-/PR- tumours tend to
spread to the brain and less frequently to the bone and over widely different time periods;
a much shorter latency for ER negative tumours (Maki and Grossman, 2000). HER2
positive tumours frequently colonise the brain, liver and lung, and the triple negative/basal
breast cancer subtype have a propensity to spread to the brain, lung and liver (Sihto et al.,
2011, Harrell et al., 2012). High-grade ductal cancers expressing the basal marker CK14
have an increased propensity to spread to the brain compared to CK14 negative tumours.
Interestingly, CK14 positive tumours spread to the lung more quickly than CK14 negative
tumours but the overall frequency of lung metastases was not different (Fulford et al.,
2007). The data indicate that the tumour type, grade and molecular features could help
inform patient management with respect to distant sites most at risk of being colonised,

which might aid surveillance of those organs during clinical follow up.

1.10.4. Linear versus parallel progression models
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Two fundamental conceptual models of breast cancer progression prevail. Generally, the
phenotypic and genomic features of the primary tumour are reflected in the resulting
metastases, supporting a stepwise, linear progression model where genomic alterations
accumulate after multiple rounds of clonal selection and expansion within the primary
tumour, until a cell has gained the capacity to disseminate. This has been widely accepted
since patients with larger primary tumours at diagnosis have a higher risk of death from
metastatic disease (Greene and Sobin, 2008). However, metastases can still arise from
small primary tumours, and the linear model does not account for metastases of an
unknown primary site. The model of parallel progression suggests, however, that in a
polyclonal tumour mass, cells can leave and disseminate at any point in time of the
development of the primary tumour. The primary tumour and metastases have increased
biological variance as they continue to evolve in parallel (Yachida et al., 2010) (Weigelt et
al., 2003, Liu et al., 2009) (Torres et al., 2007, Kuukasjarvi et al., 1997a, Navin et al., 2011,
Cummings et al., 2014, Klein, 2009, Kutasovic et al., 2014). There is greater support for
the parallel progression model due multiple lines of evidence, including the calculation of
near identical tumour growth rates between primary and metastatic tumours (Friberg and
Mattson, 1997, Engel et al., 2003), metastases derived from unknown primary tumours
and the colonisation of multiple sites (Husemann et al., 2008). Disseminated tumour cells
have been found in the bone marrow showing fewer genomic alterations than the primary
tumour (Schmidt-Kittler et al., 2003) and in approximately 5% of breast cancer cases,
distant metastases are identified at primary tumour diagnosis (Engel et al., 2003).
However, it is likely that both linear and parallel progression can potentially occur Tumour
cells have the ability to adapt to selective pressures, such as a new microenvironment and
treatment, and therefore discordant features will be observed, whether the disseminated
tumour cells left early or late. One study has calculated that a metastasis can be initiated
5-7 years before diagnosis of the primary tumour (Engel et al., 2003), consequently, an
important area of research is now asking how tumour cells lie quiescent for many years
and what breaks their dormancy (Hadfield, 1954, Sosa et al., 2014)? The distinction
between these two pathways of progression has clinical implications as to how a
metastasis should be treated. If the metastasis has the same biological properties as the
primary tumour (linear model) it is justified to treat it based on the features of the primary
tumour. If it evolved through the parallel model, the metastasis will likely have divergent
features, and should be biopsied to guide more appropriate treatment.
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1.10.5. Intratumour heterogeneity in breast cancer progression

The morphological and phenotypic intertumour heterogeneity among breast cancer
patients has long been recognised, however the clinical implications of intratumour
heterogeneity has recently come into the spotlight, especially in regards to the complex
process of clonal evolution in metastatic progression. Phenotypic and genomic analyses of
primary breast carcinomas and their matched metastases highlight the extent of
heterogeneity within progression. The expression of tumour biomarkers has been found to
change during tumour evolution and progression to metastasis, with the most frequent
discordance being expression of ER and PR, which are frequently down-regulated with the
spread from breast to lung, bone and liver (Figure 1.12, (Cummings et al., 2014,
Singhakowinta et al., 1976, Wu et al., 2008, Idirisinghe et al., 2010). HER2 overexpression
is generally more stable during progression, yet discordance has been reported in
approximately 10% of cases (Fabi et al., 2011). There are a number of possible
explanations for this phenomenon, including; evolution in response to microenvironmental
changes or treatment, or the outgrowth of a minor subclone of a heterogeneous primary

tumour that harboured a different genotype or phenotype.

Traditionally it has been thought that there is little difference in the molecular profiles
between the primary and secondary tumours during progression, however there is
evidence that this is not the case (Cummings et al., 2014, Kuukasjarvi et al., 19973,
Almendro et al., 2014, Singhi et al., 2012, Nik-Zainal et al., 2012). Elegant deep
sequencing and copy number profiling studies of breast (Navin et al., 2011, Nik-Zainal et
al., 2012, Shah et al., 2009, Ding et al., 2010, Yates et al., 2015), renal cell (Gerlinger et
al., 2012), prostate (Liu et al., 2009), colorectal (Baldus et al., 2010), and pancreatic
(Campbell et al., 2010, Yachida et al., 2010) carcinomas, as well as leukaemias (Landau
et al., 2013) exemplify these findings at nucleotide resolution and demonstrate that clonal
evolution during metastatic progression can be very complex in some cases. The data
implies that a primary tumour can be polyclonal and that different subclones can develop
metastatic capability and spread to different distant sites, thus yielding genomic diversity
between different metastases in the same patient. It has been found that in some cases
the primary tumour and its metastasis shared very little genomic similarity, with as few as
30% of mutations being shared among all lesions (Navin et al., 2011, Gerlinger et al.,
2012, Yachida et al., 2010) (reviewed here (Kutasovic et al., 2014)). Further clonal
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evolution can occur at the metastatic sites involving the alteration of key driver genes such
as KRAS, MYC, CCNE1 (Campbell et al., 2010, Singhi et al., 2012).

Recent multiregional whole-genome sequencing of breast tumours revealed that the
subclonal diversity varied between cases, that driver mutations where identified in small
subclones of the primary tumour and the clone that seeded the metastasis was already
present in the primary tumour. The timing of clonal evolution also varied, were the
divergence occurred early in some cases, while in other cases divergence occurred later
during tumour progression (Yates et al., 2015). As we gain understanding of the clonal
heterogeneity and phenotypic diversity in breast tumours we are beginning to understand
how this is may be impacting upon patient treatment and how patient management might
have to be changed in the future to address these issues. Since treatment options for
metastatic breast cancer are typically based on characteristics of the primary tumour, then
management is likely to be suboptimal in a number of patients.
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Figure 1.12: An example of heterogeneity during metastatic progression. The patient
presented with an ER, PR positive IC-NST, and relapsed with a lobular-like ER, PR negative

metastasis in the endometrium. CK8/18 staining demonstrates the carcinoma cells.
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There are now several important examples of the selective pressure of chemotherapy or
targeted therapy specifically driving the evolution of treatment resistant subclones. To
receive anti-endocrine therapy, a patient’s breast tumour must express ER in greater than
1% of the tumour sample tested. Therefore, it may be likely that the ER negative cells
present within a tumour were never responsive to targeted therapy. As the ER positive
cells die as a result of the targeted therapy, the outgrowth of the ER negative subclones
can occur without restriction. Activating mutations in ESR7 (ER alpha gene) represents a
mechanism of resistance to prolonged endocrine therapy in hormone receptor positive
breast cancer and accounts for the resulting development of metastatic disease (Section
1.3.1 (Fuqua et al., 2014, Li et al., 2013)). This has also been demonstrated in tumours
with heterogeneous HER2 amplification (Ng et al., 2015). Patients are eligible for anti-
HERZ2 therapy when the tumour has a significant HER2 amplification in at least 30% of
tumour cells. However, in the HER2 wild type cells within the same tumour, other genomic
amplifications and HER2 somatic mutations may be compensating for lack of amplified
HERZ2 driven tumour growth. This may account for the short time to relapse in HER2
positive patient tumours, where the HER2 negative cells did not respond to therapy.

1.10.6. Metastasis to gynaecological sites

Secondary malignancy of gynaecological organs accounts for 7-10% of all gynaecological
malignancies (Young and Scully, 1991) and are hard to diagnose, as they frequently mimic
a primary carcinoma (Bruls et al., 2015). Primary breast cancer is the second most
common tumour to spread to gynaecological sites (Moore et al., 2004, Kondi-Pafiti et al.,
2011, Yada-Hashimoto et al., 2003, Bruls et al., 2015), behind colorectal cancer(Kondi-
Pafiti et al., 2011, Yada-Hashimoto et al., 2003, Moore et al., 2004 )(Kondi-Pafiti et al.,
2011, Yada-Hashimoto et al., 2003, Moore et al., 2004)(Kondi-Pafiti et al., 2011, Yada-
Hashimoto et al., 2003, Moore et al., 2004). Mechanistically, this is interesting and
indicates something peculiar about the biology of the primary tumour or the target organ
that facilitate this pattern of spread. There is little data in the literature exploring this
phenomenon, however it is a consistent finding. Primary colorectal carcinomas are the
most frequent to spread to gynaecological sites, ranging from 39 to 57% of cases (Bruls et
al., 2015, de Waal et al., 2009, Kondi-Pafiti et al., 2011, Skirnisdottir et al., 2007). This is
suggestive of transcoelomic spread or lymphatic spread (Bruls et al., 2015), whereby the
cells travel down through the peritoneal cavity towards the gynaecological sites.

Conversely, the tendency for breast cancers to spread to bilateral ovaries (63.9% of cases
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(Bruls et al., 2015)) suggests that haematogenous spread might be involved.

In up to 38% of gynaecological metastasis (GM) patients, the secondary tumour is
detected before the primary (Skirnisdottir et al., 2007) and as it is inherently clinically
silent, the metastatic disease is at an advanced stage when diagnosed. Patients can be
asymptomatic for many years (Bigorie et al., 2010), and 75% of patients with ovarian
metastases experience symptoms that are not necessarily associated with malignancy
such as bloating, abdominal pain, postmenopausal bleeding and weight loss (Moore et al.,
2004). Thus by the time the metastases are diagnosed, they can be widespread and
hence overall survival is poor: 52% of patients survive 2 years, 24-36% survive 5 years,
and 7% survive 10 years (Ayhan et al., 2005, Skirnisdottir et al., 2007, Demopoulos et al.,
1987, de Waal et al., 2009, Salamalekis et al., 2004). In comparison to other primary sites,
primary breast cancers have a better 5 year survival rate of 26-40% compared with 32%
for colon and 12% for stomach primaries (Ayhan et al., 2005, Skirnisdottir et al., 2007, de
Waal et al., 2009, Demopoulos et al., 1987).

Small studies of breast cancer patients with GM have found that patients were younger in
age at diagnosis of their primary tumour (median age ranging from 46-54 years) (Bruls et
al., 2015, Demopoulos et al., 1987, de Waal et al., 2009, Kondi-Pafiti et al., 2011,
Salamalekis et al., 2004). This is interesting considering that in Australia the average age
of sporadic breast cancer diagnosis is 60 years (Cancer Australia, 2012) and the average
age of ILC diagnosis is around 64 years (Arpino et al., 2004, Borst and Ingold, 1993).
There is an enrichment for lobular carcinomas to spread to these sites with 43% of the
breast cancers spreading to gynaecological organs being ILC, whereas ILC accounts for
up to 15% of all breast cancers in the general population (Arpino et al., 2004, Bruls et al.,
2015, Bigorie et al., 2010). Metastases from ILC have a characteristic discohesive growth
pattern that enables them to grow without damaging the epithelium (Lamovec and Bracko,
1991). E- cadherin dysfunction is presumably involved in the mechanisms of ILC
metastasis, or at least in the diffuse growth pattern that results in these particular
metastatic sites. Furthermore evidence from autopsy studies show that gynaecological
metastases from mixed ductal lobular carcinomas are frequently of the lobular type
(Lamovec and Bracko, 1991). ILC that spread to the peritoneum, gastrointestinal tract and
gynaecological organs were also E-cadherin negative (88%; (Ferlicot et al., 2004)) and
predominately ER positive and HER2 negative (Bigorie et al., 2010, St Romain et al.,
2012). This suggests a possible role for hormone regulation and E-cadherin dysfunction in

this unique process (Lamovec and Bracko, 1991).
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In summary, it is important to understand the natural history of metastatic disease, as it will
impact the management of the patient. For example, breast tumours that spread to the
brain tend to be associated with the basal-like phenotype and metastasis occur relatively
quickly, with patients surviving only up to 9 months after diagnosis (Lagerwaard et al.,
1999). Conversely, metastasis to gynaecological organs seems to affect young women
and there is enrichment for ILC and ER positive tumours. However, due to the
asymptomatic nature of metastases to gynaecological sites, the interval between primary
breast diagnosis and metastasis can be between 5 to 20 years (Demopoulos et al., 1987,
Bigorie et al., 2010) meaning there is an opportunity for early detection and prevention.

1.11. Aims and objectives of this thesis

The work investigated in this thesis originates from our inter-related interests in ILC, E-
cadherin and understanding mechanisms of invasion and metastasis in breast cancer. The
general hypothesis is that tumour clones must evolve during development and progression
in order to develop the necessary biological capabilities to grow and then metastasise.
This clonal evolution is driven by the selective acquisition of somatic mutations and
through dynamic interactions with the local microenvironment to facilitate resistance to

treatment and survival.

One aspect of this is the ability of cells to alter their cell adhesion properties and acquire
an invasive phenotype. Tumour cells of ILC are inherently invasive due to the dysfunction
of E-cadherin regulated cell-cell adhesion. In many cases of ILC this is driven by CDH1
mutations however other mechanisms are also likely to be involved in deregulating E-
cadherin. Regulators of the actin cytoskeleton play an important role in regulating
functional E-cadherin (Section 1.8.2, Chapter 3) and so we hypothesise that tumour
related disruption of such molecules may contribute to destabilising the adherens junction,
resulting in loss of E-cadherin function and enhanced tumour cell invasion. The following
aims were undertaken in order to test this:

- Perform a meta-analysis of public molecular data to determine whether genes
involved in actin cytoskeleton regulation are altered at the gene expression level in
breast cancer

- Perform IHC on selected molecules of interest on tissue sections of normal breast
tissue and breast cancers by tissue microarray (TMA) to assess their cellular

localisation and to correlate their expression pattern with E-cadherin status.
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One of the most apparent examples of intratumour heterogeneity within primary breast
tumour is the mixed ductal-lobular carcinoma (MDL), which are composed of both ductal
and lobular histological components (Section 1.6, Chapter 4). Mixed tumours evolve
either as independent tumours that have collided or, as is more likely, from a common
clonal population that diverges from ductal to lobular growth pattern due to ongoing
genetic instability or cellular plasticity. We hypothesise that deregulation of the functional
complex regulating cell-cell adhesion and involving E-cadherin is driving this phenotypic
switch, resulting in an enhanced invasive capability of cancer cells. The following aims
were undertaken to investigate this:

- Collate and characterise the clinical and morphological features of a large cohort of
MDL cases.

- Perform IHC for E-cadherin, -catenin and p120-catenin on whole sections of MDL
cases to determine whether the E-cadherin complex is specifically disrupted in the
lobular component of these tumours.

- Determine whether an epithelial to mesenchymal transition accounts for this
apparent change to an invasive growth pattern

- Use a discovery-based exome sequencing approach to determine whether the
change in morphology is driven by genomic alterations

Intriguingly, ILC tumours have a propensity to colonise less common sites such as the
gynaecological organs, gastrointestinal organs and the peritoneum (Section 1.10.6,
Chapter 5). We hypothesise, therefore, that there is an underlying peculiarity in the
biology of the primary tumour and/or the target organ to facilitate this pattern of spread.
There is little existing data exploring this phenomenon and so the following aims were
undertaken to investigate this:
- Collate a series of breast cancer cases that have spread to gynaecological sites,
- Characterise the clinical and morphological features of this cohort.
- Investigate the immunohistochemical phenotype of the primary and matched
metastatic tumours.
- Perform molecular analysis to investigate genomic heterogeneity during
progression to this unique metastatic site.
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CHAPTER 2

MATERIALS AND METHODS
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2. Materials and methods

2.1.Breast cancer patient cohorts

Fresh Frozen (FF) tissue samples and matched blood samples were obtained from the
Brisbane Breast Bank based in the Lakhani Lab. FF samples were used for
immunofluorescence experiments in Chapter 3. Blood samples were used to extract
normal DNA utilised in Chapter 4. Pathology reports and Formalin Fixed Paraffin
Embedded (FFPE) tissue samples were requested from Pathology Queensland and
Sullivan Nicolaides (S&N) Pathology laboratories, through the lab head Prof Sunil Lakhani
and A/Prof Margaret Cummings, and were used for all IHC experiments and the molecular
analyses performed in Chapters 3, 4 and 5.

Several patient cohorts were used during the course of this thesis. Firstly, tissue
microarrays (TMAs) representing three main subtypes of breast cancer and breast cancer
progression ((i) Luminal (ML1 TMA), (ii) HER2 (HER2 TMA), (iii) Triple Negative (TN TMA)
and (iv) Progression (PS1 and PS2 TMASs)) were used in Chapter 3. The tissue cores on
these TMAs were derived from cases from the Royal Brisbane and Women'’s Hospital
(RBWH).

Secondly, TMAs consisting of a cohort of 148 invasive lobular carcinomas (ILC) obtained
from S&N were used in Chapter 4 (TMAs named WL1-4). This cohort displays typical
characteristics for this tumour type; 83.3% were grade 2, 96.5% were Oestrogen Receptor
(ER) and/or Progesterone Receptor (PR) positive, 1.4% were HERZ positive, 1.4% were
negative for ER, PR and HERZ2. E-cadherin was negative in 75.8% and aberrantly
distributed in 22.8% of cases, and p120-catenin was aberrantly located to the cytoplasm in
90% of samples (McCart Reed and Kutasovic et al., manuscript under review, J Pathol). In
both Chapters 4 and 5, an unselected cohort of 449 sporadic breast cancer patients
diagnosed between 1987 and 1994 at the RBWH was used for comparison statistics. This
cohort is named the Queensland follow up cohort (QFU TMASs) and displays features of
the general breast cancer population that is recognised worldwide. For example, 57%
were invasive carcinoma of no special type (IC-NST), 14% were ILC and 77% of the
cohort was ER positive (Al-Ejeh et al., 2014, Junankar et al., 2015). In Chapter 4,
pathology reports and FFPE tissue blocks from a cohort of Mixed Ductal-Lobular

Carcinomas (MDL) were collected from RBWH and S&N. In order to establish the specific

47



gynaecological metastasis (GM) cohort of breast cancer patients for Chapter 5, the
Queensland Centre for Gynaecological Cancer (QCGC) clinical database was accessed to
identify patients that had a metastasis to gynaecological sites (in collaboration with Prof
Andreas Obermair). Pathology reports for this cohort were also accessed from Pathology
Queensland. Death and survival data were obtained from the Queensland Cancer Registry
(QCR), where | am a visiting staff member, and treatment data were obtained via the
Clinical Administrative Services (CAS, Queensland Health) database. The patient data for
both the MDL and GM cohorts was then assembled into a password protected Microsoft
Excel database that contained all clinical and pathology data for all patients with for
analysis, including parameters such as the age of diagnosis, size and grade of the tumour,

lymph node and biomarker status.

2.2.Ethics

We have approval from the RBWH and University of Queensland Human Research Ethics
Committee (HREC; 2005000785) for use of patient samples and clinical data (see
Appendix 2.1 for the approval letter). All patients have completed informed consent prior
to banking their samples in the Brisbane Breast Bank (BBB). Retrospective samples from
archival specimens do not require consent as some patients will have died, others are lost
to follow up or are no longer followed up and so it is inappropriate to now seek consent.

2.3. Statistical analysis and graphical representations

Statistical analysis was performed using GraphPad Prism version 6. Chi-square, Fisher’'s
exact test and student’s t-test was performed to evaluate differences between clinical,
pathology and biomarker data between the cohorts under investigation. A p-value of <0.05
was considered significant. All Venn diagrams were created using Venny 2.0 (Oliveros,
2007-2015).

2.4.Tissue microarray construction

A TMA contains many tissue samples (up to several hundred samples) arranged in a
paraffin block, allowing the assessment of any biomarker across many tissue samples.
The combination of these techniques provides a high-throughput way of assessing many
different molecules. The ML-1, HER2, TN, PS1-2, WL1-4 and QYFU TMAs were existing
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resources generated by previous and current members of the Lakhani lab. The
gynaecological metastasis cohort TMA was made specifically for this research. Each
tissue block was sectioned at 4 uM thickness and stained with haematoxylin and eosin
(H&E; see 2.5.2) for morphological analysis and tumour identification. Areas of tumour
were identified and annotated on the slide in preparation for the construction of tissue
microarrays (TMA). The first three TMAs (GM1, GM2, GM3) were constructed using a

Beecher Instrument microarray Technology (www.beecherinstruments.com). TMAs GM4,

GM5 and GM6 were built using TMArrayer (Pathology Devices,
http://www.pathologydevices.com/TMArrayer.htm). Both devices used 1 mm hollow
needles to extract multiple tissue cores from the donor block. One millimetre cores were
chosen, as opposed to 0.6 mm cores, for this project to sample a greater area of tissue
and therefore to try and capture as much tissue heterogeneity as possible. The tissue
cores were placed precisely into a recipient ‘empty’ paraffin block in duplicate. The cores
were arranged with predefined coordinates that results in a series of patient samples
organised onto a grid. The coordinates for this cohort were designed with an individual
case represented in a row to allow assessment of phenotypic changes across multiple
tumours in a patient (see Appendix 2.2 to 2.7 for the TMA maps). Eight or nine cases
were placed on one TMA (8-9 rows), with the number of metastatic sites per case
determining how many cores were in each row (12 cores being the maximum number in
each TMA). A space of 1.7 mm was used in between each core. Unmatched normal breast
was also included on each TMA as a quality control and normal liver tissue was included
to assist with orientation of the TMA. The completed TMA block was placed in a 55°C oven
for 10 minutes to set the cores into the new paraffin block, it was then allowed to reach
room temperature before being placed at 4°C for storage. A 4 uM section was cut after
construction of the TMA and an H&E stain was performed to verify the presence of tumour
tissue in each core. Immunohistochemical staining was then performed on the individual

slides.

2.5, Histological and immunohistochemical Methods

2.5.1. Sectioning and deparaffinisation

Tissue sections were cut at 4 uM from the relevant patient block or TMA using a
microtome (Leica RM2135). Tissue sections were floated on water before being mounted

on cation coated slides and placed in a 37°C oven overnight. The slides were
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deparaffinised in 100% xylene 3 times for 5 minutes each and rehydrated for 2 minutes
each in a series of graded alcohols (100%, 90%, 70%) to water.

2.5.2. Haematoxylin and Eosin staining

Haematoxylin and Eosin (H&E) staining was performed using the Leica ST5010
Autostainer XL with an automatic cover-slipping machine at the Histology Laboratory in the
QIMR Berghofer Medical Research Institute (QIMRB).

2.5.3. Nuclear fast red staining

Tissue sections destined for DNA extractions were stained with nuclear fast red. After
deparaffinisation, the tissue sections were incubated in nuclear fast red for 2 minutes. The
sections were washed twice in water, and then dehydrated in graded ethanol (70%, 90%,
100%). The sections were allowed to air dry before placing at 4°C until ready for micro- or
macro-dissection (see Section 2.7.2).

2.5.4. Immunohistochemistry (IHC)

The general protocol for IHC is given below. The specific Immunohistochemistry (IHC)
conditions for each antibody are summarised in Table 2.1.

Antigen retrieval improves an antibodies ability to bind to the antigen. Antigen retrieval was
performed using the decloaker method with either sodium citrate (0.01M, pH 6.0, 125°C for
5 minutes), EDTA (0.001M, pH 8.8, 105°C for 15 minutes) or chymotrypsin (37°C for 10
minutes) depending on the antibody used. All wash steps were performed using 1 X Tris
Buffered Saline (TBS, pH 7.4). The slides were washed 3 times for 2 minutes each. The
Mach1 Universal HRP Detection Kit (Biocare Medical, LLC. Concord CA 94520 USA) was
used for detection as per the manufacturers instructions. Briefly, after deparaffinisation,
antigen retrieval and washes, the slides were placed in 30% hydrogen peroxide (Sigma
Aldrich, lot # 33420) for 10 minutes to block endogenous peroxidases. After washing,
Sniper (Biocare Medical, LLC. Concord CA 94520 USA) was added to each section to
block non-specific proteins. All antibodies were diluted in TBS, and their specific conditions
optimized, including dilutions and incubation conditions (1 or 2 hours at room temperature,
or 4°C overnight) are presented in Table 2.1. The Mach1 mouse probe was added for 15

minutes if a mouse antibody was used and the universal Horse-Radish Peroxidase (HRP)
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polymer was used as the secondary antibody for 30 minutes. The Biocare Medical Rat
Detection Kit was used for rat-derived antibodies. A solution of 3,3'-Diaminobenzidine
(DAB substrate buffer and DAB chromagen - Biocare Medical, LLC.) was utilised for
antibody visualisation by light microscopy. The slides were washed in water followed by

counterstaining with haematoxylin and cover slipping at QIMRB Histology laboratory.
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Table 2.1 Immunohistochemistry antibodies and conditions

Antibody Cat # Species Source Detection Antigen Antibody | Inc. | Positive Cellular Scoring method
(Clone) method retrieval dilution | time | control | localisation
ER (6F11) NCL-L- M Novocastra MACH1 Citrate 1/100 1h NB Nucleus Positive in the
ER-6F11 nucleus in >1% of
cells
PR (16) NCL-PGR | M Novocastra MACH1 Citrate 1/100 1h NB Nucleus Positive in the
nucleus in >1% of
cells
HER2 A0485 R Dako MACH1 Citrate 1/100 1h NB Membrane | Positive if 3+
(A0485)* membrane staining
HER2 (4B5)* | 790-2991 | R Ventana Ventana Ventana n/a 8 HER2+ | Membrane | Positive if 3+
Ultraview CC1 20 min | tumour membrane staining
DAB mins
EGFR 280005 M Invitrogen MACH1 Chy. 1/100 1h Skin Membrane | Any positivity and
(31G7) percentage of
positive cells
CK8/18 NCL-5D3 | M Novocastra MACH1 Citrate 1/100 1h NB Cytoplasm | Any positivity and
(5D3) percentage of
positive cells
CK5/6 MAB1620 M Millipore MACH1 Citrate 1/300 1h NB Cytoplasm Any positivity and
(D5/16B4) percentage of
positive cells
CK14 NCL- M Novocastra MACH1 Citrate 1/40 1h NB Cytoplasm Any positivity and
(LLOO2) LLOO2 percentage of
positive cells
Ki67 (MIB-1) | M7240 M Dako MACH1 Citrate 1/200 1h NB Nucleus Positive in the
nucleus in >1% of
cells
p53 (D0O7) M7001 M Dako MACH1 Citrate 1/200 1h NB Nucleus Positive in the
nucleus in >10% of
cells
Androgen M3562 M Dako MACH1 Citrate 1/50 1h Prostate | Nucleus Positive in the
receptor nucleus in >1% of
(MR441) cells

Continued next page.
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Table 2.1 Immunohistochemistry antibodies and conditions

Antibody Cat # Species Source Detection Antigen Antibody | Inc. | Positive Cellular Scoring method
(Clone) method retrieval dilution | time | control | localisation
E-cadherin HECD-1 M Invitrogen MACH1 Citrate 1/100 16 h | NB Membrane | Localisation
(HECD-1)* (membranous,
cytoplasmic,
negative)
E-cadherin HECD-1 M Invitrogen Bond Bond ER2 | 1/100 15 NB Membrane Localisation
(HECD-1)* Polymer (pH9) 20 min (membranous,
Refine mins cytoplasmic,
negative)
beta-catenin | 17C2 M Novocastra MACH1 Citrate 1/100 16 h | NB Membrane Localisation
(17C2) (membranous,
cytoplasmic,
negative)
p120-catenin | 98/pp120 | M BD MACH1 Citrate 1/200 1h NB Membrane | Localisation
(98/pp120) transduction (membranous,
labs cytoplasmic,
negative)
GATA3 558686 M BD Ventana Ventana 1/500 32 NB Nuclear Positive in the
(L50-823) transduction | Ultraview CC1 32 min nucleus in >1% of
labs DAB mins cells
FOXA1 ab40868 M Abcam MACH1 Citrate 1/100 1h NB Nuclear Positive in the
(2F83) nucleus in >1% of
cells
N-WASP 48485 R Cell MACH1 Citrate 1/50 16 h | Opt Cytoplasm Any positivity and
30D10) Signalling TMA percentage of
positive cells
ECT2 (n/a) 07-1364 R Millipore MACH1 Citrate 1/50 1h Opt Cytoplasm Any positivity and
TMA percentage of

positive cells

Continued next page.
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Table 2.1 Immunohistochemistry antibodies and conditions

Antibody Cat # Species Source Detection Antigen Antibody | Inc. | Positive Cellular Scoring method
(Clone) method retrieval dilution | time | control | localisation

RacGAP1 sc-98617 | R Santa Cruz MACH1 Citrate 1/100 1h Opt Cytoplasm Any positivity and

(H-300) TMA percentage of
positive cells

N-cadherin X 18-0224 | M Invitrogen MACH1 Citrate 1/150 1h Opt Membrane | Localisation

(3B9) TMA (membranous,
cytoplasmic,
negative)

SNAIL 4719 Rat Cell MACH1 - Citrate 1/40 16 h | Kidney | Nucleus Any positivity and

(SN9H2) Signalling rat kit percentage of
positive cells

Vimentin M0725 M Dako MACH1 Citrate 1/400 1h Opt Cytoplasm Localisation

(V9) TMA (cytoplasmic,
negative)

* IHC for this antibody was initially performed in house but was later performed at Pathology Queensland using the more reliable Ventana

Autostainer. M: Mouse, R: Rabbit; Inc. time: Incubation time; 1 h: 1 hour at room temperature, 16 h:16 hours at 4°C; NB: Normal breast; Opt TMA: An

optimisation TMA containing various tissues including breast, prostate, testis, ovary, pancreas, tonsil, thyroid, liver, skin and various breast tumour

types; Citrate antigen retrieval conditions: pH 6.0, 125°C for 5 minutes. Chy: Chymotrypsin antigen retrieval, 0.5%, pH 7.8, 37°C for 10 minutes.
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Table 2.2 Immunofluorescence antibodies and conditions

Primary Cat# | Species Source Isotype | Fixation | Dilution | Inc. | Secondary | Dilution | Channel Source Cat #

antibody time antibody

(Clone)
ECT2 (n/a) | 07- R Millipore IgG PFA 1/50 16 Goat anti- 1/400 594 Life A11072

1364 hrs rabbit Technologies

E-cadherin | X18- M Zymed IgG1 PFA 1/100 1 hr | Goat anti- 1/400 594 Life A21121
(4A2C7) 0223 mouse Technologies
Collagen4 | M0785 | M Dako IgG1 PFA 1/50 1 hr | Goat anti- 1/400 594 Life A21121
(Coll4) mouse Technologies
CK14 NCL- M Novocastra | IgG3 PFA 1/50 1 hr | Goat anti- 1/400 594 Life A21151
(L0022) L0022 mouse Technologies
CK8/18 NCL- M Novocastra | IgG1 PFA 1/100 1 hr | Goat anti- 1/400 594 Life A21121
(5D3) 5D3 mouse Technologies
E-cadherin | HECD- | M Invitrogen IgG1 Methanol | 1/100 16 Goat anti- 1/400 594 Life A11072
(HECD-1) 1 hrs mouse Technologies
N-WASP 48485 'R Cell IgG Methanol | 1/50 16 Goat anti- 1/400 594 Life A21121
(30D10) signalling hrs rabbit Technologies
M: Mouse, R: Rabbit. PFA: 4% paraformaldehyde. Inc. time: Incubation time; 1 hour at room temperature, 16 hours at 4°C.
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Microscopy and Image analysis

Following IHC, all slides were assessed under a light microscope and if the staining was
successful, the slides were scanned digitally using the Leica Aperio Scanscope XT or AT
Turbo located at QIMRB. Scanned images are available to view online using the software
program Spectrum. This program allows the tissue section to be reviewed and using the
relevant TMA map, an image of each individual tissue core on a TMA section can be
segmented and extracted as individual JPEG images. These images were analysed using
a photo-viewing program. The extracted JPEG images of each individual TMA tissue core
have been analysed and scored using Apple iPhoto software. In iPhoto, keywords can be
assigned to individual images that are used to assign scores to each image. The images
are then meta-tagged into folders of the same tag (score), and each folder can be
exported and assigned a score. The scores and core coordinates (which are matched to
patient data) are assembled into a Microsoft Excel. This was repeated for all antibodies to

gain a comprehensive immunophenotype profile of each case.

