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Abstract

Although global gene microarray studies have demonstrated the molecular
heterogeneity of breast cancer (BC) and provided potential for clinical
applications, the molecular subclassification of luminal/ER-positive tumours,
which is the largest class of BC, remains unclear. Characterisation of
luminal/ER-positive subtypes could have important implications in clinical
decision-making and patient management.

The patient study cohort is derived from a consecutive series of approximately
1902 cases of primary operable invasive breast carcinoma obtained from the
Nottingham Tenovus Primary Breast Carcinoma Series, with patients
presenting between 1986 and 1998. This is a well-characterized series of
primary breast carcinoma that has been treated in a uniform way and
previously used to study a wide range of proteins. Using gene microarray
experiments in 128 frozen invasive BC derived from this series, 47,293 gene
transcripts were analysed using a number of different bio-statistical models to
identify a transcript signature for luminal/ER-positive BC, from which
candidate genes were selected and that can be used to characterise ER-positive
breast cancer. In addition, other biomarkers with strong relevance in ER-
positive breast cancer were studied because the evidence strongly suggests an
important role in the biology and molecular classification of ER-positive breast
cancer. The selection criteria was based on published literature concentrating
mainly on ER related pathways including ER coregulators (CARMI1, PELP1),

cellular proliferation (p27, TKI1, cyclin Bl), apoptosis (Bcl2), Akt/PIK3




pathway (FOXO3a), gene expression profiling (FOXA1, XBP1, TFF1) and
endocrine resistance (CD71).

Immunohistochemistry and high throughput tissue microarray technology were
used to study the protein expression of 16 biomarkers with strong relevance to
ER pathways in a well characterised consecutive series of invasive BC
(n=1902) in addition to anther 9 markers that were available from the database
of the breast cancer research group, University of Nottingham. The data were
analysed using different clustering methods including K-means and
Partitioning around Medoids. Kaplan Meier plots with Log-rank test (LR) were
used to model clinical outcome.

A transcript signature for ER positive BC was identified including RERG,
GATA3 and other genes by a supervised classification analysis using 10-fold
external cross-validation of the gene microarray data. Immunohistochemical
validation studies confirmed their association with ER positive BC.

Through a consensus approach using different clustering techniques applied to
protein expression data 25 markers, three biological clusters (patient
subclasses) in ER positive breast cancer showing significant difference in
clinical outcome (LR= 28.185 & p<0.001) have been identified. Importantly,
the poor prognosis cluster was significantly characterised by high tumour grade
and frequent development of distant metastasis.

In conclusion, our results emphasised the heterogeneity of luminal/ER-positive
BC. Molecular profiling of breast cancer using protein biomarkers on TMAs
can sub-classify ER-positive tumours into clinically and biologically relevant

subgroups.
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1.1 Introduction

Breast cancer is a major cause of death among middle-aged women and some
patients develop relapses despite advances in therapeutic methods. Currently,
pathological diagnosis and classification of human neoplasia is based on the
pathological features, immunoi)henotyping and other techniques for
distinguishing tumour types. The combination of pathological classification
and clinical criteria are mainly used to differentiate distinct subclasses in
clinical practice that differ in prognosis. However, there is still marked
differences in the clinical behaviour of cancers within this current tumour
classification, which makes the prediction of response to treatment and clinical
outcomes more difficult. So, breast cancer has to be defined by genetic
biomarkers to improve the therapeutic methods and patients follow-up (Ahr et
al., 2001). Most breast cancers are derived from the epithelial cells lining the

ducts and lobules.

1.1.1 Terminal duct lobular unit (TDLU)

The functional unit of the breast is a complex structure that is composed of two
major parts: the terminal duct-lobular unit and the large duct system.

The TDLU is formed by the alveoli and the terminal ductule of a lobule and
represents the secretory part of the gland. It connects with the subsegmental
duct, which in turn leads to a segmental duct and lastly to a collecting duct

which empties into the nipple. The TDLU is recognized because of its lobular
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arrangement and the presence of a myxoid-appearing connective tissue
(Cunha, 1994).

After puberty, this structure forms the major hormone sensitive areas of the
mammary epithelium. It also appears to be the site of origin for most mammary
cancers. This suggests that it contains the major proliferative stem cell
populations that are most sensitive to the effects of somatic cell mutation.
Normal breast ducts contain at least three types of epithelial cells: luminal
(glandular) cells, basal/myoepithelial cells, and stem cells (Fig 1.1). Many
theories have been proposed to describe the lining cells and the presence of
stem or progenitor cells which give rise to the main lineages, luminal/glandular

and myoepithelial.

Luminal

Progenitor

Myoepithelial

Basement
membrane

Figure 1.1: Cells of the mammary acini

(Birnbaum et al., 2004)
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1.1.2  Concepts of progenitor cells

(A) Stem cells and progenitors are found in the basal or suprabasal position in
the acini, in between myoepithelial and luminal layers. Self-renewing
pluripotent stem cells enter into a bipotant CK5/6+ progenitor stage and give
rise to two main lineages via committed progenitor stages, luminal/glandular
CK8/18+ and myoepithelial-restricted CK14+ and smooth muscle actin
(SMA)+. New markers are needed to identify the criteria of the different cell

types (Birnbaum et al., 2004) (Fig 1.2).

B 2 —
T > (M Committed
- Y CK5/6+, CK&/18+ CKa/18+
G
Bassl e ey
Quiescent Prolferative bipotent
stem cell stem cell progenitor
CK5/6+ .
Committed Myoepithekal cell
progenitor CK14+ SMA+
CK5/6+, CK 14+, SMA+

Figure 1.2: The concept of progenitor cell

(Birnbaum et al., 2004)

(B) The concept of progenitor cell is useful to understand normal physiological
regeneration and cellular mechanisms of lactation and involution. Under the
effects of hormones produced in pregnancy and lactation, luminal cells
differentiate to CK8/18+ secretory cells. In the resting breast, the lobules
display cells from progenitors (CK5+) to intermediate glandular (CKS5+,
CK8/18+) and glandular cells (CK8/18+) (Boecker and Buerger, 2003)

(Horwitzt et al., 2008) (Fig 1.3,4).
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Terminal duct
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remoadeling
Aleolar luminal cell
CKB/18+, casein+

Figure 1.3: Another concept of progenitor cell

(Birnbaum et al., 2004)

Breast cancer
Breast cancer Ck'5 negatlve
Ck 5 positive T

90%

5- h
10% — =
W | \
intermediary glandular cell
glandular cell
v
o — s
mv:v:o::ry myoepithelial cell
myoepithelial cell

Figure 1.4: A cell biology concept model

(Bocker et al., 2002)

A cell biology concept based on CKS5 progenitor cells (yellow) give rise to both

glandular cells (CK8/18/19; green) and myoepithelial cells (SMA; red) via

intermediary cells, which co-express Ck5/6 with the lineage-specific marker

(either CK8/18/19 or SMA) (Bocker et al., 2002).
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1.1.2.1 How do lining cells give rise to cancer?

(A) The stochastic model

This model suggests that tumour arises from any cell, despite its stage of
differentiation, after a genetic alteration that triggers the transformation; the
tumour cell acquires a self-renewing capability without losing its original

criteria (Birnbaum et al., 2004) (Fig 1.5).

Luminal cell

Luminal-derived

Stochastic model el tumors, ER+, GATA3+

"f‘“ ‘8 Basal-derived tumors, ER-, ERBB2+

: SN
Proliferative
Progenitor @
stem cell —) Myoepithelial-derived

It
Myoepithelial cell turnors (rare)

Figure 1.5: The stochastic model (Birnbaum et al., 2004)

(B) The hierarchy or stem cell model.
This model suggests that transformation occurs in a stem cell, or in a
progenitor cell, and expansion proceeds to usual maturation until various

stages, depending on the genomic alterations (Birnbaum et al., 2004).

The biology of the tumour could partially reflect the biology of the originally
initiated normal epithelial cell stopping the evolution to the developmental

stage of the epithelial cell at the time of initiation (Olsson, 2000).
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1.1.3 Breast Carcinoma
1.1.3.1 Incidence

About 44,100 cases of breast cancer are diagnosed in the UK each year and
more than a million women are diagnosed with breast cancer annually
worldwide. In 2007, the numbers of new casés of breast cancer in the UK

increased to 45,695 cases. (Cancer research UK, UK Breast Cancer statistics)

1.1.3.2 Risk factors

Many risk factors have been described for breast cancer development. The
most important are discussed.

A. Hereditary predisposition and family history of breast cancer

Mutations in the breast cancer susceptibility genes, BRCA1 and BRCA2,
account for the majority of familial breast cancer (Ford et al., 1998). Women
carrying this mutation show 50-80% increased incidence of developing breast
cancer. A woman with one affected first degree relative has two times the risk
of breast cancer in comparison to a woman with no family history of the

disease (Clamp et al., 2002).
B. Hormone replacement therapy (HRT)

Hormonal replacement therapy (HRT) increases the risk of breast cancer. The
risk increases with the use of combined oestrogen and progestin regimen in

comparison to the use of oestrogen alone (Schairer et al., 2000).
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C. Diet, alcohol consumption and smoking

Fat intake, particularly animal fat, may cause a slight increase in breast cancer
risk (Bingham et al., 2003). There is a significant association between alcohol
intake and breast cancer (Key et al., 2001). Although alcohol and tobacco
smoking are closely related social habits, there is no direct association between

tobacco and breast cancer (Key et al., 2001).

D. Radiation exposure

Ionizing radiation is a well known risk factor for breast cancer. Moderate to
high-dose radiotherapy is known to increase the risk of breast cancer. The
effect of radiation on the breast is related to age at exposure, the younger the

woman is exposed the greater the risk of developing cancer (Berrington de

Gonzalez and Darby, 2004).

E. Benign breast diseases
The term benign breast disease describes all non-malignant breast conditions. It
includes diseases associated with an increased risk of breast cancer and others
that have no increase in risk.
Relative risk for invasive carcinoma associated with benign lesions in a
prior breast biopsy (Fitzgibbons et al., 1998) y
No increased risk

- Adenosis, other than sclerosing adenosis

- Duct ectasia

- Fibroadenoma lacking complex features
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- Fibrosis

- Mastitis

- Hyperplasia without atypia

- Cysts, gross or microscopic

- Simple apocrine metaplasia without associated hyperplasia or

adenosis

- Squamous metaplasia
Slightly increased risk (1.5-2.0)

- Complex fibroadenoma

- Moderate or florid hyperplasia without atypia

- Sclerosing adenosis

- Solitary papilloma without atypical hyperplasia
Moderately increased risk (4.0-5.0)

- Atypical ductal hyperplasia

- Atypical lobular hyperplasia
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1.1.4 Molecular classification of breast cancer

Wilson and Dering (Wilson and Dering, 2004) proposed that the oestrogen

receptor (ER) and the HER-2 gene are central classifiers of breast cancer, the

contribution of cell type has emerged as a dominant feature in gene expression

profiles that segregate primary human breast cancers (Fig 1.6). For example,

ER-negative tumours expressing basal markers exhibit a poor clinical outcome

whereas ER-positive luminal cancers are associated with a favourable

prognosis and characterized by low frequency of p53 mutation, less

lymphocytic infiltration, luminal cytokeratins expression and GATA3

expression.
©
basalsupra-basal
precursor
ER BRCA1 ER ER ER HER-2
negative mutant strong moderate weak Amplified
positive positive positive
Malignant phenotype: Malignant phenotype:
high frequency p53 mutation low frequency pS3 mutation
high lymphocytic infiltration less lymphocytic infiltration
high nuclear grade luminal cytokeratin expression
basal cytokeratin expression GATA3, TFF3 expression
P-Cadherin expression

Figure 1.6: Cell-type origin model for classification of human breast cancers

(Wilson and Dering, 2004)
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Based on the expression of EpCAM and CD49f, Lim and colleagues suggested
a novel phenotype of breast cancer subtypes. Lim and co-workers found that
EpCAM was predominantly expressed on luminal cells, whereas high CD49f
expression marked basal cells.

The CD49f hi-EpCAM- subpopulation expressed the basal lineage markers
p63, CK14 and vimentin but did not express the oestrogen receptor or
progesterone receptor. In contrast, the CD49f-EpCAM+ and CD49f+EpCAM+
subsets expressed luminal lineage markers including CK8 and CK18, CK19,
GATA3 and MUCI1(Lim et al., 2009) (Fig 1.7).

For many years, ER, PgR and HER2 were extensively used for breast cancer
classification but what could be inferred from this study that novels biomarkers

could be used in this purpose.

Most similar
tumor subtype:
CD4of"EpCAM™
Stem cell ER'PRHER2™  ---=-==-==----- > | Claudin-low
(CD24"CD133%)
l Normal-like
Common
progenitor
P N Basal-like
Myoepithelial Luminall eiuveesesesssesess >
progenitor progenitor
poe (BACA1)

B, CD4of*EpCAM*
ER™ or ER*
(CD24*CD133%)

®

/ / N\

Myoepithelial ANeolar Ductal

Figure 1.7: Model of the cell of origin classification of human breast cancers

CD49f EpCAM*
ER™ or ER*
(CD24°CD133")

(Lim et al., 2009)
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1.1.4.1 Molecular classification of breast cancer using gene

microarrays

The recently developed microarray technologies have created new possibilities
to identify gene expression profiles and have provided a better view of the
biological processes involved in tumour formation. The identification of cancer
subclasses with direct clinical impact has been established, based on gene
expression patterns derived from c¢cDNA microarrays or high-throughput
reverse transcriptase-polymerase chain reaction (RT-PCR) techniques (van't
Veer et al., 2002).

The advances in microarray analysis have been used to explore gene expression
in breast tissue on a genome-wide scale, and have shown that different
biological subtypes of breast cancer are accompanied by differences in gene
expression. With c¢cDNA microarrays, the relative expression levels of
thousands of genes within a specific tissue sample can be measured at the same
time (Jeffrey et al, 2002). These analyses have provided interesting
classifications of breast tumours. Perou and colleagues established the first
molecular portraits of breast tumours by using DNA microarrays, which allow
mRNA expression levels of thousands of genes to be measured in a single
assay (Perou et al., 2000). Commercially available arrays from a number of
sources have been used in ‘single-colour’ hybridizations to measure gene
expression. Also, complex cDNA probes labelled with fluorescent dyes are
made by performing reverse transcription on the complex mix of mRNAs

isolated from a tumour specimen. In contrast to single-colour methods, most
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spotted DNA microarray methods consist of a two-colour hybridization method
in order to measure gene expression in multiple samples. A mixture of red
(Cy5-labelled) cDNA from a test sample and green (Cy3-labelled) cDNA from
a known reference sample is hybridized to each cDNA microarray. The relative
level of expression for each gene on the array in comparison between multiple
samples (e.g. tumour versus normal, or multiple tumours) can be determined by
comparing the fluorescent intensity for that gene.

Molecular analysis of breast cancer is used to characterize the breast cancer
and has been useful to discover a direct communication between tumour
genotype and phenotype and to identify new cancer subtypes and molecular
pathways (Reis and Lakhani, 2003). Molecular subgroups may be needed in
order to develop the most accurate prediction of treatment response.

To overcome the inherent subjectivity involved in histopathology, a few well-
defined molecular biomarkers have been introduced in more recent times to aid
tumour classification (Reis-Filho et al., 2005). For instance, hormone receptors
(HR) including oestrogen (ER) and progesterone (PR) receptors are used to
classify BC into HR-positive and negative categories. In addition, assessment
of HER2 status has been used to classify BC into HER2 positive and negative
groups (Dowsett et al., 2000). Currently, HR (ER and PR) and HER2 remain
the only molecular targets in routine clinical use in BC management.
Moreover, ER status of BC is used in determining the postoperative therapeutic
strategies regarding use of adjuvant hormonal therapy. ER-positive tumours
comprise the majority of breast cancers, accounting for up to 70% of all cases

and are generally expected to show good response to hormonal therapy and are
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associated with better clinical outcome (Murphy and Watson, 2002). It is
recognised that most ER-positive tumours have characteristic morphological
features: they are frequently of low histological grade displaying glandular
differentiation, low degree of nuclear pleomorphism, low mitotic activity, and
include most of the good prognostic special histological types (e.g. tubular,
invasive cribriform, mucinous and lobular types) in comparison to ER negative
tumours (Putti et al., 2005). Fig 1.8 shows the diversity of BC with respect to
ER expression and illustrates the morphological heterogeneity of this disease.
Although ER protein expression is a predictor of hormonal treatment response,
its effectiveness is impaired because of the existence of a proportion of ER-
positive cancers that do not respond to hormonal treatment (Osborne, 1998).
Furthermore, it is documented that a proportion of ER-negative tumours
respond to hormonal therapy (Esserman et al., 2005). This demonstrates that
ER-positivity per se defines a heterogeneous group of tumours with respect to
their clinical behaviour and biology.