2.6.Immunofluorescence staining of fresh frozen tissue

Fresh frozen tissue sections were cut (7 uM) with a cryostat at -28°C (Leica MICROM HM
550). The tissue was fixed on the slide after air-drying, with the optimised fixative (either
100% ice cold methanol; 3:2 100% acetone:methanol at -20°C; or, 4% paraformaldehyde
in PBS — depending on the antibody used; Table 2.2) for 10 minutes. After air-drying, the
slides were washed in TBST (0.05% Tween-20 in 1 X Tris buffered saline) and exogenous
peroxidases inactivated in 3% hydrogen peroxide for 10 minutes. A blocking buffer of FBT
(5% FBS, 1% BSA, 0.05% Tween-20, 10mM Tris (pH 7.5), 100mM MgCl,) was used for 30
minutes to block non-specific proteins. The primary antibody was diluted in FBT at the
concentration optimised for frozen tissue (see Table 2.2) and incubated for 1 hour at room
temperature. After washing in TBST, the secondary antibody (also diluted in FBT (see
Table 2.2)) and DAPI nuclear counter-stain (1/10000 dilution) were added to the tissue
section and incubated for 30 minutes. Prolong Gold (Life Technologies, Cat # P36930)
was used to mount the sections after washing and the coverslip sealed with nail polish.
The sections were stored at 4°C in the dark until imaging with a fluorescent microscope
(Zeiss Axio Imager M1). Negative controls (no primary antibody), were run in parallel with

every sample.
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2.7.DNA isolation and quantification

2.71. Laser Capture Micro-dissection (LCM)

Tissue samples were micro-dissected using the Leica LMD 7000 laser dissection
microscope. Tissue sections were cut at 10 uM onto polyethylene naphthalate (PEN)
membrane-coated slides (Leica, Cat # 11505158). Areas of interest were cut and collected
into tubes containing 30 ulL of tissue lysis buffer ATL (Qiagen). The tissue was digested
overnight with 10 pL of proteinase K (Invitrogen, Cat # 25530049) at 55°C with shaking.
DNA was extracted using Qiagen QlAamp DNA Micro kit (Qiagen, Cat # 56404 ) following
the manufacturers instructions with the following modification - the DNA was eluted off the
MinElute columns with 25 uL of 37°C molecular grade DNase and RNase free water that
was incubated on the column for 30 minutes. This elution step was repeated to ensure as

much DNA was eluted off the column as possible.

2.7.2. Macro-dissection using needle scraping

Tissue samples that had clear tumour margins and didn’t require micro-dissection were
separated from surrounding tissue under a stereomicroscope using a fine needle. A small
drop of ATL buffer (Qiagen) was placed on the slide. The needle was used to scrape a
small amount of buffer onto the tissue section, and the buffer allowed the tissue area of
interest to be removed from the slide. The macro-dissected tissue was placed into a tube
containing 180 uL of ATL buffer, with 20 uL proteinase K. The tissue was digested in a
shaking incubator at 55°C for three days, with two 20 uL proteinase K additions each day
to ensure complete tissue digestion. The DNA was extracted using the Qiagen QIAmp
DNA Micro Kit as per the manufacturers instructions.

2.7.3. FFPE tissue cores

DNA was also extracted from cores of tissue taken using a 1 mm TMA biopsy needle. On
average 4-6 cores were taken per block and these were finely minced in a sterile petrie
dish and transferred to a 1.7 mL Eppendorf tube. The cores were deparaffinised in a series
of xylene (3 x 5 minute treatments) and rehydrated in ethanol (100%, 90%, 70% for 2
minutes each). The samples were then treated with 1M sodium thiocyanate overnight in a
37°C oven with shaking. The sodium thiocyanate was removed, followed by two 1x
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Phosphate Buffered Saline (PBS) washes for 10 minutes each. The tissue was then
digested in 180 uL of ATL buffer (Qiagen) with 40 uL of Proteinase K and incubated at
55°C with shaking for 3 days, with spiking of fresh Proteinase K (20 uL) each day. DNA
was extracted using the Qiagen DNeasy Blood and Tissue kit (Qiagen, Cat # 69506)
according to the manufacturers instructions with the following modification: instead of
using the AW2 buffer, we performed two 70% ethanol washes, as recommended by
Agilent to remove impurities that interfere with the labelling protocol for array comparative
genomic hybridisation (see 2.11.3). The DNA was eluted off the Minispin columns twice

with 50 uL of 37°C water following incubation on the column for 30 minutes.

2.8. Ethanol precipitation of low concentration samples

Ethanol precipitation was utilised to increase the concentration of samples that were too
dilute for array CGH. Both DNA elutions were combined, measured, and the volume made
up to 250 uL with nuclease free water. To precipitate the DNA, our laboratory’s optimised
protocol was as followed: 1/10 volume of 3M sodium acetate pH 5.2, 2.5 volumes of ice-
cold 100% ethanol and 1 uL of glycogen (Invitrogen, Cat # 10814-010) was added to each
tube, mixed, and incubated in an esky of ice at 4°C overnight. The next day, the tubes
were centrifuged at 12,000 g for 30 minutes at 4°C. The pellet was washed twice with 70%
ethanol, spinning each time at 12,000 g for 10 minutes. The pellet was air dried at room
temperature and was dissolved in 12-25 uL of 37°C nuclease free water and incubated at

37°C for half an hour to help dissolve the pellet.

2.9. DNA quantification and quality control

The NanoDrop spectrophotometer (Thermo Scientific) quantifies DNA using visual light
spectrophotometry. The NanoDrop provides the sample concentration, as well as both
260/280 and 260/230 reading ratios. These ratios provide an indication of sample purity,
where a 260/280 ratio of 1.8 denotes pure DNA and a 260/230 ratio of between 2.0-2.2 is
desired for good DNA purity. Since all nucleic acids absorb light at 260 nm, the Nanodrop
tends to over-estimate sample concentration as it will detect all nucleic acids, including
small fragments, single stranded DNA and contaminating RNA present. The Qubit
fluorometer 2.0 (Life Technologies) more accurately quantitates DNA because the assay
utilises fluorescent dyes that only emit a signal when bound to double-stranded DNA. The

fluorometer generates a standard curve using standards that are provided to calculate the
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sample and stock concentrations. Both the Qubit dsDNA BR (Broad Range, Cat #
Q32850) and HS (High Sensitivity, Cat # Q32851) kits were used depending on the size of

the sample input. The assays were carried out following the manufacturers instructions.

2.10. lllumina Infinium HD FFPE QC assay

DNA quality of samples selected for array comparative genomic hybridisation was
assessed using the lllumina Infinium HD FFPE QC assay following the manufacturers
protocols (Part # 15020981 Rev. C.). This gPCR based assay used SYBR Green 2x qPCR
Master Mix (Life Technologies, Cat # 4309155) and the Illlumina FFPE QC kit (Cat # WG-
321-1001). All DNA samples were diluted in nuclease free water to 1 ng/uL and each
sample was amplified in triplicate in a final reaction volume of 10 uL. The samples were
analysed using the ABI StepOne Real-Time PCR machine using the Applied Biosystems
StepOne software v2.1 (Applied Biosystems). The data was analysed as per
manufacture’s instructions. Briefly, any replicates whose C, value diverged by more than
half a cycle were removed from analysis. An average C, for each sample was recalculated
and for the standard template control provided in the FFPE QC kit. The average C, value
for the template control was subtracted from the average C, of each sample to compute a
delta C4 and all samples with a delta Cq value of less than 5 were deemed suitable for

downstream applications.

2.11. Genomic analyses

2.11.1. Target enrichment DNA sequencing

Capture-based targeted sequencing was performed using the Agilent SureSelect Target
Enrichment system for lllumina paired-end sequencing following the manufacturer’s
instructions (Manual part number G7530-90000, Version 1.7, July 2014. Agilent
Technologies, Inc). The panel was designed by Dr Peter Simpson, and Table 2.3 contains
a list of the genes targeted and the regions covered. The genes were selected based on
the most frequently mutated genes in breast cancer, including some important oncogenes
and tumour suppressor genes that undergo amplification and deletion. Other genes were
selected based on their role in hormone signalling or cell-cell adhesion. The library

preparation and sequencing were performed at Queensland Centre for Medical Genomics
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(QCMG; Institute of Molecular Biosciences). The samples were analysed using Agilent’s

SureCall software.

Table 2.3 Custom gene list for the Agilent SureSelect sequencing panel

Gene Gene Name Description References
Symbol
AKT1 AKT Altered in 2% of breast cancer. 1,3
Sometimes amplified.
AR Androgen receptor Role in hormone signalling. 3
Altered in 2% of breast cancers.
ARID1A AT rich interactive domain 1A | Putative epigenetic tumour 2,3,9
suppressor, altered in 3% of
breast cancers.
BRCA1 Breast cancer 1, early onset | Germline predisposition. 1
BRCA2 Breast cancer 2, early onset | Germline predisposition. 1
CBFB Core-binding factor, beta Altered in 4% of breast cancer, 1,3,4
subunit mutated and deleted
CCND1 Cyclin D1 Frequently amplified in breast 3
cancer (16%).
CDH1 E-cadherin Frequently mutated in breast 1,3
cancer, especially in lobular
breast cancer.
CDK4 Cyclin-dependent kinase 4 Frequently amplified in breast 1,3
cancer.
CDK6 Cyclin-dependent kinase 6 Frequently amplified in breast 1,3
cancer.
CDKN1B Cyclin-dependent kinase Frequently altered in breast 1,3,9
inhibitor 1B (p27) cancer.
CDKN2A Cyclin-dependent kinase Deleted in breast cancer. Some | 1,3
inhibitor 2A amplification.
CDKNZ2B Cyclin-dependent kinase Deleted and sometimes 1,3
inhibitor 2B (p15) amplified in breast cancer.
CTNNA1 Alpha-catenin Role in cell-cell adhesion.
CTNNB1 Beta-catenin Role in cell-cell adhesion.
CTNND1 p120-catenin Role in cell-cell adhesion.
CTTN Cortactin Frequently amplified in breast 3
cancer (14%).
ERBB2 Human epidermal growth Frequently amplified in breast 1,3,5
factor receptor 2 (HER2) cancer. Mutated in some ILC.
ERBB3 Human epidermal growth
factor receptor 3 (HER3)
ESR1 Oestrogen receptor alpha Role in hormone signalling. 3,6
Mutated in some ER+
metastases. Amplified in 4% of
primary breast tumours.
ESR2 Oestrogen receptor beta Role in hormone signalling.
ESRRA Oestrogen related receptor Role in hormone signalling.
alpha
ESRRB Oestrogen related receptor Role in hormone signalling.

beta

Continued next page
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Table 2.3 Custom gene list for the Agilent SureSelect sequencing panel

Gene Gene Name Description References
Symbol
ESRRG Oestrogen related receptor Role in hormone signalling. 3
gamma Frequently amplified (14%)
FANCA Fanconi anaemia, Germline predisposition, deleted | 3, 7
complementation group A in approx. 4% of breast cancer.
FGFR1 Fibroblast growth factor Frequently amplified in breast 1,3
receptor 1 cancer (14%).
FGFR2 Fibroblast growth factor Altered in 3% breast cancers. 1,3
receptor 2 Amplified or mutated.
FOXA1 Forkhead box A1 Frequently mutated in breast 1,3
cancer, focal amplifications
occur.
GATA3 GATA binding protein 3 Mutated in >10% of all breast 1,3
cancers, enriched in Luminal A
subtype.
JUP Gamma-catenin Role in cell-cell adhesion.
KRAS KRAS Germline predisposition, 1,3,8,9
amplified in some triple negative
breast cancers.
MAP2K4 Mitogen-activated protein Focal deletions and mutations. 1,3,9
kinase 4
MAP3K1 Mitogen-activated protein Mutations enriched in Luminal A | 1,3, 9
Kinase kinase kinase 1 subtype.
MDM?2 MDM2 oncogene, E3 Frequently amplified in breast 1,3
Ubiquitin protein ligase cancer.
MLL3 Lysine specific Frequently mutated in breast 1,3,9
methyltransferase 2C cancer. Focal deletions occur.
NCOR1 Nuclear receptor corepressor | Altered in 5% breast cancer. 3,9
1
NF1 Neurofibromin 1 Germline predisposition. Altered | 3, 9, 10
in 6% of breast cancer.
NR3C1 Glucocorticoid receptor Role in hormone signalling.
PGR Progesterone receptor Role in hormone signalling. 3
Amplified or deleted in 3% of
breast cancer.
PIK3CA Phosphatidylinositol-4,5- Mutated in >10% of all breast 1,3
bisphosphate 3-kinase, cancers. Enriched in Luminal A
catalytic subunit alpha subtype. Focal amplifications
occur.
PTEN Phosphatase and tensin Frequently altered in breast 1,3, 11
homolog cancer. Germline predisposition.
Focal deletions.
RB1 Retinoblastoma 1 Frequently deleted in breast 1,3
cancer.
RUNX1 Runt-related transcription Frequently mutated in breast 1,4
factor 1 cancer.
TBX3 T-box 3 Frequently mutated in breast 1,9
cancer.
TP53 p53 Mutated in >10% of all breast 1,3

cancers Germline
predisposition.

1(The Cancer Genome Atlas Network, 2012) 2(Wu and Roberts, 2013) 3(Cerami et al., 2012) and
(Gao et al., 2013) 4(Banerji et al., 2012) 5(Ross et al., 2013) 6(Robinson et al., 2013a) 7(Seal et al,,
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2003) 8(Paranjape et al., 2011) %(Stephens et al., 2012) '%(Sharif et al., 2007) "(Lynch et al.,
1997). Mutation, amplification and deletion percentages were derived from the cBioportal

(http://www.cbioportal.org).
2.11.2. Whole exome sequencing and data analysis

Whole exome sequencing was performed on a select number of cases of Mixed Ductal-
Lobular Carcinomas and cases with gynaecological metastases that had DNA from the
primary tumour and multiple metastatic sites. The exome sequencing was performed by
Macrogen using the Agilent SureSelect Exome Capture kit v4 and QCMG using the
lllumina Nextera Rapid Capture Exome Kit (9-plex) using 200 ng of DNA and following the
manufacturers instructions. Exome sequencing was performed using the lllumina 2500
HISEQ platform at QCMG. QCMG has automated pipelines that channel the data from the
sequencer through to computational infrastructure that checks data integrity, prepares raw
sequencing data for mapping and alignment, and archives and stores data. Dr Katia
Nones analysed the exome data and somatic variants were called as per (Bessette et al.,
2015), where the sequencing data was aligned to the reference human genome hg19
using BWA (Burrows-Wheeler alignment tool (Li et al., 2009)). Somatic variants were
identified using both gSNP (Kassahn et al., 2013) and the Genome Analysis Tool Kit
(GATK (McKenna et al., 2010)). The functional effects of any identified variants were
determined using several online tools. To determine the pathogenicity of the mutations on
the protein product, Provean (Protein Variation Effect Analyzer (Choi et al., 2012)) and
PolyPhen-2 (Polymorphism Phenotyping v2 (Adzhubei et al., 2010)) were used. The online
software program IntOGen (Integrative Onco Genomics (Gundem et al., 2010)) was used
to determine if mutations were found in cancer driver genes and assess the functional
contribution of mutations in biological pathways. Based on data generated from thousands
of cancer genomes, the IntOGen pipeline uses multiple tools, including OncodriveFM
(Lawrence et al., 2013), and OncodriveCLUST (Tamborero et al., 2013) to identify genes
whose mutations are selected for during tumour development that are likely drivers.
OncodriveFM identifies genes which accumulate mutations with a high functional impact
(FM bias) and OncodriveCLUST identifies genes whose mutations cluster in particular
regions of the protein sequence (CLUST bias). A functional impact score is assigned to
each gene (None, Low, Medium or High) and the software determines the frequency of the
mutation in each gene and/or pathway within the project.
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211.3. Array based Comparative Genomic Hybridisation (CGH)

DNA was sent to the Ramaciotti Centre for Genomics for array Comparative Genomic
Hybridisation (CGH) to measure DNA copy number changes on the Agilent SurePrint G3
Human CGH Microarray in either the 60K and 180K formats. Two array densities were
used to accommodate variations in DNA concentrations obtained from the FFPE tissue
samples, allowing us to include the low concentration samples on the 60K chip. A total of
68 samples were suitable for the 180K array (at a minimum of 500 ng total in a
concentration of 62.5 ng/uL) and 16 samples for the 60K array (250 ng at 32 ng/ulL) from
27 cases. The samples were labelled with Cy5 (and the female reference DNA labelled
with Cy3) following the ULS protocol (Manual part number G4410-90020, Version 3.4, July
2012. Agilent Technologies, Inc). The ULS labelling system is a non-enzymatic assay that
directly labels DNA with the fluorescent dye, and is recommended for use with DNA
derived from FFPE samples. The samples were hybridised on the array for 40 hours

before microarray washing and scanning.

Preliminary analysis of the data was performed by assessing the quality control documents
generated for each sample. The raw data was imported into Agilent’'s Cytogenomics
software package version 3.0 to generate copy number profiles for each sample.

Frequency plots were also generated with the help of a bioinformatics PhD student in our
lab (Mr Samir Lal). The frequency plots were generated using the R programming software
as follows. Background and median normalisation of the arrays was performed using the
snapCGH package (Smith et al., 2006). Tumour sample copy number log2 ratios were
segmented using circular binary segmentation (CBS) and then smoothed using the
DNAcopy package (Olshen et al., 2004). The median of the log2 ratios + 10 or + 40 was
computed using 50% of the central probes for gains and amplifications, respectively. For
losses, the median of the log2 ratios -1.70 and -6.8 o was used to call heterozygous
deletions and homozygous deletions, respectively. Frequency of gains, amplifications and
deletions were achieved using the copy number package (Nilsen et al., 2012). GISTIC2.0
(Genomic Identification of Significant Targets in Cancer) was performed to identify regions
from CBS smoothed segments that are significantly amplified and deleted (Mermel et al.,
2011). Each region is assigned a G-score that considers the amplitude and frequency of
the alteration across samples. The false discovery rate g-value is then calculated for these
aberrant regions and a cut off of less than 0.05 was used. For each of the significant
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regions a “peak region” is identified. These significant peak regions are comprised of the
aberrant regions with the greatest amplitude and frequency of alteration. “Wide peak”
regions are determined to allow for errors in the boundaries of significant peaks in a single
sample. Genes in the “wide peak” boundaries are reported.

Using the human reference genome build (hg18) from the UCSC genome browser, genes
were selected if they fell completely within CBS-identified copy nhumber segment from
samples using GenomicRanges package (Lawrence et al., 2013). Genes that were not
found completely within a copy number segment were filtered out. A gene by sample
matrix of copy number calls was generated using the plyr package (Wickham, 2011).
Annotation information for each gene was obtained using the biomaRt package (Durinck et
al., 2009).

2.12. Meta-analysis of publically available genomic data

The Cancer Genome Atlas (TGCA) is a coordinated project aiming to catalogue all
genomic alterations among specific cancer types. The data is freely accessible to the
public online providing all of the molecular data (somatic mutation, copy number alteration,
gene expression, methylation, reverse phase protein arrays) that has been done on every
specimen to date (as of July 2015, 21441 tumour samples from 91 cancer studies).

The genomic data is available for download through the TCGA Data Portal (National
Cancer Institute; https://tcga-data.nci.nih.gov/tcga/tcgaDownload.jsp) or the cBioportal
(Cerami et al., 2012, Gao et al., 2013). An analysis of gene expression patterns across
different breast cancer subtypes from TCGA was performed for genes involved in actin
cytoskeleton regulation (Chapter 3). Box and whisker plots (where the whiskers represent
the 10™ — 90™ percentile) were produced using the RNASeq z-scores of expression levels
for each transcript using Graph Pad Prism version 6 to compare gene expression levels
between the different subtypes of breast cancer: morphological type combined with
biomarker expression (i.e. IC-NST that are ER- HER2+, or ER+ HER2-, or ER+ HER2+, or
triple negative, and lobular) and molecular subtypes (i.e. Luminal A, Luminal B, HER2,
basal and normal-like). Ordinary one-way ANOVA tests were performed to assess if there

were any significant differences in expression between the different subtypes.

All mutation data was downloaded from the TCGA for 29 Mixed Ductal Lobular carcinomas
that underwent sequencing as part of the TCGA breast cancer sequencing project

(Chapter 4). Digital copies of the tumour diagnostic slides for the TCGA samples were
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accessed from the Cancer Digital Slide Archive (http://cancer.digitalslidearchive.net) to

verify the diagnosis of specific tumour types.

2.13. Cells and cell culture

The human invasive lobular carcinoma cell line IPH-926 was obtained via collaboration
with Matthias Christgen from the Hannover Medical School, Germany (Christgen et al.,
2009). MDA-MB-134VI and MCF7 human breast cancer cell lines were obtained from the
American Type Culture Collection (ATCC). IPH-926 was grown as a monolayer in RPM1-
1690 media (Life Technologies, Cat # 22400089) supplemented with 20% foetal bovine
serum (FBS, Gibco/Invitrogen, Cat # 10099141) and antibiotic/antimycotic (Ab/Am; 1x,
Gibco/Invitrogen, Cat # 15240062), insulin (1 mg/mL, Sigma, Cat # 15500), HEPES (Gibco,
Cat # 15630), glutamine (200mM, Gibco, Cat # BS003583) and sodium pyruvate (100 mM,
Invitrogen, Cat # 11360). MDA-MB-134VI was grown in DMEM media supplemented with
20% FBS, glutamine (200 mM) and Ab/Am (1x). MCF7 was grown in DMEM media with
10% FBS, glutamine (200 mM), Ab/Am (1x) and insulin (1 mg/mL). All cell lines were
grown in a humidified atmosphere containing 5% CO, at 37°C. Once the cells reached
confluency, the cells were removed from the T75 flask using trypsin (TrypLE, Life
Technologies, Cat # 12605010) and the cells were counted using the Countess (Life

Technologies).

Fixing cells onto coverslips

IPH-926 and MDA-MB-134VI| were grown on coverslips for IF analysis. Autoclaved glass
coverslips were placed inside each well of a 24 well plate, upon which 20,000 to 40,000
cells were plated. Once the cells reached approximately 70-80% confluency, they were

fixed using 100% ice-cold methanol for 5 minutes and stored in PBS buffer until use.

Immunofiluorescent staining

Immunofluorescent staining on cells on coverslips was performed as described in Section
2.6 with some modifications. After the cells were fixed, the coverslips were removed from
the plate and IF performed on a sheet of Parafilm, whereby each reagent was spotted to
form a bubble that the coverslip is then moved between. The cells were washed with
PBST (0.05% TWEEN-20 in 1x Phosphate Buffered Saline) and permeabilsed using 0.1%
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Triton-X in 1X PBS. The primary and secondary antibodies were diluted in FBT, the
blocking agent, and incubated for the time specified in Table 2.2. DAP| was used to
counter-stain the nuclei and was diluted 1/10000 in FBT and incubated for 5 minutes. The
coverslips were mounted onto glass slides using 3 uL of Prolong Gold mounting medium.

The IF was visualised using a fluorescent microscope (Zeiss Axio Imager M1).
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Chapter 3

INVESTIGATING THE ROLE OF THE ACTIN
CYTOSKELETON REGULATORY
MOLECULES IN THE DISRUPTION OF E-
CADHERIN IN BREAST CANCER
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3. Investigating the role of actin cytoskeleton regulatory molecules in the
disruption of E-cadherin in breast cancer

3.1.  The actin cytoskeleton

Within the cytoplasm of every cell, a skeleton made up of numerous proteins forms a
complex network that allows the cell to hold and change its shape, enables cellular
migration and determines cellular polarity in response to extracellular stimuli. The
cytoskeleton is made up of three major protein families that form three main types of
filaments; (i) intermediate flaments provide mechanical strength for the cell; (ii)
microtubules are responsible for directing intracellular transport and the positions of
membrane-enclosed organelles; and, (iii) actin filaments are essential for determining cell

shape and locomotion (Figure 3.1).

Figure 3.1: The cytoskeleton is made up of many molecules including the microtubules
(stained green) and actin filaments (stained red) (Alberts et al., 2008); with permission from

Garland Science.

The cytoskeleton is dynamically regulated by many accessory proteins and is continually
reorganised to adapt to the cell’s changing circumstances. The actin cytoskeleton in
particular is a dynamic structure that undergoes continual assembly of monomeric G-actin
molecules that form a polymer called filamentous (F)-actin, followed by disassembly and
remodelling. Many molecules are involved in maintaining the actin filament network,
including aspects of assembly, turnover and maotility- for example, the Arp2/3 complex that
stimulates actin assembly, and the myosin molecular motor proteins that attach to actin
filaments and “walk” along them, generating contractile forces. The Rho families of small
GTP-binding proteins control the regulation of actin structures (i.e. Rho itself for contractile

acto-myosin filaments ("stress fibres"), Rac for lamellipodia and Cdc42 for filopodia (Nobes
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and Hall, 1995, Hall, 1998)). In non-muscle cells, actin filaments are formed proximal to

membrane surfaces (Alberts et al., 2008).

3.1.1. E-cadherin and the actin cytoskeleton

Cadherin junctions and the actin cytoskeleton are interdependent and their relationship is
highly dynamic. Rac and Rho signalling are vital for this interaction (Braga et al., 1997). It
has been observed in vitro that disruption of the actin cytoskeleton either by drugs,
mutation of key actin regulators, or depletion by RNAI, that cadherin interactions are
adversely effected (Angres et al., 1996, Baum and Perrimon, 2001, Mangold et al., 2011).
The homophilic interactions of cadherin molecules between cells has been shown to
reorganise the actin cytoskeleton and can activate various signal transduction pathways
that recruit key regulators of the actin cytoskeleton to the adhesion junction (Gloushankova
et al. 1997, Kovacs et al. 2002b, Vasioukhin et al. 2000).

The physical interaction of E-cadherin with the actin cytoskeleton is also dynamic and a-
catenin plays a significant role in this interaction (Figure 3.2). This is via direct physical
binding of the C-terminus of a-catenin with F-actin, or indirectly through other signalling
macromolecules such as the centralspindlin complex (see below). E-cadherin
concentrates in a continuous ring at the apico-lateral interface between neighbouring cells.
This structure is an adherens junction known as the zonula adherens. The zonula
adherens are also a site for rings of actin flaments, and coupled with E-cadherin binding,
this complex of actin filaments is essential for zonula adherens integrity (Harris and
Tepass, 2010).

Cadherin

Figure 3.2: The adhesion junction. The catenin
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3.1.2. E-cadherin, the actin cytoskeleton and breast cancer

A hallmark feature of a cancer cell is its ability to invade locally and systemically. In order
for a cell to become invasive, it must first detach from its neighbouring cells and rearrange
its cytoskeleton to produce contractile forces in order to move. Invasive lobular carcinomas
are an archetypal example of a tumour cell that invades in a single file of discohesive cells
throughout the breast parenchyma. The classical immunophenotype of invasive lobular
carcinoma (ILC) is the loss of E-cadherin expression, alongside loss of a, 3 and y-catenin
and the relocalisation of p120 catenin to the cytoplasm. It was demonstrated that this
relocalisation of p120 catenin was capable of activating Rho/Rock signalling which
activates downstream actin cytoskeleton remodelling pathways (Schackmann et al., 2011).
Of particular importance was the induction of anoikis resistance pathways, allowing the
cells to survive independent of cell-adhesion by interacting with regulators of the actin
cytoskeleton (Schackmann et al., 2011). This model is in the context of an E-cadherin
(CDHT) mutation. However, many breast cancers show loss of E-cadherin in the absence
of a CDH1 mutation, such as high-grade IC-NST, which may show a transition from an
epithelial to a mesenchymal phenotype (Aleskandarany et al., 2014). Aberrant E-cadherin
localisation, rather than loss, has also been reported for some tumour types, including ILC
(Da Silva et al., 2008) and the lobular component of mixed ductal lobular carcinomas
(MDL), however the mechanisms underlying this phenomenon have not been investigated
to date (See Chapter 4). It is plausible that there may be alterations in molecules involved
in actin cytoskeleton regulation that in turn destabilise the adhesion junction in breast
cancer cells and contribute to the invasive phenotype frequently observed in ILC, the
lobular component of MDLs and high-grade IC-NST.

Regulators of the actin cytoskeleton involved in adherens junction integrity

Our collaborators have a strong interest in the role of the actin cytoskeleton interaction
with adhesion junctions. Recent publications have highlighted two important pathways that
are closely linked to E-cadherin function, including the molecules N-WASP and the

Centralspindlin complex.

Model 1: N-WASP

70



N-WASP (Neural Wiskott-Aldrich syndrome protein — encoded by WASL) is a major
regulatory protein of the actin cytoskeleton, and functions by stimulating the Arp2/3

complex that is responsible for actin polymerisation (Rohatgi et al., 1999).

N-WASP has been identified to localise at the zonula adhesions (and not at the lateral
adhesion junctions), an active site for actin polymerisation (Figure 3.3). A non-canonical
role for N-WASP has been found where it stabilises the cytoskeleton (after Arp2/3 complex
actin nucleation) in order to maintain the integrity of the adherens junction via a pathway
involving the protein WIRE. When N-WASP is removed, junctional F-actin is decreased
and becomes disorganised, however, this loss did not affect actin nucleation at the
adherens junction. The actin stabilising function of N-WASP was dependent upon E-

cadherin adhesion (Kovacs et al., 2011).

E-cadherin Merge

Figure 3.3: Co-immunofluorescent staining of N-WASP and E-cadherin identified co-
localisation of N-WASP at the zonula adherens in Caco-2 colorectal carcinoma cells,
suggesting that N-WASP plays an important role in stabilising the adherens junction

((Kovacs et al., 2011), with permission from Nature Publishing Group).

Oncogenic cell extrusion

In order to regulate the size and space limitations of the epithelia, cells under go apoptosis
to control cell number and prevent overcrowding, and apoptosis is followed by cell
extrusion where the cell is ejected from the epithelial layer (Andrade and Rosenblatt,
2011). Live cell extrusion has also been observed, and this is also followed by apoptosis
and proposed to be a tumour-suppressive process (Eisenhoffer et al., 2012). However, if
the cell is transformed by an oncogene (such as K-Ras, H-Ras, Src and ERBBZ2) and
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surrounded by non-transformed cells, the transformed cell is extruded and is capable of
surviving (termed anoikis resistance, (McFall et al., 2001, Thullberg et al., 2007)), and

proliferating and initiating the outgrowth of a tumour (Hogan et al., 2009, Leung and

Brugge, 2012).

Extrusion is a mechanically active process that involves both the transformed cell and its

neighbours. E-cadherin and actomyosin contractility are important players in extrusion. A

recent study showed that cleavage of the extracellular domain of E-cadherin is a

mechanism driving cell extrusion (Grieve and Rabouille, 2014). N-WASP has also been

implicated in extrusion. Extruding cells have been shown to harbour increased cortical F-

actin intensity compared to neighbouring cells (Grieve and Rabouille, 2014, Wu et al.,

2014). In H-Ras""? transformed cells cultured among wild type cells, N-WASP was found

to redistribute to areas of contact (lateral adherens) and was depleted from the zonula

adherens (Wu et al., 2014). This redistribution resulted in altered junctional tension at the

zonula adherens, yet increased tension at the lateral adherens. The extruding cell has

more F-actin and myosin I, demonstrating N-WASP’s functional role in actin stabilisation.

This was reversed and extrusion inhibited when N-WASP was knocked down (Wu et al.,

2014) (Figure 3.4). Therefore, N-WASP is necessary for extrusion to occur and may play

an important role in cancer initiation or invasion.

a Epithelial maintenance

Apical
Lateral L ‘
)
/"‘ {N-WASP
N-WASP ez e = X o2
Apical »,):‘; A= P R |
N iy N-WASP
" V/ N-WASP 9/
TR — » ‘ g
\/‘\ '-7:.— F-actin/E-cad ::
/," 'b{ cluster Wiy
L | condensation W
W \
Lateral 1 >\ ) \"
b {1 F-actin '\ /\'

. >
/-,/ § ’dlsassembly /," g\
\ \OrN — 1
o U1\ E-cad cluster \
A= dispersal

—r

Figure 3.4: Model of epithelial cell maintenance and extrusion. The redistribution of N-

b Cell extrusion

Redistribution of
apical-lateral

F-actin network
stabilization

F-actin network
stabilization

} E-cadherin cluster
oscillation

1 Network tension

il F-actin network
stabilization

4 E-cadherin cluster
oscillation

¥ Network tension

/—“ N-WASP
— .N~WA.SP = ‘—’.. o=
o et ;l-v:IASP /(_ NWASE
b\
D | 115y
TN ® Lo\
N | NS
A &) A
=

—=— F-actin
E-cadherin
cluster

o Myosin Il

F-actin network
stabilization
E-cadherin cluster
oscillation

¥ Network tension

4 F-actin network
stabilization

il E-cadherin cluster
oscillation

4 Network tension

WASP from the apical adherens junction to the lateral adherens junction facilitates

oncogenic cell extrusion ((Behrndt and Heisenberg, 2014), with permission from Nature

Publishing Group).
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Model 2: The centralspindlin complex and ECT2

The centralspindlin complex and ECT2 are well-characterised molecules involved in
mitosis. The centralspindlin complex is a heterodimer of RacGAP1 and MKLP1, its role in
the mitotic phase of cytokinesis has been well established, where Rho accumulates at the
contractile furrow and regulates the actomyosin-based processes necessary for cell
division (Yoshizaki et al., 2003, Bement et al., 2006, Yuce et al., 2005). ECTZ2 (Epithelial
cell transforming 2) is a guanine nucleotide exchange factor (which catalyses the
exchange of GDP to GTP) for the Rho-family of GTPases. ECT2 is also involved in the
regulation of cytokinesis. Phosphorylated ECT2 catalyses the guanine nucleotide
exchange of the small GTPases, RhoA, Rac1, and Cdc42 during the G2 and M phase of
mitosis. ECT2 is located in the nucleus during interphase, relocalises to the cytoplasm
during prometaphase, and is condensed in the midbody during cytokinesis (Tatsumoto et
al., 1999, Matthews et al., 2012).

A recent study identified both the centralspindlin complex and ECT2 at cell-cell contacts
(zonula adherens) in interphase MCF7 breast cancer cells. Knockdown of ECT2 reduced
junctional localisation of Rho and Rho-GTP that is necessary to support the integrity of the
zonula adherens via recruitment of myosin IlA, and this was rescued when ECT2 was
reintroduced. RacGAP1 was found to co-immunoprecipitate with E-cadherin and a-
catenin, and knockdown of this molecule significantly reduced the amount of ECT2 that co-
immunoprecipitated with a-catenin revealing that the centralspindlin complex serves as an
intermediate that activates ECTZ2 at the zonula adherens and promotes Rho signalling to
support the adherens junction. The centralspindlin complex was also found to
simultaneously prevent Rho inhibition by blocking the recruitment of p190B RhoGAP
(Figure 3.5) (Ratheesh et al., 2012).
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Figure 3.5: The Centralspindlin complex (a heterodimer of RacGAP1 and MKLP1) and ECT2
have been identified at the adherens junction. Both the Centralspindlin complex and ECT2
are required to maintain junctional tension (Image from (Ratheesh et al., 2012), with

permission from Nature Publishing Group).