Improved understanding of the molecular features of ER positive BC and
identifying the key oncogenes and tumour suppressor genes involved in
defining this molecular heterogeneity could lead to better prediction of tumour

behaviour and treatment response (Albertson, 2003, Nessling et al., 2005).
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Figure: 1.8: The diversity of BC in relation to ER expression

1.1.4.2 Identification of the ER-positive luminal-like class of

breast cancer

The gene expression microarray studies have provided an alternative view of

the complex biological processes involved in tumour development, creating

new methods for identifying distinct molecular tumour classes based on gene

expression profiles (van't Veer et al.,

2002). Importantly, these studies have

shown that ER is the main differentiating marker of molecular signature

classification, supporting the fact that breast cancer is heterogeneous and that

ER-positive and negative breast carcinomas are biologically separate entities

(Gruvberger et al., 2001, Sorlie et al., 2001).
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1.1.4.3 The heterogeneity of ER-positive/luminal-like breast

cancer

(A) Understanding the heterogeneity of ER-positive/luminal-like BC by
GEP studies

Perou and colleagues were the first to study global gene-expression patterns of
BC and demonstrated the existence of distinct molecular classes. Their
classification was derived from gene expression data from 40 breast tumours
including 1 fibroadenoma, 36 invasive ductal cancers, 2 lobular cancers and 1
ductal in situ carcinoma and three normal breast samples (twenty tumours were
sampled twice). A total of 1753 genes were selected which showed significant
expression variation between samples from different tumours. Data was
subsequently analysed using hierarchical clustering producing a dendogram
with two main branches. One branch, called the ‘luminal-like’ class, was
characterised by the expression of ER and other markers of normal luminal
glandular epithelial cells of the breast (ER-responsive genes, luminal
cytokeratins (CKs) and other luminal associated markers). The other branch,
which was mainly ER-negative, was subdivided into three distinct clusters
termed ‘basal-like’ (characterized by HR-negativity and basal CKs positivity),
‘HER2-positive’, and ‘normal-like’ class, which showed a gene expression
pattern similar to that of normal breast with relatively high expression of genes
characterising fat cells and other mesenchymal cell types but decreased

expression of luminal epithelial cell genes (Perou et al., 2000).
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Initially, although Perou and colleagues recognised the importance of ER and
ER-related genes as key markers in the moleculaf clustering and classification
of BC, they did not attempt to subclassify this large ER-positive luminal-like
class of tumours. This followed in a subsequent study of 78 cases and seven
non-malignant breast samples where the gene list was modified to 456 cDNA
clones, with the identification of three luminal-like subgroups: Luminal A,
Luminal B, and Luminal C (Sorlie et al.,, 2001). The latter subclass was
distinguished from the other luminal subclasses by high expression of a novel
gene set including transferrin receptor (CD71), MYB, nucleolar protein p40,
SQLE, GGH and others. In a third study by the same investigators, a modified
intrinsic gene list of 534 genes was used and resulted in only two luminal-like
subclasses being observed: Luminal A and B. Interestingly, some of the genes
that previously clustered in the Luminal C subclass were clustered in the
Luminal B subclass and Basal-like class (Sorlie et al., 2003).

Importantly, characterisation of luminal-like cancer varies between studies.
Some of the variance between different studies can be explained by the
identification and use of different intrinsic gene sets for cluster analysis,
leading to the view that a standard intrinsic gene set should be adopted to
minimise discordant results (Andre and Pusztai, 2006). In this respect, Hu and
colleagues evaluated a novel 1300 intrinsic gene set, sharing 108 genes in
common with that of Sorlie’s intrinsic set, on an independent combined dataset
consisting of 315 breast samples (311 tumours and 4 normal breast samples)
(Hu et al., 2006). The combined dataset from 315 breast samples was created

by combining the gene array data from Sorlie et al. (2001 and 2003; cDNA
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microarrays), van't Veer et al. (2002; oligo-microarrays) and Sotiriou et al.
(2003; ¢cDNA microarray). Genes common to all three microarray data sets
(2800 genes) were identified and Distance Weighted Discrimination (DWD)
was used to fuse the datasets together; DWD compensates for systematic bias
between different datasets (Benito et al., 2004). The authors found that 306 of
the 1300 intrinsic genes were present in the combined dataset and when
analysed by hierarchical clustering, two main luminal-like subclasses were
identified corresponding to the previously defined Luminal A and Luminal B
in addition to HER2-positive, basal-like, and normal-like tumour groups

identified in the earlier studies (Fig 1.9).

Luminal A NormBst Basal-like
Luminal B HER2+/ER-

i

STKe/15
BUB1
Cyclin B1
MYBL2

Keratin 5
Keratin 17

Figure 1.9: Dendogram of the molecular breast cancer subtypes
(Hu et al., 2006)
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Most subsequent studies supported the existence of at least two luminal-like
subclasses (A & B). Luminal A tumours are characterised by high expression
of luminal epithelial CKs and other luminal associated markers including
oestrogen receptor 1 (ESR1), and genes associated with ER function such as
LIV1, hepatocyte nuclear factor 3 alpha (FOXA1), X-box binding protein 1
(XBP1) and GATA-binding protein 3 (GATA3) (Sotiriou et al., 2003).
Whereas the Luminal B group is characterized by low to moderate expression
of the Luminal A genes mentioned above, but is further distinguished by high
expression of additional genes, mainly related to proliferation such as v-MYB,
GGH, LAPTMB4, NSEP1 and CCNEI (Sorlie et al., 2001).

Molecular pathways within the luminal gene cluster have been identified using
PANTHER™ Protein Classification System (www.pantherdb.org) (Sorlie et
al., 2006). For Luminal A the most common represented biological pathways
included steroid hormone signalling (e.g. CRABP2, AR, and ESR1) and fatty
acid metabolism (e.g. PGDS, ACOX2, PTE2B, CROT, IVD, DECR2,
FLJ20920, SLC27A2, ELOVLS, and MCCC2). Using an alternative tool,
PathArt™ pathways, revealed that the most common pathway enriched in the
Luminal A subclass is ER signalling. The other represented pathways included
retinoic acid signalling pathway, nucleotide excision repair pathway, IL6
pathway and EGF signalling pathway (Sorlie et al., 2006). Another group have
profiled a series of 138 tumour comprising 80 Luminal A and 58 basal cancers
using whole-genome DNA microarrays and identified 5621 genes differentially
expressed between the two subclasses. Luminal A tumours overexpressed

genes involved mainly in fatty acid metabolism, TGFB signalling, and
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oestrogen receptor (ER) signalling (Bertucci et al., 2009). To the best of our
knowledge, there is no published data concerning the Luminal B subclass
pathways. In addition, there is no evidence supporting or refuting the
progression of Luminal A into the Luminal B subclass.

Improved understanding of the biology of the luminal-like class of BC is
clearly required and should translate into more effective methods of diagnosis
and management. Despite the fact that these observations demonstrate that the
luminal-like class of breast cancers exhibits ER related pathway activity and is
ER-positive, it is widely recognised that it comprises a large and heterogeneous
group of BC which cannot consistently be subclassified into biologically and
clinically distinct subgroups. This has raised the following question: Are there
alternative approaches which could help to provide a solution?

Some investigators have applied gene expression profiling technology to ER-
positive tumours alone in an attempt to identify distinct molecular and
biological subclasses. Oh and co-workers have developed a gene expression
signature for outcome prediction of ER-positive BC patients (Oh et al., 2006).
The authors used the ER-positive MCF-7 BC cell line treated with 17p-
estradiol and a hierarchical clustering method to identify oestrogen-regulated
genes. Subsequently, the gene set identified in MCF-7 cells was used to
subclassify a training set of 65 breast tumours into two groups with significant
clinical outcome differences. Subsequently, the investigators validated this
gene expression predictor of outcome on three independent published data sets
and found that the good prognosis group had significantly better outcome than

the poor prognosis group and were characterised by high expression of
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GATA3, XBP1, and PR which are all known ER related genes. The poor
prognosis group was characterised by high expression of cell proliferation and
anti-apoptosis genes and increased expression of a cluster of oestrogen-related
genes that included CTPS, E2F6, and FANCA, demonstrating the
heterogeneity and the biological and clinical importance of ER and ER related
genes even within the ER-positive tumours.

In another approach, some researchers used a gene expression grade index
(GGI), which defines the tumour histologic grade on the basis of their gene
expression characteristics to assign a grade index to ER-positive BC in an
attempt to refine their molecular classification (Loi et al., 2007). The authors
have assigned ER-positive BC to either high or low GGI subgroups and
compared these with the molecular classification of ER-positive tumours. The
two subclasses were associated with a distinct clinical outcome in both
tamoxifen-treated and untreated patients. The authors concluded that the use of
genomic grade can identify two different ER-positive molecular subgroups in
multiple data sets. They identified 97 genes associated with histologic grade;
many of these genes were highly expressed in the luminal-like ER-positive
cluster like ESR1, XBP1, FOXAl and GATA3. In Tamoxifen-only treated
populations of more than 650 patients, GGI appeared to be a strong predictor of
clinical outcome, indicating the prognostic importance of proliferation genes in
ER-positive subgroups, as previously reported by others (Ivshina et al., 2006,
Dai et al., 2005). These prognostic classes as defined by genomic grade were

an improvement over standard stratification by quantitative ER expression
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levels, which correlate well to immunohistochemical protein values (Sotiriou et

al., 2006)

Other authors identified distinct biological and clinical subgroups within the
ER-positive BC using standard histopathological data and hierarchical

clustering analysis (Webster et al., 2008).

(B) Understanding the heterogeneity of ER-positive / luminal-like BC
by genomic DNA profiling

Genomic analysis has been used in the characterization of breast lesions to

investigate the relationship between their genotypic and phenotypic

characteristics and for providing new prognostic parameters (Reis and Lakhani,

2003).

The identification of genome copy number abnormalities (CNAs) has been
used for finding important chromosomal loci for gene identification and more
specific characterisation of ER-positive BC. Bergamaschi and colleagues
applied array comparative genomic hybridisation (aCGH) to 89 invasive breast
cancers with locally advanced disease that were previously classified by
expression arrays to determine whether different gene expression subclasses
were associated with distinct CNAs (Bergamaschi et al., 2006) . The authors
found Luminal A group tumours were associated with gain at 1q12-q41 and
16p12-p13 whereas Luminal B tumours exhibited more frequent loss at 3q12,
gain at 8q11-q24 and 20q13, and high-level amplification at 7p22, 8q11-24,

19q13, and 20q13. High level amplifications were more prevalent in Luminal
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B tumours compared to Luminal A suggesting that distinct mechanisms of
genomic alterations might be behind their pathogenesis.

Chin and colleagues explored the roles of CNAs in BC by identifying
associations between recurrent CNAs, gene expression, and clinical outcome in
a set of aggressively treated early stage breast tumours. Their study showed
that the recurrent CNAs differed between tumour subclasses defined by their
gene expression, and the prognostic subclassification of patients can be
improved by determining both expression and the associated copy number

changes (Chin et al., 2006).

Using high resolution aCGH analysis with BAC clones, Han and colleagues
investigated genomic alterations in ER-positive breast cancers showing tumour
recurrence within 5 years. The investigators reported loss of 11p15.5, 11p15.4,

1p36.33, 11q13.1, and 11p11 in the recurrence group (Han et al., 2006).

The concept of relating genomic and gene expression data to identify
subgroups of BC was further explored (Wang et al., 2004). In this study, loss of
heterozygosity (LOH) was determined by single nucleotide polymorphism
(SNP) arrays. LOH on 1p and 16q occurred in a subclass of ER positive breast
cancers. The authors used 672 gene probes that showed highest variation of
expression across samples in clustering and identified two large clusters named
‘cluster I’ and ‘cluster II’; cluster II was characterized by ER positivity and
further subdivided into 2 clusters (A and B). They found distinct LOH patterns
in two chromosomal regions which are more associated with the ER-positive

cancers, 1p34 and 16q23-24, being affected frequently in cluster II. Allelic
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imbalance at 16q23-24 and 1p34 was common in cluster IIB; loss at 16q
occurred in 88% of IIB tumours compared to only 50% of IIA tumours.
Furthermore, loss of 1p34 was seen in 50% of IIB tumours, but not in any of
cluster IIA tumours (Wang et al., 2004).

In summary, the genomic studies of ER positive breast cancers support the
existence of common characteristics within the luminal-like class. Importantly
in future studies it will be necessary to interrogate these findings to assist
discovery of new candidate genes with relevance to the biology of ER-positive
BC, the causes behind resistance to therapy, and new candidate biomarkers
useful in prognosis and prediction. For example, gain on 8q is more frequent in
Luminal B subclass tumours and is known to harbour the MYC oncogene.
MYC plays a key role in promoting cell proliferation (Adhikary and Eilers,
2005) and this association may explain the higher proliferation rates of
Luminal B tumours and their resistance to tamoxifen in some cases compared
to the good prognosis luminal subgroup (Bergamaschi et al., 2006). Further
genomic studies are needed to understand the relevance of alterations in

chromosome 16 and chromosome one in ER-positive BC.

(C) Understanding the heterogeneity luminal-like BC by
immunohistochemical (IHC) identification
In 2005, Abd El-Rehim and colleagues applied semi-quantitative
morphometric THC to tissue microarray (TMA) sections of a large series of

invasive BC (1076 tumours) using a panel of 25 tumour relevant biomarkers.
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The IHC results were analyzed using hierarchical clustering and artificial
neural network (ANN) methods, comparable to the GEP studies described
above, to categorize cases into groups and to examine the biomarkers
responsible for driving group membership. Two luminal groups (termed group
1 and group 2) were identified, characterised by the expression of oestrogen
receptor, luminal CKs, MUCI, absence of basal epithelial phenotype
characteristics and lack of HER2 protein overexpression. Group 1 showed
relatively stronger combined expression of HER3 and HER4 compared to
group 2. In addition, the mean expression of BRCA1 protein was lower in
group 1 than in group 2 (Abd El-Rehim et al., 2005).

To date there is no internationally accepted single definition for luminal-like
cancers although the majority of these cancers appear to have lower grade or
more differentiated morphological features and are ER-positive. As a
consequence, ER positivity has been used as the most important feature for a
tumour to be classified as luminal-like. In their attempt to define basal-like
tumours, Nielsen and co-workers classified all HER2 positjve tumours in the
HER2 subclass and of the remaining cases, ER-positive tumours were
considered as luminal-like (Nielsen et al., 2004). Other investigators
recognised the important association between lack of HER2 amplification and
ER expression in determining a good prognosis associated with Luminal A
tumours (Carey et al., 2006). The authors identified five tumour subclasses,
Luminal A (ER-positive and/or PgR-positive and HER2-negative), Luminal B
(ER positive and/or PgR-positive and HER2-positive), basal-like (ER-negative,

PR-negative, HER2-negative, and CKS5/6-positive, and/or HER1-positive),
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HER2-positive (ER-negative, PgR-negative, and HER2-positive), and
unclassified (negative for all 5 markers) subclasses. Recently, Hugh and
colleagues used the proliferation marker Ki67 expression in defining the
luminal-like tumours in addition to ER, PgR, and HER2. Luminal A was
defined as (ER-positive and/or PR-positive and not HER2-positive or Ki67
high) while Luminal B was defined as (ER-positive and/or PgR-positive and
either HER2-positive and/or Ki67 high) (Hugh et al., 2009). The importance of
Ki67 in defining the poor prognosis variant luminal form has been studied by
many authors in distinguishing it from the good prognosis subclass (Cheang et
al., 2009),

Regarding HER2 expression, although GEP studies have shown that some
luminal-like tumours express HER2 and some authors include HER2 positivity
as a feature of Luminal B tumours, others argue against that and include
HER2-positive tumours, regardless of the expression of ER, with the HER2-
positive subgroup (Bhargava and Dabbs, 2008). Supporting this, ER-positive
HER2 positive tumours are candidates to receive specific systemic therapy
targeting HER2 overexpression and so differ in management from ER-positive
HER?2 negative tumours. Furthermore, the amplified HER2 positive cases have
similar genetic changes regardless of their ER status (Marchio et al., 2008).

In some instances the molecular class of an individual case contradicts its
immunophenotypic characteristics. Rouzier and colleagues found that only
80% of the HER2+ molecular class had HER2 gene amplification by in situ
hybridization analysis and 5% of basal-like tumours were ER-positive (Rouzier

et al,, 2005). In other studies, 12% of luminal-like tumours as defined by
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expression arrays were reported to be ER-negative by IHC (Sotiriou et al.,
2003) and ER THC expression is reported to be found in 5-45% of basal-like
cancers and 20-30% of HER2 positive cancers as defined by expression arrays
(Sotiriou et al., 2003, Calza et al., 2006). The discordance between molecular
and immunophenotypic criteria of BC can be partially explained by differences
in methods used including the use of different monoclonal and polyclonal
antibodies or different intrinsic gene sets in protein and gene expression
studies, respectively. This wide disagreement about the definition of the
luminal-like cancer indicates a need for additional protein markers to be used
to identify the major tumour subgroups using IHC provided that they are

clearly associated with prognosis and distinct biological pathways.

(D) Additional clinical and biological features of ER-positive / luminal-
like classes

There are no specific morphological features that can identify these breast
tumours apart from ER positivity and low histological grade and even using
such criteria, there are notable exceptions as a small percentage (9%) of
luminal-like tumours defined by molecular characteristics are of high grade
(Livasy et al., 2006). In the Carolina Breast Cancer Study, luminal breast
cancers represented approximately two thirds of the cases with a number of
important observations relating to the ER-positive group being made. Young
African American women showed a low frequency of Luminal A subclass in
comparison to the basal-like subgroup, possibly accounting for the poor

outcome in this group of patients (Carey et al., 2006). IThemelandu and co-
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workers showed that the Luminal A subclass was more common (50%) in
comparison to the Luminal B (14%) subgroup in premenopausal African
American women. However, when stratified by age, results showed that in the
group below 35 years of age, Luminal A and Luminal B were less frequent
(Ihemelandu et al., 2007).

The expression of the anti-apoptosis Bcl-2 gene was found to be overexpressed
in Luminal A compared to Luminal B cancer. As might be expected, TP53
mutation was more frequent in the basal-like subclass compared to good
prognosis luminal-like subclasses (Ihemelandu et al., 2007, Sorlie et al., 2001).
Hoadley and colleagues suggested that the high expression of genes associated
with the HER family pathway can predict outcome differences in ER-positive
and tamoxifen-treated patients and demonstrated that the difference between
Luminal A and Luminal B groups is partially due to the activation of this
important pathway in Luminal B tumours. In their study, the Luminal A
subclass showed low expression of the genes in the HER pathway with the
exception of HER4. In contrast, the Luminal B tumours showed moderate to
high expression of the EGFR-associated genes, high H-RAS and MEK2
expression (Hoadley et al., 2007).

Badve and Nakshatri proposed a model of hormonal network between ER,
FOXA1 and GATA3 with predictive and prognostic signature for ER-positive
breast cancers (Badve and Nakshatri, 2009). Other studies have confirmed the
relation between ER and its downstream transcription through FOXA1 (Badve

et al., 2007).
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The luminal-like subclasses have a good prognosis but within this group of
patients, Luminal B and C have been described as having a worse prognosis in
comparison to the pure Luminal A cancers (Sorlie et al., 2001). The reasons for
this difference in prognosis are still unknown but a possible explanation relates
to ER function and signalling differences between Luminal A and Luminal B
cancers, which could be attributed to the influence of additional transcription
factors, coactivators, and corepressors that modulate ER activity. In addition,
overexpression of proliferation and cell cycle genes in BC is well recognised to
be associated with poor outcome suggesting that these genes may contribute to
the Luminal B subgroup's poorer prognosis. Also, it has been proposed that
abnormal apoptosis function, DNA damage response and PI3K/Akt pathways
may be additional factors influencing prognosis (Bertucci et al., 2009).
Supporting this concept, Dai and colleagues reported a cell proliferation
signature as the key marker of poor outcome in a population of young women
below 55 years whose breast cancers had high expression of ER for their age

(Dai et al., 2005).

(E) Therapeutic implications of ER-positive / luminal-like classes

Recently, gene signatures derived from microarray studies have also been
reported to predict outcome in women with ER-positive breast cancers after
tamoxifen treatment better than the traditional pathological factors (Klijn et al.,
2005). Jansen and co-workers identified 81 genes that predicted response to

tamoxifen using a set of 46 tumours from ER-positive women with advanced
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disease on cDNA microarray. They further refined the signature to 44 genes
and validated it on a set of 66 tumours. It predicted the response to tamoxifen
treatment in 27 out of 35 cases with disease progression. Interestingly, pathway
analysis of these genes showed that they were mainly involved in oestrogen
function and apoptosis which support the view that prognostic heterogeneity
within ER-positive tumours in respect of resistance to hormonal therapy and

outcome might be related to abnormal apoptosis function (Jansen et al., 2005).

The performance of this signature was confirmed using 44K oligomicroarray
platform on a set of 69 independent patient tumours series treated with
tamoxifen and the profile included 78 genes (Kok et al., 2009). Other authors
have developed a molecular signature of 36 genes for detection of a subgroup
of patients who did not respond to tamoxifen treatment that correctly classified
78% of patients with relapse. Among this prognostic signature, many genes are
related to DNA replication and proliferation such as TK1, CCNB2, CDC2 and
AURKB (Chanrion et al., 2008).

Previous studies indicated that Luminal A tumours can be treated effectively
with hormonal therapy, while Luminal B tumours are more resistant and may
benefit from combined endocrine treatment and chemotherapy (Hugh et al,
2009).

Goldhirsch and colleagues reported two categories of ER-positive BC based on
their response to endocrine therapy, those that are highly endocrine responsive
expressing high level of both ER and PgR, and those that are incompletely

endocrine responsive expressing low levels of either/both receptors. A third
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group called endocrine non-responsive was reported in tumours having
negative expression for ER and PgR. (Goldhirsch et al.,, 2007). Comparing
these finding to the recent molecular subclasses and their response to different
types of adjuvant therapy, the highly endocrine responsive category being
characterised by high ER expression seems similar to Luminal A, while
incompletely endocrine responsive appears closer to Luminal B in term of their

ER status and response to adjuvant therapy discussed above.

Generally, ER-positive BC is resistant to chemotherapy (Rouzier et al., 2005)
and there is a need to develop prognostic assays to predict chemo-response in
ER-positive tumours. Subsequently, an assay based on polymerase chain
reaction (PCR) has been developed using a signature of sixteen genes and five
reference genes for prediction of recurrence in tamoxifen treated ER-positive
lymph node negative patients producing the ‘Recurrence Score’ (RS) or the 21-
gene Oncotype Dx (TM) (Paik et al.,, 2004). Patients with a low RS were
mostly found not to benefit from adjuvant chemotherapy, whereas those with
high RS had a high rate of pathological response after chemotherapy (Paik et
al.,, 2004). The low RS group of patients are probably Luminal A because
these cases are strongly ER-positive characterised by low tumour grade and
low proliferative activity and expected to respond to hormonal therapy better
than the high RS group which are characterised by high proliferation (Hugh et
al., 2009). The highly proliferative cancers may respond better and show
improved survival after chemotherapy (Levack et al., 1999). It is also important

to mention that patients with low RS responded well to tamoxifen alone and no

31



Chapter 1

significant survival differences were found if they had given chemotherapy in

addition to endocrine therapy (Paik et al., 2004).

Estimation of cell proliferation pathways could have significant clinical benefit
in predicting behaviour and subclassification of the luminal-like subclasses,
and their potential for response to systemic therapy. There remains a need for
further identification of additional biomarkers by their relationship to
biological pathways, outcome or therapeutic implications to improve the
classification and clinical management of luminal-like BC especially the non-
Luminal A subtypes.

The biological and behavioural criteria should be studied in depth for better
characterisation of ER-positive breast cancer with respect to prognosis, biology
and response to therapy. Subsequently, more research efforts are needed to
study the characteristic features of these molecular subclasses and their

reliability in diagnosis and prognosis of breast cancers.

1.1.5 Estrogen receptor alpha (ESR1)
Oestrogen receptor alpha (ESR1) is a dominant regulator of breast cancer
aetiology and progression and the main discriminator marker of molecular

classification (Schiff et al., 2005).

1.1.5.1 Structure

ER consists of multiple domains which include a DNA-binding domain (DBD)

found in the core of the protein and two major transcriptional activation
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function (AF) domains: Ligand-independent AF-1 and the ligand-dependent

AF-2, found in the ER amino- and carboxyl-termini, respectively (Fig 1:10).

N-t 4
ERa AF-1 DBD LBD & AF-2
DNA Ligand Binding Domain
Binding Domain
Function: | Transcriptional Transcriptional
Activation Activation
(Constitutive ) (Ligand-dependent )

Figure 1.10: Structure of ER alpha.

(Schiff et al., 2005)

1.1.5.2 Function

(A) Genomic function
ER is the key member in the actiology, pathogenesis and progression of breast
cancer. Many genetic and histological studies have confirmed this role. ER is a
nuclear protein and shares a common structural and functional organization
with all other nuclear receptors. It acts as a ligand-dependent transcription
factor and regulates the expression of a variety of genes. Many of these genes
promote breast cancer proliferation like the insulin-like growth factor 1
receptor (IGFR) and the cell cycle regulator cyclin D1(Nemere et al., 2003).
Others are proteins involved in tumour progression including factors involved
in tumour invasiveness and metastasis or in the activation of tumour stromal
components such as the angiogenic vascular endothelial growth factor (Klinge,

2001).
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(B) Nongenomic function

Oestrogen and other steroid hormones, in addition to their role as direct
modulators of gene transcription mediated by their classic nuclear receptors,
can also perform rapid stimulatory effects on a variety of signal transduction
pathways (Nemere et al., 2003). The significance of nongenomic ER activity in
mediating oestrogen signalling to promote cell proliferation and survival in
breast cancer cells has also been documented. A large number of studies using
biochemical, immunohistochemical and genetic methods have further proved
the existence and function of ER in breast tumours cells (Levin, 2002).

Several mechanisms by which ER interacts with components of signalling
complexes and triggers their responses have been proposed. ER, in response to
oestrogen, can directly and indirectly interact with several growth factors and
tyrosine kinase receptors such as HER2 and IGFR and thereby activate their
kinase/phosphorylation cascades. ER also directly associates with key signal
transduction adaptors and kinases. Kinase cascade signalling induced by
nongenomic ER activity can phosphorylate and activate various components of
the ER pathway as well as other components of the transcriptional machinery
such as ERK and PI3 kinase (Kelly and Levin, 2001), resulting in potentiation

of nuclear ER transcriptional function (Sun et al., 2001).
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1.2 AIM OF WORK

This thesis has several aims:

1) Identification of putative biomarkers for better characterisation of the
ER-positive luminal-like subclass using gene expression analysis, novel
bioinformatic approaches, conventional statistical methods and a
literature search which could be used in prognosis and phenotypic

characterisation of ER-positive luminal-like breast cancer.

2) Investigation of selected ER related genes on the basis of their
biological function and their potential ability to distinguish different

prognostic subclasses within the luminal-like group.

3) Validation of selected biomarkers using high throughput proteomic
tissue microarrays (TMAs) and immunohistochemistry applied to a well

characterised clinical patient series with long term follow-up.

4) Identification of ER-positive subgroups using a consensus of clustering

algorithms applied to protein expression data of selected biomarkers.
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2  General Material and Methods
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2.1 Material and Methods

2.1.1 Study group

The breast cancer samples for this study derived from a consecutive series of
1,942 cases of primary operable invasive breast carcinoma obtained from the
Nottingham Tenovus Primary Breast Carcinoma Series (Table 2.1).

In previous studies, these patients have been immunohistochemically
characterized using a range of markers of tumour-biological interest; the data
has been correlated with survival outcome and prognosis. Previously, tissues
from approximately 1942 paraffin processed breast tumours were used to
prepare tissue microarrays (TMA) comprising wax blocks containing 150 cores
of tissue (Abd El-Rehim et al., 2005). Briefly, formalin fixed paraffin
embedded (FFPE) TMAs were prepared from the cases of primary operable
(stage I and II) breast carcinoma of patients aged <70 years with tumours of
less than 5 cm in diameter presented consecutively to the Nottingham Breast
Unit between 1986 to 1998. This well-characterized resource contains patients'
clinical and pathological data including patients’ age, histologic tumour type
(Ellis et al., 1992), primary tumour size, lymph node status, mitotic count and
histologic grade, vascular invasion (VI) (Pinder et al, 1994), Nottingham
Prognostic Index (Galea et al., 1992), development of recurrence, and distant
metastases (DM). Survival data including survival time and disease-free
interval (DFI) were maintained on a prospective basis. Breast cancer specific
survival (BCSS) was defined as the time (in months) from the date of the

primary surgical treatment to the time of death from (or with active) breast
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cancer. DFI was defined as the interval (in months) from the date of the
primary surgical treatment to the first locoregional or distant metastasis
(DMFI).

The available data, slides and blocks were used to:

1- Identification of the oestrogen receptor positive cases in the whole
series. Correlations and statistical analysis of the data available on the
previously studied biomarkers.

2- Construction of a new TMAs series (n=1,902). TMAs allow large
populations of patients’ tumours to be rapidly screened to detect overall
protein expression in large patient groups, thereby overcoming the
weakness of THC results when using smaller cohorts.

Patients® characteristics of Nottingham primary invasive breast carcinoma

series are summarised in (Table 2.1).
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Table 2.1: Patient characteristics of Nottingham invasive breast carcinoma

series
Variable Number | Cases (%)
Tumour type 1961
No Special Type 1089 (56)
Lobular 219 (11)
Mixed NST and special type 443 (22)
Other 210(11)
Tumour grade 1940
1 367 (19)
2 648 (33)
3 925 (48)
Tumour size (cm) 1943
<2 1033 (53)
2-5 864 (45)
>5 46 (2)
Nodal status 1938
Negative 1233 (64)
Positive (1-3 nodes) 549 (28)
Positive (>3 nodes) 156 (8)
Nottingham prognostic index 1934
Good prognosis group 618 (32)
Moderate prognosis group 994 (51)
Poor prognosis group 322 (17)
QOestrogen receptor status 1812
Positive 1268 (70)
Negative 544 (30)

2.1.1.1 The Nottingham histologic grading system
The Nottingham combined histological grading system (Elston-Ellis
modification of Scarff-Bloom-Richardson grading system) is the commonly
used system in grading of breast cancer (Elston and Ellis, 1991). The
parameters measured are the extent of tubular formation; the extent of nuclear
pleomorphism, and mitotic rate. Each of the three elements is assigned a score
on a scale of 1 to 3, and the final grade is determined from the sum of the

scores. Histological grade is traditionally expressed in three categories: score 3
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to 5, well differentiated (grade 1); scores 6 to 7, intermediate (grade 2); and

scores 8 to 9, poorly differentiated (grade 3).

2.1.1.2 Nottingham prognostic index (NPI)

NPI is widely used in the UK and was developed for the prognostic
management of breast cancer by using multivariate analysis to determine the
most important prognostic factors. It includes 3 factors; tumour histologic
grade (1-3 using the Nottingham Grading System), lymph node (LN) stage (1-
3; 1=LN negative, 2=1-3 positive nodes and 3= more than 3 positive nodes)
and primary tumour size (0.2x size in cm). NPI is then categorized into 3
groups: the good prognostic group (score <3.4), the moderate group (>3.4 -
5.4) and the poor prognostic group (score > 5.4).

2.1.2 Patient management

Patient management was based on the Nottingham Prognostic Index (NPI)
score and ER status. The treatment protocol during this time was based on a
previous publication (Bianco et al., 1988). Patients within the good prognostic
NPI group (<3.4) did not receive adjuvant systemic therapy. Hormonal therapy
(Tamoxifen + Zoladex if premenopausal) was given to patients with ER-
positive tumours and NPI scores of >3.4. Pre-menopausal patients with
moderate and poor prognostic NPI groups were given chemotherapy
(Cyclophosphamide, Methotrexate, and  5-Flourouracil). ER-positive
postmenopausal patients with moderate or poor NPI were offered hormonal

therapy, while ER negative patients received CMF if fit to receive these
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cytotoxic agents with no concurrent diseases that were considered as potential

contraindication to the use of chemotherapy.