3.2. Hypotheses and aims

The actin cytoskeleton plays an integral role in maintaining adhesion junctions and we
hypothesise that disruption of the pathways regulating the actin cytoskeleton may
contribute to loss of cell adhesion and an increase in the invasive phenotype that is
observed in some breast cancer subtypes. In particular, invasive lobular carcinomas have
E-cadherin deregulation in approximately 90% of cases. Mutations in E-cadherin’s gene,
CDH1, account for some of, but not all, of the mechanisms behind E-cadherin deregulation
(CDH1 is mutated in 57% of ILC (McCart Reed and Kutasovic et al., 2015)). Aberrations of
molecules that regulate the actin cytoskeleton could therefore be candidates for those
cases with aberrant or lost E-cadherin expression without CDH1 mutation.

This chapter investigates the role of the actin cytoskeleton across many different breast
cancer types using a meta-analysis of publically available gene expression data, somatic
mutation data, and protein analysis by IHC using breast cancer tissue microarrays.
Through collaboration with Prof Alpha Yap we investigated genes that are involved in the
cell adhesion-actin cytoskeleton axis to determine whether deregulation of these could
contribute to the invasive phenotype frequently observed in breast cancer.
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3.3. Results

3.31. Analysis of gene expression changes in regulators of the actin
cytoskeleton

As there are many different actin cytoskeleton regulatory pathways, and since its role in
cancer has only recently come to light, it is very difficult to know which molecules in
particular to focus on; equally, there may be other important pathways that have not yet
been discovered. Therefore we have undertaken a meta-analysis of publically available
whole transcriptome gene expression profiling data, from more than 900 human breast
cancer samples (Section 2.12). This allows us to investigate a large sample size to
potentially see subtle effects of the role of the actin cytoskeleton regulators.

We have selected specific genes involved in actin cytoskeleton regulation (e.g. Arp2/3, N-
WASP), myosin motor proteins (e.g. Myosin Il, Myosin IV) and actin signalling molecules
(e.g. Rho, Rac, ECT2) (see Appendix Table 3.1) that are of interest in the Yap laboratory
(and for which they could provide antibodies) and additional genes involved in these
pathways. An analysis of gene expression patterns was performed across different breast
cancer subtypes from The Cancer Genome Atlas (TCGA) using the cBioportal interface
(Section 2.12; (Cerami et al., 2012) (Gao et al., 2013)).

Box plots (Figure 3.6) for each gene were produced using GraphPad Prism 6 to compare
gene expression levels between the different subtypes of breast cancer: histological type
combined with biomarker expression (i.e. IC-NST that are ER- HER2+; ER+ HER2-; ER+
HER2+; triple negative (TN); and lobular) and molecular intrinsic subtypes (i.e. luminal A;
luminal B; HERZ2; basal and normal-like).

Many genes were differentially expressed between breast cancer subtypes. Through our
collaboration with Prof Alpha Yap, we focused on the differential expression of N-WASP,
ECT2, and RacGAP1 identified between the histological and intrinsic breast cancer

subtypes (Figure 3.6).

N-WASP was found to be slightly up-regulated in the luminal A intrinsic subtype and both
the lobular and ER+ (irrespective of HER2 status) histological subtypes. N-WASP was
slightly down-regulated in the ER- HER2- and triple negative histological subtypes and the
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basal, HER2 and normal-like intrinsic subtypes. ECT2 and RacGAP1 have similar changes
in gene expression within each subtype and were found to be slightly down-regulated in
both the lobular and ER+ HER2- negative histological subtype, and luminal A and normal-
like intrinsic subtypes. ECTZ2 was slightly up-regulated in the HER2+ and triple negative
histological subtypes and basal, HER2 and luminal B intrinsic subtypes, whereas
RacGAP1 was found to be up-regulated in the triple negative and ER+ HER2+ histological
subtypes and luminal B intrinsic subtype (Figure 3.6). There are some cases however with
much higher (or lower) expression compared to the average of the cohort, suggesting that
a change in the expression of these genes may be important in some individual tumours.
These findings suggest that cellular localisation of the protein may be more important than

gene expression.
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Figure 3.6: Gene expression analysis of (a) N-WASP (a.k.a WASL), (b) ECT2 and (c)
RacGAP1 from the TCGA across breast cancer histological and intrinsic subtypes. An
RNASeq z-score is defined as a value indicating the number of standard deviations away
from the mean of expression in the reference population (reference population being either
all tumours that are diploid for the gene in question, or, when available, normal adjacent
tissue). The RNASeq z-scores for each gene were plotted in GraphPad Prism 6; the

whiskers represent the 10" — 90" percentiles.

3.3.2.  Are the genes encoding N-WASP, ECT2 and RacGAP1 ever altered in breast

cancer?

The cBioportal was employed to assess whether the genes of these actin cytoskeleton
regulators were mutated or had copy number alterations in breast cancer (Section 2.12).
In 962 breast cancers with both sequencing and copy number alteration data, the genes
coding for N-WASP (WASL - located on human chromosome 7q31), RacGAP1 (located on
human chromosome 12q13) and ECT2 (located on human chromosome 3926) were rarely
mutated or amplified (Figure 3.7, Table 3.1). ECT2 was most frequently altered compared
to the other genes (amplified in 4.15% of breast cancer cases). There was no correlation
between genomic alteration in any of these genes and histological type. Alterations in N-
WASP, ECT2 and RacGAP1 were mostly mutually exclusive and were present in cases
without CDH1 mutation or alteration (Figure 3.7). Across all cancer types N-WASP was
mutated in 22% of pancreatic cancers, ECT2 was amplified in over 50% of lung
carcinomas and over 30% of ovarian carcinomas, and RacGAP1 was lost in 15% of

adenoid cystic carcinomas (Appendix Figures 3.2, 3.3, 3.4).
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Figure 3.7: Oncoprint of CDH1, WASL (N-WASP), ECT2 and RacGAP1 (n = 178). Visual
summary of alterations in WASL (N-WASP), ECT2 and RacGAP1 in 57/962 (6%) of breast
cancer samples, as presented by the cBioportal. Each box represents an individual sample

and only cases with alterations are included in the image (top panel is the first 89 patients,
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bottom panel is the remaining 89 patients). Alterations in these genes were largely mutually

exclusive and mostly occur in patients with wild-type CDH1.

Table 3.1: Summary of genomic alterations for N-WASP (WASL), ECT2 and RacGAP1 in

breast cancer from the TCGA.

Amplified | Mutated
n (%) n (%)
WASL 11 (1.14) 3(0.3)
ECT2 40 (4.15) 4(0.4)

RacGAP1 2(0.2) 2(0.2)

Gene

Overall, N-WASP (WASL), ECT2 and RacGAP1 are rarely mutated or have a change in
copy number in breast cancer, and therefore alternative methods are likely to contribute to
their changes in gene expression.

3.3.3. Protein analysis of regulators of the actin cytoskeleton

As the meta-analysis showed few genomic alterations in the genes encoding N-WASP,
ECT2 and RacGAP1, we proposed that a change in phenotype might manifest at the
protein level. Therefore, the protein levels were assessed by the use of
immunohistochemistry on specialised tissue microarrays (TMA) (Sections 2.1 and 2.5.4).

E-cadherin, N-WASP, ECT2 and RacGAP1 were investigated on four existing collections
of TMAs spanning a variety of breast tumour types (ILC, HER2 positive and triple negative
IC-NST, and a progression series of pre-invasive lesions with matched invasive tumours
(Section 2.1)). The following data describes the expression of N-WASP, ECT2 and
RacGAP1 in normal breast tissue and in breast cancer, followed by the correlation of
expression of these markers with E-cadherin protein expression.

Each protein was scored for localisation (membranous, cytoplasmic or nuclear), the
intensity of protein expression (1+, 2+, 3+) and the percentage of positive cells. Only 2+
and 3+ staining intensity was considered positive, since 1+ staining was weak. The
expression was compared between histological type (ILC and IC-NST) and each
histological type was further stratified by tumour grade, and surrogate intrinsic subtype
based on expression of ER, PR and HER2 by immunohistochemistry (luminal-like:
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ER+/PR+/HER2-; luminal/HER2: ER+/PR+/ HER2+ or ER+/PR-/HER2+; HER2: ER-/PR-
/HER2+; TN: ER-/PR-/HERZ2-).

It should be noted that in these cohorts the majority of IC-NST are either HER2-amplified
or triple negative, therefore the results are slightly biased towards a cohort of more
aggressive types and cancer. All statistical analyses were derived using the Chi-square
test unless otherwise specified. A cut off of p < 0.05 was considered significant.

3.3.3.1. N-WASP expression in normal breast and breast cancer
There were 10 normal breast samples available for IHC analysis of N-WASP expression.

Five of the normal breast samples were negative for N-WASP, and 5 cases showed weak

1+ staining in the cytoplasm in over 80% of the normal breast cells (Figure 3.8).
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Figure 3.8: N-WASP is weakly expressed in the cytoplasm of normal breast.

There was a total of 81 IC-NST and 43 ILC available for analysis. Overall, N-WASP is
more frequently expressed in ILC than IC-NST (ILC: 39/43, 90.6%; IC-NST: 43/81, 53.1%;
Table 3.2; Figure 3.9) and this difference was found to be statistically significant (p =
0.0001; Figure 3.10). When only considering 2+ and 3+ as positive, 55.8% of ILC were
positive, compared with only 23.5% of IC-NST and this was still statistically significant (p =
0.0003).
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Figure 3.9: N-WASP expression in breast cancer. Representative images of staining

intensity (1+, 2+, 3+) in ILC and IC-NST. Inset in the 3+ rows shows cytoplasmic localisation.
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Table 3.2: IHC of N-WASP in IC-NST, ILC and their IHC-derived intrinsic subtypes.

IC-NST (n=81); n (%)
Luminal- | Luminal/
N-WASP like HER2 HER2 TN Total
Neg 5(27.8) 11 (61.1) 13 (61.9) 9 (40.9) 38 (48.1)
1+ 8 (44.4) 4 (22.2) 4 (19.0) 8 (36.4) 24 (30.4)
2+ 4 (22.2) 4 (22.2) 4 (19.0) 3(13.6) 15 (19.0)
3+ 1(5.6) 1(5.6) 0 2(9.10 4 (5.1)
Total 18 20 21 22
ILC (n=43); n (%)
Luminal- | Luminal/ ER/PR
N-WASP like HER2 neg Total
Neg 3(7.7) 0 1 (100) 4 (9.3)
1+ 12 (30.8) 3 (100) 0 15 (34.9)
2+ 20 (51.3) 0 0 20 (46.5)
3+ 4 (10.3) 0 0 4 (9.3)
Total 39 3 1
N refers to number of informative cores. TN = triple negative.
N-WASP expression in ILC vs. IC-NST
1.0
[ ] Neg
1 1+
B 2+
B 3+
0.5+
p = 0.0001
ool ey DN

IC-NST ILC

Figure 3.10: N-WASP is more frequently expressed in ILC compared to IC-NST (Chi-square
test, p = 0.0001). A cut off of p < 0.05 is considered significant. Staining intensity was
recorded; negative (0), weak (1+), moderate (2+) and strong (3+). When considering only 2+
and 3+ as positive, the expression of N-WASP remained statistically significant between IC-
NST and ILC (p = 0.0003))

When stratified into IHC-surrogates for intrinsic molecular subtypes, the ILC primarily fell
into the Luminal-like group (90%) as expected, and N-WASP was positive in 61.6% of
these cases. Three ILC cases expressed HERZ2 and they all had 1+ weak cytoplasmic
staining of N-WASP. IC-NST is a much more heterogeneous group, however, across all
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intrinsic subtypes, N-WASP was frequently negative (Table 3.2). There was no
statistically significant difference in N-WASP expression observed between the intrinsic

subtypes and this might be due to the small numbers within each intrinsic subtype.

N-WASP expression was assessed across tumour grades and was frequently positive in
grade 2 and 3 ILC, while IC-NST was primarily negative for N-WASP expression across all
tumour grades (Table 3.3). Indeed, there was no statistically significant difference in N-
WASP expression across tumour grade for IC-NST. Within ILC, the sample numbers are
too small to analyse. There is a lack of low-grade tumours with a “good” prognosis to use
as a comparison in this cohort. However, there are two grade 1ILC cases, both showing
low expression of N-WASP (1+ staining intensity); five grade 1 IC-NST cases that have
low to no expression of N-WASP; and, a single case with 2+ staining intensity.

Table 3.3: Analysis of N-WASP expression within tumour grades of ILC and IC-NST.

ILC; n (%) IC-NST; n (%)
Grade 1 | Grade 2 | Grade 3 | Total Grade 1 | Grade 2 | Grade 3 Total
Neg 0 3(18.8) | 1(14.3) | 4(16) | 2(33.3) | 12(54.5) | 23 (46) | 37 (47.4)
1+ 2 (100) 0 0 2 (8) 3 (50) 2(9.1) 18 (36) | 23 (29.5)
2+ 0 10 (62.5) | 5(71.4) | 15(60) [ 1(16.7) | 8 (36.4) 6 (12) 15 (19.2)
3+ 0 3(18.3) | 1(14.3) | 4 (16) 0 0 3 (6) 3(3.8)
Total 2 16 7 25 6 22 50 78

Regarding alternative histologies, there were also four medullary breast carcinomas
available for analysis; 4/4 tumours were grade 3 and 2/4 were positive for N-WASP (both
were triple negative), therefore there is insufficient data to draw a conclusion from this rare
tumour type (data not shown).

To assess if N-WASP is playing a role in the progression of breast cancer a specialised
TMA consisting of 25 cases (Section 2.1; (Vargas et al., 2012)), each with representative
cores from various stages of breast cancer progression; normal breast, in situ carcinoma,
invasive carcinoma, and lymph node metastases was utilised. Four cases displayed an
increase in N-WASP expression over the progression series, where the in situ and
invasive carcinoma were negative, or weakly positive and the corresponding lymph node
metastasis was positive. There were 5 cases with matching normal breast on this TMA
and 4 of those cases had matching in situ carcinoma. Two cases had increased
expression of N-WASP from normal breast to in situ (1+ to 2+), while 2 cases had no

change in N-WASP expression.
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A series of 8 ILC with matched lymph node metastases was also analysed and no
significant change in N-WASP expression between the primary and metastatic tumour was
found (data not shown). The remaining cases had varying degrees of N-WASP
expression, suggesting that N-WASP does not play a major role in breast cancer
progression.

3.3.3.1.1. E-cadherin and N-WASP co-expression

Since N-WASP was found localised at the membrane in vitro (Kovacs et al., 2011), it was
of interest to correlate the expression of N-WASP with E-cadherin expression.

In the most frequent phenotype observed in ILC (46.4%), E-cadherin was negative and N-
WASP was positive. In comparison, IC-NST was most frequently E-cadherin aberrant with
N-WASP expression absent (44.8%; Table 3.4; Figure 3.11).
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Table 3.4: Co-expression analysis of E-cadherin and N-WASP.

ILC (n=28) IC-NST (n=58)
Luminal- | Luminal/ Luminal- | Luminal/
Immunophenotype n (%) like HER2 HER2 | TN n (%) like HER2 HER2 | TN
Double - 8 (28.6) 6 1 1 - 1(1.7) - - - 1
E-cad -, N-WASP + 13 (46.4) 13 - - - 0 - - . .
Double + 0 - - - - 15 (25.9) - 5 9 1
E-cad +, N-WASP - 1(3.6) - - 1 - 4 (6.9) - 2 2 -
E-cad ab, N-WASP - 2(7.1) 2 - - - 26 (44.8) 2 8 5 11
E-cad ab, N-WASP + 4 (14.3) 4 - - - 12 (20.7) 1 4 2 5

-: negative, +: positive, ab: aberrant.
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Figure 3.11: Representative images of the most frequent phenotype observed when

assessing co-expression of E-cadherin and N-WASP within ILC and IC-NST.

3.3.3.1.2. E-cadherin and N-WASP expression in Mixed Ductal Lobular Carcinomas

A mixed ductal lobular carcinoma with both the ductal and lobular components present on
the TMA (MDL41) was available for analysis. Interestingly, it was observed that N-WASP
expression was absent in the ductal component (which was E-cadherin positive), but N-
WASP was expressed in the lobular component (E-cadherin aberrant) (Figure 3.12, top
panel). This was assessed further in the whole tissue section of this case as well as in two
additional MDL cases to see if this is a common feature within MDLs and whether it may
therefore represent a mechanism that drives the switch from ductal to lobular phenotype.
This is explained and tested in more detail in Chapter 4 where the hypothesis is that the
lobular component arises from the ductal component due to some alteration in the integrity

or regulation of the adherens junction.
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In the first MDL case (MDL41), heterogeneous expression was observed (Figure 3.12,
bottom panel). There were regions of the both the ductal and lobular components that
were N-WASP positive, and others which were negative.

In the second case (MDL4), heterogeneous expression within both ductal and lobular
components was also detected (data not shown). The third case (MDL6), however, was
interesting in that the ductal component was for the most part negative (with some areas
with weak expression) and the lobular component was positive for N-WASP. This case
contains both pleomorphic lobular carcinoma in situ (PLCIS) and ductal carcinoma in situ
(DCIS). N-WASP expression was heterogeneous in both the PLCIS and DCIS. Also
interesting were the areas of columnar cell change (CCC), where N-WASP was highly
expressed in the apical snouts (Figure 3.13). The staining pattern in the CCC was only
observed in this one case, therefore this interesting observation will need to be explored in
more cases. Overall there was no obvious correlation found between N-WASP and E-

cadherin expression.
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A MDL41 : Ductal component Lobular component

E-cadherin

LB
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Figure 3.12: A mixed ductal lobular carcinoma (MDL41) exhibiting differences in E-cadherin
expression between the ductal and lobular components. A) TMA cores: N-WASP is negative
in the ductal component and positive in the lobular component. These tissue cores appear
different since they were sampled from different areas of the tumour. B) The whole tissue
section shows the opposite of the TMA cores. The holes in the tissue section are the areas

that were sampled on the TMA.
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Figure 3.13: MDL6. This case shows heterogeneous expression of both E-cadherin and N-
WASP in histologically different tumour regions. Two blocks from the specimen were
stained. In block 1, PLC was positive for N-WASP and both the PLCIS (black arrow) and
DCIS (red arrow) were positive. Interestingly, areas of columnar cell change (CCC) highly
expressed N-WASP in the apical snouts of the cells and not the cytoplasm (asterisk and 20x
inset). This is representative of all CCC within this tumour section. In block 2 however, the
IDC, PLCIS and DCIS were all negative for N-WASP.
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3.3.3.1.3. Co-immunofluorescent staining of N-WASP and E-cadherin of cells in

culture

While N-WASP localises at the cell membrane in an in vitro model of colorectal carcinoma
(Kovacs et al., 2011), our staining in breast tissue did not replicate this observation. To
determine if N-WASP co-localised with E-cadherin at the membrane in breast cancer cell
lines, co-immunofluorescence was performed on MCF7 cells (E-cadherin wild type IC-
NST) and IPH-926 cells (E-cadherin mutated ILC — see Section 2.13). N-WASP was not
localised to the membrane and was found in the cytoplasm in both cell lines (Figures 3.14
and 3.15).

Figure 3.14: MCF-7 cells stained with N-WASP (green), E-cadherin (red) and DAPI (blue). N-
WASRP is localised in the cytoplasm (top right panel) with no membrane co-localisation
observed between N-WASP and E-cadherin in CDH7 wild-type IC-NST cells (bottom right

panel).
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Figure 3.15: IPH-926 cells stained with N-WASP (green), E-cadherin (red) and DAPI (blue). N-
WASRP is localised in the cytoplasm (top right panel) with no membrane co-localisation
observed between N-WASP and E-cadherin in CDH71 mutant ILC cells (bottom right panel).

3.3.3.2. Analysis of ECT2 expression in normal breast and breast cancer

The localisation of ECTZ2 in the normal breast was investigated and 6 normal breast tissue
cores were available for analysis. Three of 6 were negative for ECT2, however the
remaining 3 cases displayed staining in the myoepithelial cell layer of the normal breast
(Figure 3.16). To determine the localisation of ECT2 in normal breast, dual-
immunofluorescence with antibodies for E-cadherin (epithelial cells, adherens junctions),
collagen IV (basement membrane), CK14 (myoepithelial cell marker) and CK8/18 (luminal
epithelial cell marker) was performed on fresh frozen sections. This confirmed that ECT2 is
unlikely to be located at the adherens junctions but in the cytoplasm of myoepithelial cells
of the normal breast (Figure 3.17).
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E-cadherin

DAPI Collagen IV
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Figure 3.17: Co-immunofluorescent staining to determine the localisation of ECT2 in the
normal breast. A) Co-staining of ECT2 and E-cadherin (epithelial membrane marker). B) Co-
staining of ECT2 and collagen IV (a basement membrane marker). C) Co-staining of ECT2
and CK14 (a myoepithelial cell marker). D) Co-staining of ECT2 and CK8/18 (a luminal cell

marker).

The expression of ECT2 in breast tumours was analysed by IHC across 96 IC-NST and 37
ILC. ECTZ2 protein was found localised in both the cytoplasm and nucleus. The tumour
cells were scored as described above (Section 3.3.3). There were only 4 ILC cases with
3+ staining in the cytoplasm, no IC-NST showed 3+ staining. Cytoplasmic ECT2 was

93



positive in 10% of IC-NST compared with 40% of ILC (p = 0.0010, Figure 3.18 and 3.19;
Table 3.5).

Figure 3.18: ECT2 expression in breast cancer. Representative images of staining intensity

with IC-NST and ILC. 3+ cytoplasmic staining was not observed.
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Table 3.5: ECT2 IHC results stratified within the intrinsic subtypes of ILC and IC-NST. Cytoplasmic (Cyto) and nuclear localisation was

observed.

IC-NST (n=94); n(%)

Luminal (n=21) Luminal/HER2 (n=23) HER2 (n=24) TN (n=23) ER-or ER-/PR- (n=3)
Cyto Nuclear Cyto Nuclear Cyto Nuclear Cyto Nuclear Cyto Nuclear
0 3(14.3) 3(14.3) 14 (60.9) 4 (17.4) 11 (45.8) 3(13) 7 (30.4) 4 (17.4) 0 0
1+ 15 (71.4) 0 9 (39.1) 1(4.3) 13 (54.2) 0 9 (39.1) 0 3 (100) 0
2+ 3(14.3) 2 (9.5) 0 1(4.3) 0 2(8.7) 7 (30.4) 0 0 0
3+ 0 16 (76.2) 0 17 (73.9) 0 19 (82.6) 0 19 (82.6) 0 3 (100)
Negative 18 (85.7) 3(14.3) 23 (100) 5(21.7) 24 (100) 3(13) 16 (69.6) 4 (17.4) 3 (100) 0
Positive 3(14.3) 18 (85.7) 0 18 (78.3) 0 21 (91.3) 7 (30.4) 19 (82.6) 0 3(100)
ILC (n=36); n(%)
Luminal (n=32) Luminal/HER2 (n=1) HER2 (n=1) TN (n=1) ER-/PR- (n=1)
Cyto Nuclear Cyto Nuclear Cyto Nuclear Cyto Nuclear Cyto Nuclear
0 3(9.4) 11 (34.4) 0 0 1 (100) 0 0 1 (100) 0 1 (100)
1+ 16 (50) 0 1 (100) 0 0 0 1 (100) 0 1 (100) 0
2+ 9 (28.1) 3(9.4) 0 0 0 0 0 0 0 0
3+ 4 (12.5) 18(56.3) 0 1 (50) 0 1 (50) 0 0 0 0
Negative 19 (59.4) 11 (34.4) 1 (100) 0 1 (100) 0 1 (100) 1 (100) 1(100) 1(100)
Positive 13 (40.6) 21 (65.6) 0 1 (50) 0 1 (50) 0 0 0 0
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Figure 3.19: Cytoplasmic localisation of ECT2 is more frequently observed in ILC compared

with IC-NST. There were no cases with 3+ staining intensity. Chi-square test, p = 0.0010.

Nuclear expression of ECT2 was higher in IC-NST (85%) than ILC (62%) (p = 0.0173,
Fisher’s exact test; Figure 3.20). As nuclear expression is an indicator of cell proliferation
(as described in the introduction Section 3.1.2 “Model 2: The centralspindlin complex
and ECT2"), the higher nuclear expression in IC-NST is expected as the TMAs used tend
to be biased towards higher-grade, proliferative tumours, and ILC are a much slower
growing tumour type. This is reflected at the mRNA level, where ECT2 mRNA is lower in
the lobular and luminal A subtypes compared to the other breast cancer subtypes
(Section 3.3.1).
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Figure 3.20: ECT2 nuclear expression is more frequent in IC-NST compared to ILC. Fisher's

exact test p = 0.0173.
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When stratified into IHC surrogate intrinsic subtypes, the luminal-like subtype was the
most prevalent in ILC, and was frequently negative for cytoplasmic ECT2 (62.5%) and
positive for nuclear ECT2 (65.6%). The same trend was observed across all IC-NST
intrinsic subtypes (Table 3.5).

When considering tumour grade within each histological type, 61.5% of IC-NST were
grade 3 (61.5%), whereas 62.2% of ILC were grade 2 (62.2%). Within IC-NST,
cytoplasmic staining of ECT2 was most frequently negative (grade 1, 100%; grade 2,
92.6%; grade 3, 88.1%; p = 0.0027) and nuclear ECT2 was most frequently positive
(grade 1, 60%; grade 2, 74.1%; grade 3, 89.8%; p = 0.0650). Within ILC, cytoplasmic
staining of ECT2 was most frequently negative (grade 1: 67%, grade 2: 70%), although 5/9
(55%) grade 3 ILC displayed positive cytoplasmic staining (p = 0.4959, not significant).
Within all grades across both IC-NST and ILC the predominant phenotype was nuclear
positivity with cytoplasmic negativity (p = 0.0002; Table 3.6).

There were 13 cases of ILC with matched lymph node metastasis. ECT2 expression
(cytoplasmic or nuclear) did not change significantly during progression to the lymph
nodes in these cases (data not shown). There was no matched IC-NST lymph node

metastases sampled across the TMAs used in this study.
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Table 3.6: Correlation of ECT2 expression with tumour grade. Cytoplasmic expression of

ECT2 was most frequently observed in high-grade ILC.

IC-NST; n (%)

Grade 1 (n=5)

Grade 2 (n=27)

Grade 3 (n=59)

Immunophenotype Cyto Nuclear Cyto Nuclear Cyto Nuclear
Negative 5 (100) 2 (40) 25 (93) 7 (26) 52 (88) 6 (10)
Positive 0 3 (60) 2(7) 20 (74) 7(12) 53 (90)

Double pos - 0 - 0 - 5(8)
Double neg - 0 - 5(19) - 3 (5)
Nuclear pos/Cyto neg - 6 (60) - 20 (74) - 49 (83)
Cyto pos/Nuclear neg - 2 (40) - 2(7) - 2 (3)
ILC; n (%) Grade 1 (n=3) Grade 2 (n=23) Grade 3 (n=9)
Cyto Nuclear Cyto Nuclear Cyto Nuclear
Negative 2 (67) 1 (33) 16 (70) 9 (39) 4 (44) 2 (22)
Positive 1 (33) 2 (67) 8 (30) 14 (61) 5 (56) 7 (78)
Double pos - 0 - 3 (13) - 5 (56)
Double neg - 0 - 4 (17) - 2 (22)
Nuclear pos/Cyto neg - 2 (67) - 11 (48) - 1(11)
Cyto pos/Nuclear neg - 1(33) - 5 (22) - 1(11)

3.3.3.2.1.

E-cadherin and ECT2 co-expression analysis

The correlation of ECT2 expression with E-cadherin localisation was assessed. Only

cytoplasmic ECT2 positivity was considered in this analysis. The most frequent phenotype

observed in ILC was the lack of expression of both E-cadherin and ECT2 (in 50% of

cases). In comparison, IC-NST was most frequently E-cadherin aberrant while ECT2

expression was absent (63.3%) (Table 3.7; Figure 3.21)
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Table 3.7: E-cadherin and ECT2 co-expression analysis. ECT2 and E-cadherin were most frequently negative in ILC. In IC-NST, ECT2 was

negative, with aberrant E-cadherin expression.

ILC (n=32) IC-NST (n=92)
n00 | | Ui’ | weme || mop | mnet Mol e | v | B e
Double - 16 (50) 15 1 - 2(2.2) - - 1 1 - -
E-cad -, ECT2 + 12 (37.5) 12 - - 0 - - - - - -
Double + 0 - - - 4 (4.3) 3 - - 1 - -
E-cad +, ECT2 - 2 (6.3) 1 - 1 30 (32.6) 10 7 10 1 2 -
E-cad ab, ECT2 - 2 (6.3) 2 - - 49 (53.3) 7 15 11 13 1 2
E-cad ab, ECT2 + 0 - - - 0 - - - - - -

-: negative, +: positive, ab: aberrant
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Figure 3.21: Representative images of the most frequent phenotype observed when

assessing co-expression of E-cadherin and ECT2 within ILC and IC-NST. ab = aberrant.

3.3.3.3. RacGAP1 expression in normal breast and breast cancer

To investigate the localisation of RacGAP1 in the normal breast, there were 3 normal
breast tissue cores available for analysis. Of the 3 cores, 1 was negative and 2 cores

displayed strong cytoplasmic localisation in over 80% of the normal breast cells (Figure
3.22).

Figure 3.22: RacGAP1 expression in normal breast. Strong
staining was observed in the cytoplasm of both luminal and

myoepithelial cells.
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IHC analysis was performed on 87 IC-NST and 39 ILC to assess the expression of
RacGAP1 in breast cancer tissues. RacGAP1 was only expressed in the cytoplasm of the
tumour cells. (Table 3.8) and each histological type was further stratified into grade and

intrinsic subtype (Section 3.3.3).

Overall, 90% of IC-NST and 80% of ILC were positive for RacGAP1. However, when only
considering 2+ and 3+ as positive (since 1+ staining was quite weak), IC-NST was positive
for RacGAP1 in 60% of cases and 49% of ILC cases (p = 0.1706; Table 3.8; Figure 3.23
and 3.24). The differences observed however where not statistically significant.
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Figure 3.23: RacGAP1 expression in breast cancer. Representative images of staining
intensity within IC-NST and ILC.
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Table 3.8: RacGAP1 expression in breast cancer by IHC.

IC-NST Luminal-like Luminal/HER2 HER2

(n=82) (n=20) (n:118) (n=21) | TN(n=23) | Total
0 4 (20) 1(5.6) 0 3(13) 8(9.8)

1+ 7(35) 5 (28) 5 (5.6) 7(30) | 24(29.3

N 8 (40) 5 (28) 12(57) | 11(47.8) | 36 (43.9)

3+ 1(5) 7(39) 4 (19) 287) | 14(17.1)
Negative 11 (55) 6 (33.3) 5(23.8) | 10(43.5) | 32(39)
Positive 9 (45) 12 (66.7) 16 (76.2) | 13(56.5) | 50 (61)
ILC (n=3g) | Ske | LummalHERZ RS | TN(®=0) | Total
0 8 (22) 0 0 i 8 (20.5)

1+ 11 (31) 0 1(50) i 12 (30.8)

2+ 12 (33) 0 1(50) i 13 (33.3)

3+ 5 (14) 1 (100) 0 - 6 (15.4)

Negative 19 (52.8) 0 1(50) ] 20 (51.3)

Positive 17 (47.2) 1(100) 1(50) ] 19 (48.7)
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Figure 3.24: There was no statistically significant difference of RacGAP1 expression

between ILC and IC-NST. Chi-square analysis p = n.s.

Within the luminal-like intrinsic subtype of ILC, RacGAP1 expression was negative in
52.8% and positive in 47.2% (p = 0.3466; Table 3.8). Among the IC-NST tumours, the
HER2 expressing tumours were more frequently RacGAP1 positive (76.2% HER2 and
66.7% in Luminal/HERZ2; not statistically significant). Just over half of the triple negative
tumours were RacGAP1 positive, and the luminal-like IC-NST were more frequently

negative for RacGAP1. However none of the frequencies reached statistical significance.
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RacGAP1 was more frequently positive in low-grade ILC tumours (grade 1, 2/3 cases; and
grade 2, 14/23), however RacGAP1 was negative in 75% (9/12) of grade 3 ILC (p =
0.0743; Table 3.9). Conversely, within IC-NST tumours, RacGAP1 was more frequently
negative in grade 1 tumours, and positive in grade 2 and 3 tumours, however the numbers
of low-grade tumours were too low to make a comparison (p = 0.0964; Table 3.9). In
summary, an inverse correlation was found between IC-NST and ILC where RacGAP1
was most frequently positive in high-grade IC-NST; in contrast, RacGAP1 was most

frequently negative in high-grade ILC.

Table 3.9: RacGAP1 analysis within tumour grade.

ILC; n (%) IC-NST; n (%)
Grade 1 | Grade 2 | Grade 3 Total Grade 1 | Grade 2 | Grade 3 Total
Neg 0 4 (17) 4 (33) 8 (21) 2 (50) 2 (8) 4 (7) 8 (10)
1+ 1 (33) 5(22) 5 (42) 11 (29) 1(25) 10 (38) | 14 (26) 25 (30)
2+ 0 10 (43) 3 (25) 13 (34) 1 (25) 11 (42) | 26 (48) 38 (45)
3+ 2 (67) 4 (17) 0 6 (16) 0 3(12) 12 (22) 15 (18)
Total 3 23 12 38 4 26 54 84

There were 15 informative cases of matched primary tumour (ILC) with metastatic lymph
node tumours . When stained for RacGAP1, a single case showed staining discordance
between primary and the LN metastasis: the primary tumour was negative for RacGAP1,
while the lymph node metastasis had 3+ expression in 1-10% of cells. The remaining
cases, however, did not display any significant changes in RacGAP1 during metastatic
progression, and it is therefore unlikely that RacGAP1 plays a role in the biology of lymph

node metastasis in ILC.