2.1.3 Gene expression studies

The study population used was derived from the Nottingham Tenovus Primary
Breast Carcinoma Series of women aged 70 years or less, who presented with
stage I aﬁd IT primary operable invasive breast carcinomas.

Total RNA was extracted from a total of 128 frozen breast cancers retrieved
from Nottingham Hospitals NHS Trust Tumour Bank between 1986 and 1992
in collaboration with Cambridge University (Cambridge dataset). RNA
integrity and DNA contamination were analysed using an Agilent 2100
Bioanalyzer (Agilent Technologies, Palo Alto, CA, USA). Total RNA was
biotin-labelled using the Illumina TotalPrep RNA Amplification kit (Ambion,
Austin, TX, USA) according to manufacturer’s instructions. Biotin-labelled
cRNA (1.5 ug) was used for each hybridisation on Sentrix Human-6
BeadChips (Illumina, San Diego, CA, USA) in accordance with the
manufacturer’s protocol. Illumina gene expression data containing 47,293
transcripts were analysed and summarised in the Illumina Bead Studio
software. Analyses of the probe level data were done using the beadarray
Bioconductor package. The expression data are available at the EBI website
(http://www.ebi.ac.uk/miamexpress/) with the accession number E-TABM-
576. Transcript expression profiling has been previously described (Chin et al.,

2007, Naderi et al., 2006).
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2.1.3.1 Histopathological characterisation of the Cambridge

dataset

Seventy five percent of patients were postmenopausal, 68.8% were LN stage 1
(no lymph node involvement) and 40.6% were tumour grade 2. During the
follow-up period 24.2% developed metastatic disease and 34.4% developed
tumour recurrence. Forty four percent of tumours were ductal with no special
types. Sixty five percent of patients were positive for oestrogen receptor alpha

expression (Table 2.2).
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Table 2.2: Patient characteristics of Cambridge dataset

Variable Frequency Percentage
Menopause
Premenopausal 94 75.2
Postmenopausal 31 24.8
Tumour grade
1 33 25.8
2 52 40.6
3 43 33.6
Lymph node stage
1 88 68.8
2 28 21.9
3 12 94
Death
Alive 81 63.3
Due to breast cancer 33 23.8
Due to other causes 14 11
Distant metastasis
No 97 75.8
Yes 31 242
Tumour recurrence
No 84 65.6
Yes 44 344
Tumour type
Ductal NOS 57 44.5
Others 71 55.5
ER status
Positive 84 65.6
Negative 44 343

2.1.4 Gene selection for protein expression studies
One of the aims of this study was to identify a set of specific genes whose
expression best identify prognostic subgroups of luminal ER positive tumours.

Candidate genes were selected from three sources including:
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2.1.4.1 Literature search

A literature search was performed for genes with strong relevance in ER-
positive breast cancer, or has been the subject of recently published studies and
strongly suggests an important role in the biology and molecular classification
of ER-positive breast cancer. The selection criteria was based on the published
literature concentrating mainly on ER related pathways such as ER
coregulators, cellular proliferation, apoptosis, Akt/PIK3 pathway and endocrine

resistance.

2.1.4.2 Bioinformatical analysis of the gene microarray data

(A)Ensemble classification and cross-validation analysis

A cross-validation analysis was used in combination with an ensemble sample
classification in order to obtain a robust ranking of genes that are differentially
expressed between the luminal ER-positive (n=84) cases and the non-luminal
cases (all other cases) (n=44) in Cambridge gene microarray data. For this
purpose, the 128 patient samples were first partitioned randomly into 10 sub-
groups of approximately equal size. For each possible combination of 9 sub-
groups differentially expressed genes were selected independently with the
"Empirical Bayes moderated t-statistic” (Smyth, 2004) and used to train a
machine learning model, while the remaining sub-group was left out as the test
set (a procedure known as "external cross-validation"). To classify the samples
in these remaining test set groups, the prediction results of four algorithms
(Support Vector Machine, Random Forest, kNN and Prediction Analysis for

Microarrays) (Tibshirani et al,, 2002) were combined to a majority-vote
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ensemble classifier. In order to rank the genes based on the cross-validation
results, their frequency of occurrence in the list of significantly differentially
expressed genes (p-value < 0.05) across different cross-validation cycles was
recorded, and genes received higher scores the more often they had been
selected (expressed as a z-score significance measure). RERG and GATA3
belonged to the top-ranked genes which were selected in each of the 10 cross-
validation cycles. Subsequently they were included in the study.

(B) Artificial neural networks (ANN) analysis

ANNs are a form of artificial intelligence inspired by learning in human
neuronal systems and have been shown to be capable of modelling complex
systems with high predictive accuracies on several large scale datasets (Ball et
al., 2002).

We have used the immunohistochemically identified ER-positive cases to
develop an ANN model to identify novel genes associated with ER-positive
status. Our aim was to identify; using a novel prediction method (ANN), a set
of genes that show significant association with ER expression (high expression
vs. low expression) and to validate the genes using protein expression. To
study this, the ER-positive cases (84 tumours) were categorized according to
the level of ER expression into high and low expression using the median of
the H-score values (H-score 140). RERG gene was found to be associated with
the high ER expression and was included in the study.

The ANN model used a supervised learning approach with multi-layer
perceptron architecture and a sigmoidal transfer function, where weights were

updated by a back propagation algorithm as previously described (Lancashire
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et al.,, 2010). Data consisted of 84 samples each with 47,293 corresponding
variables specifying the Log10 expression ratio of each transcript.

Prior to ANN training, the data were randomly divided into three subsets: 60%
for training, 20% for testing (to assess model performance during the training
process) and 20% for validation (to independently test the model on data
completely blind to the model). This process of random sample cross-
validation enabled the generation of confidence intervals for the predictions on
a separate blind dataset, and therefore avoided over-fitting of the data. The
intensity of each gene was used as an individual input in an ANN model,
creating n individual models, where n was the number of transcripts on the
array (47,293). These n models were then split into three subsets (described
above) and trained. This random resampling and training process was repeated
50 times to generate predictions and associated error values for each sample
with respect to the validation (blind) data. Inputs were ranked in ascending
order based on predictive error, and the gene that performed with the lowest
error was selected for further training. Next, each of the remaining genes was
sequentially added to the previous best gene, and was used in combination in a
model, creating »—1 models each containing two genes as inputs. Training
was repeated and performance evaluated. The model with the highest
modelling performance was again selected and the process repeated creating
n — 2 models each containing three inputs. This process was repeated until no
significant gain was evident from the addition of further inputs. This resulted in
a final model containing those transcripts that most accurately classified the

patients according to ER status.
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Initially we had gene expression data on 112 cases, and we firstly used the
definition of luminal cancers [ER (+), HER2 (-), CK5/6(-) and CK14 (-)] in
another ANN model to identify the cases with this luminal immunophenotype.
Five cases were omitted from the analysis due to missing data. Fifty luminal
cases were identified using this definition. The luminal versus non-luminal data
was used to divide the gene expression data of the cases into two groups,
luminal and non-luminal cases to identify genes that can characterise this
luminal phenotype. These data has been bioinfomatically analysed using the
ANN analysis in collaboration with Dr Graham Ball from Nottingham Trent
University. AGTR1 was found to be significantly associated with this luminal

phenotype and was selected for further study.

(C)Identification of genes with variable expression within the ER-positive
cases

The gene microarray data were analysed to identify the genes with greatest
intensity variation in the ER-positive cohort in Cambridge dataset by
calculating the mean of the normalised expression values and their standard
deviations (500 genes) and these genes were used in genes’ selection. BEX1

and TFF3 were selected using this approach (Table 2.3).

2.1.4.1 Collaboration with the Tenovus group
Gene lists were provided from our Tenovus group collaborators, University of
Cardiff. Tenovus group has Affymetrix (HG-U133A chip) gene expression
data for ER (+) MCF7 breast cell lines treated with/without ER antagonists.

CD71 was chosen as a result of this collaboration because of its association
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with ER-positive endocrine resistant cell lines. The additional methods that
have been included in CD71 study including cell culture and growth studies
will be discussed in the relevant chapter.

All together, 16 genes from these different sources were selected and grouped
in four major groups for discussion purposes. The other remaining biomarkers
including (ER, PgR, HER2, MIBI, p53, EGFR, C-MYC, CK18, and CK5/6)
have been studied previously with the breast cancer research group. The data
from these additional markers was used for statistical analysis and correlation
studies with the other selected biomarkers and in the clustering algorithms. The
genes selected from the previously mentioned methods were summarised in

(Fig 2.1).
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Table 2.3: The first 40 genes that showed the highest variable expression in the

ER-positive cohort in Cambridge dataset

Gene Mean normalised
expression values SD

SCGBID2 9.483224206 2.379469
LOC118430 7.95417379 2.285829
SCGB2A2 10.01130869 2.043923
LTF 8.54435204 2.039819
TFF1 9.175437669 2.013808
CPBI 6.971236321 2.011272
PIP 9.189106121 1.986287
HLA-DQAI 7.159601507 1.810792
CLECSF1 6.62148258 1.720225
HLA-DQAI 8.082224755 1.708589
HLA-DRB3 7.876714799 1.705458
S100P 7.484085096 1.675328
CLIC6 7.756489436 1.630974
HLA-DRBS5 8.328738367 1.591707
LOC374572 10.52884356 1.571225
CYP4Z1 7.574942319 1.566103
HLA-DRBI 6.647622139 1.553243
BEX1 6.815012397 1.522082
hmm26383 8.237634375 1.492765
B7-H4 8.062896149 1.49053
CALMLS 6.708645698 1.488676
FABP4 8.811597417 1.486944
1GJ 8.915041805 1.470825
NATI 8.793049646 1.459964
SCGB2AI 7451528134 1.430942
TFF3 7.699783357 1.401232
LOC388978 8.372983703 1.389522
TCNI1 6.749026392 1.376035
Hs. 183902 8.609720389 1.371672
ALDH3B2 8.303825863 1.369684
hmm28274 8.606773066 1.357618
DHRS2 6.952377114 1.354725
MUCI 8.773726712 1.339532
hmm28273 9.063794915 1.33537
EEF1A2 7.642618826 1.326032
HLA-DRB4 8.993471537 1.324762
CEACAM6 7.007334103 1.319888
COLI11AI 8.599856281 1.305509
DCD 6.179133363 1.30549
APOD 9.369169441 1.299178
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Figure 2.1: Biomarkers selected for inclusion in the study
The genes grouped according to phenotypic associations, potential therapeutic

implications or their related biological pathways

For the other markers used in the study, the cutoffs were chosen according to
the previously published studies of the breast cancer research group (Abd El-
Rehim et al., 2005, Rakha et al., 2009). The sources, dilutions, pretreatment of

the antibodies used are summarised in (Table 2.4).
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Table 2.4: List of antibodies used in the study

Antibody supplier Cat number/clone Dilution | Pretreatment Cut-off
FOXAL1 Abcam Ab40868/2F83 1:2000 Microwave 10*
TFFI1 Abcam Ab17829 1:2000 Microwave 100*
CD71 Abcam Ab49517/10F11 1:30 Microwave g
PELPI Novus NB100-1749 1:100 No 5,170*
CARMI Novus NB100-1817 1:300 Microwave 30,150*
Bel-2 Dako M0887/124 1:100 Microwave 10%
BEXI1 Abcam Ab69032 1:3500 Microwave 100*
TKI1 Abcam Ab57757 Spug/ml Microwave 8%
AGTRI Abcam Ab9391 (1E10-1A9) 1:100 No 30,100%
XBP1 Novus NB100-80861 0.5pg/ml Microwave 0,1,2,3**
Cyclin BI Abcam Ab72 0.3pg/ml Microwave 0%
TFF3 Abcam Ab57752 3 pg/ml Microwave 90*
FOXO03a Cell Signalling 9467 1:50 Microwave N/C***
RERG Proteintech 10687-1-AP 1:20 Microwave 0,1,2**
p27 Dako SX53G8 1:40 Microwave 10%
GATA3 Santa Cruz sc-268/HG3-31 1:80 Microwave 60*
ER Dako 1D5 1:80 Microwave 10%
PgR Dako PgR636 1:100 Microwave 10%
AR Biogenex F39.4.1 1:30 Microwave 10%
E-cadherin Zymed HECD-1 1:100 Microwave 100
P-cadherin BD 56 1:200 Microwave 5%
C-Myc¢ Abcam Ab32/9A10 1:100 Microwave 0,1,2,3**
p33 Novocastra DO7 1:50 Microwave 10%
Ki67 Dako MIBI 1:100 Microwave 10%
EGFR Novocastra EGFR.113 1:10 Microwave 10%
HER2 Dako cerbB-2 1:250 No 0,1 2300
BRCALI Oncogene Res MSI110 1:150 Microwave 5%
PIK3CA Sigma HPA009985 1:50 Microwave 100*
CK14 Novocastra LL002 1:100 Microwave 10%
CK5/6 Bochringer D5/16134 1:100 Microwave 10%
CK7/8 BD CAMS5.2 1:2 Microwave 50*
CKI18 Dako DC10 1:50 Microwave 50*
CK19 Dako DCK 108 1:100 Microwave 50*
*Hscore

**Cytoplasmic intensity

*#%N/C nuclear and cytoplasmic localisation

*#**Hercep test guidelines (Dako, Cambridge, UK)
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2.1.5 Tissue microarrays (TMASs) construction

To speed up the analysis of a large number of breast cancers, a high throughput
TMA approach was used. 2,000 haematoxylin and eosin stained slides of breast
cancer were reviewed for the construction of TMAs. 1,902 cases of paraftin
processed breast tumours were used to prepare new tissue microarray blocks,
each comprising 150 cores (0.6 mm) of tissue. All the available blocks were
marked, in some cases more than one block per cases. Two peripheral tumour
core blocks and one central tumour core block were constructed from the
whole series in 13 batches (39 TMASs block in total). The new TMA set was
used to study the protein expression of the selected candidate genes. The Foxal
study was conducted using the old TMAs blocks while other studies were
performed using the new TMAs. Only the versions of the peripheral cores were
selected (invading edge) to avoid the use of central cores which might show

areas of necrosis.

Figure 2.2: The manual arrayer used for TMA construction
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Construction

1) Preparation of samples to be arrayed

A representative FFPE block from each patient’s tumour sample (donor) was
retricved from the archives, selected for the presence of tumour and adequate
thickness ideally 3-4mm. To ensure the presence of invasive tumour tissue a
three micron section was cut from each block and stained with haematoxylin
and eosin (by Dr Claire Paish) (n=1902). If the block contained tumour, it was
then marked on the slide for representative area of the tumour suitable for array
sampling. In cases the tumour block did not contain sufficient tumour, we
retrieved alternative archive blocks for the patient and repeated the process to
ensure that as many patients’ samples as possible represented on the new
TMAs of Nottingham series.

2) Preparation of the recipient array block

5-10 mm deep moulds were used to generate recipient blocks. Once all donor
blocks were marked, and the recipient block had been prepared, construction of
the tissue array was commenced.

3) Construction process

1- The blocks were designed to accommodate 150 samples, using a 3x50
sub-array format.

2- The construction was done using a precision instrument (Beecher
Instruments, Inc. San Prairie, USA) according to the manufacturer’s
datasheet (Fig 2.2). Archival blocks dating back 2040 years are
usually adequate for the construction if they have been fixed in 4%

buffered formalin (Kallioniemi et al., 2001).
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3- The array construction involved making a hole in the recipient TMA
block, acquiring a cylindrical core sample from the donor tissue block
and depositing this core into the TMA block.

4- Core tissue biopsies (diameter 0.6 mm; height 3-4 mm) were taken
from hundreds of different donor paraffin-embedded tumour blocks and
precisely arrayed into a new recipient paraffin block (45 x 20 mm)
using the custom-made precision instrument. Samples spaced 1.25 apart
and the 50 sub-array spaced 5 mm apart.

5- Kidney cores were used for block orientation.