3.3.3.3.1.  E-cadherin and RacGAP1 co-expression analysis

The co-expression of E-cadherin and RacGAP1 was analysed. The most frequent
phenotype observed in ILC was dual E-cadherin and RacGAP1 negativity (41.9% of
cases). In comparison, IC-NST was most frequently E-cadherin aberrant with RacGAP1
expression was positive (31%); equally frequent was positive expression of both E-
cadherin and RacGAP1 (31%) (Table 3.10; Figure 3.25)
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Table 3.10: E-cadherin and RacGAP1 co-expression analysis..

ILC (n=31) IC-NST (n=87)
Luminal- | Luminal/ Luminal- | Luminal/H ER-
Immunophenotype n (%) like HER2 | HER2 n (%) like ER2 HER2 | TN | jpg | Nfa
Double - 13 (41.9) 12 1 - 0 - - - - - -
E-cad -, RacGAP1 + 12 (38.7) 11 1 - 1(1.1) - - 1 - - -
Double + 1(3.2) - - 1 27 (31) 6 8 10 1 2 -
E-cad +, RacGAP1 - 1(3.2) 1 - - 8(9.2) 6 - 1 1 - -
E-cad ab, RacGAP1 - 0 - - - 24 (27.6) 5 5 3 9 - 2
E-cad ab, RacGAP1 + 4 (12.9) 4 - - 27 (31) 3 6 6 11 1 -

-: negative, +: positive, ab: aberrant.
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Figure 3.25: Representative images of the most frequent phenotype observed when

assessing expression of E-cadherin and RacGAP1 within ILC and IC-NST samples.

3.3.3.4. E-cadherin co-expression with ECT2 and RacGAP1 (the centralspindlin
complex)

As describe earlier in Section 3.1.2 (Model 2: The centralspindlin complex and ECT?2),
both Racgap1 and ECT2 are necessary for E-cadherin integrity. Therefore the expression
of both ECT2 and RacGAP1 was correlated with the expression of E-cadherin. The most
frequent phenotype observed in ILC was E-cadherin negativity, while ECT2 was negative
and RacGAP1 was positive (26.7%). This was followed by the lack of expression of all
three proteins (23.3%) (Table 3.11; Appendix 3.5). In comparison, IC-NST displayed E-
cadherin positivity alongside ECT2 negativity and RacGAP1 positivity (26.5%), or E-
cadherin aberrant expression and negative for both ECT2 and RacGAP1 (26.5%) (Table
3.11; Appendix 3.6)
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Table 3.11: Co-expression analysis of E-cadherin with ECT2 and RacGAP1. ILC are frequently negative for all three molecules, or only

positive for RacGAP1. IC-NST are frequently E-cadherin positive or aberrant with loss of both ECT2 and RacGAP1.

ILC (n=30) IC-NST (n=83)
munophenotype n | timine tuminal | HER2 | TN ) | Sminel tuminal | HER2 | TN x| nia
Triple - 7 (23.3) 7 - - - 1(1.2) - - - 1 . -
Triple + 0 - - - - 3(3.6) 2 - - 1 i -
E-cad -, ECT2 +, RacGAP1 + 4 913.3) 4 - - - 0 - - - - - -
E-cad -, ECT2 -, RacGAP1 + 8 (26.7) 6 1 - 1 0 - - - - _ -
E-cad -, ECT2 +, RacGAP1 - 5 (16.7) 5 - - - 0 - - - - - -
E-cad +, ECT2 -, RacGAP1 + 1(3.3) - - 1 - 22 (26.5) 5 7 8 - 2 -
E-cad +, ECT2 +, RacGAP1 - 0 - - - - 1(1.2) 1 - - - . -
E-cad ab, ECT2 -, RacGAP1 - 1(3.3) 1 - - - 22 (26.5) 5 5 6 4 - 2
E-cad ab, ECT2 -, RacGAP1 + 3(10) 3 - - - 20 (24.1) 2 5 5 7 1 -
E-cad ab, ECT2 +, RacGAP1 - 0 - - - - 3 (3.6) - - - 3 . -
E-cad ab, ECT2 +, RacGAP1 + 1(3.3) 1 - - - 5 (6) 1 - 1 3 - -

-: negative, +: positive, ab: aberrant.
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3.4. Discussion

3.41. E-cadherin and the actin cytoskeleton regulation in breast cancer

Cell-cell adhesion mediated by E-cadherin is essential for epithelial cell survival. However,
the loss of adhesion alongside anoikis resistance is a hallmark of a tumour cell, allowing it
to survive. This is most evident in invasive lobular carcinoma cells that grow in single cell
files and infiltrate the breast parenchyma and eventually distant organs. It is of vital
importance to understand the molecular processes underlying tumour cell survival
independent of cell adhesion in order to improve ways to target and kill tumour cells.
Although the importance of the actin cytoskeleton and its regulation of E-cadherin
adhesion has been researched extensively in cell culture systems, there is little research
translating these findings into healthy or diseased human tissue and defining whether the

molecular mechanisms found in vitro are corroborated in vivo.

3.4.2. Correlation of protein expression with gene expression data

It was difficult to correlate gene expression with protein data in this study due to the small
number of samples to perform assess protein expression and the use of gene expression
data from another cohort. The distribution of N-WASP gene expression in breast cancer
was variable, although the median levels of expression were highest for luminal A and B
intrinsic subtypes and the lobular and ER positive IC-NST histological subtypes compared
to the ER negative breast cancer subtypes (Figure 3.6). Although in a small number of
cases, this was not completely reflected at the protein level, with higher N-WASP protein
expression found in ILC and less expression in the luminal (ER positive, HER2 negative)
IC-NST (Table 3.2). This did not reach statistical significance and therefore needs to be
investigated in a larger cohort with matching gene expression and protein data from the
same patient samples.

Median ECT2 mRNA expression levels were found to highest in the ER- HER2+ and triple
negative IC-NST histological subtypes (Figure 3.6). This correlates with the high nuclear
protein expression of ECT2 observed in the HER2+ and triple negative IC-NST (Table
3.5). ECT2 mRNA was found to be down-regulated in both the lobular and ER+ HER2- I1C-
NST histological subtypes, and the luminal A and normal-like intrinsic subtypes. However,
ECT2 was detected at the protein level in our ILC cohort, both the nucleus (65% of ILC
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cases) and cytoplasm (40% of ILC cases). We were therefore unable to correlate gene
expression with protein expression of ECT2 with the current ILC cohort.

The protein expression data for RacGAP1 somewhat correlates with the gene expression
data presented in Figure 3.6, although it did not reach statistical significance. RacGAP1
mRNA was found to be down-regulated in both the lobular and ER+ HER2- (luminal A-
like) subtypes and this is validated with the luminal subtypes in both ILC and IC-NST
frequently lacking RacGAP1 expression compared with the other intrinsic types (Table
3.8). RacGAP1 mRNA was found to be up-regulated in the triple negative, ER+ HER2+ IC-
NST histological subtypes and luminal B intrinsic subtype. We did find that the HER2
expressing tumours were frequently positive for RacGAP1. There were only 23 cases of
triple negative IC-NST available for assessment, and we found 56.5% to be positive for
RacGAP1.

3.4.3. Membrane localisation of actin cytoskeleton regulators was not observed by

IHC in clinical samples - limitations of translating in vitro findings in vivo.

The most striking observation in this study was the lack of concordance between the
observed localisation of the actin cytoskeleton molecules in vitro (Kovacs et al., 2011,
Ratheesh et al., 2012) and in clinical samples. There are a number of explanations that
could account for this. Firstly, cells in a two-dimensional culture system behave very
differently from cells in a three-dimensional human tissue structure. A cell culture system
does not recapitulate the complicated nature of the human body such as the many
different cell types present within an organ as well as the influence of the extracellular
matrix, haematological and lymphovasculature systems, and the vast cocktail of molecules
(such as hormones, chemokines efc.) that would be in supply at any given time. Cells
grown in a two-dimensional culture adhere to each other in a monolayer, as well as
adhering to a stiff plastic flask in a single layer of cells, forcing them into apical-basal
polarity. This affects many signalling pathways such as proliferation, apoptosis and
differentiation. The lack of integrin-mediated adhesion to the extracellular matrix also
disrupts many signalling pathways (reviewed by (Baker and Chen, 2012)). Adhesions are
quite dynamic and hard to control and manipulate in vitro and therefore the molecules that
are recruited to the adhesion junctions in a culture system may not always be observed in

a tissue section. There are also many variables within any cell culture system that can
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affect data output, such as the density of cells within a flask and the composition of cell
culture media, which has been shown to impact the genotype of the cell (Kim et al., 2015).

Secondly, the lack of observed membrane localisation may be due to differences between
the uses of immunohistochemistry (IHC) versus immunofluorescence (IF).

IHC was applied (using the same antibodies used by the Yap Laboratory) as it allows
access to many tissue samples, especially in a high throughput manner through the use of
tissue microarrays. As it is has an indirect antibody detection method (the use of a
secondary antibody) it amplifies the signal, making IHC very specific and sensitive.
Another benefit of IHC is the ability to observe the staining in context of tissue morphology.
This is more difficult using IF and a confocal microscope where a double stain with a
protein of known localisation is required. A drawback of IHC is the difficulty of co-staining
with more than one protein, whereas IF can use multiple fluorophores to detect multiple
proteins. IF staining in breast tissue sections can also be difficult due to high
autofluorescence (exacerbated by formalin fixation), although there are several methods
reported to reduce autofluorescence, such as using Sudan Black, ammonia-ethanol and
sodium borohydride (Baschong et al., 2001). The use of frozen tissue also improves the
result; however high-throughput screening of fresh frozen tumours is not possible in the
same was as an FFPE TMA analysis. Antibodies are sensitive to the type of fixation
method used on FF sections (methanol vs. paraformaldehyde), and the fixative can also

affect the levels of autofluorescence.

ECT2 co-immunofluorescence was performed successfully (after optimising with all
fixation methods and without the need for chemical pre-treatment) on frozen normal
human breast sections with little autofluorescence, and cytoplasmic localisation, rather
than membrane, was observed (Section 3.3.3.2). Co-immunofluorescence was performed
on cells in a monolayer culture to see if the membrane localisation of N-WASP could be
reproduced (Section 3.3.3.1.3), however, only cytoplasmic localisation of N-WASP in both
E-cadherin wild type (MCF-7) and E-cadherin mutated (IPH-926) cells lines was detected.
N-WASP was found at the membrane of Caco-2 colorectal carcinoma cell line (Kovacs et
al., 2011), however is important to note that the Caco-2 cell line is notoriously
heterogeneous. Under different culture conditions, these cells can differentiate into cells
resembling enterocytes of the small intestine, and therefore the culture conditions have a
great influence on the cells’ phenotypic traits (Sambuy et al., 2005). It is likely that

differences in culturing conditions (the use of cytoskeleton stabilisation buffer) and
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microscopy methodology are responsible for the differing results. Particularly, a spinning
disk confocal microscope was used that is capable of scanning at much faster speeds to
capture events that occur on the millisecond timescale in live cells (Kovacs et al., 2011).
Due to restricted time and trouble optimising the antibodies, N-WASP was not assessed in
tissue sections and the RacGAP1 antibody did not work for co-IF.

Overall, the use of both IHC and IF suggest that in the normal breast and breast cancer
tissue these molecules are not localised at the membrane. Since human tissue samples
are a snapshot in time, it is practically impossible to recapitulate in vitro models of such

dynamic processes.

3.4.4. N-WASP may play a role in aggressive ILC

N-WASP has been found to be an essential component of invadopodia and a promoter of
tumour invasion (Tang et al., 2013). In a rat model of mammary adenocarcinoma, it was
found that the N-WASP containing invadopodia are essential for invasion, intravasation
and metastasis to the lung (Gligorijevic et al., 2012). It was elegantly demonstrated that N-
WASP promotes trafficking of membrane type 1-matrix metalloproteinase 1 (MT1-MMP) to
the plasma membrane to promote extracellular matrix remodelling using human breast
cancer cell lines in three-dimensional invasion assays (Yu et al., 2012). Therefore, N-
WASP could potentially be a driver for greater invasive capacity in vitro, yet was not
observed in our series of cases with metastases to the lymph nodes (Section 3.3.3.1).

The biology of N-WASP has been investigated in both breast and colorectal cancer, and
was found to be down-regulated at both the mRNA and protein levels in tumour cells,
compared to normal breast and colon epithelium (Martin TA et al., 2012, Martin et al.,
2008). Patients whose tumours expressed low N-WASP had a much poorer overall
survival and disease free survival. In the breast cancer cell line MDA-MB-231 and
colorectal cancer cell line HRT18, it was found that the over-expression of N-WASP
reduced the motility and invasive ability of the cells (Martin TA et al., 2012, Martin et al.,
2008). It was hypothesised that N-WASP may be a putative tumour suppressor in breast
cancer (Martin et al., 2008). This is inconsistent with the genomic data derived by the
TCGA (Figure 3.7), where the most frequent alteration in N-WASP was gene amplification
(11/962 samples) and mRNA down-regulation was not detected. It is therefore unlikely that

N-WASP is a tumour suppressor. In order to confirm if N-WASP is indeed a tumour
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suppressor, a larger cohort of breast cancer samples with matched normal breast needs to
be assessed for both mRNA and protein expression. Functional characterisation of N-

WASP in breast cancer cell line models would also help confirm this.

While our cohort does not have follow up data, we can generalise that high-grade tumours
have a poorer overall survival than low-grade tumours. Our data shows that N-WASP is
more likely to be highly expressed in high-grade ILC, and conversely, low-grade IC-NST.
This analysis suggests that N-WASP expression may also play different roles in different
histological types. The few informative cases of matched normal breast and invasive
tumour were unable to confirm the results of (Martin et al., 2008). If anything, our results
may be contradictory or merely demonstrate heterogeneity, whereby two cases had
increased expression of N-WASP from normal breast to in situ, while 2 cases had no
change in N-WASP expression. If N-WASP plays a role in oncogenic extrusion in a human
tissue sample, we could hypothesise that N-WASP expression would increase during
progression from normal to in situ carcinoma to invasive carcinoma. However, an increase
in N-WASP expression in invasive lesions compared with its pre-invasive counterpart was
only observed in 4 IC-NST cases, the remaining 21 cases were heterogeneous across the
lesions. However, Yu et al, found N-WASP expression to increase in IC-NST compared to
matching DCIS and normal breast (Yu et al., 2012), which also contradicts the findings of
Martin et al. The differing results between these studies and ours may be due to different
antibodies being used. N-WASP expression is most likely to be extremely dynamic and
context dependent. It is therefore not surprising that given patient tumours are removed at
various time points that cannot be controlled, we see heterogeneous protein expression
within a group of tumours that are inherently heterogeneous.

As observed in Section 3.3.3.1 N-WASP was more frequently expressed in ILC than IC-
NST suggesting that maybe it is important for the invasive phenotype observed in ILC. The
mechanism of which is still unknown, yet is unlikely to be driven by gene mutation or
amplification as seen by the lack of genomic alterations in this gene (Section 3.3.2).

If N-WASP expression is a feature of ILC, then we could hypothesis that N-WASP may be
exclusively expressed in the lobular component of a mixed ductal lobular carcinoma.
Across three cases of mixed ductal lobular carcinomas, heterogeneous expression of N-

WASP was observed between invasive and pre-invasive lesions within the same specimen
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and therefore is unlikely to drive the change in phenotype. It would be interesting however
to investigate N-WASP expression in a larger cohort of MDL cases.

N-WASP is frequently mutated in pancreatic cancer (20%), and amplifications are often
observed in melanoma and ovarian cancer (Appendix Figure 3.2) suggesting a different
role for N-WASP in different cancer types. A chemical inhibitor against N-WASP has been
established (Peterson et al., 2001) and if N-WASP proves to be important in driving
tumourigenesis, this may pave the way towards treatments that may prevent further

tumour cell invasion.

3.4.5. Could ECT2 be a potential biomarker for poor prognosis in ILC?

The role for ECT2 in cancer is emerging, particularly its oncogenic role in lung carcinoma.
In normal lung epithelium, ECT2 is localised in the nucleus; however, in lung carcinomas
ECT2 is found in the cytoplasm and the nucleus, with around 84% of NSCLC
overexpressing ECT2 in the cytoplasm (Justilien and Fields, 2009). ECT2 is highly
expressed at both the mRNA and protein levels in a variety of human tumours including
brain (Salhia et al., 2008, Sano et al., 2006), lung (Hirata et al., 2009, Justilien and Fields,
2009), bladder (Saito et al., 2004), oesophageal (Hirata et al., 2009), pancreatic (Zhang et
al., 2008) and ovarian tumours (Saito et al., 2004). Meta-analysis of TCGA data supports
this, demonstrating multiple tumour types have genomic alterations of the ECT2 gene,
particularly gene amplifications, which are most common in lung cancer (see Appendix
Figure 3.3).

Overexpression of ECT2 mRNA and protein is associated with a poor prognosis in NSCLC
(Hirata et al., 2009), glioblastoma (Salhia et al., 2008) (Sano et al., 2006) and oesophageal
squamous cell carcinoma (Hirata et al., 2009). High ECT2 expression also correlated
positively with tumour size and lymph node metastasis in oesophageal squamous cell
carcinoma. High mRNA expression of ECT2 has been found to correlate with high
histological grade and poor overall survival in patients with primary gliomas. (Cheng Yung-
Sheng et al., 2014). To date, ECTZ2 localisation in the normal breast has not been
assessed and this information is vital to determine whether a protein is truly mislocalised
during tumour growth. ECT2 was found in the cytoplasm of the myoepithelial cell layer of
the ducts (Section 3.3.3.2). During normal mammary gland function the myoepithelial cells

are involved in branching morphogenesis, maintaining luminal cell polarity and tumour
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suppression by acting as a barrier to the stroma (Gudjonsson 2009). Breast cancers are
believed to arise from the luminal cells and perhaps changes in luminal cell signalling at
the beginning of tumourigenesis switches off ECT2 in the myoepithelial cells that induces
their loss of polarity. In turn, ECTZ2 is turned on in the luminal cells, and this may provide
the cells the ability to invade past the myoepithelial layer. ECT2 will need to be assessed
in more cases with matched normal breast to confirm this hypothesis. It is also
hypothesised that basal-like tumours may arise from progenitor cells present early in
breast cell differentiation (Shehata et al., 2012). Basal-like tumours express proteins that
are normally solely expressed in normal myoepithelial cells and these tumours have a poor
prognosis (Badve et al., 2011). It would also be interesting, therefore, to assess the co-
expression of ECT2 with IHC surrogate markers of the basal-like phenotype, such as
EGFR, CK5/6 and CK14.

ECT2 was found to localise in both the nucleus and cytoplasm of breast tumour cells (refer
to section 3.3.3.2). The role of ECT2 during mitosis is well characterised (Tatsumoto et
al., 1999, Matthews et al., 2012), therefore the nuclear expression may be considered a
marker of proliferating cells, analogous to Ki67. Nuclear expression also was more
frequently observed in high-grade tumours, substantiating a role in proliferation.
Cytoplasmic ECT2 was observed more frequently in ILC than IC-NST (35% v.s. 10%) and
therefore it is important to assess the expression of ECT2 in a large cohort with follow up
data, to assess if ECT2 expression is an indicator of poor prognosis, similar to NSCLC
patients. In the analysis of ECT2 with E-cadherin expression, ECT2 is frequently lost in
cases with absent or aberrant E-cadherin (50% of E-cadherin negative ILC and 53.3% of
E-cadherin aberrant IC-NST), suggesting that ECT2 signalling may be play a role in
maintaining E-cadherin integrity in some ILC and IC-NST. The annotation of CDH1
mutation and methylation status is vital in understanding whether the loss of cell adhesion
is due to changes in CDH1 itself or if changes in actin cytoskeleton regulation play a role in

tumours without an E-cadherin mutation.

3.4.6. RacGAP1 may be important in HER2 expressing breast tumours

RacGAP1 functions by negatively regulating Rho signalling. Its GTPase activity binds to
activated RhoGTP and hydrolyses it to RhoGDP, and hence inhibiting or down regulating
its function. RacGAP1 is also essential for cell division (Zhao and Fang, 2005) and
embryogenesis (O'Brien et al., 2010). The role of RacGAP1 in breast cancer has been

recently explored in a large series of patient samples with high-risk early breast cancer
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(Pliarchopoulou et al., 2013). The expression of RacGAPT mRNA from 314 samples found
an association between high RacGAP1 expression and high-grade and strongly Ki67
expressing tumours, and patients had poor overall survival and poor disease free survival
compared with patients with low RacGAP1 expression. Similar results were also observed
in a cohort of meningiomas (Ke et al., 2013), hepatocellular carcinoma (Wang et al.,
2011b) and epithelial ovarian cancer (Lu et al., 2004). RacGAP1 is expressed in the
nucleus of gastric carcinoma cells in the intestinal histological type, more so than the
diffuse gastric type, and was found to be associated with poor outcome (Saigusa et al.,
2015).

RacGAP1 was more frequently expressed in IC-NST compared with ILC and RacGAP1
expression was higher in tumours that expressed HER2 (see Section 3.3.3.3). The breast
cancer study by (Pliarchopoulou et al., 2013) did not find an association with HER2
expressing tumours, however they did not look at protein expression within these samples,
and the study didn'’t stratify histological or molecular subtypes. Equally, our results may be
biased with the use of specialised TMAs as opposed to an unselected cohort.

Our meta-analysis did not find an overwhelming difference in gene expression between
the breast cancer subtypes, yet protein expression was different. Other studies have found
that RacGAP1 expression is the same across all differentiated and undifferentiated
embryonic stem cells, but that RacGAP1 protein is 2-fold higher in the undifferentiated
cells (O'Brien et al., 2010), supporting the idea that the translation of the mRNA transcript
to protein is dynamically regulated. This was also observed in a matched normal and
tumour tissue from the same patient where the protein expression of RhoA, Rac1, Cdc42
was higher in tumour compared to normal, yet no changes in mMRNA expression and no
gene mutations were found between the tumour and normal tissue (Fritz et al., 2002).
Together, this supports that there may be changes in post-transcriptional regulation that
affect protein expression in different breast cancer subtypes. miRNA expression analysis
would be an interesting avenue to explore in addressing these questions. There are 29
reported splice variants of RacGAP1, all of which have potentially different protein
functions. Therefore, the antibody towards RacGAP1 may bind to many different isoforms
and this may account for differing results in the literature.

Across other cancer types, RacGAP1 alterations are most frequent in adenoid cystic

carcinoma of the salivary gland and it is deleted in 15% of cases (Appendix 3.4).
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RacGAP1 is located on 12913, a region recurrently lost in this tumour type, and therefore
RacGAP1 loss may be an incidental consequence of chromosome loss (Ho et al., 2013).
There are few alterations in other cancer types, suggesting that there is little evidence to
support that genomic alteration of RacGAP1 is broadly important in tumourigenesis.

Overall, investigation of RacGAP1 in a cohort of breast cancer patients with long-term
follow up cohort to validate findings of (Pliarchopoulou et al., 2013) is warranted. If
RacGAP1 is involved in HER2 tumour biology, or more generally high-grade breast cancer
and overall poor outcome, it would also be valid to assess RacGAP1 expression in a
cohort of metastatic tumours to investigate if it is involved in metastasis to distant organs.

3.5. Conclusions

The loss of the catenin-binding complex that links the intracellular domain of E-cadherin to
the actin cytoskeleton questions the role of actin cytoskeleton regulation in ILC. The role of
Rho GTPases involved in actin cytoskeleton regulation in tumour development and
progression has been demonstrated repeatedly in in vitro systems (Price and Collard,
2001); (Schmitz et al., 2000), however these data have not recapitulated the scenario in
human tissue. As demonstrated in this chapter, it is challenging to validate in vitro findings
in vivo; especially since human breast cancers are extremely heterogeneous in nature and

are sampled at one particular point in time.

Genes encoding for these proteins are rarely altered at the genomic level, although they
may still be important in a few breast cancer cases. The slight changes in gene expression
observed may be the result of alterations in other signalling pathways. It is vital, therefore,
to validate protein expression since the transcriptome does not reliably predict the
proteome (Hack, 2004) and it is also critical to validate in vitro findings in vivo to assess if
the predicted mechanisms found hold true for real life disease processes.

Considering the two models presented in the introduction (Section 3.1.2; N-WASP; The
Centralspindlin complex and Ect2), it appears that they do not translate directly to human
breast tissue samples. The molecules under investigation were not found in the membrane
and thus their functions may be context dependent. In ILC, E-cadherin was frequently lost
alongside cytoplasmic N-WASP expression. This may mean that if N-WASP is important in

maintaining E-cadherin at the adherens junction in vivo then the loss of N-WASP from the
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membrane and relocalisation to the cytoplasm may be important in some ILC, or may be a
consequence of the alteration of other signalling pathways. As for the Centralspindlin
complex model, ILC are frequently negative for all 3 molecules (E-cadherin, ECT2 and
RacGap1), suggesting that the loss or relocalisation of these molecules may also be
important in some ILC. In IC-NST however, the most frequent phenotype was E-cadherin
positive with loss of both ECT2 and RacGAP1. These molecules may therefore not play a
role in maintaining E-cadherin integrity in these tumours and another mechanism is likely

to be involved.

Since we will always face the challenges that working with human samples brings, it would
be best to study these pathways in three-dimensional culture systems and mouse models

of breast cancer that are more representative of the human scenario.

Another point of future investigation is the analysis of these molecules across more normal
breast epithelium samples. This is practically impossible to do in the cell culture system, as
truly normal cells do not grow well in culture, and again, the challenges of interpretation of
in vitro data are reintroduced. Co-immunofluorescence in normal breast tissue sections is
a good start to identifying the localisation of these molecules in normal breast. Also,
integration of MRNA and protein data is needed and the resulting data to be extended into

matched samples of normal and tumour tissue.
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CHAPTER 4

INVESTIGATING THE MOLECULAR
EVOLUTION OF MIXED DUCTAL LOBULAR
CARCINOMAS
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4. Investigating the molecular evolution of mixed ductal lobular carcinomas

4.1. Mixed ductal lobular carcinomas are a distinct clinical entity

As described in Section 1.6, invasive breast cancers exhibiting both ductal and lobular
morphological features are classified as mixed ductal lobular carcinomas (MDL) and
account for 3-5% of all invasive breast cancers (Lakhani S. R., 2012). MDLs are
considered to be a distinct entity to pure IC-NST and ILC (Rakha et al., 2009, Bharat et al.,
2009). Throughout this chapter, the non-specialised invasive component in these mixed
tumours is referred to as ‘ductal’, as opposed to IC-NST, since the terminology has only
recently changed and to simplify terminology when comparing MDLs to pure IC-NST

tumours.

4.1.1. Mixed ductal lobular carcinomas: collision tumours or clonally related?

The evolution of MDL carcinomas is not well understood. Several important questions
relate to their origin; firstly, does the coincidence of these distinct morphological entities
represent two independent tumours that have collided (so called ‘collision tumours’), or do
they arise from a common clone? Secondly, if the two components are clonally related,
then what is the mechanism of transition from one growth pattern to the other? MDLs
therefore represent a unique clinical model for interrogating intratumour heterogeneity,
clonal evolution and the underlying mechanisms driving the acquisition of a diffuse and

infiltrative growth pattern.

Historically, Loss of Heterozygosity (LOH), Comparative Genomic Hybridisation (CGH)
and gene sequencing have been utilised to assess clonal relationships by assessing DNA
aberrations between two (or more) lesions from the same specimen. For example, these
types of analyses have demonstrated that, for example, columnar cell lesions are a non-
obligate precursor lesion for low grade DCIS; DCIS is a non-obligate precursor for IC-NST;
and LCIS is a non-obligate precursor for ILC (Vos et al., 1997, Simpson et al., 2005a,
Kuukasjarvi et al., 1997b, Lu et al., 1998). Small pieces of evidence support the theory that
when lesions with lobular and ductal morphological growth patterns are co-localised in the
same specimen they are also likely to be clonally related lesions, as opposed to separate
collision tumours (Wagner et al., 2009, Buerger et al., 2000), but this is not well explored.

These studies reported the shared loss of a common allele (by LOH or CGH analysis) in
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both the DCIS and LCIS and corresponding invasive components of either ductal or
lobular morphology (Wagner et al., 2009, Buerger et al., 2000), suggesting that these
morphologically distinct entities may have evolved from the same neoplastic clone. Using
chromosomal CGH, Buerger et al. found identical copy number profiles in cases with co-
existing DCIS and ILC and hypothesised that LCIS and low-grade DCIS are closely related
lesions (Buerger et al., 2000). They also hypothesised that the loss of E-cadherin may
represent the molecular switch to a more discohesive phenotype, however the
mechanisms underlying this hypothesis was not explored.

During my Honours research in 2011, | studied the clonal relatedness of different
morphological components of four MDL cases. Lesions with different growth patterns were
laser capture microdissected and then analysed for DNA copy number alterations by
chromosomal CGH (due to its capacity to utilise small amounts of DNA) (Kutasovic, 2011).
DCIS, LCIS, and invasive ductal and lobular morphological components were assessed for
copy number similarities and differences. All of the lesions within a case shared copy
number alterations, supporting the notion that they were each derived from a common
neoplastic clone (Figure 4.1, Table 4.1). There were also alterations that were unique to a
given lesion (Figure 4.1). These alterations likely occurred during, after, or contributed to,
the clonal divergence of the two components. E-cadherin’s gene CDH1 is located on
16922.1 and E-cadherin expression is lost in about 90% of ILC (Sections 1.5 and 1.7). E-
cadherin is therefore a candidate target gene for this loss in MDLs. To investigate whether
E-cadherin deregulation plays a role in the phenotypic switch of the MDL, we examined E-
cadherin subcellular localisation using IHC. We identified differential E-cadherin
expression between the two phenotypic components in the 4 cases analysed. The ductal
component had strong membranous staining for E-cadherin and each of its binding
partners, whereas the lobular component showed aberrant staining for E-cadherin, and
also for p-catenin and p-120 catenin. This aberrant staining was detected as cytoplasmic
localisation, which is in contrast to most pure ILC, where E-cadherin expression is

completely negative (Figure 4.2).

Recent advances in next generation sequencing now enable the detection of low
frequency mutations and copy number alterations and are beginning to reveal greater
insights into clonal progression and clonal diversity within a single tumour and between
different regions of a primary tumour and subsequent metastases (Navin et al., 2011,
Yachida et al., 2010, Gerlinger et al., 2012, Yates et al., 2015). The application of these
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types of technology to morphological heterogeneity observed in MDL may contribute
towards understanding of the molecular mechanisms that may be driving the evolution of
morphological variation in these tumours (Section 1.4 and 1.9.5).

Ductal Lobular

5'

15

16

n=27

o

B

’

Figure 4.1: Chromosomal CGH data of invasive ductal and lobular components of case
MDL4. Copy number alterations on chromosomes 8 (8p deletion, 8p-q gain) and 15 (15q
deletion and gain) were shared by both morphological components. Loss on chromosome

16 was unique to the lobular component.
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Table 4.1: Summary of DNA copy number alterations in 4 MDL cases.

Case # MDL1 MDL2 MDL3 MDL4
Component D [ L |pcis|{Lcis|Shared] D | L |Shared]| D | L |[Shared| D | L | Shared
CGH — Gains 1p 2q 1q 3q 6p 15q 4q 10q 1q 2q 7p/q 1q 11q
4p/q 8q 11q 11q 6p 9p 6p/q 9q 3q 14q
11p 10p 16p Xq 17q 8q 12q 5q 15q
15q 14q 20q 10q 6q 17q
17q 17q 17q 8p/q 20q
18p/q 20q 10p
Component D | L [pcis|Lcis|Shared] D | L |[Shared| D | L |[Shared| D | L | Shared
CGH - Losses 2q 1p 6q 11q 15q 14q 6q 16p 2q 3p 7p 1p 12p
6q 3p 8p 16q 3p 5q 16p/q 4p 13q
8p 4q 22p/q 4p 18p/q 17q 6p 14q
10q 11p 5p Xp 18q 8p 15q
13q 5q 22p/q 9p 21p/q
14q 8p Xp/q 10q
13q 11p
15q

D: invasive ductal component. L: invasive lobular component. Shared: chromosomal gains and losses were identified in both the ductal and lobular

components of the MDL cases. p/q: the alteration was found on both chromosome arms.

Jamie Kutasovic, BSc Hons UQ 2011. Investigating the molecular evolution of lobular breast carcinomas.
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Figure 4.2: Representative images of a MDL and ILC and the differences in E-cadherin
staining observed. The green arrow indicates aberrant localisation of E-cadherin in the

lobular component of this MDL carcinoma.

4.1.2. Hypotheses and aims

We hypothesise that the lobular and ductal components of a MDL are growth patterns
arising from a common neoplastic clone as opposed to the collision of two independent
tumours. We propose that clonal progression occurs from a ductal to lobular morphological
growth pattern and that deregulation of the functional E-cadherin complex that regulates
epithelial cell-cell adhesion is driving this switch to a lobular-like phenotype, resulting in an
enhanced invasive capability of cancer cells. We also hypothesise that the mechanisms
underlying E-cadherin deregulation are different to the mechanisms known in pure ILC,
since we did not find the complete loss of protein expression that is frequently observed in
ILC.

To address this hypothesis, the aims of this chapter were to build on previous work by i)
collating a large cohort of MDLs and characterising the clinical and morphological features;
ii) interrogating the expression of the E-cadherin complex by IHC; iii) investigating whether

epithelial to mesenchymal transition may play a role in the progression to the lobular-like
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phenotype and iv) performing molecular analysis by sequencing the exome of selected
cases to investigate clonal evolution and identify potential mutations driving progression.

4.2. Results

4.2.1. Clinical and pathology features of mixed ductal lobular carcinomas

A cohort of 82 MDL cases was accessed through Pathology Queensland and Sullivan and
Nicolaides archives. Table 4.2 describes the clinical features obtained from pathology
reports of the cohort. The clinical and pathology features of this cohort were compared to
those of the QFU series (specifically the IC-NST and ILC cases; Section 2.1), and
statistical analyses performed as described in Section 2.3. The average age of diagnosis
was 57, which was significantly younger when compared to ILC (p = 0.0083), but not IC-
NST (p = n.s). There was no significant difference in tumour size between MDLs and
either IC-NST or ILC. For 6/82 cases, tumour grade was attributed to both the ductal and
lobular components, and in these cases, the highest score was recorded for the tumour.
MDLs were more frequently grade 2 (58.5%) and 3 (30.5%); the higher frequency of grade
2 tumours was significantly different compared to IC-NST (p = 0.0254). A significant
difference was also found between ILC and MDLs, ILC are more frequently grade 2 (p =
0.0006). Compared to both IC-NST and ILC, MDL patients present more frequently with
lymph node metastasis at diagnosis (p = 0.0033 and p = 0.0097, respectively). In situ
carcinoma was diagnosed in 58/82 cases and it was interesting that 51 of 58 cases
(87.9%) presented with ductal carcinoma in situ (DCIS). Of the 51 cases, 35 (60.3%)
presented with DCIS alone, while 16 (27.6%) presented with co-existing lobular carcinoma
in situ (LCIS) within the same tumour specimen. Only 7 of the 58 MDL cases (12.1%) had
LCIS and no DCIS diagnosed. This distribution of DCIS and LCIS in the MDL cohort was
significantly different to that observed in the IC-NST and ILC cases of the QFU cohort (p <
0.0001; see Table 4.2). For instance, there were significantly fewer cases with LCIS only
in the MDL cohort relative to the ILC cohort (p < 0.0001).

MDLs more frequently expressed ER and PR compared to IC-NST (p = 0.0102 and p =
0.0003, respectively), but there was no difference in expression when compared to ILC.
HERZ2 amplification, however, was found to be more frequent in MDLs compared to ILC (p
= 0.0196).

124



Table 4.2: Clinical and pathology features of MDL carcinomas. Statistical comparisons have
been made with a sporadic cohort of IC-NST (n = 256) and ILC (n = 64) from the QFU cohort.

MDL cohort QFU IC-NST QFU ILC
(n=82) (n=256) p value (n=64) p value
n (%) n (%) n (%)
Age of diagnosis
Average 57 58 62
Range 28-86 27-88 0.3238% 40-85 0.0083%*
Median 55 58 63
Tumour size (cm)
<2 33 (42.9) 108 (42.2) 21 (34.4)
2t05 33 (42.9) 92 (35.9) 24 (39.3)
>5 11 (14.3) 56 (21.9) 0.2929 16 (26.2) 0.2017
Unknown 5 - 3
Total 82 256 64
Tumour grade*
1 9 (11.0) 40 (15.6) 2(3.1)
2 48 (58.5) 106 (41.4) 0.0254 56 (87.5) 0.0006
3 25 (30.5) 110 (43.0) 6 (9.4)
Lymph node status
Positive 41 (68.3) 65 (41.1) 14 (40.0)
Negative 19 (31.7) 79 (54.9) 0.0033* 21 (60.0) 0.0097*
Unknown 22 112 29
Total 82 256 64
Preinvasive lesions
DCIS 35 (60.3) 119 (100) 0 (0)
LCIS 7(12.1) 0 (0) <0.0001 29 (93.5) < 0.0001
DCIS & LCIS 16 (27.6) 0 2 (6.5)
Not recorded 24 137 33
Biomarker status
Oestrogen receptor
Positive 72 (90.0) 192 (76.8) 53 (91.4)
Negative 8 (10.0) 58 (23.3) 0.0102* 5 (8.6) 0.7842*
Unknown 2 6 6
Total 82 256 64
Progesterone receptor
Positive 67 (83.8) 154 (62.1) 38 (70.4)
Negative 13 (16.3) 94 (37.9) 0.0003* 16 (29.6) 0.0651*
Unknown 2 8 10
Total 82 256 64
HER2 (IHC)
Positive 14 (18.2 45 (18.7) 4 (8.0)
Negative 63 (81.8) 196 (81.3) 1.0* 46 (92.0) 0.1255*
Unknown 5 15 14
Total 82 256 64

Table continued over page
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Table 4.2: Clinical and pathology features of MDL carcinomas. Statistical comparisons

have been made with a sporadic cohort of IC-NST (n = 256) and ILC (n = 64) from the

QFU cohort.
MDL cohort | 20YFU IC-NST 20YFU ILC
(n=82) (n=256) p value (n=64) p value
n (%) n (%) n (%)
HER2 (ISH)
Positive 8 (17.8) 27 (11.2) 2 (3.4)
Negative 37 (82.2) 215(88.8) | 0.2181" | 56 (96.6) 0.0196*
Total 45 242 58

Chi-squared test for significance unless otherwise specified; * t-test; * Fisher’s exact test, with a p

value considered significant if < 0.05. Significant values highlighted in red.

4.2.2.

Investigating the E-cadherin adhesion complex in MDLs

As the most defining feature in lobular carcinomas is the loss of E-cadherin, the integrity of

E-cadherin and its binding complex partners, p-catenin and p120-catenin, was assessed in

a subset of 51 cases of MDLs by IHC on whole tissue sections (Section 2.5.4). The

expression of each protein was evaluated in each morphological component (DCIS, LCIS

and invasive tumour areas of both ductal and lobular growth patterns) in each case. Each

marker was scored as positive (complete membrane staining), negative (no protein

expression), aberrant (either fragmented membrane staining or cytoplasmic localisation),

or a mix of positive/aberrant (some cases displayed both positive membrane staining and

aberrant staining), as shown in Figure 4.3. The distribution of staining of each molecule in

each morphological component is summarised in Table 4.3. For the most part, the DCIS

(91.7%) and invasive ductal (77.6%) components showed normal membranous protein

expression for E-cadherin, -catenin and p120-catenin. The majority of LCIS were

negative for E-cadherin (70%) and p-catenin (88.9%), and cytoplasmic for p120-cateinin

(62.5%). The lobular component in the majority of MDLs, exhibited aberrant cytoplasmic

staining (43.1% and 35.4%) or incomplete membrane staining (27.5% and 25%) for E-

cadherin and B-catenin, respectively. p120-catenin was frequently localised to the

cytoplasm (60.9%). In only 9 (17.6%) cases did the lobular component exhibit archetypal

E-cadherin negative staining.
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Figure 4.3: E-cadherin staining patterns in IC-NST and ILC.

Table 4.3: Expression of the E-cadherin adhesion complex in the different morphological

components of mixed ductal lobular carcinomas

DCIS LCIS/PLCIS Ductal Lobular
(n=24) (n=10) (n=49) (n=51)
E-cadherin; n (%)
Pos 22 (91.6) 1(10) 38 (77.6) 6 (11.8)
Neg 0 7 (70) 3(6.1) 9 (17.6)
Aberrant 0 2 (20) 2(4.1) 22 (43.1)
Mixed pos/ab 1(4.2) 0 6 (12.2) 14 (27.5)
Mixed pos/neg 1(4.2) 0 0 0
ND 0 0 0 0
B-catenin; n (%)
Pos 23 (95.8) 1(11.1) 39 (79.6) 7 (14.6)
Neg 0 8 (88.9) 3(6.1) 10 (20.8)
Aberrant 1(4.2) 0 0 17 (35.4)
Mixed pos/ab 0 0 3 (6.1) 12 (25.0)
Mixed pos/neg 0 0 0 2(4.2)
ND 0 1 4 (8.2) 3
p120-catenin; n (%)
Pos 21 (95.5) 2 (25.0) 39 (84.8) 8 (17.4)
Neg 0 1(12.5) 0 0
Aberrant 0 5 (62.5) 3 (6.5) 28 (60.9)
Mixed pos/ab 1(4.5) 0 4 (8.7) 10 (21.7)
Mixed pos/neg 0 0 0 0
ND 2 2 3 5
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Typically, classic ILC shows complete loss of E-cadherin and -catenin expression in up to
90% of cases, alongside cytoplasmic localisation of p120-catenin. We therefore compared
the expression of the E-cadherin adhesion complex in a cohort of classic ILC (the WL TMA
cohort of 148 ILC described in Section 2.1) to the lobular-like component of MDLs. As
predicted from the small cohort assessed previously (Kutasovic, 2011), this larger cohort
confirms that there was a significant difference in the localisation of all the adhesion
complex markers (Figure 4.4; p < 0.0001). Most interestingly was the observation that E-
cadherin protein was not lost in the lobular-like component of MDLs, but displayed
fragmented membrane staining or was aberrantly expressed in the cytoplasm in most
cases; the same was true for p-catenin and p120-catenin. It is likely therefore, that if
disruption of the E-cadherin adhesion complex is contributing to the change in phenotype
from ductal to lobular-like morphology, the mechanism of E-cadherin disruption in MDLs
may be different to that seen in classical ILC, such as the genetic and epigenetic targeting
of CDH1 (reviewed in (McCart Reed and Kutasovic et al., 2015)).
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Figure 4.4: Comparison of the expression of the E-cadherin adhesion complex molecules
(E-cadherin, p-catenin and p120-catenin) in pure ILC versus the lobular-like component of

MDLs. Chi-square statistical test was used.
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4.2.3. Does epithelial to mesenchymal transition play a role in the phenotypic
switch from ductal to lobular growth pattern?

Epithelial to Mesenchymal Transition (EMT; Section 1.8.3) is essential for cell migration in
embryogenesis, has been found to contribute to an increase in invasive capabilities in vitro
and is speculated to therefore contribute to invasion and metastasis in vivo. In this
process, E-cadherin expression is repressed by certain transcription factors such as
TWIST, Snail and Slug. Cells undergo ‘cadherin switching’, down-regulating E-cadherin,
expressing N-cadherin and also switching on the expression of a number of markers
associated with mesenchymal cell differentiation, such as vimentin. High grade IC-NST of
basal-like phenotype shows the strongest evidence of EMT in breast tissues
(Aleskandarany et al., 2014). ILC and the lobular component of MDLs show a discohesive
and infiltrative growth pattern and deregulated E-cadherin. We have shown that EMT
rarely contributes to the invasive phenotype of ILC (McCart Reed and Kutasovic et al.,
manuscript under review, J Pathol). Here, we hypothesise that EMT may contribute to the
transition of ductal to lobular-like growth pattern in MDLs.

A subset of MDL cases were assessed for the expression of the following EMT markers by
IHC, N-cadherin (n = 8), SNAIL (n = 13) and Vimentin (n = 15). N-cadherin was negative in
all cases; Vimentin and SNAIL were focally positive (in less than 1% of cells) in 4/15
(26.6%) and 2/13 (15.4%) of cases, respectively (Figure 4.5). Overall, protein analysis of
these EMT markers suggests that EMT may not play a role in the progression from ductal
to lobular morphology.
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Figure 4.5: Assessment of expression of EMT markers Vimentin, N-Cadherin and SNAIL.
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4.24. Meta-analysis of publically available gene expression and mutation data

from mixed ductal lobular carcinomas

The TCGA has performed detailed molecular profiling on a large cohort of breast tumours
(The Cancer Genome Atlas Network, 2012). There were 29 MDLs available according to
the cBioportal user interface, where one can search for many different clinical variables
alongside the publically available genomic data (Cerami et al., 2012, Gao et al., 2013). To
verify the diagnosis of a MDL, we accessed the Cancer Digital Slide Archive for these 29
cases and reviewed the digital H&E slides for each samples. This also served to assess
the tumour cellularity of the samples (Section 2.12). It is particularly important to account
for tumour cellularity in this context, as the nucleic acid alterations will be representative of
the most prominent cell type. There were 2 to 3 digital images provided for each case;
generally 1 or 2 sections were frozen H&E sections and one was a FFPE H&E section. We
have to make the assumption that the frozen H&E is representative of the tissue from
which the nucleic acids were extracted. Based on this, it was found that 6 cases were
enriched for the lobular component, 10 cases were enriched for the ductal component, and
13 tumours had admixed lobular and ductal components.

Meta-analysis of the gene expression of some key EMT genes (CDH1, CDH2, TWISTT,
SNAI1, VIM, ZEB1 and ZEBZ2) showed that, for the most part, these genes are rarely
altered in the TCGA MDL cohort (Figure 4.6). The case that has CDHZ2 (N-cadherin) up-
regulation doesn’t have a hit to CDH1; hence it is unlikely to have undergone cadherin
switching. Also, the case with concomitant over-expression of Vimentin and Zeb1, have no
alteration in either CDH1 or CDH?2. Interestingly 19% (5/27 cases) had mRNA up-
regulation of ZEB1. Although the numbers are small this frequency is quite high compared
to both ER positive and ER negative IC-NST (ZEB1 is up-regulated in 3% (18/532) and
0.5% (1/201) of cases, respectively) and ILC (ZEB1 is up-regulated in 6% (9/155) of
cases). Of the 5 cases with ZEB1 up-regulation, 2 cases were predominately lobular, 2
cases were admixed, and 1 case was predominately ductal. It is also interesting to note
that 3 of the 5 cases with ZEB1 up-regulation also have up-regulation of ZEB2 and these 3
cases show no other ‘archetypal’ EMT changes. The mRNA up-regulation was mutually
exclusive relative to CDH1 mutation; ZEB1 is known to directly suppress expression of
CDH1 (Vannier et al., 2013, Wong et al., 2014). Unfortunately, these cases do not have
reverse phase protein array (RPPA) data to assess whether the mRNA expression

correlates with protein expression.
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Figure 4.6: The gene expression of EMT related genes in 27 MDLs from the TCGA. The red
box represents mRNA up-regulation. Each grey box represents an individual case. The

black and green spots represent somatic mutation.

4241. Somatic mutation analysis of TCGA mixed ductal lobular carcinomas

Large sequencing studies have found that there are few genes commonly mutated in
breast cancer. Section 2.11.1, Table 2.3, summarises the most frequently altered genes
in breast cancer. The cBioportal was utilised to assess the frequency of mutations of those
genes in MDLs (data was available for 27 of the 29 cases), ILC, ER positive IC-NST and
ER negative IC-NST. The MDL cases were separated out into the different components

recorded from the digital slide archive (Table 4.4).

Although the cohort is small, there were some interesting observations to consider.
Broadly, the average number of mutations was 41 (range 11 to 101) and it appears that
MDLs show a mutation pattern similar to both ILC and ER positive IC-NST. MDLs have a
high frequency of PIK3CA mutations similar to ILC and ER positive IC-NST (45.8% and
33.3% respectively v.s. 41.9% in the MDLs). The second most frequently mutated gene
was GATAS3, which is also the second most commonly mutated gene in ER positive IC-
NST (20.8% v.s. 13.2%). Interestingly, the frequency of TP53 mutations observed in MDLs
(16.7%) was intermediate to that found in ILC (5.2%) and ER positive IC-NST (22.2%).
This is in contrast to ER negative IC-NST were TP53 is mutated in 65% of cases. CDH1
mutations were more frequent in MDLs (12.5%) compared to both ER positive (2.3%) and
ER negative IC-NST (1%); yet lower than observed in ILC (53.5%). Chi-square analysis
was performed for all the mutated genes assessed and the difference in mutation
frequency observed was significant in comparison to ER negative IC-NST (< = 0.00001)
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and ILC (p < 0.0003), but not with ER positive IC-NST (p = n.s.). Three MDL cases did not
have a mutation in any of these frequently mutated genes.

When comparing the mutation pattern between the morphology categories of MDL cases
(Section 2.12), the main observation was that the admixed samples were most similar to
samples that were predominately ductal component. There were only 6 samples that were
lobular component enriched; yet the most striking difference was the higher frequency of
PIK3CA mutationsin the lobular component compared to the admixed and ductal
components (Table 4.4).

Table 4.4: The most frequently mutated genes in MDL carcinomas compared to ER positive
and ER negative IC-NST and ILC.

MDL (n=24)
ER+ IC-NST | ER- IC-NST ILC All Admixed | Ductal Lobular
(n=532) (n=200) (n=155) | samples (n=10) (n=9) (n=5)
n (%) n (%) n (%) n (%) n (%) n (%) n (%)
CDH1 12 (2.3) 2 (1.0) 83(53.5) | 3(12.5) | 1(10.0) | 1(11.1) 1 (20.0)
FGFR2 6(1.1) 2 (1.0) 1 (0.6) 1(4.2) 1(10.0) 0 (0) 0 (0)
FOXA1 9(1.7) 1 (0.5) 10 (6.5) | 3(12.5) | 1(10.0) 0 (0) 2 (40.0)
GATAS3 70 (13.2) 1 (0.5) 5(3.2) 5(20.8) | 2(20.0) | 3(33.3) 0 (0)
MLL3 40 (7.5) 8 (4.0) 12 (7.7) 1(4.2) 0 (0) 1(11.1) 0 (0)
MAP2K4 27 (5.1) 1(0.5) 1 (0.6) 2 (8.3) 2 (20.0) 0 (0) 0 (0)
MAP3K1 50 (9.4) 3(1.5) 8 (5.2) 2 (8.3) 1(10.0) | 1(11.1) 0 (0)
NCOR1 22 (4.1) 6 (3.0) 7 (4.5) 1(4.2) 0 (0) 1(11.1) 0 (0)
NF1 11 (2.1) 6 (3.0) 5(3.2) 1(4.2) 1(10.0) 0 (0) 0 (0)
PIK3CA 177 (33.3) 25(12.5) | 65(41.9) | 11(45.8) | 4 (40.0) | 3(33.3) | 4(80.0)
PTEN 16 (3.0) 4 (2.0) 9 (5.8) 0 (0) 0 (0) 0 (0) 0 (0)
RB1 9(1.7) 6 (3.0) 2 (1.3) 1(4.2) 0 (0) 1(11.1) 0 (0)
RUNX1 13 (2.4) 1 (0.5) 13 (8.4) 1(4.2) 1(10.0) 0 (0) 0 (0)
TBX3 13 (2.4) 2 (1.0) 8 (5.2) 0 (0) 0 (0) 0 (0) 0 (0)
TP53 118 (22.2) 130 (65.0) 8 (5.2) 4(16.7) | 1(10.0) | 3(33.3) 0(0)

Highlighted in grey are the most frequently mutated genes within each subtype (mutated in over

10% of cases). Mutations in the MDL cases were pooled and then separated out based on the

predominant morphological component as determined by assessing the cancer digital slide

archive.

A discovery approach to variant analysis was also taken, whereby all of the mutation

annotated format (MAF) files of the exome sequencing data was downloaded for each of

the 27 MDL cases with data, to examine if there were other interesting mutations that may

have an interesting role. All non-silent coding variations were recorded for each case and
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each case was assessed individually. We were particularly interested to see if there were
mutations present in genes encoding proteins involved in E-cadherin cell-cell adhesion,
however, there were no reported mutations in any of the genes encoding the E-cadherin
binding partners «, B, y, or p120-catenin. However, mutations were found in other cadherin
family members CDH7, CDH9 and CDHZ20 and in cadherin related proteins, COHR1 and
CDHR?2, which together with CDH1 were all mutually exclusive (Figure 4.7). Mutations
were also detected in protocadherins PCDH9, PCDHA2, PCDHAS, PCDHAC1, PCDHBS6,
PCDHB14, and PCDHGA9. When overlaying copy number and gene expression data in
cBioportal, we found individual cases with increased expression of COHR2, PCDH9,
PCDHA2, PCDHAS, PCDHB14, PCDHGA9 or PCDHGBS3; yet none of the cadherin family
members showed gene deletion or down-regulation in the MDLs. The functional

consequences of these mutations are unknown.

The following genes were noted as being recurrently mutated (identified in more than 1
case). Mutations were found in genes involved in cytoskeleton regulation: 3 cases had
FMNZ2 (Formin 2; involved in actin cytoskeleton assembly) mutation, while 5 cases had
gene amplification; 2 cases had MACF1 (microtubule-actin crosslinking factor 1; involved
in crosslinking many proteins of the cytoskeleton) mutations and 2 cases had gene up-
regulation; and 2 cases had KIF21B (kinesin family member 21B; microtubule based motor
protein involved in intracellular transport of membranous organelles) mutations and 5
cases had gene amplification which may be contributing to invasive capacity of the cancer
cells. Mutations in genes involved in WNT signalling (WNT16, WNT7A, WNT3A) were also
observed. These genes are involved in pathways associated with carcinogenesis and
embryonic development, specifically in cell division and cell migration. -catenin is also
important in canonical Wnt signalling; in addition to its role in cell-cell adhesion, g-catenin
can translocate to the nucleus, acting as a transcriptional co-activator for various Wnt
signalling target genes (such as MYC, CCND1, CDH1 (Klaus and Birchmeier, 2008).

The FOX (forkhead box) protein, FOXA1 was identified as a frequently mutated gene in
ILC (6.5%) and MDLs (12.5%). Mutations in other FOX proteins were also identified in
individual cases: FOXM1 (cell cycle progression) and FOXP1 (transcription factor essential
for organ development). Since these genes are essential for the regulation of many
biological processes, their alterations may be important in tumour progression in these

cases.

134



CDH1
CDH7
CDH20
CDH9
CDHR1
CDHR2
FMN2
FOXA1
FOXJ3
FOXM1
FOXP1
GATA1
GATA3
ITGA1
KIF21B
MACF1
MUC16
MUC20
PCDH9
PCDHA2
PCDHAS
PCDHAC1
PCDHB14
PCDHB6
PCDHGA9
PCDHGB3
WNT16
WNT3A

WNT7A

I Amplification

11008
4%
4%
4%
4%
7%

30%'

15%

19%
7%
4%
4%

19% B

15%

22%'

15%

1%

15%
7%
7%

1%
4%
7%
498
7%
4%
4%

22%'

4%

mMRNA Downregulation

mMRNA Upregulation ® Missense Mutation ® Truncating Mutation

Figure 4.7: Other mutated genes of interest in MDLs. Top panel: Orange, Lobular enriched;

4.2.5.

Blue, Ductal enriched; Purple, Admixed.

Investigating the molecular evolution of mixed ductal lobular carcinomas

To give insight into the clonal nature of this tumour type, it is necessary to investigate the

different morphological components independently using molecular techniques. To this
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end, enrichment for specific cell types of interest to a high degree of purity was performed

using laser capture micro-dissection (LCM) or fine needle micro-dissection. Table 4.5

describes the morphological and phenotypic characteristics of each case, the

morphological components, and the molecular analyses performed. Tumours were needle

macro-dissected if the specific areas of interest were quite separate from each other, while

other cases were micro-dissected using LCM for greater precision in separating tumour
areas (Section 2.7.1 and 2.7.2).

Table 4.5: MDL cases subjected to genomic analysis.

Case ID Component Grade ER PR HER2 E-cad cCGH Exome

Ductal 2 + + - Pos/Ab v
# Lobular 2 Pos/Ab v
MDL1 DCIS 2 Pos v
LCIS clas Ab v
Ductal 2 + + + Pos v
# Lobular 2 Pos/Ab v
MDL2 DCIS 3 Pos v
LCIS n/a Neg v
Ductal 3 + + + Pos v
MDL3* Lobular n/a Ab v
DCIS 3 Pos v

Ductal 3 + + + Pos v v

. Lobular 3 Ab v v

MDL4 DCIS 3 Pos v X

Normal - blood - v

Ductal 2 + + - Pos v

Lobular 2 Pos/Ab v

MDL5* DCIS 2 Pos v

LCIS clas - X

Normal LN - v

Ductal 2 + - + Pos v

Lobular 3 + - + Neg v

# PLCIS 3 Neg v

MDL6 DCIS 3 Pos/Neg v

LN metastasis Neg X

Normal LN - v

T1 —IC-NST 3 + + - Pos v

T1-DCIS 2 Pos X

T2-1LC 2 + + - Pos/Ab v

T3 - MDL - ductal 2 Pos v

. T3 - MDL - lobular Pos/Ab v

MDL7 T3 - DCIS 2 Pos v

T4 — MDL - ductal 2 Pos v

T4 — MDL - lobular Pos/Ab v

T4 — DCIS 2 Pos v

Normal LN - v
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*Macro-dissected, *Laser capture micro-dissected. cCGH: Chromosomal CGH - performed
previously (Kutasovic, 2011). LN; Lymph node. MDL7: T = tumour (described in more detail below
in Section 4.2.5.4). Clas = classic LCIS type.

Four MDLs cases previously underwent chromosomal CGH (cCGH) analysis as described
earlier (Section 4.1.1). Here we have attempted exome sequencing on four MDL cases,
including one that underwent cCGH. These cases were chosen because of their
interesting morphological features and the fact that each component was large enough to
yield sufficient DNA for analysis. Figure 4.8 provides a representative image of a case that
was micro-dissected for different morphological regions within the same specimen with the
guidance of E-cadherin staining. Whole exome sequencing was performed (as described
in Section 2.11.2) to uncover the clonal evolution in these MDL cases and potentially
reveal mechanisms driving the change in morphology. Appendix Table 4.1 summaries the
sequencing metrics for all cases. Below are detailed descriptions of each case and their

preliminary analysis of the genomic data.

Ductal

Lobular

Figure 4.8: E-cadherin staining was used alongside morphological assessment to guide

micro-dissection of each component prior to DNA extractions.
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4.2.51. MDL4

A 79-year-old patient was diagnosed with a MDL carcinoma that was 20 mm in size,
histological grade 3 and lymph node negative. The lobular component was of the
pleomorphic variant and high-grade DCIS was present, but no LCIS was identified in the
histological examination. The tumour was positive for ER and PR, and HER2 was
amplified. The E-cadherin adhesion complex was positive in the DCIS and ductal
component and was aberrantly localised in the lobular component (Figure 4.9). This case
was analysed for the expression of EMT markers and was negative for vimentin, and
displayed cytoplasmic localisation of Snail and N-cadherin. Positive CK8/18 staining
emphasises the epithelial nature of the lobular cells.

Interestingly, from a morphological point of view, there where areas within the tumour of
what appears to be a ‘transition zone’- a region with a clear change from ductal to lobular-
like morphology (Figure 4.9) that coincides with aberrant localisation of the E-cadherin
adhesion complex.

Chromosomal CGH data showed that the two morphological components shared many
copy number alterations (Table 4.1 (Kutasovic, 2011)). As part of my honours project, |
Sanger sequenced the exons of CDH1 in both morphological components and no mutation
was found. Both the invasive ductal and pleomorphic lobular components were macro-
dissected using a fine needle and the DNA extracted was sequenced for the whole exome
(together with normal DNA, Sections 2.7 and 2.11.2). Unfortunately the DCIS was too
small for this analysis. Preliminary analysis of the exome sequencing data found that there
were 77 variants shared between both the ductal and lobular components, supporting that
both components are derived from a common ancestor. There were 19 and 68 private
variants in the ductal and lobular components, respectively (Figure 4.10 A, including both
silent and non-silent mutations). There were no obvious mutations in genes associated
with cell adhesion (such as E-cadherin adhesion complex) in the lobular component. Of
interest however, was a mutation in ESR1 (encoding oestrogen receptor alpha) in the
lobular component, and HRAS in the ductal component. As both components show more
similar mutation profiles than different, and the lobular component shows many unique
variants, we can hypothesise that the lobular component diverged late in the evolution of
this tumour (Figure 4.10 B). Since the DCIS was not available for analysis, we
hypothesise that the invasive counterparts of this tumour arose via a ductal-like pathway of

progression, where the ductal and lobular components have arisen from a common DCIS.
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Targeted mutation validation may be possible in the DCIS component to confirm this
theory.
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; oo-. 0T
i f?n '0’%? P |
n“wau‘ lo ¢ 5.,&>Jﬁi
CK8/18 "s!" ‘ﬁl&"ﬁ ety

Figure 4.9: Representative images of both ductal (top left of the image) and lobular
components (areas of single cells) of MDL4. A possible ‘transition zone’ from ductal to
lobular morphology is marked by the arrow that appears to coincide with cytoplasmic E-

cadherin localisation.
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Figure 4.10: A) Summary of all the silent and non-silent variants across both morphological
components. B) A hypothetical evolutionary tree. We hypothesise that the lobular
component diverged late during the evolution of this tumour and arose via a “ductal-like”

pathway.

4.2.5.2. MDL5

This 52-year-old patient presented with a 56 mm, grade 2 MDL carcinoma with co-existing
DCIS and LCIS. This tumour was ER and PR positive, HER2 negative and had regional
metastasis to the lymph nodes that was of ductal morphology. Figure 4.11 shows the
differential E-cadherin binding complex expression between the morphological
components; the ductal component and DCIS were positive for the E-cadherin complex
and the lobular component had aberrant expression of the E-cadherin complex.
Unfortunately there was no LCIS left in the tissue sample to assess the expression of E-
cadherin complex or from which to extract DNA. For exome sequencing, areas of E-
cadherin positive ductal morphology, E-cadherin negative lobular morphology and DCIS
were separately micro-dissected using a needle. There were 11 shared variants observed
between the DCIS, E-cadherin positive and E-cadherin negative morphological regions

sequenced (Figure 4.12 A). Unique to each component were 13 variants in the DCIS, 11
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variants in the E-cadherin positive and 7 in the E-cadherin negative regions. Of the 7
genes mutated in the E-cadherin negative component (ATH9B, GIGYF2, MRPL27,
PREPL, TDG, VPS41, WDR33), none were related to cell adhesion or provide an obvious
explanation for a change in morphology or growth pattern. Overall there is evidence that
all morphological variants were derived from the same neoplastic clone. However,
divergence may have occurred earlier as there are both DCIS and LCIS present in this
case (Figure 4.12 B).
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Figure 4.11: MDL5. Representative areas of ductal and lobular morphology with staining for
E-cadherin, p-catenin and p120-catenin. 20X insets show the localisation of E-cadherin, -

catenin and p120 catenin in the lobular component.
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Figure 4.12: A) All silent and non-silent variants shared between the E-cadherin positive
ductal component, E-cadherin negative lobular component and DCIS of MDL5. B)
Hypothetical evolutionary tree. Since the LCIS was unavailable for analysis we are unable to

determine the exact clonal relationships of all components.

4.2.5.3. MDL6

This 76-year-old patient was diagnosed with a MDL carcinoma that was composed of a
grade 3 pleomorphic lobular component that was 40 mm alongside a grade 2 ductal
component that was 14 mm. The tumour also had high-grade DCIS and PLCIS, and the
regional lymph nodes were infiltrated by the PLC. Both the lobular and ductal components
were positive for ER and HER2, however there was more ER positive cells (30% v.s. 5%)
and HER2 was more highly amplified (24 copies v.s. 12) in the lobular component
compared to the ductal component. Ki67 staining was also performed with 37% of the
lobular component, and 19% of ductal component positive, indicating that the lobular
component is more proliferative than the ductal component. All of the aforementioned data
was provided by a very detailed pathology report. As displayed in Figure 4.13, each
invasive and pre-invasive component has very distinct morphology and displays
differential E-cadherin adhesion complex expression. The lobular component and PLCIS

regions were negative for E-cadherin and p-catenin, while p120-catenin was located in the
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cytoplasm. The ductal and DCIS components display membrane positivity for all adhesion
complex members. Interestingly, some foci of DCIS exhibited heterogeneous E-cadherin
expression with positive and negative cells co-existing in the same lesion, and could
represent pagetoid spread of LCIS cells growing upward in the duct (see Figure 4.13,

bottom panel).

This fascinating case was micro-dissected using the Leica laser capture micro-dissection
system to separate out near pure populations of cells from the lobular, ductal, DCIS and
PLCIS components. Exome sequencing highlighted that 56 variants were shared between
all 4 components of this case, emphasising that all morphological variants within this case
are clonally related (Figure 4.14 A). Mutated genes of interest that are shared include
known tumour suppressors BRCAZ2 (frame shift deletion) and SMAD4 (missense mutation
1082G>A, Arg361His). A frame shift deletion in TBX3 is present in all components except
the DCIS. The invasive components both had the largest number of private mutations (64
in the ductal component and 266 in the lobular component). Of important note, the PLCIS
and lobular components both shared a mutation in CDH17, which is likely to account for the
lack of E-cadherin expression. The mutation in CDH1 is predicted to cause a premature
stop codon (1828C>T, GIn610*). We hypothesise that this case may be an example of
early clonal divergence, due to the presence of both early pre-invasive DCIS and PLCIS

lesions. (Figure 4.14 B)
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Figure 4.13 MDL6. Representative areas of the ductal component, pleomorphic lobular
component (white arrow), PLCIS (black asterisk) and DCIS (red asterisk). 20X insets show
the localisation of E-cadherin, g-catenin and p120 catenin in the lobular component. Black
box: PLCIS that is E-cadherin negative. Red box: DCIS that is E-cadherin positive with areas
of E-cadherin negative within the DCIS (green arrow). CK8/18 is positive in 100% of the

tumour cells and vimentin is negative.
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Figure 4.14: All silent and non-silent variants identified in the four morphological
components. B) The construction of a hypothetical evolutionary tree assessing the pathway

of tumour progression in this case.