3) Preparing the array block

The surface was smoothed and levelled by incubating the array block in 37°C
for 10-15 minutes. This warms the paraffin wax thereby promoting adherence
of the tissue cores to the walls of the holes in the array block and makes the
wax flexible to handle. After the block has warmed, a clean glass microscope
slide was used to apply even pressure on the top of the array block and to push
all tissue cores level with the top surface of the array. Using a microtome, 4-5
um sections were cut from the TMA blocks to generate TMA slides for
molecular analyses.

2.1.6 Validation of antibodies

We have selected our antibody panel according to the availability of
commercially validated antibodies. For confirmation we have applied further

validation steps on selected antibodies using WB and peptide blocking.
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2.1.6.1 Western blotting (WB)

WB was performed on breast cancer cell lysates of the human breast cancer
cell line MCF-7 to confirm the specificity of the FOX0O3a antibody used in
immunohistochemistry.

Method

The cell culture experiment was conducted with my colleague Mohamed
Ahmed including the western blot experiment using the MCF7 cell lysate.
MCF-7 cells were obtained from the American Type Culture Collection
(Rockville, MD, USA) and cultured in RPMI 1640 medium in T75 flasks
supplemented with 10% foetal calf serum (FCS), penicillin (100 1U/ml) and
streptomycin (100 pg/ ml). The sub-confluent cells were washed with PBS,
then 30l of protease inhibitors (Sigma Aldrich) were added to 470ul of ice-
cold lysis buffer (20 mM Tris, pH 7.5, 150 mM NaCl, 1% TritonX-100, 0.5%
sodium deoxycholate, 1 mM EDTA, 0.1% SDS). Western blotting was done on
the cell lysates to confirm the specificity of the antibody used in
immunohistochemistry. Lysates (20pug) were added to 4X SDS loading buffer
with 5% B-mercaptoethanol (Sigma Aldrich, UK) and denatured by heating at
100°C for 10 minutes prior to loading then added for 5 minutes into ice.
Samples were subjected to Sodium Dodecyl Sulfate Polyacrylamide Gel
Electrophoresis (SDS-PAGE) using a 10% resolving polyacrylamide gel and
transferred onto a Hybond-P PVDF membrane (Amersham Bioscience,
Buckinghamshire, UK). After blocking with 5% milk powder 0.1% TPBS

(Tween20 in PBS solution) for 60 minutes, the membrane was then incubated
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with 1:1000 dilution of the FOXO3a rabbit polyclonal Antibody (9467) at 4°C
overnight. The membrane was washed with 0.1% PBS/Tween20 3 times for 5
minutes each then incubated for 1 hour at room temperature with a horseradish
peroxidase-linked secondary antibody (Sigma Aldrich) (1: 4000, anti-rabbit)
diluted with 5% milk powder PBS containing 0.1% Tween20. After further 3
washes, the membrane was visualized by enhanced chemiluminescence
reagents (Amersham Bioscience, Buckinghamshire, UK). The monoclonal
Anti-B-actin antibody (Sigma Aldrich) in a dilution of 1:2000 against the

ubiquitous B-actin protein was used.

2.1.6.2 Peptide blocking

It is recommended procedure for confirming the specific reactivity of an
antibody. In this protocol, the antibody is incubated with the immunizing
peptide that has been used to raise the antibody. The antibody that is bound to
the blocking peptide will be no longer available to bind to the peptide antigen
in the cell. In comparing the staining from the blocked antibody versus the
antibody alone, specific staining should be absent or significantly reduced from
the immunostaining performed with the neutralized antibody.

This protocol can be used to prepare “blocked” antibody for use in either
western blotting or immunohistochemistry.

After determination of the optimal concentration of antibody that consistently
gives a positive result. Using that concentration, we determined how much
antibody needed for two experiments. In the first tube, labelled Blocked, the

blocking peptide was added to a final concentration of 10 times of the
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antibody. In the second tube, labelled Control, an equivalent amount of diluent
was added. Both tubes were incubated, with agitation, at room temperature for
30 minutes. The tubes were centrifuged for 15 min at 4°c, and then the staining
protocol on the two identical samples, using the blocked antibody for one and
the control for the other was performed and the staining was observed. PELP1

antibody was evaluated using this method.

2.1.6.3 Controls

To ensure the correct tissue preparation and staining of the used antibodies,
tumours and tissues with known staining patterns were used as positive
immunostaining controls and were processed by the same method used to stain
the tumour sections and TMAs. Negative controls were obtained by omitting
the primary antibodies and were used to evaluate non-specific binding of the
secondary antibody to the tissues and to ensure specific detection of the antigen
by the primary antibody.

2.1.7 Immunohistochemistry and optimization of the antibodies

To determine the optimal staining conditions for each antibody used, full
sections and TMAs were used for staining using different antibody
concentrations and antigen retrieval methods with different pH and incubation
times. Data sheets with each antibody suggested a dilution range for
optimisation experiments. If the staining using the suggested dilution was
found too intense or weak, further dilutions were used in subsequent

experiments to achieve the optimal dilution.
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Immunohistochemical staining of the sections was performed using either a
DAKO TechMate immunostainer to ensure the consistency between various
immunohistochemistry runs or the manual method if the staining requires an
overnight incubation with the primary antibody. A set of full face sections for
each of the selected biomarkers was stained to assess the staining distribution

and to assess its suitability for TMAs.

2.1.7.1 Automatic immunostainer

An indirect labelled streptavidin avidin biotin technique (LSABO) technique
with Diaminobenzidine (DAB) chromogen was performed using a
DakoCytomation Techmate 500 Plus (DakoCytomation, Cambridge, UK)
automatic immunostainer. IHC was performed on sections of formalin-fixed
paraffin embedded tissue (4pum). Prior to staining, the sections were melted on
a hotplate for 10 minutes (60°C), dewaxed in two changes of xylene for 10
minutes each, rehydrated in 3 changes of alcohol for 1 minute each. Sections
were pre-treated with microwave antigen retrieval (when needed) using 0.01M
citrate Buffer or EDTA accordingly for 23 minutes at 700w. Then, sections
were transferred to the immunostainer and the staining was carried out using
Dako LSAB® kit (DakoCytomation, Cambridge, UK). Slides were incubated in
buffer 1 (ChemMate) which contains goat serum for 20 minutes and in H,O,
for 10 minutes to block the endogenous peroxidase. Sections were incubated in
the primary antibody for 1 hour followed by incubation in the biotinylated
secondary antibody for 30 minutes and HRP horseradish peroxidase

streptavidin for 30 minutes. Then, the slides were incubated in DAB for 10
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minutes. Slides were washed by buffer 2 and buffer 3 included in the kit
between the steps. The sections were counterstained in haematoxylin for 2
minutes, rinsed in tap water, dehydrated in alcohol, cleared in xylene and

mounted by DPX.

2.1.7.2 Manual immunostaining

Manual staining methods was used for the RERG study according to the
optimisation process; different antibody concentrations and incubation times
were tested. Overnight incubation deemed the most optimal method. After
microwave antigen retrieval in citrate buffer pH 6, the TMAs sections and
control sections were put in a humidity chamber followed by blocking of
endogenous peroxidase by applying hydrogen peroxide in methanol for 10 min.
The TMA slides were then incubated in primary antibody at 4°C overnight. The
immunohistochemical detection of RERG was carried out using a labelled
steptavidin biotin technique LSAB® in accordance with the manufacturer’s
instructions (DakoCytomation, Cambridge, UK). The slides were incubated
with the biotinylated secondary antibody for 30 min, followed by HRP-
Streptavidin for another 30 min. Tris buffer saline (TBS) were used for
washing between steps (3x2 minutes with stirrer). For visualisation of the
reaction, the slides were incubated in freshly prepared peroxidase substrate
solution (DAB) diluted 1:50 for 10 min.

After application of DAB, the slides were washed in running tap water,
counterstained in haematoxylin, dehydrated in alcohols, cleared in xylene and

coverslipped using DPX mounting medium. Negative controls were performed
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by omitting the primary antibody while positive control BC sections were used

in each run.

2.1.8 Assessment of protein expression using immunohistochemistry

Sections were examined by light microscope. Positive and negative controls
were examined to confirm the appropriate staining. Only the invasive tumour
component was evaluated and scored for the intensity and percentage of
positive cells accordingly. The distribution of staining was assessed both in
whole sections of malignant breast carcinoma and in tissue microarray sections.
As the distribution of staining was homogenous in the full section, only one
tumour core was stained from each tumour, as previous studies have validated
the use of one core to study the expression of tumour markers even for those
that have a heterogeneous distribution (Camp et al., 2000). GATA3 and XBP1
were scored using high resolution digital images (NanoZoomer; Hamamatsu
Photonics, Welwyn Garden City, UK), at x20 magnification, using a web-

based interface (Distiller; Slidepath Ltd, Dublin, Ireland).

H-score (histochemical score) scoring system has been successfully used for
TMAs evaluation (Abd El-Rehim et al., 2005). The H-score includes an
assessment of both the intensity of staining and the percentage of stained cells.
For the intensity, a score of 0, 1, 2 and 3 was used and the percentage of
positive cells at each intensity was subjectively estimated. The final score is in

the range of 0-300 derived from of multiplying the intensity by the percentage.
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2.1.9 Statistical analysis

Statistical analysis was performed using SPSS statistical software (SPSS Inc.,
Chicago, IL, USA). Association between the immunoreactivity and different
clinicopathological parameters was evaluated either by Fisher’s exact test or
chi-squared test. For multiple testing of biomarkers and clinicopathological
associations, a conservative p-value of <0.01 was considered to reflect a
significance and all were 2-sided. Survival curves were calculated by the
Kaplan-Meier method with log rank test to assess significance. Multivariate
Cox regression analysis was used to evaluate any independent prognostic effect
of the variables on patients’ survival with 95% confidence interval and p value
of <0.05 was considered.

All factors were used as dichotomous covariates in the statistical analysis with
the exception of age, tumour grade, tumour types, lymph node stage, vascular

invasion and NPI which were analysed as more than 2 groups.

2.1.9.1 Categorisation of continuous data

1- We used the median of the continuous data when it is abnormally distributed
and the mean if the data is normally distributed.

2- X-tile bioinformatic tool. (Camp et al., 2004) developed the graphical
method, X-tile plot, to demonstrate the presence of meaningful tumour
subpopulations and show- the robustness of the relationship between a
biomarker and outcome by construction of a two dimensional projection of
every possible subpopulation. For further validation of the chosen cut-off point,

the X-tile program randomly divides the total patient cohort into two separate
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training and validation sets ranked by patient follow up time. Statistical
significance is tested by validating the obtained cut points to the validation set
(Camp et al., 2004). The approach used was similar to that used by others
within the group for existing biomarkers. Where the cut-off was not known, it
was determined using the more recently published x-tile technique and
compared with the median H-score. The median cut-off value was obtained
using the frequency statistics according to the one that produced distinct
categorisation and significance with measures of clinical outcome. In the early
phases of this research project, we used the median value for stratification of
patients’ biomarker results with regard to relationships with prognostic and
patient outcome variables. This method has been standard practice in the
literature. During the project, x-tile software became available which provides
a more sophisticated approach to determination of clinically relevant biomarker
cut points and was therefore adopted for all subsequent studies. Retrospective
use of x-tile was not appropriate as these early studies had been already

published using median value stratification.

3-Frequancy distribution histograms were initially used for visualisation of the
distribution and for discovery of obvious cutoff points. The histogram is a
descriptive figure of frequencies, displayed as adjacent rectangles. Each
rectangle is elevated over a certain interval, with an area equal to the frequency

of the observations in the interval.
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2.1.10 Ethical approval
This study was approved by the Nottingham Research Ethics Committee 2
under the title “Development of a molecular genetics classification of breast

cancer”,
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3 Study of selected candidate luminal markers and their role
in breast cancer prognosis with emphasis on ER-positive

luminal-like subtype

64



Chapter 3

3.1 Introduction

The recently developed microarray technologies have created new possibilities
to identify gene expression profiles and have provided a better view of the
involved biological processes. As previously discussed, Perou and colleagues
established the first molecular portraits of breast tumours by using DNA
microarrays, which allow mRNA expression levels of thousands of genes to be
measured in a single assay (Perou et al., 2000). They distinguished two main
classes of tumours, one with the characteristics of basal (and/or myoepithelial)
cells, the other of luminal cells. The basal tumours expressed CKS and CK17
mRNAs, while the luminal phenotype was based on the expression of CK8/18,
and the oestrogen receptor (ER). Subsequent analyses refined this two-class
model and several subclasses of luminal-like (Luminal A, Luminal B and C)
tumours were further characterized (Sorlie et al., 2001) then the concept of
luminal C became less evident with most of the authors suggesting that luminal
breast cancer is better divided into A and B groups (van't Veer et al., 2002,
Sorlie et al., 2003)

Luminal A tumours show high expression of oestrogen-regulated and
associated genes especially XBP1, GATA3 and FOXA1 while, Luminal B
tumours, although still ER positive, expressed lower levels of the genes
associated with the ER cluster and also expressed some genes that had
previously clustered with some of the HER2 overexpressing and basal tumours.

Luminal B tumours in contrast to the Luminal A ER-positive subtype,
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produced transcripts encoding the myeloblastosis viral oncogene homologue
MYB, gamma-glutamyl hydrolase (GGH), and other enzymes involved in cell
signalling and sterol biosynthesis that differentiate them from the better
survival group.

In summary, these gene expression array experiments suggest that the luminal-
like class of breast cancer is characterised by ER positivity but is
heterogeneous with respect to the expression of other genes. While it is
recognised that the major luminal-like subclasses differ in terms of prognosis,
it can be inferred from the subsequent studies that other genes are responsible
for the precise positioning of an individual within the spectrum of luminal-like
breast cancer (Sorlie et al., 2003). Importantly, characterisation of luminal-like
cancer varies between studies and a consensus of definition is lacking. It is
widely recognised that there is a need for identification of new biomarkers that
can be used to characterise the ER-positive luminal cancer.

In this chapter we discussed the expression of some candidate luminal genes by
IHC and TMAs based method using a large series of patient with long term
follow-up.

The selection of biomarkers was based on our bioinformatic analysis of the
gene microarray data using the conventional statistical cross validation analysis
and ANNs that identified RERG, GATA3, BEX1 and TFF3. TFF1, FOXAl
and XBP1 were selected for further studies due to their potential role in
subclassification of breast cancer and as potential makers of the luminal

subclass.
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3.2 FOXAI1

3.2.1 Introduction

The forkhead-box Al (FOXA1) gene is a member of the fox family of
transcription factors, which is expressed in the breast, liver, pancreas, bladder,
prostate, colon and lung and can bind to the promoters of more than 100 genes
associated with metabolic processes including regulation of cell signalling and
the cell cycle (Lin et al., 2002). It is involved in the pathogenesis of many
cancers including lung, oesophageal and prostate cancer (Wolf et al., 2007). In
breast cancer however, the role of FOXA1 appears more controversial.
Previous studies have shown that FOXA1 can act either as a growth stimulator
or repressor. As a stimulator, it functions as a pioneer factor that binds to
chromatinized DNA, opens the chromatin and enhances binding of oestrogen
receptor-alpha (ERa) to its target genes (Laganiere et al., 2005). Down-
regulation of FOXA1l by RNA interference significantly suppressed
proliferation of HER2-negative and FOXA1-positive breast cancer cell lines
(Yamaguchi et al., 2008). Emphasising its importance, FOXA1 is required for
the expression of 50% of ER-regulated genes (Carroll and Brown, 2006,
Holmqvist et al., 2005, Laganiere et al., 2005). As a repressor, it has been
shown that FOXAI overexpression can block metastatic progression by
influencing expression of the BRCA1 associated cell cycle inhibitor, p27, and
promoting E-cadherin expression. This suggests that FOXA1 plays important
roles in the upregulation of genes that reduce the growth and motility of breast

cancer cells (Williamson et al., 2006, Liu et al., 2005).
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Importantly, recent global gene expression studies of breast cancer revealed
that high FOXA1 mRNA expression is often found in association with ER
positivity, and frequently present in a subset of ER-positive tumours that have
favourable outcome. Therefore, FOXA1 expression appears to have potential
relevance in sub classification of luminal/ER-positive tumours into subgroups
with different biologic behaviour and prognosis.