4.2.5.4. MDL7

A 54-year-old patient underwent a mastectomy for multi-focal breast cancer. Macro- and
microscopic analysis revealed 4 individual tumours of different histological types. The
largest lesion was a 26 mm grade 3 IC-NST. The second lesion was a 21 mm grade 2 ILC.
The other 2 lesions were grade 2 MDL carcinomas, 12 mm and 7 mm in size, respectively.
Figure 4.15 is a map outlining where each lesion was found with respect to each other,
and the distances between each one. All 4 lesions were associated with DCIS, were ER
positive, PR positive and HER2 negative, and no regional lymph nodes were involved at
diagnosis. Each lesion was assessed for the expression of the E-cadherin adhesion

complex. Overall, the IC-NST, DCIS and ductal components of the two MDL tumours were
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positive for the adhesion complex members. Interestingly, the ILC and lobular-like
components of the MDL tumours displayed a mix of positive and aberrant staining (Figure
4.16). All tumours were positive for the epithelial cell marker CK8/18 and negative for
vimentin (data not shown), suggesting that EMT does not play a role in the transition from
ductal to lobular phenotype. Each lesion was macro-dissected with a fine needle (see
Table 4.4) and DNA extracted with a total of 8 tumour areas undergoing exome
sequencing (Sections 2.7 and 2.11.2). The DCIS co-occurring with the IC-NST did not
undergo exome sequencing due to low DNA concentration. This case is quite complex in
that there are multiple pre invasive lesions and multiple growth patterns across multiple
lesions throughout the breast (Figure 4.15); therefore understanding the natural history of
these tumours is not so straightforward. Greater sequencing coverage is necessary to
confidently call mutations and understand evolutionary relationships, therefore the
samples are being re-sequenced and the data analysis is on going. However, preliminary
analysis has revealed that similar to MDLS5, there were no obvious mutations in genes

associated with cell adhesion, such as CDH1.
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Figure 4.15 Map of all tumour foci in the left upper outer quadrant of case MDL7 (A). The

dotted lines indicate the distance between each lesion (B).
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Figure 4.16 Representative images of the 4 tumour foci in case MDL7. 20X insets show the
localisation of E-cadherin, §-catenin and p120 catenin in the ILC of the second lesion, which

is representative of the lobular components in the two MDL lesions.

4.2.6. Identification of driver mutations and pathway analysis

All sequencing data was analysed using IntOGen ((Gundem et al., 2010), Section 2.12) to
discover which mutations may be drivers in these MDLs, and also assess whether there
are recurrently altered functional pathways. All 17 samples from the 4 cases were

analysed and Table 4.6 describes the most frequently mutated known driver genes,
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candidate driver genes and the top 10 driver pathways in the cohort. The most frequently
mutated genes were those identified in MDL6 (BRCAZ2 and SMAD4) and is therefore likely

to be enriched for cases with the most samples. The pathway analysis revealed that the

most frequent pathways altered in over 80% of the samples were gap junction signalling,

Gonadotropin-releasing hormone (GnRH) signalling and MAPK signalling.

Table 4.6: Summary of the IntOGen analysis to identify driving genes and pathways across

the cohort of 4 MDL cases.

Driver genes in the cohort Mutation frequency IntOGen
RICTOR 0.529
MAP3K2 0.471
TBX3 0.471 Driver
MOK 0.412
MEGF6 0.412
MAD1L1 0.412
MYLIP 0.412
DYNC1H1 0.235
SMAD4 0.235 Driver
Candidate driver genes Number of samples; case Impact
BRCA2 All samples; MDL6 High
GPS2 All samples; MDL6 High
SMAD4 All samples; MDL6 Medium
AHNAK All samples; MDL6 Medium
TBX3 3/4 samples; MDL6 High
TBX3 All samples; MDL5 High
TP53 All samples; MDL5 High
SP3B1 All samples; MDL5 High
CDH1 2/4 samples; MDL6 High
Driver pathways Found/studied fMutatlon
requency
Gap junction 15/17 0.882
GnRH signalling pathway 15/17 0.882
MAPK signalling pathway 14/17 0.824
Cell cycle 12/17 0.706
Whnt signalling pathway 9/17 0.529
Osteoclast differentiation 8/17 0.471
Pathways in cancer 8/17 0.471
Hepatitis B 8/17 0.471
Glutamatergic synapse 7117 0.412
Transcriptional misregulation in cancer 6/17 0.353

Found/studied = number of samples in the whole study with the alteration. Impact = the adverse

impact of the mutation on the protein function
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4.3.Discussion

This study investigated the clinical, pathology and molecular features of a large cohort of
mixed ductal lobular carcinomas. The findings corroborate that MDLs are a distinct
morphological entity (Rakha et al., 2009, Arps et al., 2013) with unique biological features
that share some similarities to both IC-NST and ILC. Our findings are in agreement with
previous studies stating that MDLs were mostly grade 2 (58%); were more frequently
associated with DCIS than LCIS; were frequently lymph node positive (68.3%) and were
more frequently ER positive compared to IC-NST ((Rakha et al., 2009, Arps et al., 2013)
Section 4.2.1).

The current multistep model of progression considers that an IC-NST arises from a DCIS,
while an ILC arises from a LCIS, via a low-grade or high-grade pathway of tumourigenesis
(Section 1.8). The evolution of MDLs is less clear cut and less well studied. DCIS was
present in 87.9% of our MDL cases, similar to that reported by Rakha et al. (89%; (Rakha
et al., 2009)), where as LCIS was present in only 39% of cases (27% of cases had both
DCIS and LCIS). It is possible that LCIS was present in other cases and was just not found
or was completely transformed in to the lobular component. However, this different
distribution between DCIS and LCIS is suggestive that the invasive lobular component of a

MDL may be the result of evolution from a tumour clone of “ductal” origin in some cases.

IHC staining for E-cadherin and its catenin complex partners supports this to some extent.
In almost all cases the invasive lobular component of the MDL showed deregulation of the
E-cadherin adhesion complex (Section 4.2.2), suggesting this is important mechanistically
in driving the phenotypic switch during the evolution of these tumours. In the vast majority
of ductal lesions E-cadherin was expressed and located at the cell membrane. When LCIS
was present, then it and the invasive lobular component were more frequently negative for
E-cadherin. However, when LCIS was not present, the invasive lobular component was
more frequently aberrant for E-cadherin, with cytoplasmic accumulation of the protein. This
would imply that the evolution of the invasive lobular component might be different

depending on whether LCIS was present or not.

This was investigated further using molecular analysis of different morphological
components of MDLs by cCGH (Kutasovic, 2011) and exome sequencing (Section 4.2.5).

This first key point was that this analysis demonstrated that all discrete lesions within the
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cases study were clonally related, as opposed to being the collision of individual tumours.
There was multiple DNA copy number alterations and somatic mutations that were shared
between all lesions (ductal and lobular) in a case. Additional genetic alterations were
identified that were not shared (private mutations); indicating further clonal evolution
occurred post divergence of ductal and lobular components. cCGH data from my honours
thesis (Kutasovic, 2011) and the exome data presented here suggest that when LCIS was
present, it was more genetically similar to the invasive lobular component than to the
‘ductal’ lesions (e.g. cases MDL1 and MDLG6). Although only small numbers of cases have
been studied so far it is noteworthy that the only case to contain a CDH1 mutation is the
lobular component of MDL6. Molecular data in cases without LCIS suggests the invasive
lobular component is closely and clonally related to the invasive ductal component; and
that the mechanism underlying the phenotypic switch remains unclear.

These hypothetical concepts for the evolution of different morphological components of
MDLs are summarised in Figure 4.17: in MDL cases with LCIS and ILC, E-cadherin is
typically negative (but in some cases aberrantly localised in both the LCIS and ILC) and
the divergence from ductal pathway of evolution most likely occurred early during
progression. In cases with no LCIS present, the invasive lobular component is more likely
to exhibit aberrantly localised E-cadherin and that divergence from ductal morphology is

more likely to have occurred later during evolution.

Early divergence
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Figure 4.17: The clonal evolution of mixed ductal lobular carcinomas. We propose that in
some cases early divergence from a common neoplastic clone (top panel), particularly in
cases with both LCIS and DCIS present. However, in cases that only present with DCIS it is
hypothesised that clonal divergence may occur later during tumour evolution (bottom
panel). Dashed lines denotes our lack of understanding of the mechanisms driving the

change in morphology.

It is unlikely that epithelial to mesenchymal transition is involved in the phenotypic switch
to a more invasive (lobular) phenotype, as we did not see either the archetypal cadherin
switch and/or activation of vimentin expression in this cohort (Section 4.2.3). However, the
analysis of integrated protein and mRNA expression of multiple EMT markers should be
performed to see if a coordinated expression of an EMT program occurs. This, in
particularly should include ZEB1, which was up-regulated in some cases in the TCGA
meta-analysis. This transcription factor is a known transcriptional repressor of CDH1

(Wong et al., 2014) and therefore may be important in some MDL cases.

The TCGA provides a wealth of genomic data for large numbers of breast cancer samples.
There were 29 MDL cases available for meta-analysis of gene expression and gene
mutation data. Some caveats must be acknowledged with this approach, particularly when
studying a tumour with morphological heterogeneity. For this study, it was therefore of vital
importance to recognise the morphological characteristics of the specific region of the
tumour sample from which DNA and RNA was extracted (lobular, ductal or admixed
combination of both). We tried to address this by assessing the Cancer Digital Slide
Archive (Section 4.2.4). There are many difficulties when looking at frozen tissue sections,
particularly where freeze artefact can make the cells in a tissue section look discohesive.
In most cases, two frozen section images were given and it was impossible to determine
which one was used. FFPE slides were also available for most cases, and although this
provides better morphology, this is unlikely to be directly representative of the frozen tissue
processed for extraction. Ultimately therefore it was quite difficult to know whether the data
obtained from the TCGA related to a ductal component and lobular component or an
admixed component. These limitations need to be taken into account when interpreting the

results.

The genes frequently mutated in the MDLs from the TCGA (Section 4.2.4) were those
similar to ER positive IC-NST and ILC. There were no genes known to be involved in cell

adhesion mutated in the TCGA data, other than three cases with CDH7 mutations.
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However, this could simply be a reflection of the proportions of either the ductal or lobular
components sequenced; false negatives are a real possibility, given our morphology
assumptions. E-cadherin IHC would be very useful in these cases to see if the cases
without CDH1 mutation have aberrant localisation in the lobular component.

The genes altered in the TCGA cohort could possibly affect novel pathways involved in the
regulation of cell adhesion. For example, there were mutations in genes encoding proteins
of the actin cytoskeleton and Wnt signalling, the alterations of which may be impacting cell
adhesion through interactions with E-cadherin and p-catenin. The lack of direct hits to the
cell adhesion complex may suggest that other mechanisms are at play, such as
deregulation at the epigenetic or post-translational level or protein trafficking.
Transcriptome profiling of a series of well-characterised, micro-dissected samples could be

employed to help understand the underlying mechanisms.

Four cases were selected for micro-dissection of the various invasive and pre-invasive
lesions. There were difficulties in finding cases for molecular analysis, the most common
limitations being that i) one or more of the important morphological components was too
small (often the invasive lobular component); ii) or too old to get enough good quality DNA;
or iii) the morphological components were too admixed to have a pure population of cells
from both morphological components to investigate the cause of the switch in phenotype.
All of the four cases chosen were less than 5 years old, the morphological components
were sufficiently discrete and large enough to yield good quality DNA and thus some
success in the exome sequencing. Only a preliminary data analysis has been undertaken
on 3 of the 4 cases to date, to provide data for this thesis. We are awaiting further
sequencing on the same samples to increase the depth of coverage and hence the
robustness of the somatic variants called. The analyses shown will then be repeated,
including IntOGen analysis and together with collaborative support to formulate more
formal phylogenetic modelling of tumour evolution. We will also validate somatic mutations

of interest by Sanger sequencing.

Interestingly, one of the cases that displayed negative E-cadherin staining in the lobular
component harboured a CDH1 mutation. In contrast, the other E-cadherin negative case
and the cases with aberrant E-cadherin localisation did not have a CDH1 mutation, or any
mutation was the obviously involved in cell-cell adhesion from this preliminary analysis.
This finding supports our hypothesis that the mechanisms underlying aberrant E-cadherin
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localisation are different to those in pure ILC. The deregulation of E-cadherin cell adhesion
could be a result of a variety of gene expression changes, epigenetic modifications or sub-
cellular localisation changes. Gene expression or methylation analysis has not been
attempted on this cohort, but is an important future direction that is worth pursuing.

IntOGen is a resource developed to integrate the multitude of genome-wide data
generated from the large international consortia such as the TCGA and ICGC (Gundem et
al., 2010). Due to the large number of samples analysed by IntOGen, statistical analyses
can be performed to detect the most likely driver mutations within a sample, and also
calculate which genes contribute to similar biological pathways. In this cohort, the common
driver genes across all cancer types were present at low frequency (less than 50%). The
candidate driver gene analysis, however, showed that each case harboured unique driver
genes. Of interest were somatic mutations in BRCA2 and SMAD4 in MDLG, which will be
validated by Sanger sequencing. The IntOGen pathway analysis was revealing (Section
4.2.6), where genes in pathways involved in gap junctions, Gonadotropin-releasing
hormone (GnRH) and MAPK signalling pathways were the most frequently affected. Gap
junction signalling was the top hit on the pathway analysis; therefore this pathway would
be the first to be investigated further. Gap junctions (made up of the protein, connexon)
directly connect the cytoplasm of two cells to allow various signalling molecules to pass
through neighbouring cells. There are 20 different connexon genes in the human genome
and it has been reported that only connexon 26 (GJBZ2) and connexon 43 (GJAT) are
expressed in human mammary epithelial cells (EI-Saghir et al., 2011). Tumour suppressive
and tumour promoting roles have been proposed for connexons, and alongside tight
junctions and adhesion junctions, gap junctions are important in maintaining cellular
polarity and cell-cell communication (EI-Saghir et al., 2011). Taken together, this pathway
is a strong candidate for future investigation.

It must be acknowledged that only a small number of cases were analysed in this study
and therefore it would be of interest to also analyse the TCGA MDL cases using IntOGen
to see if these same pathways are detected, and how comparable the frequencies of
alterations in these pathways are in comparison to ILC, ER positive and ER negative IC-
NST. Other pathway analyses such as Ingenuity Pathway Analysis (IPA) and String on the
TCGA gene expression data would be very complementary to this analysis. This may
reveal pathways that are unique to each histological type of breast cancer. IntOGen

analysis on a case-by-case basis in our cohort would also be interesting to see whether
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there are different signalling pathways altered between each morphological component.
This may reveal specific pathways that contribute to a change to an invasive lobular
phenotype. A comparison of altered pathways between the case with the CDH1 mutation
(MDL6, Section 4.2.5.3) to the cases without CDH7 mutation would also be of great
interest to begin to understand how E-cadherin is becoming mislocalised in the lobular
components of MDLs.

4.4.Conclusions

This study has found that the different morphological components present within an MDL
tumour are clonally related and not the result of a collision of multiple independent
tumours. It appears that in some cases the divergence of the morphological components
may occur early during tumour evolution (where there are both DCIS and LCIS present) or
later during tumour progression (cases with only DCIS detectible; Figure 4.5). The cases
with late occurring divergence may be arising via a ductal like pathway of progression, and
this study emphasises the possibility that a lobular-like phenotype can arise via a ductal
pathway. Since the gap junction signalling pathway was a top hit from pathway analysis
suggests that pathways of cell-cell adhesion, other than E-cadherin based adhesion

junctions, may be important in breast tumourigenesis.
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CHAPTER 5

INVESTIGATING BREAST CANCER
METASTASIS TO GYNAECOLOGICAL SITES
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5. Investigating breast cancer metastasis to gynaecological sites

5.1. Introduction

Death from breast cancer is not commonly caused by the growth of the primary tumour,
but the spread of the tumour to distant sites — the process of metastasis, which accounts
for 90% of all cancer deaths. The most common sites of breast cancer metastasis include
the bone, lung, liver and brain. Analyses of autopsy and surgical series have compared the
organ specific metastatic spread of the two main histological types, IC-NST and ILC. IC-
NST spreads more frequently to the lung/pleura, liver and brain. Whilst ILC spread to
these organs too, they also have a propensity to spread to unusual sites and, relative to
IC-NST they more frequently colonise the peritoneum, gynaecological sites,
gastrointestinal tract, adrenal glands, central nervous system and skin. Primary tumours
that are ER positive also have a different pattern of metastasis to those that are ER
negative (see Section 1.10, (Sastre-Garau et al., 1996, Jain et al., 1993, Borst and Ingold,
1993, Lamovec and Bracko, 1991, Arpino et al., 2004, Harris et al., 1984)).

Due to our interest in ILC we decided to investigate metastasis to gynaecological sites as
this has not been well characterised. Data from our own autopsy study (Cummings et al.,
2014) and others have demonstrated that gynaecological metastasis occurs in quite young
patients. The median age at diagnosis of the primary tumour in patients that later
developed gynaecological metastases ranged from 46-54 years (Demopoulos et al., 1987,
de Waal et al., 2009, Kondi-Pafiti et al., 2011, Salamalekis et al., 2004, Cummings et al.,
2014). Secondary malignancies account for 7-10% of all gynaecological malignancies
(Young and Scully, 1991) and patients can be asymptomatic for many years (Bigorie et al.,
2010). Up to 75% of patients with ovarian metastases experience symptoms that are not
necessarily associated with malignancy, such as bloating, abdominal pain,
postmenopausal bleeding and weight loss (Moore et al., 2004). Thus by the time the
metastases are diagnosed, they can be wide spread and therefore overall survival is poor:
52% of patients survive 2 years, 24-36% survive 5 years, and 7% survive 10 years (Ayhan
et al., 2005, Skirnisdottir et al., 2007, Demopoulos et al., 1987, de Waal et al., 2009).
Primary colon cancer is the most common tumour type to spread to gynaecological sites
and perhaps this is not surprising given the incidence of this disease and the anatomical
proximity of the tissues, where seeding may occur through the abdominal cavity.

Interestingly, primary breast cancer is the second most common tumour to spread to
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gynaecological organs suggesting that in this case there may be more targeted
mechanisms of spread rather than by proximity (Moore et al., 2004, Kondi-Pafiti et al.,
2011, Yada-Hashimoto et al., 2003). Small studies have found breast cancers that spread
to gynaecological organs are predominantly ER positive and HER2 negative (Bigorie et al.,
2010, St Romain et al., 2012) and as mentioned above invasive lobular carcinomas are
more likely to spread to these sites, suggesting that hormonal signalling and/or a diffuse
growth pattern might be important. In support of this, evidence from autopsy studies also
shows that gynaecological metastases arising from mixed ductal lobular carcinomas
frequently have a diffuse lobular-like growth pattern (Lamovec and Bracko, 1991).

As described in Section 1.10.5, morphological and phenotypic intertumour heterogeneity
among breast cancer patients has long been recognised, however the clinical implications
of intratumour heterogeneity has recently come into the spotlight, particularly in regards to
the complex process of clonal evolution in metastatic progression. Phenotypic
heterogeneity between primary tumours and metastases has been described, where the
expression of tumour biomarkers has been found to change during progression. For
instance, ER and PR are frequently down-regulated with progression, particularly to lung,
bone and liver (Cummings et al., 2014, Singhakowinta et al., 1976, Wu et al., 2008,
Idirisinghe et al., 2010). Discordance of HER2 amplification/overexpression has also been
reported in approximately 10% of metastatic breast cancer cases (Fabi et al., 2011).
Genomic studies have shown that different primary tumour subclones have different
metastatic capabilities and can spread to different distant sites (Campbell et al., 2010,
Ding et al., 2010, Gerlinger et al., 2012, Yachida et al., 2010) and the acquisition of
mutations in genes such as ESR7 may contribute to progression by conferring resistance
to treatment (Section 1.3.1 (Jeselsohn et al., 2015).

Treating metastatic breast cancer based solely on the characteristics of the primary
tumour clearly has limitations and clinical practice is now recommending that metastases
be biopsied to help determine treatment (Van Poznak et al., 2015). It is therefore of great
importance to study metastatic progression to gain a greater understanding of the
mechanisms and selective pressures that underpin tumour evolution and treatment

resistance.

The extent and overall clinical significance of clonal evolution in metastatic progression

remains unclear owing to the scarcity of metastatic samples available for analysis. The fact
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that gynaecological sites are generally operable (c.f. the brain) enables the opportunity to
study mechanisms of metastasis and intratumour heterogeneity in detail, within human

samples.

5.1.1. Hypotheses and aims

Tumour progression to metastasis is a complex process in which tumour cells evolve and
acquire advantageous characteristics based on selective pressures from therapy, immune
surveillance and growing in a new microenvironment. Metastatic progression to
gynaecological organs is of interest since it has been identified to be a particular haven for
invasive lobular carcinomas and is associated with young women. We hypothesise that
metastasis to gynaecological organs is organotropic, facilitated by something peculiar
about the biology of the primary tumour and/or the target organ (e.g. deregulated E-
cadherin and oestrogen signalling). The following aims were designed to try and address
this hypothesis:

* Collate a cohort of samples of primary breast cancers and matched metastases.

* Characterise the cohort for clinical and pathology features.

* Characterise the immunohistochemical phenotype of breast and metastatic tumours.

* Assess the phenotypic and genomic heterogeneity between matched primary and

metastatic samples.

5.2. Results

We have constructed a cohort of breast cancer patients who developed metastases to
gynaecological sites. We used a variety of sources to acquire and characterise this cohort,
including the identification of cases from the Queensland Centre for Gynaecological
Cancer (QCGC) and Pathology Queensland (as described in Section 2.1).

5.2.1. Clinical characteristics of gynaecological metastatic breast cancer cohort

The QCGC database contained 1067 cases of gynaecological metastases diagnosed
between 1982 and 2011 at the RBWH. The most common primary site to spread to the
gynaecological sites was colorectal cancer (n = 239, 22.3%), followed by breast cancer (n
=108, 10.1%). Pathology reports and Queensland Cancer Registry reports were used to
verify that the 108 cases were in deed breast cancer derived metastases. Data for 86 of
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these cases were available and 54 had gynaecological metastases. There was fall out of
32 cases as the additional searches revealed that some of the cases of gynaecological
tumours were primary disease, were derived from another primary site or the primary

tumour was from an unknown origin.

Clinicopathological data for the 54 cases relating to the primary breast tumour (age of
diagnosis, histological type, size, grade, lymph node involvement, ER, PR, HER2 status),
treatment history, and characteristics of the metastases (age of diagnosis, sites involved,
biomarker results) was recorded (Table 5.1 and 5.2). We compared the characteristics of
this gynaecological metastasis cohort with our in-house ‘QFU’ cohort of 449 unselected

sporadic primary breast cancers (described in Section 2.1).

Some of the key findings are described:

The median age of primary tumour diagnosis of gynaecological metastatic breast cancer
patients was 47 years old (range 30-79 years); and using a cut-off of 51 years (the
average age of menopause in Australia, (Do et al., 1998)) we found that 57.4% of patients
were likely to be pre-menopausal at the time of diagnosis. Both these findings were
significantly different between the two cohorts (Table 5.1). The median age at diagnosis of
metastasis was 55 years (range 35-82 years) and the median time to metastasis was 6
years (range 0-20 years). There was enrichment for ILC to spread to gynaecological
organs (42.6%, compared to 17.8% in the QFU cohort; Chi-square test: p < 0.0001); and
83.3% of patients in the gynaecological metastasis cohort had lymph node metastasis at
primary tumour diagnosis, compared with 46.2% in the QFU cohort (p < 0.0001; Table 5.1)

There were 255 metastatic deposits recorded for this cohort of patients. Of these, 137
were identified in gynaecological sites and 118 in non-gynaecological sites (Appendix
Table 5.1). The most common gynaecological sites involved were the ovary (46%)
followed by the fallopian tube (23.7%) and uterus (20.1%; Figure 5.1 A). The majority
(87%) of the cases also had other organs involved, most commonly the
peritoneum/omentum (34.7%) and sites of the digestive system (21.2% e.g. appendix,
stomach, colon). Interestingly, common sites of breast cancer metastasis, such as the
lung, bone, brain and liver, were less frequently involved (9.3%, 16.9%, 5.9% and 5.9%,
respectively) (Figure 5.1 B; Appendix Table 5.1). We also found that in 70.4% of
patients, the gynaecological metastasis was the first site of distant metastasis identified

clinically (based on analysis of the pathology and clinical reports, Appendix Table 5.2).
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Table 5.1: Clinico-pathological characteristics of primary breast cancers with metastasis to

gynaecological organs.

GM QFU p value
Age of breast cancer diagnosis Years Years
Median 47 60 A
Range 30-79 2788 | - 00001
Menopausal status n % %
Premenopausal 31 57.4 32.9 0.0004
Postmenopausal 23 42.6 67.1
Tumour size n % %
<2cm 14 43.8 46.6
2to5¢cm 12 37.5 44 .5
>5cm 6 18.8 8.9 0.1922
Unknown 22
Total 54
Histological type n % %
Invasive carcinoma NST 26 48.1 71.1
Invasive lobular carcinoma (incl. pleomorphic ILC) 23 42.6 17.8
Mixed ductal-lobular carcinoma 1 1.9 111
Bilateral IC-NST/ILC 2 3.7 < 0.0001
Medullary carcinoma 1 1.9
Tubular carcinoma 1 1.9
Total 54
Tumour grade n % %
Grade 1 2 6.6 14.2
Grade 2 14 46.7 49.5
Grade 3 14 46.7 36.3 0.3622
Unknown 24
Total 54
Lymph node status n % %
Positive 30 83.3 46.2
Negative 6 16.7 53.8
Unknown 18 < 0.0001
Total 54
Age of first metastasis diagnosis Years
Median 55
Range 35-82
Number of metastatic sites n %
1-3 22 40.7
4-11 32 59.3
Median 4.5
Range 1-11
Progression free survival (n = 54) Years
Median 5
Range 0-20
Time until death (n=22) Years
Median 10
Range 2-24
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A t-test; all other p-values were derived using Chi-square analysis. All statistical analyses were

performed using GraphPad Prism version 6.
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Figure 5.1: Patterns of breast cancer metastasis. A) Frequency of gynaecological sites

involved. B) Sites involved alongside gynaecological metastasis.

We consulted Queensland Health clinical databases and medical records to obtain
treatment information for the patients in the cohort (Section 2.1; summarised in Table
5.2). Unfortunately, limited data was available as many patients were i) diagnosed with
breast cancer over 20 years ago; ii) they were treated at hospitals not in the Brisbane
region or iii) they were treated at a private hospital. Of the data available, 10 patients
received both endocrine therapy and chemotherapy for treatment of their primary tumour.
Seven patients received only chemotherapy and seven received only endocrine therapy.
Twenty-one cases received radiation therapy as well as systemic therapy, while 4 cases
only had data available for radiation treatment. It is reasonable to assume that most of the
patients in this cohort received systemic therapy and radiation therapy for their primary

tumour, but we were unable to locate the information.
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Table 5.2: Summary of treatment received by patients with gynaecological metastases.

Primary tumour

Metastatic disease

Endocrine

Radiation

Endocrine

Radiation

GMO1

GMO02

GMO06

GMO07

GMO09

GM11

GM13

GM15

GM16

GM18

GM24

GM29

GM33

GM36

GM37

GM39

GM41

GM45

GM47

GM48

GM49

GM50

GM57

GM59

GM67

GM72

GM73

GM74

GM76

GM77

GM78

GM87

GM89

X XX <X X X X K<< <K< X <X KX<K<<K<XxXx XXX X K<< X X <x Zx <

Y

<X X << <X K<< Xx <X <X <x x <X<x <X<x x x <x x x <x <| Chemotherapy

KX <X << IX <X <L L LXZx x < <<

<X X X KX XKLL <X XXX <X LX XX << << < <Zx Z

< X XX <X x <x <X<<X<X<<<<K<Xx XXX XX x x/x <x x x <x x < <| Chemotherapy

<X <X <X X X X X <X <X X X X X X X X X X X <X X X X X X X <X/ <X x Z

x = data not available. Y = yes; N = no.
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5.2.2. Immunophenotyping of primary breast cancers and gynaecological
metastases

Tissue blocks were retrieved from various pathology laboratories around Queensland
(Section 2.1). Blocks were available from public and private hospitals for 39 cases. Fifteen
cases had matched primary tumour and metastases, while 4 cases had only the primary
tumour available and 20 cases had the metastases available.

All 39 cases were sampled across 6 TMAs (Section 2.4, see Appendix Figures 2.2 to 2.7
for TMA maps). Of the metastatic sites available, 107 sites were arrayed on the TMAs; 50
from ovaries, 35 from other gynaecological sites, 12 from either the peritoneum or
omentum, 4 gastrointestinal sites, 5 lymph node metastases and 1 brain metastasis. In
some cases we observed morphological heterogeneity, and so multiple areas were
sampled (labelled as growth pattern 1, 2 efc.). Inmunohistochemistry was performed
(Section 2.5.4) to assess the expression of clinically relevant biomarkers ER, PR and
HERZ2 that are routinely used in clinical practice to guide treatment options (Section 1.2.2).
Biomarkers that are of interest in breast cancer biology (see Sections 1.3) were also
assessed in this cohort of patients with gynaecological metastasis to further characterise
the cohort, including p53, Ki67, CK5/6, CK14, EGFR, E-cadherin, AR, GATA3 and FOXA1.
Data was supplemented from pathology reports where tissue was not available yet IHC
had been performed for diagnostic purposes. All raw data is presented in Appendix Table
5.3.

Breast cancers that spread to gynaecological sites frequently expressed ER (93.5%) and
PR (65.7%), but never HER2 (100% of cases were negative). This data was compared to
the QFU cohort described in Section 2.1 and the frequent expression of ER and the lack
of HER2 expression was found to be significantly different in gynaecological-metastatic
breast cancer compared to unselected sporadic breast tumours (p < 0.0001; Figure 5.2,
Figure 5.3). The frequency of PR expression was not significantly different between the
cohorts (p = ns).
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ER, PR and HER2 expression

Frequency in Primary Breast Cancers

PR HER2

413 |33

1 Negative
Il Positive

Proportion of all cases

Figure 5.2: The proportion of primary breast cancers that were positive or negative for ER,
PR and HER2 in our two cohorts — our in-house cohort of unselected sporadic breast
cancers (the QFU cohort) and our cohort of primary breast cancers that spread to
gynaecological sites (GM BC). The number at the top of each column denotes the total
number of tumours analysed. The GM BC data is a combination of data from the TMA
analysis and supplemented by pathology report data when the tissue was unavailable.
The expression of ER and HER2 were significantly different (p < 0.0001) between the two

cohorts.
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progression.
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We were interested to see if the expression of ER, PR and HER2 changed during
progression to gynaecological sites. We found that 93.3% of the metastatic sites sampled
expressed ER, 66% expressed PR and no metastatic sites expressed HER2. The
metastatic sites were separated into discrete anatomical regions (Figure 5.4), and no
significant differences in expression of ER and PR were observed between sites, though
the omentum and peritoneum showed a slightly reduced frequency of positivity.

ER
46| 1120 |53 16

1.0
0.9¢
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0.0-

1 Negative
Il Positive

Proportion of all cases

Figure 5.4: The expression of ER and PR is maintained during progression to
gynaecological sites. No differences in the frequency of expression of either biomarker
were observed between anatomical sites. GM BC = primary breast tumours that spread to

gynaecological sites. Oment/Periton = omentum and peritoneum.

The expression of CK5/6, CK14 and EGFR are used as IHC surrogate biomarkers for
tumours with a basal-like phenotype. Basal-like tumours are associated with poor overall
survival and short time to metastasis (Fulford et al., 2007). None of the 10 primary tumours
that had data available expressed basal markers. This was significantly different to that
observed in the QFU cohort (Figure 5.3 and 5.5 A; CK14: p = 0.0564; CK5/6: p = 0.0016;
EGFR: p = 0.096). All of the metastases were also negative for the basal markers. CK5/6
and CK14 were focally positive (expressed in less than 10% of cells) in one metastatic
deposit from two individual cases and when using a cut off of 10% these would not be
considered basal-like.
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p53 IHC staining is typically associated with aggressive high-grade breast cancers (Rakha
et al., 2010b). Here we scored staining in the tumour nuclei as low (10-30% of tumour
nuclei positive) or high (>30% of tumour nuclei positive). Primary breast cancers that
spread to gynaecological sites were most frequently negative for p53 (68.4%; 10.5%
showed low expression; 21.1% showed high expression). The metastases were more
frequently positive than the primary tumours (37.9% vs. 21.1%, respectively) and this was
found to be significant (p = 0.0227; Figure 5.5 B). Cytoplasmic localisation of p53 was not

observed.
A ) B .
Basal marker expression p53 expression
Frequency in Primary Breast Cancers Frequency in breast cancers and gynaecological metastases
CK14 CK5/6 EGFR
394 18 407 119 B40 |17 1077719 103 60 34 12
09fl - - H 0.9+ 4t
[} %) 1
3 0.8 00'3 0.8
8 0.7 g 074
© 061 - mi 7 Negative ® 0.6 R H 7 Negative
” — [
5 os B8 Posifve S o5t tH -l -l M E Low(1030%)
S 0.4 8 0.4+ H B2 High (>30%)
g o3 S ot -
19 o
a 02y & o2+
01t~ <1 A 0.14+
oL T T ool .
Q}Q Q)C) Q)O Q>O Q)Q Q’O @Q’O &@@ & & {\xoﬁ\
&° > &° > & > S N o' &L Q%
R o Ry v N
eR cR R Q}O O&

Figure 5.5: A: CK14, CK5/6 and EGFR are not expressed in breast cancers that spread to
gynaecological organs. All of the metastases were also negative for CK14, CK5/6 and EGFR

(not shown). B) The expression of p53 in breast cancers and gynaecological metastasis.

Ki67 is a commonly used biomarker to assess tumour cell proliferation. Tumours that
express high levels of Ki67 tend to have a higher rate of proliferation and are associated
with poorer patient outcome (Section 1.3). Ki67 has become an important surrogate
biomarker for molecular subtyping. Particularly in the context of ER/PR positive tumours,
where it can be used (as well as HER2 in some instances) to stratify luminal A and B
subtypes (Cheang et al., 2009). In comparison to sporadic breast cancers, primary breast
cancers in our gynaecological metastasis cohort had a low Ki67 proliferative index (p <
0.0001; Figure 5.6 A, Figure 5.3). When comparing primary tumours and metastases,

Ki67 expression was higher in the metastases (p < 0.0001).
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The epithelial cell specific marker CK8/18 was also assessed across the TMAs and
CK8/18 was expressed in 100% of the primary tumours and metastatic samples analysed

(data not shown).

In summary, this data indicates that primary tumours from patients who developed
gynaecological metastasis fit with a luminal A phenotype (i.e. ER and PR positive,
negative for HER2 and basal markers and are Ki67 low). Across the cohort expression of
ER, PR, HERZ2 and the basal markers do not change during progression, however p53 and
Ki67 shows an increase in frequency of expression in the metastases versus the primary

tumours sampled.
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Figure 5.6: A) Ki67 expression in breast cancer and gynaecological metastases. GM BC
have a lower Ki67 index cf. with sporadic breast cancer (p < 0.0001) and the metastases
express more Ki67 than the primary tumours (p < 0.0001). B) Androgen Receptor
expression in breast cancer and gynaecological metastases. No differences in AR
expression were found other than lower expression of AR in the omentum/peritoneum (p =

0.0127) to compared to the other metastatic sites.

5.2.2.1. Expression of other hormone receptors and ER regulatory proteins in
gynaecological-metastatic breast cancer

Given the luminal phenotype described of this tumour cohort, we investigated the
expression of other hormone receptors and regulatory molecules. The expression of ERf
(clone 14C8) was attempted, however the antibody optimisation was unsuccessful with no
staining obtained.
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The androgen receptor plays an important role in hormone signalling in prostate cancer
and is also frequently expressed in breast cancers; it is believed that AR plays different
roles in ER positive and ER negative disease (Section 1.3). We found that 89.5% of
gynaecological-metastatic primary tumours expressed the androgen receptor (AR),
compared to 88% of sporadic breast cancers (Figure 5.6 B). We did not observe a
significant change in AR expression in the metastatic sites (77.5% expressed AR). We did
find, however, that AR expression was significantly less frequent in non-ovarian
gynaecological sites (23/33; 69%) and the peritoneum/omentum (3/10; 30%), compared to
all other sites was statistically significant (p =0.0127).

As described in Section 1.3, FOXA1 and GATAS are essential for ER transcriptional
activity, and loss of these proteins has been found to redirect ER to bind to different areas
of the genome and change the transcriptional program of the cell. This change of gene
expression has been associated with endocrine resistance (Hurtado et al., 2011, Ross-
Innes et al., 2012). FOXA1 was expressed in 77.7% (317/408) of our unselected sporadic
breast cancer cohort, and this was significantly different to the 100% (19/19) FOXA1
positive primary breast tumours that metastasised to gynaecological sites (Fisher's exact
test, p = 0.0181; Figure 5.7 A). FOXA1 was expressed in 73.1% of metastatic sites, and
the difference in FOXA1 expression between primary tumours and all metastases was
significant (Fisher’s exact; p = 0.0123). No significant difference in FOXA1 expression
between different metastatic regions was found.

All (19/19; 100%) of the primary tumours expressed GATAS3, compared to 84.6%
(356/421) of sporadic breast tumours (p < 0.0001; Figure 5.7 B). The expression of
GATAS in the metastatic sites (54.3%) was significantly reduced (p < 0.0001); there was
no significant difference between metastases at different anatomical sites.

FOXA1 and GATA3 were co-expressed in the metastases in 25/39 cases (64.1%). Of the
14 cases that displayed mutually exclusive expression, 64.3% of the metastatic sites were
GATAS negative and FOXA1 positive while 35.7% of cases were the opposite (5 cases
were GATAS positive and FOXA1 negative). The number of cases is too small to correlate
the changes in FOXA1 and GATAS3 expression with age, menopausal status and
histological type.
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Figure 5.7: FOXA1 and GATA3 expression in primary tumours and gynaecological
metastases.

A) FOXA1 was more highly expressed in gynaecological metastatic primary tumours
compared to our sporadic primary tumour cohort (p = 0.0181, Fisher’s exact test). Loss of
FOXA1 expression in the metastases was significant more frequent compared to the
primary tumours from the same cohort (Fisher’s exact test, p = 0.0123).

B) Similarly, GATA3 was more highly expressed in gynaecological metastatic primary
tumours compared to our sporadic primary tumour cohort and expression was lost during

progression to metastasis (p < 0.0001).

To summarise, AR, FOXA1 and GATA3 were highly expressed in the primary tumours that
spread to gynaecological sites. Expression of all three markers however was lost during

metastatic progression in a significant number of cases.

5.2.2.2. The expression of E-cadherin during progression to gynaecological sites

The E-cadherin cell-cell adhesion complex plays an integral role in ILC biology were it is
deregulated in the vast majority of cases, and can also be down regulated in high-grade
IC-NST (Section 1.8.1).

E-cadherin data was available for 11 ILC primary tumours and 54 ILC metastases. Nine of
the 11 (81.8%) primary tumours were completely negative for E-cadherin, while the
remaining two cases displayed aberrant E-cadherin localisation (fragmented membrane
and cytoplasmic). The most predominate phenotype in the metastases derived from an
ILC was E-cadherin negative (79.6%), the remaining tumours all displayed aberrant E-
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cadherin localisation. There were 9 cases with matched primary ILC and metastasises and
100% of cases were concordant.

E-cadherin IHC was performed on 12 IC-NST primary tumours and 55 IC-NST derived
metastases. Positive membrane staining was observed in 8/12 (66.7%) of the primary
tumours and in 19/55 (34.5%) of metastases. E-cadherin was negative in 3/12 (25%)
primary tumours while 27/55 (49.1%) metastases had aberrant E-cadherin localisation
(either fragmented membrane in over 50% of tumour cells or cytoplasmic). There were 6
cases with matched primary IC-NST and metastatic tumours. Half of the cases (3/6) cases
were concordant, 1 case had a metastasis that was lobular like with cytoplasmic E-
cadherin localisation (Figure 5.8, top panel GM36) and 2 cases were negative in the
primary tumour but the metastases were positive (Figure 5.8, bottom panels GM57 and
GM16). These discrepancies are interesting and can possibly be explained i) by
heterogeneous staining in the tumour and therefore the tissue sampled on the TMA isn’t
representative of the whole tumour; or ii) a small, lobular-like subclone seeded the
metastasis. This pattern of expression is unlikely to be related to experimental artefact
(e.g. antibody failing or missing this tissue core) since these cores have worked for other
antibodies and surrounding cores worked for E-cadherin.
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Figure 5.8: Heterogeneous E-cadherin expression in 3 cases of IC-NST with gynaecological

metastases.

5.2.3. Concordance of biomarker expression during metastasis to gynaecological
sites

As described in Section 1.10.5, phenotypic heterogeneity has been identified to occur
during breast cancer progression. Particularly, ER and PR are frequently down regulated
during progression to the lung, bone and liver (Cummings et al., 2014). To that end, we
analysed the change of expression of biomarkers during progression to gynaecological
sites on a case-by-case basis where the primary tumour and metastases were available
(data summarised in Figure 5.9). Concordance of ER (n = 37) and PR (n = 28) expression
between matched cases with data from the primary tumour and metastatic sites was
analysed. Eighty-six per cent (32/37) of cases expressed ER in the primary tumour and all
metastatic sites. In 4 cases, partial concordance was observed, where ER expression was
the same as the primary tumour in some metastases but different in other sites (10.8%).
One case was discordant and interestingly the primary tumour was ER negative and the
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metastases gained ER expression. Of the 5 cases showing some degree of discordance,
ER was lost in 3 and gained in 2 cases during progression (Figure 5.9). Concordance of
PR expression between matched primary and metastatic tumours was seen in 12/28
cases (42.9%). Eight cases had partial concordance and 8 cases were discordant. Down-
regulation/loss of expression of PR was also the most frequently observed change during
progression (11/28, 39.2%), while in 5 cases, the metastases gained expression of PR.

AR did not change during progression in 8/13 cases (61.5%). Of the cases that were
partially concordant (n = 2), or discordant (n = 3), AR was most frequently down regulated
in the metastases compared to the primary tumour (n = 3). FOXA1 and GATA3 showed
similar patterns during metastatic spread, with frequent concordance (GATAS3: 8/13,
61.5%; FOXA1: 10/14, 71.4%). Of the cases with change of expression in at least one
metastatic site, GATA3 or FOXA1 were down regulated in the metastases compared to the
primary tumour (Figure 5.9).

For p53, 38.5% (5/13) matched cases showed complete concordance between the primary
and metastases. Four cases showed partial concordance and 4 cases were discordant
between the primary tumour and metastases. In the cases with discordant p53 expression
it was most frequently observed that the primary tumour was negative and metastases
were positive for p53 (n = 7; Figure 5.9). Ki67 expression in 11 matched cases showed a
similar pattern to p53, where 36.4% of cases were concordant. In the cases that were
partially concordant (n = 3) or discordant (n = 4), Ki67 expression was most frequently

negative in the primary tumour and positive in the metastases (n = 5; Figure 5.9).
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Figure 5.9 Biomarker expression during progression to gynaecological sites in matched
cases. This graph includes cases with partial concordance to show if expression does
change in even one site, was it up or down regulated. Each line represents an individual

case.

The data (summarised in Figure 5.9) shows that for most cases ER, PR, AR, GATAS and
FOXA1 are all expressed in the primary tumour and expression is maintained during
progression to gynaecological sites (31/99, 31.3%). As has been found for ER and PR in
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other similar studies (Cummings et al., 2014), there is sometimes loss of expression of any
of these markers during progression; most notably we observed loss of GATA3 (22/99,
22.2%) and PR expression (20/99, 20.2%) in metastases. All of the raw data is
summarised in Appendix Table 5.4. In summary, most primary tumours appear to be
hormone dependent and many of the metastases (31/99) maintain the expression of ER,
PR, GATA3 and FOXA1. There seems to be a pattern in which all of these markers are
down regulated in the metastases to some degree. PR and GATAS loss are the most
frequent markers that are down regulated (20/99 and 22/99, respectively; Figure 5.10).

PR GATA3

A

Figure 5.10 Expression relationships between ER, PR, GATA3 and FOXA1 in gynaecological
metastases (a total of 99 metastatic sites from 54 patients). Venn diagram of metastatic

sites with positive expression of said markers.
5.2.4. Genomic analysis of primary breast tumours and gynaecological metastases

A genomic approach was also undertaken to determine whether there are specific
molecular alterations associated with metastasis to gynaecological sites. For instance,
whether there are alterations in the primary tumour that might predict metastasis risk or if
there are alterations in the metastases that reflect clonal selection (e.g. driving treatment
resistance) during progression. DNA was extracted from archival FFPE tumour tissue from
27 patients and following quality control (see Sections 2.8 to 2.10), samples were sent to
the Ramaciotti Centre for Genomics for array-based Comparative Genomic Hybridisation

(aCGH) on the Agilent platform to measure genome wide copy number alterations (CNA)
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(Section 2.11.3). A total of 84 samples underwent aCGH (Table 5.3); 68 samples had
sufficient DNA yield and concentration to be analysed on the 180K array, and 16 lower
yield samples on the 60K array (which has lower DNA requirements). We have previously
used the 60k array using DNA extracted from primary breast and metastatic samples
obtained from autopsies performed as far back as the 1960s (Cummings et al., 2014).

Table 5.3 Summary of the tumour sites that underwent copy number profiling.

Site n Site n
Breast 10 Vagina 2
Ovary 42* Vulva 2

Fallopian tube 10 Colon 2

Cervix 5 Omentum 2

Endometrium 5 Appendix 1
Lymph node 3

*In 8 cases, the ovarian metastasis was sampled in two areas of the tumour

Quality control (QC) data (based on several metrics such as hybridisation intensity and
background noise) generated by the Agilent software following array hybridisation initially
indicated that the experiments had in general performed poorly, particularly on the 60K
array, where no samples passed QC. There was also some evidence of a batch effect,
with the second batch of 180K arrays having a slightly higher success rate than the first
batch of 180k arrays (9/22 v.s. 2/20). This may suggest some technical issues with the
sample labeling/array processing

We investigated whether there was any correlation between array success and QC we
performed in house, such as Nanodrop and Qubit readings and the Infinium HD FFPE QC
assay. All samples performed well in the Infinium QC assay and all of the Nanodrop
260/230 ratios were within the desired range (2.0-2.2), indicating that the samples were
free from contaminants. Data obtained following the labelling reaction suggested
incorporation of Cy3 dye was suboptimal and this showed some correlation with the
hybridisation signal intensities obtained. Discussions with the Ramaciotti Centre and
Technical Specialists at Agilent to resolve these issues are ongoing and we are awaiting
results from trial experiments that have been performed to try and improve the dye
labelling efficiency using technical repeats of samples already processed that had either
worked well or had worked poorly.
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5.241. Copy number profiling of breast cancers and gynaecological
metastases

Although the QC data indicated the arrays had not performed well, some of the arrays
were analysable and we have begun to analyse aCGH data using the Agilent’s
Cytogenomics software package version 3.0 and other existing CNA analysis pipelines in
R to try and get some DNA copy number data. For instance Figure 5.11 shows the whole
genome copy number profiles obtained from the180k arrays of one case of primary tumour
and multiple metastases. The figure shows some variability in data quality yet the ability to
still identify copy number alterations.

All of the samples (including those on the 60K array) were analysed by the bioinformatics
student in our lab. Across 10 primary breast tumours, the most frequent alterations
observed (in over 75% of cases) were gains on 1q, 8p, 8q, Xp. Other frequent gains were
on 4p, 11q, 16p, 179 and 19. Frequent losses occurred on 1p, 4p/q, 6p/q, 8p, 11g and
16g. Amplifications (high level gains) were detected at 1q, 8p and 22q in over 50% of
cases (Figure 5.12. GISTIC (Genomic ldentification of Significant Targets in Cancer
(Mermel et al., 2011); Section 2.11.3) analysis was performed to identify the most
significantly amplified regions and genes within the cohort. 22q11.23 amplification
(ADORAZ2A, SPECCI1L, UPB1) was the most significant result, followed by amplifications
on 8p11.23 (ADAM32) and 4p14 (APBB2, UCHL1, LIMCH1, RBM47, NSUN7). There were
no significant regions of homozygous deletion in these cases.

In total, there were 42 ovarian metastases profiled from 34 cases and copy number gains
were observed in over 75% of cases on 1q, 2p, 8p, 11qg, 16p and Xp. The most frequent
copy number losses observed were on chromosomes 6, 13 and X. Amplifications were
identified on 1q, 2q and 8q in over 60% of samples (Figure 5.13). The most significant
amplifications as determined by GISTIC analysis were located on 2q11.2 (PDCL3),
11q12.3 (POLR2G, TAF6L, ZBTB3), 1g23.1 (22 genes, see Appendix Table 5.5) and
8923.3 (TRSP1). There were also 21 metastases from other gynaecological sites and 11
metastases from non-gynaecological sites copy number profiled. The copy number profiles
from both the gynaecological and non-gynaecological sites are similar to that seen in
Figure 5.13 (see Appendix Figures 5.1 and 5.2). Significant regions of amplification were
shared between the primary tumours and ovarian metastases on 2p24.1, 2q11.2, 4p14,
4q931.3, 7921.11, 8p11.23, 8qg23.3, 12924.22, 14q32.33, 22q11.23, and Xp22.33.
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Figure 5.11: An example of the variability in data quality obtained from a case (GM63) of
primary tumour and multiple metastases analysed using the 180K array. The primary
tumour and lymph node metastasis was excised in 1993 and performed better then the
distant metastases removed in 1999. Data was analysed using Cytogenomics software. The
X axes of each plot shows chromosomes from 1 through to X; the Y axes of each plot
represents the log 2 ratio of the tumour sample to the normal reference sample. The black
line is a smoothed log 2 ratio of the copy number profile of each tumour. When the copy
number increases above 3 copies then a copy number gain is called (+1), and greater than 4
copies is called an amplification (+2) (see highlighted blue regions in chromosome 1q and
16p of each tumour). When a copy number decrease below -1 log 2 ratio then a
heterozygous deletion is called, and -2 is a homozygous deletion (see highlighted red
regions in chromosomes 6q, 8p, 11p, 12q, 16q, 17p and 22 in each tumour). Despite the
variable quality of array data, DNA CNAs were still identified with some confidence.
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Figure 5.12 Frequency plots of DNA copy number alterations across all chromosomes in 10 primary breast tumours. Left panel displays
copy number gains and loss; the Y-axis refers to the proportion of cases with a gain (shown in red) or a loss (shown in green) at a
particular locus in the genome. The right panel displays the frequency of amplifications (maroon) and homozygous deletions (blue) across

the genome. * Refers to the most frequent focal gene amplifications. Note chromosome ‘23’ refers to chromosome X.
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Ovarian metastases n = 34
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Figure 5.13 Frequency plots of DNA copy number alterations across all chromosomes in 34 ovarian metastases. Left panel displays copy

number gains and losses; right panel displays amplifications and homozygous deletions.
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5.2.5. Genomic evolution during metastasis to gynaecological sites

Figures 5.14 and 5.15 summarise the copy number changes across the genome in cases
with a primary tumour and matched metastases. High-amplitude genomic gains
(amplifications, or copy number gains of higher than 6 copies) across the 9 matched cases
are presented in Figure 5.15. Analysis of this data starts to give some insight into tumour
evolution during progression. Overall, within each case there are regions of CNAs that are
shared between the primary tumour and all metastases indicating that the metastases are
clonally related to the primary tumour, as expected. There are also CNAs that are unique
to the primary tumour or to the metastases indicating that some level of clonal diversity

has occurred during metastatic progression.

For example, there are numerous CNAs shared between the primary tumour, a left ovary
metastasis and a right ovary metastasis in case GMO0G6: gains of 8q and loss of 8p 16q and
X. However, loss of 4p, focal gain and focal amplification of 1q and 11q were unique to the
metastases and were not detected in the primary tumour (Figure 5.14 and 5.15). Similarly
there are multiple common CNAs shared between tumours in case GMG3, yet loss of 13q
is unique to the distant metastases and is not detected in either the primary tumour or the
co-incident, regional lymph node metastasis. This data may also provide evidence of both
linear and parallel evolution (Section 1.10.4). In cases GM06 and GM59, all of the CNAs
in the primary tumour were present in the metastases, but the metastases have more
CNAs, suggesting that the tumour clone that seeded the metastases left the primary site
late during progression of the primary tumour (linear progression). Amplification of 11913
(which involves the commonly amplified gene CCND7) in the metastases may be a driver
alteration promoting progression in GM06. GM59 has gains in regions that contain the
driver oncogenes CCND1 and MYC that may also be important. On the other hand, cases
GM29 and GM57 have evidence of shared CNAs as well as CNAs that are unique to both
the primary tumour and the metastases. For example, whole arm gain of 22q and
amplification of the region containing CCND1 was present in the primary tumour but not
present in the metastasis of GM29. This suggests that the clone the seeded the
metastasis may have left the primary tumour early in the course of disease progression
(parallel progression) and both the primary tumour and metastases continued to
accumulate genomic alterations before they were detected.
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Figure 5.14 Summary of copy number alterations within 9 matched primary and metastases samples. Red areas are regions of copy
number gain, while blue areas indicate copy number loss. Chromosome 23 is Chromosome X. The tenth matched primary and metastasis

failed the experiment.
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Figure 5.15 Summary of genomic amplifications within 9 matched primary and metastases samples. Red areas are regions of high-level

copy number gain, known as amplifications. Chromosome 23 is Chromosome X.

185



5.2.5.1. Mutation analysis of breast tumours and matched gynaecological
metastases

To complement the DNA copy number profiling we undertook DNA sequencing to identify
gene mutations that may contribute to metastasis to gynaecological sites. Exome
sequencing was attempted for six cases with primary and multiple metastatic tumours and
matching normal DNA obtained from normal FFPE blocks (e.g. uninvolved lymph node).
Our lab has had success in sequencing FFPE—derived tumour in a range of projects. For
this project we sent the FFPE DNA to Macrogen (Section 2.11.2) based on competitive
price and turn around time. Unfortunately all the samples failed QC metrics employed by
Macrogen during library preparation; at our request a single case (GM16) was taken
through to Agilent SureSelect exome library preparation, but this also failed. We then
decided to trial one case (GM63) using the Illumina Nextera exome sequencing protocol at
Queensland Centre for Medical Genomics (QCMG; Section 2.11.2). Sequencing libraries
were successfully generated from the primary tumour, four metastatic sites and matched
normal DNA. Preliminary data indicates that this case performed poorly, each sample had

low sequencing coverage and therefore mutation calls could not be obtained accurately.

In understanding the challenges of sequencing DNA derived from FFPE material, we also
designed, in parallel, an Agilent SureSelect custom targeted sequencing assay to
sequence 45 genes (Section 2.11.1, Table 2.3). Baited capture-based targeted
sequencing is a technique that can be utilised to sequence degraded FFPE DNA (Section
2.11.1). Both FFPE and fresh frozen DNA samples were used in a trial to compare the
data quality between these types of sample and to test the assay design for gene
coverage. A first pass analysis of the sequencing data revealed that the read depth of
each gene was too low to confidently call any somatic mutation (Table 5.4); only four
samples had and average of over 100 reads across all targets, therefore the samples will
be sequenced again to obtain greater gene coverage.
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Table 5.4 Summary of samples sequenced and the read depth in the SureSelect capture-
based custom sequencing panel.

Sample # Sample DNA Average Median Range
source read depth | read depth | read depth
1 GM16 NLN FFPE 158 135 57-496
2 GM16 Br FFPE 42.96 42.5 9-57
3 GM16 LO2 FFPE 56 55 55-58
4 GM16 LT1 FFPE 61.5 58 53-100
5 GM16 RO2 FFPE 78 70.5 50-184
6 Gut met 1 FFPE 795 602 340-2845
7 Gut met 2 FFPE 69 58 39-265
8 Q330 Frozen 80 69 5-327
9 ILC-02-09-078 Frozen 359 296 45-755
11 GM59 RO FFPE 53 48 39-81
12 GM59 Br FFPE 47 49 11-82
10 GM57 Ovary FFPE 673 58 19-118
13 GMS57 Br FFPE 0 0 0
14 GM13_RO FFPE 61 63.5 5-124
15 GM74_LO FFPE 53.9 39 6-204
16 GM74_Br FFPE 56.9 53 6-204

NLN: normal lymph node. Br: breast. LO: left ovary. LT: left fallopian tube. RO: right ovary.

5.3.Discussion

It is important to understand the natural history of metastatic disease, as it will impact the
prognosis of the patient. The most common sites of metastasis from breast cancer are the
lungs, liver, bones and brain, with some differences in distribution according to the
characteristics of the primary tumour (as described in Section 1.10.3). For example,
breast tumours that spread to the brain tend to be associated with high grade IC NST of
HER2 or basal-like subtypes; metastases occur relatively quickly, with a latency of less
than 5 years (Lagerwaard et al., 1999). Conversely, data accumulated here and from the
literature (Bigorie et al., 2010, Demopoulos et al., 1987, Ferlicot et al., 2004, Borst and
Ingold, 1993, St Romain et al., 2012, Cummings et al., 2014) suggest metastasis to
gynaecological organs is associated with different primary tumour characteristics and a
different clinical pattern of progression to that seen for brain metastasis. Some of the key
findings from this study and supporting literature are:
* Metastasis to gynaecological organs affects young women who are likely to be pre-
menopausal at the time of their primary diagnosis; in our cohort the median age of
primary tumour diagnosis was 47 years, and the median age of first metastasis

diagnosis was 55 years.
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The interval between primary breast diagnosis and metastasis can be between 5 to 20
years (Bigorie et al., 2010, Demopoulos et al., 1987). In our cohort, the median
progression free survival time was 5 years (ranging 0-20 years). Therefore, for some
patients metastasis is frequently diagnosed outside the typical follow-up window of 5
years (Section 5.2.1).

The primary tumour can be either IC NST (48.1%) or ILC (42.6%) histological type,
which represents a significant enrichment in ILC spreading to these tissues relative to
the incidence of ILC in the general breast cancer population.

The immunophenotype of the primary tumours was associated with features typical of
good prognosis disease: ER and PR positive, negative for HER2 and basal markers
and low Ki67 expression (i.e. a luminal A phenotype).

The majority of patients (83.3%) had dissemination to the regional lymph nodes at the
time of primary tumour diagnosis.

Patients with gynaecological metastasis also presented with a unique pattern of
dissemination. The frequent sites of breast cancer metastasis were rarely involved
(lung, liver, brain) and the high frequency of Gl, omentum and peritoneum metastases
suggests a unique mechanism behind metastases to these sites compared to other
organs (Figure 5.1, Appendix Table 5.1).

It is also interesting that the ER positivity observed in the primary tumours is
maintained during progression (Figure 5.3); we and others have previously shown that
ER and PR are frequently down-regulated during spread to other organs such as the
liver/lungs (Cummings et al., 2014) and so raises the possibility that the ER positive
breast tumour cells might be specifically homing to an oestrogen rich environment of
the ovaries in these young patients and colonising other tissues along the way.

Understanding the patterns of metastasis associated with different primary tumour
characteristics in this way will therefore lead to the ability to recognise patients with a
greater risk of relapse to particular sites and hence who may need closer surveillance.

5.3.1. Endocrine signalling in metastatic progression

Obtaining complete treatment information for the patient cohort was difficult. Where

available, most patients received hormonal-based therapy and chemotherapy for treatment

of their primary and secondary disease. Although we can not be sure, it is reasonable to

assume that most other patients would have received anti-oestrogen therapy, since most
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primary tumours were ER positive and diagnosed in the 1990s, when tamoxifen was
becoming the standard of care for ER positive breast cancer patients. Progression of
disease implies the development or pre-existence of a subclone of tumour cells that are
resistant to endocrine and chemotherapy. This series of patients therefore represents an
opportunity to study mechanisms underlying resistance to therapy. We hypothesise
therefore that mutations or deregulation of genes involved in endocrine signalling may
have occurred during tumour evolution and progression to gynaecological sites and this
may be a result of treatment induced selection pressures.

As mentioned above ER and PR down regulation in metastasis may contribute to
treatment resistance in certain organs (Cummings et al., 2014). Recent studies have also
identified mutations within the ESR1 (ER alpha) gene in metastases from ER positive
disease, which was not identified within the primary tumour, contributed to therapy
resistance and disease progression (Jeselsohn et al., 2015). Other studies have also
suggested that deregulation of ER regulatory proteins (such as GATA3 and FOXA1) may
contribute to endocrine resistance, as described in more detail in Section 1.3.1. Indeed
both GATA3 and FOXA1 are frequently mutated in breast cancer, particularly those of a
luminal/ER positive subtype (The Cancer Genome Atlas Network, 2012). It would be of
interest therefore to determine if a mutation in ESR1, FOXA1 or GATAS3 in the primary
tumour provides a mechanism of de novo endocrine resistance or can give insight into the

outcome of the patient.

As described Sections 1.3 and 1.3.1, the pioneer factors GATA3 and FOXA1 play a pivot
role in the transcriptional activity of ER, and in vitro studies have demonstrated their role in
endocrine resistance. Of note, FOXA1 was found to redirect ER binding to different areas
of the genome in drug resistant tumour cells compared to the primary tumour (Ross-Innes
et al., 2012). It was of interest therefore to determine the expression of these factors in our
cohort, as nearly all of the tumours were ER positive. GATA3 and FOXA1 are expressed in
100% of the primary tumours in our cohort, and this was significantly higher compared to
the unselected sporadic breast cancer cohort. Interestingly, only 73.1% of the metastases
expressed FOXA1 and 54.3% expressed GATA3 (Section 5.2.2.3), suggesting the loss of
these proteins occurs during metastatic progression in some cases. The interplay between
these pioneer factors and ER and PR is complex, but interestingly of the 26 cases
matched cases with the most complete IHC data to date (displayed in Appendix Table

5.4), 22/26 (84.6%) of cases had down-regulation of one or more of these four molecules
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during progression.

The mechanism involved in the down-regulation of GATA3 or FOXA1 in the metastases
may be the result of mutation or other regulatory mechanisms such as epigenetic or
protein signalling pathway changes. It will be of interest therefore to determine the
mutation status of ESR7, FOXA1 and GATAS3 in this unique patient cohort and to see if the
mutation status correlates with changes in protein levels between the primary tumour and
metastases. This was attempted with the various sequencing approaches in this study,
and will be addressed after the targeted gene-sequencing assay has been fully optimised.

Since many of the patients in this cohort maintained expression of ER, FOXA1 and
GATAZS, gene expression profiling is needed to determine if the ER transcriptional program
between the primary tumour and metastases has changed. We may have protein based
evidence of FOXA1 redirecting ER in the genome in the cases that have lost expression of
PR but are positive for ER, GATA3 and FOXA1 (For examples see Appendix Table 5.4).
PR is a well established target gene of ER. We could hypothesise that in these metastatic
lesions that ER may be directing a unique transcriptional program.

A comparative study using chromatin immunoprecipitation followed by sequencing (ChlIP
Seq) of metastatic samples that are either positive for ER, FOXA1 and GATAS, or are
negative for either FOXA1, GATAS, or both, would be very interesting to see whether there
are different ER-DNA binding events in these metastatic samples (Hurtado et al., 2011,
Ross-Innes et al., 2012, Mohammed et al., 2015). This would need to be complemented
with gene expression profiling of the same groups to assess the transcription programs.
This information would provide great insight into the mechanisms driving tumour cell
survival during progression. However, many ChlP Seq and gene expression technologies
are only useful for high quality DNA and RNA. Therefore the utility of these technologies
on FFPE derived DNA and RNA may be limited until technologies are improved to handle
poorer quality genetic material. One promising technology is NanoString®. However, it
uses a targeted approach where a maximum of 800 genes can be analysed at one time,
whereas a whole genome approach would be more appropriate for discovering changes in

gene expression and remove selection biases.

5.3.2. Genomic aspects of metastatic progression
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In order to gain a greater understanding of tumour evolution during progression, aCGH
and sequencing was performed (Section 5.2.4). We hypothesised that a genomics
approach would i) provide evidence of clonal relatedness of the primary tumour and
matched metastases; ii) identify DNA copy number alterations or gene mutations that
could drive an aggressive behaviour or treatment resistance; and iii) identify potential
targetable genomic alterations to improve treatment for metastatic breast cancer patients.

There are several clinical trials ongoing, such as the AURORA study, where molecular
screening programs of metastatic breast cancer is being performed to help direct targeted
treatment options (Zardavas et al., 2014). A cancer panel is used utilising DNA from both
archival and prospectively collected metastatic biopsy tissue. The results will guide
treatment options and the patients will be followed for 10 years. The group will focus on
exceptional responders and rapid progressors to try identify new markers of prognostic
and predictive utility (Zardavas et al., 2014). The data generated from the AURORA study
is anticipated to provide insight into many aspects of metastatic disease, particularly to
improve patient outcome with more appropriate treatment. Another recent study analysed
biopsy material of metastases using aCGH and Sanger sequencing for PIK3CA and AKT
hotspot mutations and then implemented targeted therapy based on the findings (e.g.
amplification of FGFR1 and the use of FGFR inhibitor for patients with an amplification on
8p11.23) (Andre et al., 2014). Although less than 10% of patients received objective
response to targeted therapy it provides proof of principle that this approach may work for
some patients.

We utilised aCGH as opposed to SNP-CGH as aCGH (using the ULS labelling protocol
(Alers et al., 1999)) is better suited for FFPE DNA. However this study was not as
successful as our recent ‘autopsy’ study (Cummings et al., 2014). It remains unclear as to
why this cohort has performed poorly while the autopsy samples worked well (Section
2.4.2.1). The DNA was extracted using the same protocol specified by Agilent. All of the
autopsy samples were ethanol precipitated because the DNA concentrations were too low.
In this study, only 7 samples were ethanol precipitated and those samples performed no
better then those that were not concentrated. The samples analysed here ranged from 2 to
26 years in age and came from pathology departments all across the state, and hence
likely underwent variations in tissue sample processing during fixation and storage
(Srinivasan et al., 2002) that may contribute to the variation in aCGH success. Case GM63

may represent a good example of this, in which the primary tumour and regional lymph
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node metastasis (surgery in 1993) both performed well in aCGH, yet the gynaecological
metastases (surgery in 1999) performed poorly; implying tissue fixation of the metastatic
samples may have been suboptimal for molecular work. There may also be technical
issues with the reagents supplied by Agilent or batch effect when the arrays were
hybridised, and troubleshooting is currently undergoing at the Ramaciotti Centre to
investigate this. Recent studies have suggested a method to improve labelling efficiency
(Salawu et al., 2012, Craig et al., 2012). We trialled one sample following these methods,
performing a 95°C fragmentation step prior to labelling, and also increasing the amount of
dye to 1 ulL for every 0.8 ug of DNA, however there was no improvement in the degree of
labelling. It will be interesting to see how the sample performs on the array as some
studies suggest the different DNA fragment sizes produces noise and irreproducible
results (van Beers et al., 2006, Mc Sherry et al., 2007). Although the degree of labelling
was still suboptimal, the uniformity of DNA fragment sizes may still provide interpretable

results.

We first analysed the frequency of alterations across the genome in the primary tumours
and the metastases at different sites (Section 5.2.4.2, Figures 5.15 and 5.16). Most
metastatic deposits analysed were in the ovary (n=34, after the duplicate cases were
removed) and unfortunately there were only small numbers of tumours in other groups
(e.g. 10 primary breast tumours; 10 fallopian tube metastases). The numbers were
therefore too small to identify a specific copy number profile of primary tumours that
spread to gynaecological sites compared to that for unselected primary tumours studied
from the literature. Nevertheless, frequently altered regions in ER positive tumours,
including gains on 1q and 8qg and losses on 1p and 16q were observed in the 10 breast
tumours profiled. The CNA profile of ovarian metastases from breast cancer (Figure 5.16)
reveals recurrent alterations in 1q, 2p, 8p, 11q, 16p and Xp and losses on chromosomes
6, 13 and X. Some of these CNAs were more frequently identified in the ovarian
metastases relative to the primary tumours (e.g. 6p gain; amplifications on 2q and 8q;
losses on 6, 13 and X). However, since not all of the matched primary tumours were
available for profiling, we do not know if these alterations were already present in the

respective primary tumour or occurred as a result of clonal evolution during progression.