3.2.2 Material and Methods

Tissue microarrays were prepared and the immunohistochemical staining was
performed using the streptavidin-biotin complex method using
DakoCytomation Techmate 500 plus (DakoCytomation, Cambridge, UK)
(General Material and Methods Chapter). To unmask the antigens, the sections
were microwaved in citrate buffer pH 6 for 23 minutes.

Mouse monoclonal antibody to FOXAl (clone 2F83, ab40868; Abcam,
Cambridge, UK) that was raised against the recombinant full length human
FOXAT1 protein was optimized at a working dilution of 1:2000 using full-face
sections and TMAs of breast cancer.

H-score was used for immunochistochemical staining assessment. The cutoff
point was assigned by using the median of H-score values (H-score >10).

3.2.3 FOXAI1 immunohistochemical results

After excluding the uninformative TMA cores from the study, 696 tumours
were available. The median age of the patients was 54 years (range 27-70).
Sixty seven percent of patients had large tumours greater than or equal to 1.5
cm in size. Twenty one percent of the tumours were grade 1 and 31% showed

good NPI. Twenty eight percent of the patients had metastatic disease and 29%
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had tumour recurrence. Fifty six percent of the tumours were ductal with no
special type. The FOXAL1 staining pattern was nuclear with no evidence of
cytoplasmic and membranous staining (Fig 3.1).

The expression was detected in the nuclei of the malignant cells as well as in
some luminal ductal epithelial cells of the entrapped normal tissues in the

cores.

3.2.3.1 Correlation between FOXA1 expression and other

clinicopathological variables

FOXAL1 nuclear expression was associated with smaller primary tumour size,
lower grade tumours, lower mitotic count (p<0.001) and with the good NPI
group. It also showed an association with histologic tumour type with frequent
expression in invasive lobular and tubular carcinomas and decreased
expression in medullary carcinomas (p<0.001). No associations were found
between FOXA1 protein expression and patients’ age, lymph node stage,
vascular invasion, development of recurrences or distant metastasis (Table

3.1).

3.2.3.2 Correlation between FOXA1 expression and other

biomarkers

There were positive associations between FOXA1 expression and ERa, PgR,
AR and BRCAL. In contrast, we found inverse associations between FOXA1
expression and basal CKs expression (CKS5/6; p=0.003) and P-cadherin
(p=0.002). No associations were found between FOXAI and p53, HER2 or

EGFR expression (Table 3.2).
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When the analysis was repeated only on the cohort of ER-positive (luminal-
like) patients, FOXA1 expression retained its significant association with

smaller tumour size (Tables 3.3&3.4).
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Figure 3.1: FOXAI protein expression in breast cancer
TMA cores of (A) lobular (x100), (B) Grade 2 ductal (x 200) and (C) Grade 3
ductal carcinoma (x100), using immunohistochemistry. (D) Grade 3 ductal

carcinoma with negative FOXAL1 expression (x100).
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Table 3.1: Relation of FOXAI expression to other clinicopathological

variables in the whole series

. Negative Positive 2
Variable Total F(%XAI FOXALI v d p- value
Age
<40 40 19 21
40-50 200 97 103 2.822 0.420
51-60 246 111 135
>60 210 85 125
Tumour Size
<1.5 cm 230 150 80 14.755 <0.001
>1.5 cm 460 231 229
LN Stage
1(Negative) 461 201 260
2(1-3 LN) 158 75 83 Rl 368
3(>3 LN) 72 35 37
Grade
| 148 50 98
3 316 n 15 38.209 <0.001
3 325 187 138
NPI
Poor 96 53 43
Moderate 377 198 179 S e
Good 216 60 156
DM
No 496 214 282 2.647 0.100
Positive 194 97 97
Recurrence
No 403 175 228 0.979 0.320
Positive 288 136 152
VI
No 271 125 146
Probable 328 141 187 1301 Uil
Definite 82 41 41
Mitotic counts
1 218 69 149
) 125 5] 74 30.797 <0.001
3 309 172 137
Tumour type
Ductal/NST 382 198 184
Lobular 62 17 45
Tubular and 163 56 107 33724 <0.001
Tubular mixed ' ’
Medullary 21 16 5
Other special types 14 6 8
Mixed 40 15 25

*Includes Mucoid, invasive cribriform and invasive papillary carcinoma, **
Include ductal/NST mixed with lobular or special type
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Table 3.2: Relation of the FOXAT expression to other biomarkers in the whole

series
Variable Total I:eg;t};vle EOOS;EAV:: xz p-value
ERa
Negative 213 141 72
Positive 435 154 281 ki Meaiak
AR
Negative 245 151 94 42.192 <0.001
Positive 359 125 234
PgR
Negative 302 178 124 35.965 <0.001
Positive 340 120 220
BRCA1
Negative 73 47 26 8.540 0.003
Positive 425 195 230
HER2
Negative 440 205 235 0.008 0.928
Positive 89 41 48

53

Negative 383 111 494 2.715 0.090
Positive 133 26 159
EGFR
Negative 418 194 224 0.697 0.400
Positive 106 54 52
CK5/6
Negative 523 224 299 8.987 0.003
Positive 150 85 65
CK14
Negative 524 231 293 6.080 0.01
Positive 132 74 58
CK18
Negative 348 177 171 5.121 0.024
Positive 237 98 139
CK19
Negative 399 112 155 3.087 0.08
Positive 267 195 204
CK7/8
Negative 352 184 168 11.894 <0.001
Positive 318 123 195
E-cadherin
Negative 280 143 137 5.283 0.022
Positive 360 151 209
P-cadherin
Negative 185 73 112 9.624 0.002
Positive 312 168 144
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variables in the ER-positive cohort

Table 3.3: Relation of FOXA1 expression to other clinicopathological

Variable

Total

Negative

Positive

FOXAI FOXA1 | * p-value
Age
<40 17 4 13
40-50 109 36 73 1.782 0.619
51-60 158 60 98
>60 151 54 97
Tumour Size
<l.5 cm 167 46 121 7.318 0.007
>1.5cm 268 108 160
LN Stage
1(Negative) 288 93 195
3(1-3 LN) 104 25 sy | e | 0
3(>3 LN) 42 16 26
Grade
1 125 40 85
5 176 36 50 5.261 0.072
3 134 58 76
NPI
Poor 48 22 26
Moderate 205 86 119 ana e
Good 182 46 136
DM
No 322 109 213 1.51 0.219
Positive 109 44 65
Recurrence
No 266 94 172 0.008 0.93
Positive 165 59 106
VI
No 171 58 113
Probable 211 7 1071 (280 | Oz
Definite 44 22 22
Mitosis
| 187 57 130 4.124 0.127
2 92 32 60
3 54 76 130
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Table 3.4: Relation of FOXA1 expression to other biomarkers in the ER-

positive cohort

Variable Total Negative Positive x p-value
FOXAI1 FOXAI

AR
Negative 104 45 59 4.315 0.038
Positive 297 95 202
PgR
Negative 116 52 64 5.804 0.016
Positive 307 99 208
HER2
Negative 297 108 189 0.015 0.902
Positive 34 12 22
p53
Negative 343 129 241 1.827 0.177
Positive 75 22 53
EGFR
Negative 300 115 185 0.045 0.832
Positive 57 21 36
CK5/6
Negative 373 134 239 0.214 0.644
Positive 55 18 37
CK14
Negative 362 130 232 0.053 0.818
Positive 56 21 35
CK18
Negative 192 65 127 0.964 0.326
Positive 194 75 119
CK19
Negative 220 74 146 0.809 0.368
Positive 209 130 79
CK7/8
Negative 175 60 115 0.124 0.724
Positive 256 92 164
E-cadherin
Negative 176 72 104 3.343 0.06
Positive 245 79 166
P-cadherin
Negative 156 54 102 3.005 0.08
Positive 180 79 101
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3.2.3.3 Correlation between FOXA1l expression and patient

outcome

In the whole patient series, an association between loss of FOXA1 expression
and shorter breast cancer specific survival (BCSS) was found (Log Rank (LR)
=6.987, p=0.008). However, multivariate Cox hazard analysis including
tumour size, histologic grade, lymph node stage and FOXA1 expression
showed that FOXA1 expression was not an independent predictor of survival
(Hazard ratio (HR)=0.891, p=0.418) (Table 3.5). Interestingly, in a model that
included only FOXA1 and ERa expression, FOXAT1 did not retain independent
significance in contrast to ERa which did. No association between FOXA1
expression and disease free interval (DFI) was found (LR=1.687, p =0.194).

In the ER-positive group, no association between FOXA1 expression and
outcome was found (Fig 3.2A&B). In the group of patients who had not
received hormonal therapy, FOXA1 expression was associated with more

favourable BCSS (LR=0.5.49, p =0.01).
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Figure 3.2: Kaplan Meier plots of FOXA1 protein expression

(A) Kaplan Meier plot of FOXAL1 protein expression and BCSS in the ER
positive cohort. (B) Kaplan Meier analysis of FOXAT1 protein expression

and disease free interval in ER positive cohort.
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Table 3.5: Cox proportional hazards analysis for predictors of breast cancer

specific survival in the whole series

Variable P value HR 95% CI
Lower Upper
FOXAI1 expression 0418 0.891 0.674 1.178
Lymph node stage <0.001 1.802 1.505 2.159
Tumour grade <0.001 2.024 1.611 2.545
Tumour size 0.038 1.481 1.022 2.146
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3.3 RERG

3.3.1 Introduction

The Ras-related, oestrogen-regulated growth inhibitor (RERG) was initially
identified as one of the genes that characterise luminal tumours and its
expression was decreased in the aggressive ER-negative subtypes (Finlin et al.,
2001). RERG is a GTP-binding protein with intrinsic GTPase activity (Finlin et
al.,, 2001). RERG mRNA expression was found to be induced rapidly in MCF-
7 cells stimulated by estradiol and repressed by tamoxifen treatment (Finlin et
al., 2001).

The suggested heterogeneity of ER-positive tumours has prompted the need to
identify candidate biomarkers to refine their subclassification particularly with
respect to their behaviour. Subsequently, in this study we have analysed 47,293
gene transcripts in 128 invasive breast carcinomas using different biostatistical
models to identify genes that is strongly associated with ER-positive/luminal

tumours and that can be used to stratify them into clinically relevant subgroups.

3.3.2 Material and Methods

3.3.2.1 Gene expression study
The study population used was derived from the Nottingham Tenovus Primary
Breast Carcinoma Series of women aged 70 years or less, who presented with

stage I and II primary operable invasive breast carcinomas.
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Total RNA was extracted from a series of frozen breast cancers retrieved from
Nottingham Hospitals NHS Trust Tumour Bank between 1986 and 1992 as
described in the General Material and Methods chapter.

Bioinformatics analysis (1): Artificial neural network model

We identified the ER-positive cases (n=84) by immunohistochemistry in our
patient cohort (n=128) and applied an artificial neural network (ANN) model
for sample classification to the gene expression data comprising 47,293 inputs
for each sample. The output node was coded as 0 if a case was low ER
expression (the median H-score<140; n = 42), and 1 if high ER expression (H
score> 140; n = 42). Each gene was considered singly as an input to the
model. More precisely, the data was analysed using multi-layer perceptron
architecture with a sigmoidal transfer function, where weights were updated by
a back propagation algorithm as previously described in general material and
methods chapter. Inputs were ranked in ascending order based on the predictive
error.

Bioinformatics analysis (2): Ensemble classification and cross-validation
analysis

In a second bioinformatics analysis step, we sought to obtain a robust ranking
of genes that are differentially expressed between the ER-positive (n=84) cases
and the ER negative non-luminal cases (all other cases) and have high
predictive power, by applying an ensemble sample classification method (see

General Material and Methods chapter).
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3.3.2.2 Immunohistochemistry

The RERG specific rabbit polyclonal antibody (Purified rabbit anti-human
RERG polyclonal antibody, 10687-1-AP, Proteintech Group, Chicago, IL,
USA) was optimized at a working dilution of 1:20 using randomly selected
full-face sections of breast cancer tissue to assess the staining distribution. The
detailed method is described in the general material and methods chapter.
Negative controls were performed by omitting the primary antibody while

positive control of known BC sections was used in each run.

3.3.3 Results

3.3.3.1 Novel genes associated with ER-positive status using

Artificial Neural Network

High ER expression is associated with good prognosis when compared to low
ER expression. Our aim was to identify; using a novel prediction method
(ANN), a set of genes that can associate with high ER expression and to
validated the genes using protein expression. To study this, ER-positive cases
(84 tumours) were categorized according to the level of ER expression into high
and low expression using the median of the H-score value (H-score 140).

The ranking order of the ANN results was based on predictive error for the
unseen cohort in the Monte Carlo Cross validation with the lowest being higher
in the ranking order. Table 3.6 illustrates top transcripts according to ER status

ranked by predictive error.
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In this study ESRI, the gene for ER, was ranked as the most important gene

for ER membership and this was used a proof for the validation of the model.

3.3.3.2 Novel genes associated with ER-positive luminal phenotype

using the ensemble cross- validation analysis

The RERG-gene was selected among the significantly differentially expressed
genes in every cycle of a leave-one-out external cross-validation analysis. The
prediction models obtained from this procedure distinguished the luminal from
the non-luminal samples with an average accuracy of 88.3% (sensitivity:
95.2%, specificity: 75.0%). Very similar results were obtained in a 10-fold
cross-validation analysis, which was conducted for further verification
(average accuracy: 89%, sensitivity: 95.2%, specificity: 77.3%). Table 3.7 lists
the 30 genes which were identified as being differentially expressed in ER-
positive luminal and non-luminal samples. These were identified using both in
a leave-one-out and a 10-fold cross-validation analysis, i.e. using different
subsets of samples, and they were always selected as significantly differentially
expressed in each cycle of the analysis

Figure 3.3 shows a heat map displaying the microarray expression values of 30
genes (rows) in 128 breast cancer samples (columns) using different colour
codes (red = high expression, green = low expression). The 30 rows correspond
to the 30 top-ranked genes from the cross-validation analysis, grouped
according to the results of an average linkage hierarchical clustering using the
Euclidean distance metric of the 30 gene expression vectors (see the

dendogram on the left in Figure 3.3). The 128 columns in this figure represent

82



Chapter 3

the microarray samples, grouped into non-luminal samples (left) and ER-
positive samples (right). Figure 3.4A shows a box plot of RERG gene
(mRNA) expression (normalised expression value) in ER-positive versus non-
luminal samples with higher expression in ER-positive cohort, while Figure
3.4B shows a box plot of RERG gene (mRNA) expression (normalised
expression value) in different tumour grades which shows that the expression
of RERG mRNA is higher in low grade tumours.

RERG was therefore selected for further study using a protein expression assay
to assess the biological and prognostic significance of its protein expression in

large breast cancer patient cohort as well as in the ER-positive subgroup.

Table 3.6: A gene rank of ER expression status

(Summary of step 1 of the ANN approach- 10 genes shown)

Gene Selection Error
ESR1 0.403422327
RERG 0.438626499
AMNI1 0.441492448
ZNF271 0.445580899
PCDHAS 0.446326207
PRKAR2B 0.447933195
TCEALL1 0.448787999
CTBP2 0.449052205
LDB3 0.449750785
DDIT4 0.451080472
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Table 3.7: A gene list of 30 genes to differentiate between luminal-like (ER-
positive) and non-luminal cases (ER-) using cross-validation analysis ranked
by z-score

Gene identifier z-score Gene
GI_4503602-S 5.7 ESRI
GI_14249703-S 5.7 RERG
GI _9951924-S 5.7 CAl2
GI_37551139-S 5.7 Céorfl15
GI1_34452698-S 5.7 ACTR3
GI_22779933-S 5.7 WDR19
GI 38455428-S 3.7 AGR3
GI_38146007-A 5.7 TTC8
GI_40788002-S 5.7 PSME4
GI_4503928-S 8.7 GATA3
GI_22748948-S 5.7 IGFIR
GI_29126237-S 57 BTF3
GI_37552339-S 5.7 KDM4B
GI_34304343-A 5.7 PSATI
GI_29728071-S 5.7 TBCID9
GI_34147362-S 3 CHACI
Gl 4885496-S 42 MYB
GI1_7706686-S 4.2 EVL
GI_31341936-S 355 Clorf64
Gl _21614543-S 27 S100A8
GI_40255152-S 2.7 KCTD6
Gl _21614495-S 2 VAV3
GI_4502846-S 2 CIRBP
GI_30581115-S 1.2 SOX11
GI_22035691-A 1.2 GFRAI
GI_16507967-S 0.49 KCNKI15
Gl _32698779-S 0.49 CMYAS
GI_18152766-S 0.49 SYTL4
GI_10835186-S 0.49 SOD2
GI_37595559-S 0.49 DNALII
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Figure 3.3: A heatmap created to visualise the differential expression of the 30

top-ranked genes identified by the cross validation analysis
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3.3.4 Expression of RERG protein in breast cancer using
immunohistochemistry

Evaluation of RERG protein expression in breast cancer showed that the
immunoreactivity was localised to the cytoplasm of invasive tumour cells (Fig
3.5) and was strongly expressed in the luminal cells in the normal breast acini.
Of the whole patient series, 1,140 informative cases for RERG expression were
available for assessment.

RERG cytoplasmic expression was scored as negative (no staining) in 28% of
cases, low (weak staining hardly visible at low magnification) in 45.6% of
cases or high (strong staining easily visible at low magnification) in 26.4% of
cases. When the expression was studied in relation to BCSS, we found no
difference in patients’ outcome between those with negative and low
expression of RERG protein and therefore we combined them into one group

of negative/low RERG expression.
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Figure 3.5: RERG expression in breast cancer
TMA core of grade 2 invasive breast cancer with strong RERG cytoplasmic

expression. (A) Lower magnification (x200) (B) Higher magnification (x400)
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3.3.4.1 Correlation between RERG protein expression and other

clinicopathological variables

In the whole patient series, we found that high RERG protein expression was
positively associated with low tumour grade (p=0.002), low mitotic counts
(p=0.006) and good NPI (p=0.006). It was associated with tumours that were
less likely to develop DM (p=0.001) or tumour recurrence (»p=0.003). No
associations were found between RERG and other clinicopathological variables
included in this study (Table 3.8).

In the ER-positive luminal cohort, RERG expression showed similar

associations in relation to tumour size, NPI, DM and recurrence (Table 3.9).
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Table 3.8: Relation of RERG immunostaining to other clinicopathological

variables in the whole series

Variable Low High % p value
Age 4.870 0.182
<40 70(79.5) 18(20.5)
40-50 251(76.1) 79(23.9)
51-60 277(73.3) 101(26.7)
>60 241(70.1) 103(29.9)
Size 4.604 0.032
<2 cm 406(70.9) 167(29.1)
>2 ¢m 432(76.5) 133(23.5)
LN Stage 1.334 0.513
1(Negative) 497(72.6) 188(27.4)
2(1-3 LN) 261(74.6) 89(25.4)
3(>3 LN) 79(77.5) 23(22.5)
Grade 12.419 0.002
1 127(66.8) 63(33.2)
2 260(70.3) 110(29.7)
3 451(78) 127(22)
NPI 10.330 0.006
Good 212(67.3) 103(32.7)
Moderate 470(75 157(25)
Poor 157(79.3) 41(20.7)
DM 11.948 0.001
No 565(70.9) 232(29.1)
Positive 266(80.9) 63(19.1)
Recurrence 8.642 0.003
No 474(70.6) 197(29.4)
Positive 348(78.6) 95(21.4)
Tumour type 4.783 0.443
Ductal/NST 498(75) 166(25)
Lobular 94(72.9) 35(27.1)
Tubular and Tubular mixed 163(70.6) 68(29.4)
Medullary 25(83.3) 5(16.7)
Other special types* 12(75) 4(25)
Mixed** 47(67.1) 23(32.9)
Mitosis 10.274 0.006
1 268(68.7) 122(31.3)
2 144(73.5) 52(26.5)
3 407(78.1) 114(21.9)
Menopause 6.116 0.016
Premenopausal 341(77.7) 98(22.3)
Postmenopausal 498(71) 203(29)

*Includes Mucoid, invasive cribriform and invasive papillary carcinoma, **

Include ductal/NST mixed with lobular or special type
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Table 3.9: Relation of RERG immunostaining to other clinicopathological

variables in the ER-positive cohort

Variable Low High b4 p value
Age 1.875 0.599
<40 31(70.5) 13(29.5)
40-50 160(73.4) 58(26.6)
51-60 187(72.2) 72(27.8)
>60 177(68.1) 83(31.9)
Size 5.335 0.021
<2cm 288(67.6) 138(32.4)
>2 cm 266(75.1) 88(24.9)
LN Stage 2.044 0.360
1(Negative) 325(69.1) 145(30.5)
2(1-3 LN) 182(73.4) 66(26.6)
3(>3 LN) 46(75.4) 15(24.6)
Grade 5.379 0.068
1 111(65.7) 58(34.3)
2 227(69.8) 98(30.2)
3 216(75.5) 70(24.5)
NPI 7.313 0.026
Good 185(65.8) 96(34.2)
Moderate 285(72.7) 107(27.3)
Poor 85(78.7) 23(21.3)
DM 9.537 0.002
No 382(68.2) 178(31.8)
Positive 170(79.4) 44(20.6)
Recurrence 7.189 0.007
No 321(67.9) 152(32.1)
Positive 226(76.9) 68(23.1)
Tumour type 3.301 0.654
Ductal/NST 272(70.6) 113(29.4)
Lobular 90(76.9) 27(23.1)
Tubular and Tubular mixed 142(70) 61(30)
Medullary 3(75) 1(25)
Other special types 9(75) 3(25)
Mixed 39(65) 21(35)
Mitosis 3.223 0.200
1 238(68.6) 109(31.4)
2 116(72) 45(28)
3 186(75.3) 61(24.7)
Menopause 2.984 0.084
Premenopausal 203(74.9) 68(25.1)
Postmenopausal 352(69) 158(31)
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3.3.4.2 Correlation between RERG protein expression and other

biomarkers

In the whole patient series, RERG protein expression was found to be
positively associated with markers of luminal differentiation such as CK19
CK18 (p=0.001), CK7/8(p=0.002), p27 (p=0.005), E-cadherin (p=0.001), ER
(p=0.001) and androgen receptor (AR) (p<0.001).

In contrast, RERG expression was inversely associated with MIB1 (p=0.005)
(Table 3.10).

In the ER-positive cohort, RERG expression retained similar associations. No
significant associations were found between RERG and other biomarkers

included in the study.
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Table 3.10:

whole series

Variable Negative RERG Positive RERG P p-value
CK5/6

Negative 688(73.7) 245(26.3) 0.003 0.954
Positive 125(73.5) 45(26.5)

CK14

Negative 711(73.8) 253(26.2) 0.290 0.590
Positive 92(76) 29(24)

CKI18

Negative 118(84.9) 21(15.1) 10.823 0.001
Positive 647(71.7) 256(28.3)

CK19

Negative 90(82.6) 19(17.4) 4.829 0.028
Positive 726(72.8) 271(27.2)

CK7/8

Negative 17(100) 0(0) 6.128 0.013
Positive 800(73.4) 290(26.6)

ER

Negative 249(80.8) 59(19.2) 10.938 0.001
Positive 555(71.1) 226(28.9)

PgR

Negative 384(74) 122(26) 0.026 0.872
Positive 449(73.6) 161(26.4)

AR

Negative 300(82.9) 62(17.1) 23.614 <0.001
Positive 469(69) 211(31)

p53

Negative 571(71.7) 225(28.3) 3.839 0.050
Positive 223(77.7) 64(22.3)

BRCA1

Negative 114(82) 25(18) 5.163 0.023
Positive 586(72.9) 218(27.1)

Bel-2

Negative 268(77.5) 78(22.5) 2.280 0.131
Weak 385(72.9) 143(27.1)

MIBI

Low 172(67.7) 82(32.3) 7915 0.005
High 488(76.9) 147(23.1)

P-cadherin

Negative 321(71.7) 127(28.3) 2.601 0.107
Positive 382(76.2) 119(23.8)

E-cadherin

Negative 332(79.6) 85(20.4) 11.370 0.001
Positive 473(70.4) 199(29.6)

FOXAI

Negative 344(78.9) 92221.1) 8.082 0.004
Positive 272(70.3) 115(29.7)

HER2

Negative 711(73.8) 253(26.2) 0.243 0.622
Positive 103(75.7) 33(24.3)

EGFR

Negative 596(75.3) 196(24.7) 5.524 0.019
Positive 132(67) 65(33)

p27

Negative 317(79.1) 84(20.9) 7.711 0.005
Positive 264(70.4) 111(29.6)

Relation of RERG immunostaining to other biomarkers in the
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3.3.4.3 Correlation between RERG protein expression and patient

outcome

(A) Univariate analysis

Breast cancer patients with strong RERG expression showed a significantly
longer BCSS (LR=12.267, p<0.001) and longer DMFI (LR=7.472, p=0.006).
The association with longer BCSS was also confirmed in the group of patients
that did not receive systemic therapy (n=397) (LR=6.467, p=0.01).

In ER-positive group, patients with strong RERG expression also showed a
significantly longer BCSS (LR=9.887, p=0.002) (Fig 3.6A) and longer DMFI
(LR=7.205, p=0.007) (Fig 3.6B).

In the ER-positive tamoxifen-only treated patients, high RERG expression

indicated better response to tamoxifen monotherapy (LR=4.553, p=0.033).
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Figure 3.6: Kaplan Meier plots of RERG protein expression in the ER-positive

luminal-like cohort in relation to (A) BCSS and (B) DMFI
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(B) Multivariate analysis
Multivariate analyses including well-established prognostic variables showed
that RERG expression was an independent prognostic marker for longer BCSS
in the whole series (Hazard ratio (HR) =0.573, p =0.001, 95% CI =0.411-
0.799) and in ER+ luminal-like cohort (HR =0.555, p =0.006, 95% CI =0.364-

0.846) (Table 3.11).

Table 3.11: COX model for predictors of BCSS in the whole patient series and

in the ER-positive subgroup

Whole series ER-positive cohort
Variable p value HR 95 % C1 p value HR 95 % C1
Lower | Upper Lower Upper
RERG expression 0.001 0.573 0411 0.799 0.006 0.555 0.364 0.846
Endocrine therapy 0.020 0.670 0.478 0.938 0.126 0.713 0.463 1.100

given

Chemotherapy given | 0.001 0.508 0.338 0.762 0.028 0.521 0.292 0.931

Tumour size (>2cm) | <0.001 1.951 1.472 2.585 <0.001 | 2.083 1.464 2.963
1 <0.001 1

Tumour stage | <0.001

Tumour stage 2 <0.001 1.814 1.341 2.454 0.004 1.769 1.201 2.606

Tumour stage 3 <0.001 | 4.604 3.204 6.617 <0.001 [ 3.948 2.388 6.526
1 <0.001 |

Tumour grade 1 <0.001

Tumour grade 2 0.011 1.982 1.174 3.348 0.021 1.955 1.107 3.454

Tumour grade 3 <0.001 | 4.175 2.495 6.985 <0.001 | 4.487 2.483 8.107
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3.4 GATA3

3.4.1 Introduction

Recent gene expression studies identified GATA3 as a marker of Luminal A
breast cancer subtype (Sorlie et al., 2001). It has been documented that GATA3
is an essential regulator of mammary morphogenesis and luminal
differentiation and normally expressed at high levels in association with ER in
luminal epithelial cells (Asselin-Labat et al., 2007). Functionally, GATA3 is an
important factor that accompanies the undiffentiated breast cells on their
development to form luminal epithelial cells (Asselin-Labat et al., 2007,
Kouros-Mehr et al.,, 2006). Due to its strong relation to ER, GATA3 is
involved in growth control and the maintenance of the differentiated state in
epithelial cells in ER-positive breast tumours (Usary et al., 2004).

The GATA family consists of six members (GATA1-6) that can be separated
into two groups based on their expression patterns and sites. GATA1, GATA2
and GATA3 are expressed in hematopoietic cell lineages and are essential for
differentiation, proliferation of hematopoietic stem cells, and the development
of T lymphocytes (Ko and Engel, 1993). GATA4, GATAS, and GATAG are
expressed mainly in the cardiovascular system, liver, lung, pancreas, and
intestine (Abba et al., 2006).

The importance of GATAS3 as a possible candidate luminal marker is due to its
involvement in a positive cross-regulatory cycle with the ER gene, where each
one is required for the transcription of the other gene (Dydensborg et al., 2009).

The role of GATA3 in oestrogen signalling requires this direct positive
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regulation of the expression of the ER alpha gene itself by GATA3 which
binds to two cis-regulatory elements located within the ER alpha gene, and this
is required for RNA polymerase Il recruitment to ER alpha promoters
(Dydensborg et al., 2009).

GATA3 could contribute to the transcriptional upregulation of MUC1 gene
expression in some breast carcinomas with luminal phenotype (Abba et al.,
2006). Moreover, GATA3, in addition to ER, is linked to FOXA1 and the three
genes form a network that can influence the biology of ER-positive luminal-
like breast cancer (Badve and Nakshatri, 2009).

Previous studies have shown an important role of GATAS3 in inhibiting the
development of metastatic breast cancer by regulating key genes involved in
metastatic breast tumour progression to the lung including ID1/-3, KRTHBI,
LY6E and RARRES3 (Dydensborg et al., 2009).

In addition to its biological role in ER-positive breast cancer, GATA3 has been
previously suggested as a marker of hormone therapy response (Fang et al.,
2009). Testing the ER-positive breast cancer for GATA3 using
immunohistochemistry might improve the prediction of hormone therapy
response (Parikh et al., 2005).

Our analysis of the gene expression data of 128 frozen breast cancer cases has
also confirmed its strong relation to the ER-positive luminal phenotype. For
this reason, we have studied its protein expression in a cohort of well
characterised series of breast cancer to validate our findings and to assess its

role in the phenotypic characterisation of ER-positive breast cancer.
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3.4.2 Material and Methods

3.4.2.1 Gene expression study

The study population used was derived from the Nottingham Tenovus Primary
Breast Carcinoma Series of women aged 70 years or less, who presented with
stage I and II primary operable invasive breast carcinomas.

Total RNA was extracted from a series of 128 frozen breast cancers retrieved
from Nottingham Hospitals NHS Trust Tumour Bank between 1986 and 1992
as described in the General Material and Methods chapter.

Bioinformatics analysis: Ensemble classification and cross-validation
analysis

GATA3 gene was identified as being differentially expressed between ER-
positive and ER negative cases by applying an ensemble sample classification
method to the gene microarray data (see General Material and Methods

chapter).

3.4.2.2 GATAS3 protein expression study

Breast cancer tissue microarrays were prepared and immunohistochemical
staining of the sections was performed according to the Streptavidin-Biotin
complex using as described in the general material and methods. GATA3
(HG3-31) mouse monoclonal antibody raised against human recombinant
GATAS3 (Santa Cruz Biotechnology, Inc., CA, USA) was used at an optimised
working dilution of 1:80. To unmask the antigens, the sections were

microwaved in Tris EDTA buffer pH 8.5 for 20 minutes.

99



Chapter 3

Negative controls were obtained by omitting the primary antibody. Breast
cancers sections were used as positive controls.
The xtile program was used to categorise the cases into high and low

expression (= 60 H-score).

3.4.3 GATAS3 expression results

3.4.3.1 Identification of GATA3 gene as a candidate luminal

marker

Novel genes associated with ER-positive luminal phenotype using the
ensemble cross- validation analysis

The GATA3 gene was selected among the significantly differentially expressed
genes in every cycle of a leave-one-out external cross-validation analysis. The
prediction models obtained from this procedure distinguished the luminal from
the non-luminal samples with an average accuracy of 88.3% (sensitivity:
95.2%, specificity: 75.0%).