We then analysed aCGH data in individual cases where the matched primary and
metastases were available. Each case presented with a unique pattern of alterations and
we found evidence of both clonal similarities and diversity within matched cases (Section
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5.2.5). This highlights the clonal relatedness between the primary tumour and resulting
metastases, as expected, but also inter-tumour heterogeneity during the metastatic
processes. For example, the loss of chromosome 13 in all the metastases of GM63 that
was not present in the primary tumour (Figure 5.17). Genes of interest on chromosome 13
include the critical tumour suppressor genes RB1 (retinoblastoma 1) and BRCAZ2 (breast
cancer 2, early onset). RB1 is a critical regulator of cell cycle and BRCAZ2 plays an
important role in repairing DNA damage and hence the loss of both may contribute to the

aggressive metastatic tumour behaviour in this case.

It is important to validate some of these CNAs (e.g. this 13q deletion) using quantitative
PCR on DNA already extracted or by in situ hybridisation on the TMAs or whole tissue
sections. The latter approach (i.e. whole sections as opposed to TMAs) would be most
appropriate to account for potential intratumour heterogeneity in a given tumour. It has
been recognised that the primary tumour may contain multiple subclones, and that a small
subclone of the primary tumour may seed a metastasis (Yachida et al., 2010, Gerlinger et
al., 2012, Cummings et al., 2014, Yates et al., 2015). This was recently demonstrated,
where amplification of chromosome 10 was identified by aCGH in multiple metastases in
an autopsy case but was not found in the primary tumour. Florescence in situ hybridisation
(FISH) confirmed the amplification was present in the metastases but also identified a
small focus of cells in the primary tumour with this amplification, suggesting this small
subclone spread (Cummings et al., 2014).

As described in Section 5.2.5, exome sequencing was attempted on 6 cases with FFPE
derived DNA from matched primary tumour and metastases to try to uncover mutations
that may play an important role in progression in this unique patient cohort. The exome
sequencing performed at Macrogen was unsuccessful. The samples failed their QC
metrics at every stage of the process. To our knowledge, Macrogen have limited
experience with FFPE DNA samples. Our samples may have had more success if there
was a more individualised optimisation of the sequencing protocol, as opposed to a one-
size-fits-all approach of a service provider, rather than a collaborator. The SureSelect
custom targeted sequencing assay utilises broadly the same approach as whole exome
sequencing, however it only has baits for the genes of interest. It has been successfully
applied to FFPE samples in a number of important studies (Frampton et al., 2013,
Jeselsohn et al., 2014, Meric-Bernstam et al., 2014). A sequencing assay was designed to

target 45 important breast cancer genes and a pilot study was performed at QCMG where
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sequencing libraries were successfully generated for all 16 samples. As we have
previously worked with QCMG we believe that the success was due to greater knowledge
of the challenges of these FFPE DNA samples and each sample was sheared individually
to get optimal fragment sizes. The first sequencing run did not provide sufficient gene
coverage data and hopefully re-sequencing these cases will provide greater depth to
identify mutations. Hopefully we may be able to elucidate the frequency of ESR1, FOXA1
and GATA3 mutations (among others) in the metastases and this may contribute to our
understanding of the mechanisms underlying metastatic progression and of endocrine

resistance.

5.3.3. Limitations of the study and future work

Working with clinical material is crucial for this type of work, yet this is associated with
numerous technical challenges related to obtaining a sufficient cohort size and the quality
of tissue material for molecular based research. These limitations cannot be controlled for
but they certainly affect the types of analyses and statistical comparisons that are possible.

One limitation of this study was using TMA-biopsy cores for IHC profiling, as opposed to
whole tissue sections. There is the possibility that tumour heterogeneity may have been
under-represented. We know this can be an issue for focally expressed biomarkers (such
as basal-markers) and for scoring Ki67 staining, where on whole sections the most
positive area of the section is typically counted. The use of 1 mm TMA cores was chosen
to capture a larger area of tissue. Conversely, performing IHC on whole sections would
improve the representation of heterogeneity, however without using all the tissue blocks of
the case, it is again a compromise. The use of TMAs, therefore, is a pragmatic decision
and represents the most feasible option to screen many tissue samples for a large range

of markers, without expending the finite patient material.

In order to understand the different biologies that drive organotropic metastasis, a
comparison with metastases to other organ sites is essential. It would be of great clinical
utility to be able to identify different features of a primary tumour that may predict the risk
of metastasis, and if so, to which organ. However, as our understanding of tumour
evolution increases, that may not be feasible without the ability to identify every subclone
within a primary tumour. Next generation sequencing technology is ideally suited to

resolve these issues and its cost is reducing, however data analysis bottlenecks are
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becoming increasing obvious. The application of these technologies in the neoadjuvant
setting is highly desirable but also limited, as sequencing a tumour biopsy is unable to

define all the tumour subclones necessary to appropriately guide targeted therapy.

It would also be interesting to perform a comparison between ovarian metastases that
originated from breast primary tumours with colorectal primary tumours, since breast and
colorectal are the most common primary tumours to spread to the gynaecological sites.
Due to the close proximity of the colon to gynaecological sites, seeding in the abdominal
cavity could be a major contributing factor to this type of metastatic spread. However, the
most common site of colorectal metastasis is to the liver and lung, where blood flow is
likely to a driving force (Patanaphan and Salazar, 1993). Therefore we could potentially
uncover common mechanisms that contribute to colonisation of the ovaries that are shared

by all primary tumour types.

Some of these patients’ tumours relapsed after a long time (over 10 years in some cases).
This may be a result of a slow growing tumour, or suggests that mechanisms of tumour
dormancy need to be investigated. Tumour cells have been found in the bone marrow of
cancer patients and were associated with distant metastasis (Braun et al., 2000). This
suggests that the bone marrow is a haven for tumour cells to lay dormant, and could
potentially be used as a marker to predict metastasis. Studies in mouse models have
found that the perivasculature in the bone marrow, lung and brain plays a role in dormancy
during metastasis to these sites (Ghajar et al., 2013). The different stages of normal
vasculature progression/homeostasis produced signals that either suppressed
(microvasculature) or induced (sprouting neovasculature) breast cancer cell growth
(Ghajar et al., 2013). These studies highlight the importance of the microenvironment in
metastatic progression. For example, it has been recently shown HER2/HER3 expressing
breast tumour cells may selectively grow in the brain microenvironment were the
HERZ2/HERS ligand neuregulin is expressed in abundance (Saunus et al., 2015, Momeny
et al., 2015). Similarly, we hypothesise that the oestrogen rich environment of the ovaries
in premenopausal women may be involved in homing of the ER positive breast tumour
cells. Studies have shown that oestradiol treatment in hormone dependent breast cancer
cell lines induces a migratory phenotype (Li et al., 2010c, Giretti et al., 2008). Therefore,
an interesting future direction would be to perform in vitro experiments, such as transwell
experiments, or co-culturing with ‘normal’ ovarian cells, and under a gradient of oestrogen

treatment, assess if tumour cell migration is effected by different oestrogen concentrations.
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These types of experiments could also be used to study the effect of mutations in genes
such as ESR1, FOXA1 and GATAS, to further tease out the role of these important

proteins in the metastatic process.

This information could lead to providing knowledge to better determine which women may
benefit from prophylactic oophorectomy, as it is not routine practice to add to adjuvant
therapy (Griggs et al., 2011). Recent studies have shown however that ovarian
suppression combined with an aromatase inhibitor does reduce risk of recurrence in ER
positive patients (Pagani et al., 2014, Francis et al., 2015). However, it would be of great
benefit to omit a patient from an oophorectomy if it is not required, and therefore saving a
patient from unnecessary surgery and the risks associated with hormone replacement
therapies.

5.4.Conclusions

In summary, this study adds to our understanding of the clinical and phenotypic
characteristics of primary breast tumours and metastases to gynaecological sites.
Although patients with gynaecological metastases largely maintain their immunophenotype
compared to other organ sites, treating based on the characteristics of the primary tumour
is still likely to not be appropriate because of changes in the complex relationships
between ER and its regulatory molecules in the metastases. The tumour cells have still
evaded therapy, and hopefully the genomic data collated here may provide an explanation
for the different behaviour despite the similar phenotype.
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CHAPTER 6

DISCUSSION
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6. Discussion

Breast cancer encompasses a heterogeneous group of diseases and this thesis aimed to
ask and address three major questions surrounding breast cancer biology. Firstly, are
there other mechanisms involved in E-cadherin deregulation in invasive lobular
carcinoma? Secondly, how does clonal evolution progress in tumours with mixed ductal
and lobular morphologies? Finally, can we gain a greater understanding of clonal evolution
and heterogeneity underlying breast cancer metastasis by studying a unique cohort of
breast cancer patients with metastasis to gynaecological sites?

6.1.  Actin cytoskeleton regulating cell-adhesion in breast cancer — challenges

validating in vitro findings in situ

The loss of E-cadherin is a defining feature of invasive lobular carcinomas. Understanding
the mechanisms underlying the loss of cell-cell adhesion and anoikis resistance is
essential in order to begin to target this unique type of breast cancer. As described in
Section 1.8.1, genomic alterations to CDH1 (such as mutation, chromosome loss and
methylation) contribute to a large proportion of E-cadherin loss in ILC. However there are a
significant number of cases without detectable alterations to CDH7 and therefore the
mechanism of E-cadherin deregulation remains unknown. We therefore hypothesised, that
deregulation of actin cytoskeletal regulatory molecules (which have been shown in vitro to
be essential for E-cadherin function) may contribute to E-cadherin loss and the invasive
phenotype observed in ILC. IHC analysis of these markers in a large cohort of breast
cancer samples revealed, most importantly, the lack of membranous localisation of the
molecules as identified in the in vitro work by (Kovacs et al., 2011) and (Ratheesh et al.,
2012). This study highlights the challenges of validating in vitro findings in situ. Patient
derived tissue samples are essentially a snap shot in time and therefore validating
dynamic molecular mechanisms that are likely to occur on minute time scales, within
heterogeneous, multi-cellular tissues are difficult. Particularly when the model is developed
in a two-dimensional cell culture system, which was established within a homogeneous
cell population. There were some observations that may be important to breast cancer
biology (e.g. cytoplasmic N-WASP protein expression was identified in E-cadherin
negative ILC), however, without matched normal breast tissue for each patient, we are
unable to identify if the protein localisation is aberrant and contributing to the invasive

phenotype observed in ILC. Our data is not sufficient to disprove the hypothesis that the
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actin cytoskeleton regulators play a role in regulating E-cadherin function in breast cancer.
Therefore, the next step will involve investigating these molecules in normal breast
samples using dual-immunofluorescence to identify their localisation and secondly,
applying this knowledge to matched normal and tumour samples to truly understand if
these molecules play a role in E-cadherin deregulation during tumourigenesis.

6.2. The clonal evolution of mixed ductal-lobular carcinomas

It has been generally accepted that MDLs represent a unique biological entity (Rakha et
al., 2009, Arps et al., 2013). Large consortia such as the TCGA and ICGC have
contributed to our increased understanding of the genomic landscape of breast cancer
(The Cancer Genome Atlas Network, 2012, Stephens et al., 2012). These studies have
included thousands of samples in their studies. The TCGA have profiled the somatic
mutations, copy number profiles and gene expression of 27 MDLs. The mutation profiles of
the MDLs show features similar to both ER positive IC-NST and ILC; and our data also
supports these findings concluding that that MDLs have overlaps with both ER positive IC-
NST and ILC, but do not entirely fit into either one of the already established categories.

Small studies have suggested that the presence of different morphological components
are clonally related lesions (Wagner et al., 2009, Buerger et al., 2000) and the mechanism
underlying a switch in morphology has not been explored. The purpose of this study was
to discover unique biological properties that explain the morphological heterogeneity
observed in MDLs. We hypothesised that disruption to the E-cadherin cell adhesion
complex contributes to the change from a ductal to lobular growth pattern. By studying the
expression of the E-cadherin adhesion complex in 51 MDL cases, we found that E-
cadherin was aberrantly localised in the lobular component. This is in contrast to the
complete loss of E-cadherin expression recurrently observed in ILC. Therefore, we
concluded that the mechanism underlying E-cadherin disruption is likely to be different to
that seen in pure ILC.

Due to the nature of our study, we have micro-dissected discrete morphological areas and
therefore have power to tease out important subtleties that would be lost when studying
large numbers of cases. The TCGA samples are unable to be used in this regard due to
the lack of annotation of the cellular component from which the nucleic acids have been

extracted. By carefully micro-dissecting 4 MDL cases, we were able to enrich for very pure
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tumour cellularity, a critical feature essential for uncovering mechanisms that drive a
change in cellular morphology. Together with the previous CGH study (Kutasovic, 2011),
the preliminary analysis of exome sequencing data showed that all components within
each case were clonally related. It is likely that in some cases, morphological divergence
occurs early in tumour progression, while in other cases divergence occurs later.
Interestingly, only one of the 4 cases had a CDH1 mutation in the lobular components of
the tumour and this tumour was one of the 2 cases sequenced with complete loss of E-
cadherin protein expression. These findings support our hypothesis that other mechanisms
are involved in the transition from ductal to lobular morphology. The lack of co-ordinated
expression of EMT protein markers in our cohort, and the lack of gene expression
alterations in the TCGA cohort, suggests that EMT does not play a role in the transition
between growth patterns. Pathway analysis using the exome sequencing data revealed
that alterations in gap junctions signalling pathways were frequent. This is fascinating,
since gap junctions are one of the three types of cell-cell adhesion machinery (including
adhesion and tight junctions) and play important roles in cell-cell communication by directly
transferring signalling molecules between neighbouring cells. Future research will include
the validation of the mutations discovered in each case using Sanger sequencing. The
discovery of alterations in gap junction signalling will also be an interesting avenue to
explore. The first step will be to pinpoint the exact gap junction related genes that were
altered in each case and morphological type. Then the expression of the proteins encoded
by those genes and also the connexon proteins will be assessed by IHC in the MDL
cohort, and compare the expression with ILC and IC-NST.

It is important to recognise different morphological components at diagnosis, particularly
when it is clear that IC-NST and ILC have different propensities for colonising different
organ sites. MDLs are currently treated on the basis of their worst feature. For example, if
a large proportion of the tumour were a high-grade IC-NST, the patient would likely receive
chemotherapy. However, the smaller lobular component present may be less likely to
respond to chemotherapy, and there is the possibility that the lobular component can
progress further. This has implications when it comes to patient management, and patients
who present with an MDL may need to undergo a unique surveillance program.
Understanding how a cell develops a discohesive and invasive phenotype may be
translated into gaining a greater understanding of the same features in ILC. This may open
new avenues for targeting unique properties of these single discohesive cells and

ultimately increase therapeutic options for MDL and ILC patients.
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6.3. Metastasis to gynaecological sites; impacting young women with tumours of
a luminal phenotype

Metastatic progression is the single most significant predictor of poor outcome for patients.
Tumour cells must evolve in order to develop the necessary biological capabilities to
metastasise, and that this clonal evolution is driven by the selective acquisition of somatic
mutations, dynamic interactions with the local microenvironment, and resistance to
treatment. The extent and overall clinical significance of this diversity in metastatic
progression is still unclear, owing to the scarcity of samples of metastases that are

available for molecular analysis.

Previous studies, including from our lab, have found that women who develop metastasis
to gynaecological sites are frequently young in age, and a high proportion of patients had
an invasive lobular carcinoma (Cummings et al., 2014, Bigorie et al., 2010). The fact that
gynaecological sites are frequently operable (in comparison to common metastatic sites
such as the bone, lung and brain), we have the unique opportunity to characterise and
investigate mechanisms underlying metastatic progression in patient samples. We
amassed a cohort of 54 patients with gynaecological metastasis, and found that these
patients were significantly younger than the average breast cancer patient (47 years vs. 60
years). This suggests that the majority of patients were premenopausal at the time of
breast cancer diagnosis. We hypothesised therefore that endocrine signalling might play
an important role in progression to gynaecological sites. Approximately 43% of our patient
cohort had an ILC, which is a significant enrichment compared to the 10-15% of ILC
reported in the general breast cancer population. Other interesting clinical features of
these patients were i) the high frequency of lymph node involvement at primary tumour
diagnosis, ii) involvement of gastrointestinal sites and peritoneum/omentum more
frequently than common sites of breast cancer metastasis, and iii) the expression of
biomarkers of associated with a good prognosis (ER and PR positive, low Ki67 and
negative for HER2 and basal markers). The last point is particularly interesting considering
young patients diagnosed with breast cancer are generally associated with triple negative

and basal like breast cancer (Liedtke et al., 2015).

This study identified both phenotypic and genomic intratumour heterogeneity during breast
cancer progression to metastasis. This is important as treatment strategies for metastatic

patients are frequently based on the characteristics of the primary tumour. It is now
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understood that the development of metastatic disease requires tumour cells to develop
under selection pressures such as treatment and a new niche microenvironment. During
progression to gynaecological sites, the expression of ER remained stable. However, the
expression of other important hormone markers PR, AR, GATA3 and FOXA1 were down-
regulated. Consistent with the idea that the metastases represent an aggressive biology,
p53 and Ki67 were frequently up-regulated in the metastases compared to the primary
tumour. Although the expression of ER in these tumours did not change during
progression as compared to other metastatic sites (such as the lung and liver (Cummings
et al., 2014)) there are still important implications when it comes to guiding treatment
options. Where the down-regulation of ER and PR is observed in the metastatic site, it is
an obvious decision to cease endocrine therapy. However, these samples highlight that
even though ER is still expressed, they still have likely developed resistance to the therapy
due to the fact that the primary tumour was ER positive and the patient would have
received endocrine therapy. It is possible therefore that the patient is unlikely to benefit
from additional anti-endocrine agents. The discovery of the role of pioneer factors in ER
signalling and the identification of ESR1 mutations conferring endocrine resistance
explains why ER is still being expressed but the tumour is not responsive to therapies. It is
unclear how useful the assessment of FOXA1 would be alongside ER in metastatic
samples, since we found that both were generally expressed in the metastases. The work
by (Hurtado et al., 2011) and (Ross-Innes et al., 2012) found that FOXA1 mediates an
altered ER transcriptional program under endocrine resistant in vitro settings. Therefore
the identification of the genes that are differentially expressed may turn out to be more

appropriate biomarkers of endocrine resistance.

To further understand the biology of these tumours, several genomic analyses were
performed. Array-based copy number analysis was performed on this cohort and many
shared copy number alterations were identified between the primary tumour and
metastases sampled. Within 9 cases with matched primary tumour and metastases there
was evidence of clonal similarities and clonal diversity during progression. It was also
observed that each case presented with unique genomic alterations and these need to be
validated using in situ hybridisation. Preliminary mutation analysis was unfortunately

unsuccessful, however further testing is currently underway.

This study has provided a greater understanding of the phenotypic and molecular

characteristics of metastatic progression to gynaecological organs. This resource of
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patient samples will be utilised in the future to give further insight into mechanisms of
resistance in ER positive breast cancer. With the advent of improved molecular
technologies that are capable of utilising fragmented nucleic acids from FFPE material,
potential biomarkers for treatment resistance may be developed and tested using this
cohort. The identification of the mechanisms underlying progression and treatment
resistance in each individual case will ultimately benefit the patient with more appropriately
targeted treatment options. This study supports the notion of sampling metastatic deposits
to help guide treatment options (Van Poznak et al., 2015), however, new biomarkers of
treatment resistance need to be identified, particularly since the expression of ER can still

occur in tumours that are resistant to endocrine therapy.

6.4. Final conclusions and future perspectives

The findings of this study have shown that the regulation of E-cadherin based cell-cell
adhesion is complex in ILC and MDLs. To date, no study has published a detailed
investigation of the cell adhesion complex in MDLs or investigation of the clonal evolution
of MDLs using whole exome sequencing. We found that in some cases morphological
divergence from a common neoplastic clone occurs early in tumour progression, while in
other cases divergence occurs later. | believe that this raises a few possibilities about the
inherent biology of the MDL. Firstly, this raises the question of whether there are actually
two ‘types’ of MDL tumours. Are the tumours with early divergence a genuine MDL, in
which the lobular component arises through more classical means via early E-cadherin
inactivation and progression from LCIS? In contrast, are the cases with late divergence
more simply an IC-NST with lobular-like differentiation? This raises questions surrounding
our definition of a lobular carcinoma, notwithstanding the well-recognised morphological
features. Is it the timing, or the mechanism, of CDH1/E-cadherin loss that defines the
lobular phenotype? For instance, does an early hit to CDH1 form a determined
commitment to a lobular lineage, or do the cases with an apparent late insult to the
integrity of the E-cadherin complex represent the evolution of tumour cells not fully
committed to follow the lobular lineage? | believe that these are important questions that
will have an impact on pathology classification systems. In my opinion, this study
emphasises the necessity of identifying and further characterising the morphological and
phenotypic heterogeneity in MDLs as it can have an impact on patient management.
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It is generally considered that patients diagnosed with a luminal A tumour type will have a
good clinical outcome in comparison to patients with triple negative or basal-like tumours.
The latter subtype is more likely to be diagnosed in young breast cancer patients and have
significantly worse 5-year survival rates. This study highlights a unique group of patients
who present with primary disease at a young age and with a primary tumour of “good
prognosis” — ER positive, low Ki67 and negative for HER2 and basal markers — yet they
have developed widespread distant metastases. In spite of improving breast cancer
patient mortality, | believe that further work is needed to improve our understanding of
luminal breast cancer and the associated mechanisms of treatment resistance and
disease spread. ER positive disease is the most common type of breast cancer, and
thousands of patients still die each year. It is paramount to be able to predict with accuracy
which patients are likely to relapse. This will significantly reduce over treatment of patients
who are less likely to relapse, and enable earlier detection and more appropriate

management for those who need it most.
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Appendix Figure 2.2: Gynaecological metastasis TMA 1
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Appendix Figure 2.3: Gynaecological metastasis TMA 2
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Appendix Figure 2.4: Gynaecological metastasis TMA 3
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Appendix Figure 2.5: Gynaecological metastasis TMA 4
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Appendix Figure 2.6: Gynaecological metastasis TMA 5
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Appendix Table 3.1: List of genes relating to actin cytoskeleton regulation and the E-cadherin complex that were analysed in the TCGA

meta-analysis.

Actin regulators

Signalling molecules

E-cadherin complex genes

Gene Gene Gene
Protein name Alterations* | Protein name Alterations* | Protein name Alterations*
Arp2/3
coFr)anex ARPC1A 2% Rho RND1 0.30% E-cadherin CDH1 13%
ARPC1B 2% RND2 2% a-catenin CTNNA1 2%
ACTR2 1% RND3 0.6% b-catenin CTNNB1 0.60%
ACTR3 0.60% Rac RAC1 0.9% g-catenin JUP 3%
ARPC4 2% RAC2 0.60% p120 CTNND1 2%
ARPC5 12%" RAC3 6%
N-WASP WASL 1% Cdc42 CDC42 0.90%
WAVE?2 WASF2 1% Ect2 ECT2 5% Myosins
Gene
WIRE WIPF2 7% MgcRacGAP RACGAP1 0.40% Protein name
KIF23
Cortactin CTTN 14%" (MLKP1) KIF23 1% Myosin IIA (MYO9) | MYH9 2%
Myosin IIB
MENA ENAH 14%" RPTPalpha PTPRA 2% (MYO10) MYH10 2%
VASP VASP 2% Src SRC 2% Myosin VI MYO6 2%
EVL EVL 1% Rap1 RAP1GAP 0.90%
Vinculin VCL 3% p130Cas BCAR1 3%
Abi1 ABI1 1% ROCK ROCK1 1%
ROCK2 3%

*Alterations = Using the cBioportal, gene amplification, gene deletion and nonsynonomous mutions were investigated for all of the genes across 962

breast cancer samples. The percentage indicates the number of samples with any alteration. # Since ARPC5, CTTN and ENAH had a high

percentage of amplifications, gene expression was analysed and found there there was no mRNA overexpression alongside gene amplification.

ARPC5 and ENAH are located on chromosome 1q (1925 and 1942, respectively) and therefore may be a consequence of high level amplification of

chromosome 1q that occurs commonly in breast cacner. CTTN is located on 11q13 and is also amplified relatively frequenly in breast cancer.

246



24%

22%

20%

18%
16%
14%
12%

Aouanbayy uonessyy

10%

8% —

6% —

4%

2%

0% -

Cancer type . .

+

+

Mutation data

+

+

CNA data

Multiple alterations

. Deletion - Amplification

- Mutation

N-WASP genomic alterations across all cancer types.

Appendix Figure 3.2

247



55%

50%

45%

40%
35%
30%

Aouanbayy uonelayy

Cancer type

+

+

+

+

Mutation data

+

+

CNA data

Multiple alterations

. Deletion - Amplification

- Mutation
ECT2 genomic alterat

ions across all cancer types.

Appendix Figure 3.3

248



24%

22%

20% -

18%
16%
14%
12%

Aouanbaly uoneisyy

10%
8%
6%
4%

2%
0% -

Cancer type . . .

Mutation data

+

+

CNA data

Multiple alterations

. Deletion . Ampilification

. Mutation
RacGAP1 genomic alterations across all cancer types.

Appendix Figure 3.4

249



E-cadherin neg E-cadherin neg

ILC Ect2 cyto neg § Ect2 cyto neg
Racgap1 pos : Racgap1 neg
26.7% i 23.3%

Appendix Figure 3.5: images of the most frequent phenotype observed when assessing co-

expression of E-cadherin with ECT2 and RacGAP1 within invasive lobular carcinoma.
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Appendix Figure 3.6: Representative images of the most frequent phenotype observed
when assessing co-expression of E-cadherin with ECT2 and RacGAP1 within invasive

carcinoma no special type.
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Appendix Table 4.1: Whole exome sequencing metrics.

Coverage . Variants % Non-
(80% of CA(;’Veerffgee Dr:';’e“(izt)e TotalMuts ~ withrs  Known  SilentMuts sient SNPs DNP Moo
the baits) number  variants Muts
MDL IDC 12 59.54 16.59 98 27 71 94 2 2
4 ILC 21 72.27 20.77 149 37 112 137 2 10
Normal 36 110.39 12.72 21129* 20829 98.5
Ecad pos 22 70.37 22.46 33 11 22 27 2 4
MDL Ecad neg 22 69.21 21.05 27 4 23 22 0 5
5 DCIS 30 83.9 22.35 35 8 27 29 0 6
Normal 23 741 22.26 16807* 16590 98.7
IDC 34 101.73 18.47 169 41 128 161 2 6
MDL DCIS 32 102.79 14.01 72 18 54 67 1 4
6 PLC 33 100.53 13.51 467 90 377 459 2 6
PLCIS 37 112.67 14.31 190 40 150 183 2 5
Normal 47 120.56 15.22 21889* 21539 98.4
T1_IDC 16 76.36 21.06 22 5 17 20 0 2
T2_ILC 16 75.1 18.23 25 6 19 24 1 0
T3_DCIS 21 78.44 21.72 22 5 17 20 0 2
T3 Ductal
MDL enriched 18 79.81 22.69 27 7 20 22 1 4
7 T3_Admixed 16 72.33 21.78 25 6 19 22 1 2
T4_DCIS 21 84.7 18.83 25 5 20 24 0 1
T4_Ductal
enriched 12 65.49 17.14 19 4 15 18 1 0
T4_Admixed 13 73.32 19.05 25 8 17 24 1 0
MDL90_Normal 21 63.82 29.12 18078* 17848 98.7

* Germline mutations, Muts = mutations, SNPs = single nucleotide polymorphism, DNPs = dinucleotide polymorphism, INDELs = insertion or deletion.
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Appendix Table 5.1: Distribution of gynaecological metastases.

[ n(%)
Metastatic pattern
Gynae only 7 (13)
Gynae & other site 47 (87)
Total 54
Total number of metastatic sites
All sites 255
Gynaecological organs 137
All non-gynaecological organs 118
Gynaecological organs involved
Ovary 64 (46.0)
Fallopian tube 33 (23.7)
Uterus (incl; endo/myometrium) 28 (20.1)
Cervix 7 (5.0)
Vagina 4(2.9)
Mons pubis 1(0.7)
Total 137
Peritoneum
Ascitic/peritoneal fluid 7 (5.9)
Omentum 17 (14.4)
Peritoneum/retroperitoneum 11 (9.3)
Pouch of douglas 4 (3.4)
Pelvic plaque 1(0.8)
Paracolic gutter 1(0.8)
Total 41 (34.7)
Digestive system
Appendix 6 (5.1)
Liver 7(5.9)
Stomach 3 (2.5)
Colon 2(1.7)
Intestine 2(1.7)
Rectum 1(0.8)
Anterior abdominal wall biopsy 1(0.8)
Jejunal plaque stomach 1(0.8)
Small bowel adhesion 1(0.8)
Ascending colon fat 1(0.8)
Total 25 (21.2)
Musculoskeletal system
Bone 20 (16.9)
Total 20 (16.9)

Table continued over page
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Appendix Table 5.1: Distribution of gynaecological metastases.

[ n(%)
Nervous system
Brain 4 (3.4)
Brachial plexus (nerves in neck) 2(1.7)
Cerebrospinal fluid 1(0.8)
Total 7 (5.9)
Lymphatic system
Distant LN 3(2.5)
Pelvic lymph node 2(1.7)
liac LN 2(1.7)
Para-aortic LN 1(0.8)
Peritoneal lymph node 2(1.7)
Total 10 (8.5)
Respiratory system
lung 5(4.2)
pleura/pleural fluid 5(4.2)
Intercostal space 1(0.8)
Total 11
Integumentary system
Skin 2(1.7)
Total 2(1.7)
Urinary system
Bladder 2(1.7)
Total 2(1.7)

Appendix Table 5.2: Distribution of gynaecological metastases.

First metastatic detected n %
Gynaecological organ 38 70.4
Other 16 29.6

bone 7 13.0

Pleural fluid/lung 5 9.3
Peritoneum/omentum 2 3.7
Skin 2 3.7
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Appendix Table 5.3 IHC raw data

Breast All mets Ovaries Other Gynaecological organs

Immuno marker total n pos % total n pos % total n pos % total n pos %
ER (>1%) 46 43 93.5 120 112 93.3 53 49 92,5 39 38 97.4
PR (>1%) 35 23 65.7 119 79 66.4 53 37 69.8 39 23 59.0
HER2 3+M 33 0 0.0 113 0 0.0 51 0 0.0 37 0 0.0
CK5/6 (>10%) 19 0 0.0 101 1 1.0 49 0 0.0 32 1 3.1
CK14 (>10%) 18 0 0.0 101 1 1.0 48 1 2.1 33 0 0.0
EGFR 3+ M 17 0 0.0 99 1 1.0 49 1 2.0 29 0 0.0
CK8/18 (>1%) 19 19 100.0 103 103 100.0 50 50 100.0 33 33 100.0
Ki67 (<L1c())v(\)//°) 19 5 26.3 102 47 46.1 49 24 49.0 32 15 46.9

Mggog)o- 0 0.0 23 225 10 20.4 7 21.9

(>H3ig£}°) 0 0.0 11 10.8 4 8.2 4 125
p53 "%"(‘302)0' 19 2 10.5 103 28 27.2 48 14 29.2 34 10 29.4

(>|_:|,’ig¢t}(>) 4 211 39 37.9 19 39.6 11 324
GATA3 (>1%) 19 19 100.0 105 57 54.3 47 32 68.1 35 18 51.4
FOXA1 (>1%) 19 19 100.0 108 79 73.1 49 38 77.6 36 25 69.4
AR (>1%) 19 17 89.5 102 79 77.5 49 39 79.6 33 23 69.7

Table continued over page.
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Appendix Table 5.3 IHC raw data

Omentum/Peritoneum Gastrointestinal organs Lymph nodes (distant and regional) | Brain

Immuno marker total n pos % total n pos % total n pos % total n pos %
ER (>1%) 16 13 81.3 5 5 100 5 5 100 1 1 100
PR (>1%) 16 8 50.0 5 5 100 5 5 100 X X X
HER2 3+ M 13 0 0.0 6 0 0 5 0 0 1 0 0
CK5/6 (>10%) 11 0 0.0 4 0 0 5 0 0 X X X
CK14 (>10%) 11 0 0.0 2 0 0 5 0 0 X X X
EGFR 3+ M 12 0 0.0 4 0 0 5 0 0 X X X
CKs8/18 (>1%) 11 11 100.0 4 4 100 5 5 100 X X
Ki67 (<L1%V,\,l/o) 12 6 50.0 4 1 25 5 1 20 X X X

Mggog)o- 2 16.7 2 50.0 2 40 X

(>|43ng ) 1 8.3 1 25.0 1 20 X
p53 "%"(‘302)0' 12 3 25.0 4 1 25.0 5 0 0 X X X

(gig,f}o ) 4 33.3 3 75.0 2 40 x x
GATA3 (>1%) 12 3 25.0 4 2 50.0 5 1 20 1 1 100
FOXA1 (>1%) 12 9 75.0 5 4 80.0 5 3 60 1 0 0
AR (>1%) 10 3 30.0 4 4 100 5 5 100 1 1 100
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Appendix Table 5.4 Summary of the matched gynaecological metastatic breast cancer cases. 1 = positive, 0 = negative, x = no data.
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Appendix Table 5.5: List of the genes located on the significantly amplified region in the

ovarian metastases, 1923.1.

ARHGEF11

BCAN

C1orf66

C1orf92

CD5L

CRABP2

ETV3

ETV3L

FCRL1

FCRL2

FCRL3

FCRL4

FCRL5

HDGF

INSRR

ISG20L2

MRPL24

NES

NTRK1

PEAR1

PRCC

SH2D2A

263



Other gynaecological metastases n = 20
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Appendix Figure 5.1: The frequency of genomic alterations across all chromosomes in 20 non-ovary gynaecological metastases. Left

panel displays gains and loss, right panel displays amplifications and homozygous deletions.
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Other metastatic sites n = 11
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Appendix Figure 5.2: The frequency of genomic alterations across all chromosomes in 11 non-gynaecological metastases. Left panel

displays gains and loss, right panel displays amplifications and homozygous deletions.

265