Very similar results were obtained in a 10-fold cross-validation analysis, which
was conducted for further verification (average accuracy: 89%, sensitivity:
95.2%, specificity: 77.3%). Table 3.7 shows the 30 genes identified. GATA3
gene expression was significantly associated with luminal cases (p<0.001) (Fig

3.7).
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GATA3

Figure 3.7: Boxplot of GATA3
gene  normalised  expression
values in luminal and non-luminal

samples
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3.4.3.2 GATA3 immunohistochemical results

Evaluation of GATA3 protein expression in invasive breast cancer showed that
the immunoreactivity was localised to the nuclei of invasive tumour cells with
homogenous distribution (Fig 3.8) and was strongly expressed in the nuclei of
luminal cells of normal breast acini. Of the whole series, 1,045 informative
cases for GATA3 expression were available for assessment. In the whole
series, 25% of cases were positive for GATA3 protein expression and 33.3% of
cases were positive in ER-positive cohort. About 98% of GATA3 positive

cases were also ER positive.
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Figure 3.8: GATA3 expression in breast cancer

(A) Strong nuclear expression in grade 2 ductal carcinoma (x100)
(B) Negative expression in grade 3 invasive ductal carcinoma (x100)
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3.4.33 Correlation between GATA3 expression and other

clinicopathological variables

In the whole series, high GATA3 expression was positively associated with
tumours of small size (p=0.002), low tumour grade (»<0.001), low mitotic
counts (p<0.001), and good NPI group (p<0.001). GATA3 expression was
associated with tumours that were less likely to develop DM (p=0.004) and
showed a high expression in tubular and tubular mixed tumour types. In
contrast, the expression was completely negative in medullary cancer
(p<0.001) (Table 3.12).

In the ER-positive luminal cohort, GATA3 expression showed similar
significant associations with tumour grade (p<0.001), NPI (p<0.001), DM

(p=0.023), and mitosis (p<0.001) (Table 3.13).

3.4.3.1 Correlation between GATA3 and other biomarkers

In the whole patient series, GATA3 expression was positively associated with
markers of good prognosis and luminal differentiation including ER (p<0.001),
PgR (p<0.001), luminal CKs, E-cadherin, and the ER-related gene FOXAI
(p<0.001), androgen receptor (AR) (p<0.001), p27 (p<0.001) and Bcl-2. In
contrast, GATA3 expression was inversely associated with the expression of
basal CKs, Ki67 (MIB1) (p<0.001), p53 (p<0.001) and HER2 (Table 3.14).

In the ER-positive luminal-like group, GATA3 expression showed significant
positive associations with PgR, p27 and FOXALI. In contrast, it was inversely

associated with MIB1 expression (Table 3.15).
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Table 3.12: Relation of GATA3 expression to other clinicopathological

variables in the whole series

GATAZ3 expression
Low High Total N
Variable I p-value
Patients’ age 2411 0.492
<40 62(76.5) 19(23.5) 81
40-50 220(73.1) 81(26.9) 301
51-60 266(78.2) 74(21.8) 340
>60 240(75) 80(25) 320
Tumour size 10.039 0.002
<l.5cm 361(71.2) 146(28.8) 507
>1.5 ¢cm 423(79.7) 108(20.3) 531
Lymph node stage 3.656 0.161
1(Negative) 467(73.5) 168(26.5) 635
2(1-3 LN) 240(78.2) 67(21.8) 307
3(>3 LN) 77(80.2) 19(19.8) 96
Tumour Grade 118.2 <0.001
| 97(60.2) 64(39.8) 161
2 194(59.9) 130(40.1) 324
3 493(89.2) 60(10.8) 553
NPI 64.783 <0.001
Good 160(58.4) 114(41.6) 274
Moderate 467(79.7) 119(20.3) 586
Poor 158(88.3) 21(11.7) 179
DM 8.329 0.004
No 517(72.9) 192(27.1) 709
Positive 264(81.2) 61(18.8) 325
Recurrence 2.825 0.107
No 424(73.4) 154(26.6) 578
Positive 346(77.9) 98(22.1) 444
\4! 11.673 0.003
No 417(74.1) 146(25.9) 563
Probable 85(67.5) 41(32.5) 126
Definite 281(81.4) 64(18.6) 345
Histologic tumour type 61.832 <0.001
Ductal/NST 520(82.3) 112(17.7) 632
Lobular 53(58.9) 37(41.1) 90
Tubttlar...;and.... Tubular | jomegary |-t yora5isy | -fo7
mixed
Medullary 28(100) 0(0) 28
Other special types* 8(47.1) 9(52.9) 17
Mixed** 40(67.8) 19(32.2) 59
Mitosis 118.3 <0.001
1 183(57.2) 137(42.8) 320
2 137(71) 56(29) 193
3 445(90.1) 49(9.9) 494

*Includes Mucoid, invasive cribriform and invasive papillary carcinoma,

Include ductal/NST mixed with lobular or special type

* %k
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Table 3.13: Relation of GATA3 expression to other biomarkers in the ER-

positive cohort

GATAS3 expression
Variable Low High Total ¥ | p-value
Patients’ age 10.816 0130
<40 21(52.5) 19(47.5) 40
40-50 108(60) 72(40) 180
51-60 150(69.4) 66(30.6) 216
>60 173(71.8) 68(28.2) 68
Tumour size 2.234 0.142
<l.5cm 228(64 128(36) 356
>1.5 cm 223(69.5) 98(30.5) 321
Lymph node stage 5.034 0.081
1(Negative) 258(63.2) 150(36.8) 408
2(1-3 LN) 153(71.8) 60(28.2) 213
3(>3 LN) 38(70.4) 16(29.6) 54
Tumour Grade 35.505 | <0.001
1 84(61.3) 53(38.7) 137
2 158(56.6) 121(43.4) 276
3 209(80.1) 52(19.9) 261
NPI 18.393 | <0.001
Good 134(57.5) 99(42.5) 233
Moderate 241(68.9) 109(31.1) 350
Poor 77(81.1) 18(18.9) 95
DM 5.386 0.023
No 309(64.1) 173(35.9) 482
Positive 141(73.4) 51(26.6) 192
Recurrence 1.601 0.213
No 254(64.6) 139(35.4) 393
Positive 192(69.3) 85(30.7) 277
VI 8.274 0.016
No 229(64.1) 128(35.9) 357
Probable 56(59.6) 38(40.4) 94
Definite 166(73.8) 59(26.2) 225
Histologic tumour type 12.869 0.045
Ductal/NST 256(71.1) 104(28.9) 360
Lobular 48(61.5) 30(38.5) 78
Tubulae.: and ™ Tubdllar " yosteami | . 63G373) 4| 160
mixed
Medullary 4(100) 0(0) 4
Other special types 4(36.4) 7(63.6) 11
Mixed 31(62) 19(38) 50
Mitosis 34.955 | <0.001
| 156(55.7) 124(44.3) 280
2 103(66.5) 52(33.5) 155
3 180(80.7) 43(19.3) 223
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Table 3.14: Relation of GATA3 expression to other biomarkers in the whole
series

GATAZ3 expression

Variable Low High Total 4 p-value
CK5/6 18.776 <0.001
Negative 601(72.9) 223(27.1) 824
Positive 158(88.3) 21(11.7) 179
CKl14 8.113 0.003
Negative 647(74.6) 220(25.4) 867
Positive 107(86.3) 17(13.7) 124
CK18 37.064 <0.001
Negative 140(95.9) 6(4.1) 146
Positive 570(72.5) 216(27.5) 786
CK19 12.205 <0.001
Negative 100(89.3) 12(10.7) 112
Positive 663(74.3) 229(25.7) 892
ER 110.5 <0.001
Negative 294(97.7) 7(2.3) 301
Positive 452(66.7) 226(33.3) 678
PgR 69.659 <0.001
Negative 394(88.3) 52(11.7) 446
Positive 348(65.4) 184(34.6) 532
AR 63.081 <0.001
Negative 328(90.1) 36(9.9) 364
Positive 383(67.4) 185(32.6) 568

53 18.495 <0.001
Negative 499(72.4) 190(27.6) 689
Positive 248(85.2) 43(14.8) 291
MIBI 22.539 <0.001
low 134(62.3) 81(37.7) 215
High 475(78.8) 128(21.2) 603
P-cadherin 24.698 <0.001
Negative 256(68.1) 124(31.9) 389
Positive 379(82.8) 79(17.2) 458
E-cadherin 5.690 <0.001
Negative 293(80.7) 70(19.3) 363
Positive 459(74) 161(26) 620
HER2 14.457 <0.001
Negative 635(74.4) 219(25.6) 845
Positive 128(88.9) 16(11.1) 144
p27 33.667 <0.001
Negative 321(87.7) 45(12.3) 366
Positive 243(70) 104(30) 347
EGFR 4.194 0.041
Negative 527(74.5) 180(25.5) 707
Positive 141(82) 31(18) 172
Bcel-2 47.111 <0.001
Negative 276(89) 34(11) 310
Positive 315(67.7) 151(32.4) 466
FOXAl1 67.218 <0.001
Negative 356(89.9) 40(10.1) 396
Positive 218(64.9) 118(35.1) 336
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Table 3.15: Relation of GATA3 expression to other biomarkers in the ER-

positive cohort

GATAZ3 expression

Low High Total
Variable i p-value
CK5/6 0.142 0.756
Negative 411(66.6) 206(33.4) 617
Positive 32(64) 18(36) 50
CK14 0.017 1.000
Negative 409(67) 201(33) 610
Positive 36(67.9) 17(32.1) 53
CKI18 3.701 0.071
Negative 25(83.3) 5(16.7) 30
Positive 404(66.4) 204(33.6) 608
CKI19 0.843 0.398
Negative 30(73.2) 11(26.8) 41
Positive 419(66.2) 214(33.8) 633
PgR 4.154 0.046
Negative 121(72.9) 45(27.1) 166
Positive 322(64.3) 179(35.7) 501
AR 10.888 0.001
Negative 121(78.1) 34(21.9) 155
Positive 308(63.8) 175(36.2) 483
pS3 0.012 1.000
Negative 363(67) 179(33) 542
Positive 83(67.5) 40(32.5) 123
MIBI 9.138 0.003
Low 98(56.3) 76(43.7) 174
High 258(69.5) 113(30.5) 371
P-cadherin 0.241 0.654
Negative 228(65.7) 119(34.3) 347
Positive 157(67.7) 75(32.3) 323
E-cadherin 3.504 0.068
Negative 163(71.8) 64(28.2) 227
Positive 283(64.6) 155(35.4) 438
HER2 4.856 0.030
Negative 396(66) 204(34) 600
Positive 48(80) 12(20) 60
p27 6.720 0.011
Negative 143(78.6) 39(21.4) 182
Positive 191(67.5) 92(32.5) 283
EGFR 0.044 0.902
Negative 344(66.7) 172(33.3) 516
Positive 59(67.7) 28(32.2) 87
Bcl-2 6.373 0.014
Negative 92(76.7) 28(23.3) 120
Positive 256(64.3) 142(35.7) 398
FOXA1 30.612 <0.001
Negative 181(82.6) 38(17.4) 219
Positive 157(59.5) 107(40.5) 264
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3.4.3.2 Correlation between GATA3 expression and patient

outcome

(A) Univariate analysis
Breast cancer patients with strong GATA3 expression showed a significantly
longer BCSS (LR=16.329, p<0.001) (Fig 3.9A) and longer DMFI (LR=13.067,
p<0.001) (Fig 3.9B).
Similar associations were found in the ER-positive luminal group in terms of
BCSS (LR=10.149, p=0.001; Fig 3.10A) and DMFI (LR=7.153, p=0.007; Fig

3.10B).
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Figure 3.9: Kaplan Meier plots of GATA3 expression in the whole series

in relation to (A) BCSS and (B) DMFI
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Figure 3.10: Kaplan Meier plots of GATA3 expression in ER-positive

luminal-like cohort in relation to (A) BCSS and (B) DMFI

According to systemic therapy groups

The association with longer BCSS was also confirmed in the group of patients
that did not receive systemic therapy (n=352) (LR=13.498, p<0.001) (Fig
3.11). In ER-positive tamoxifen-only treated patients, high GATA3 expression

indicated a trend of better response to tamoxifen monotherapy (LR=2.546,

p=0.111).
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Figure 3.11: Kaplan Meier plot of GATA3 expression in untreated patient

group in relation to BCSS

(B) Multivariate analysis
BCSS
Multivariate Cox regression analyses including tumour size, tumour grade,
lymph node stage and systemic therapy groups showed that GATA3 expression
was an independent prognostic marker for longer BCSS in the whole series
(HR=0.665, p=0.030, 95% CI =0.459-0.762) and with border-line significance
in the ER-positive luminal-like cohort (HR =0.666, p=0.056, 95% CI =0.439-

1.010) (Table 3.16).
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Table 3.16: COX analysis model of GATA3 protein expression, tumour grade,

LN stage, tumour size and adjuvant therapies in the ER-positive cohort

Variable p value HR 95 % CI

Lower Upper
GATA3 expression 0.056 0.666 0.439 1.010
Endocrine Therapy 0.120 0.697 0.443 1.099
Chemotherapy 0.213 0.695 0.392 1.233
Tumour size <0.001 2.272 1.562 3.304
Tumour stage (2) vs. (1) <0.001 2.246 1.484 3.400
Tumour stage (3) vs. (1) <0.001 3.407 1.980 5.864
Tumour grade (2) vs. (1) 0.037 1.883 1.037 3.418
Tumour grade(3) vs. (1) <0.001 3.436 1.820 6.485
DMFI

Multivariate Cox regression analysis including the same well-established
prognostic variables as above showed that GATA3 expression was an
independent prognostic marker for longer DMFI in the whole series
(HR=0.682, p=0.028, 95% CI =0.484-0.960) but not in the ER-positive

luminal-like cohort (HR =0.715, p =0.085, 95% CI =0.488-1.047).
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3.5 XBP1

3.5.1 Introduction

Human X box-binding protein 1 (XBP-1) was originally identified as a protein
binding to the cis-acting X box which presents in the promoter regions of target
genes (Lacroix and Leclercq, 2004). Gene expression profiling of breast cancer
tissue has previously shown an association between ER and XBP-1 expression
because of its association with Luminal A breast cancer (Sorlie et al., 2001).
XBPI is stimulated by endoplasmic reticulum stress as part of the unfolded
protein response (UPR). UPR is a cellular stress response related to the
endoplasmic reticulum. If the stress is weak, this pathway acts in a protective
manner, while if the stress is strong, it will induce apoptosis. Over-expression
of the UPR may also be clinically important because it reduces the effect of
certain types of chemotherapy, such as doxorubicin (Scriven et al., 2009).
XBP-1 is a key transcriptional regulator of the UPR that activates genes
involved in protein folding, secretion, and degradation to restore endoplasmic
reticulum function (Hetz et al., 2008, Yoshida et al., 2001).

Romero-Ramirez and co-workers studied the effect of hypoxia on XBP1 in
vitro using mouse embryonic fibroblasts. They showed that hypoxia could
increase XBP1 at the transcriptional level and activated splicing of its mRNA,
resulting in increased levels of XBP1 protein. After exposure to hypoxia, the
XBP1-deficient cells showed increased apoptosis while loss of XBPI
significantly inhibited tumour growth due to a reduced capacity of the tumour

cells to survive in a hypoxic microenvironment. They concluded that, XBP1 is
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an essential survival factor for hypoxic stress and tumour growth which could
be targeted therapeutically to eliminate hypoxia and inhibit tumour
proliferation (Romero-Ramirez et al., 2004).

The unfolded protein response as regulated by XBP1 and GRP78 was
associated with a more favourable course of the disease of acute myeloid
leukaemia (Schardt et al., 2009).

The oestrogenic stimulation was sufficient to induce downstream regulators of
UPR activation such as XBP1 (Rzymski and Harris, 2007) and this may
explain why XBP1 is identified as a Luminal A marker in the gene expression
studies (Sorlie et al., 2001). Previously, oestrogen stimulation has also induced
XBP1 overexpression on western blotting analysis study (Scriven et al., 2009).
In another study, the XBP1 mRNA expression in ER-positive breast cancers
was 2.7 fold as much as that in ER negative breast cancers (Bertucci et al.,
2000).

Since the XBP1 mRNA expression pattern is correlated with ER and
upregulated in the luminal subset of breast cancers (West et al., 2001, Sorlie et
al.,, 2001), it may play an important role in luminal ER breast cancer growth
and represent a new target for therapeutic intervention.

Because of the importance of ER signalling in the regulation of breast cancer
development and progression, the potential role of XBP1 in the ER-positive

breast cancer biology and subclassification was investigated
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3.5.2 Material and Methods

Tissue microarrays were prepared and the immunohistochemical staining and
optimization was performed using the streptavidin-biotin complex method
using DakoCytomation Techmate 500 plus (DakoCytomation, Cambridge, UK)
(general material and methods chapter). To unmask the antigens, the sections
were microwaved in Tris EDTA buffer pH 8.5 for 23 minutes. Rabbit
polyclonal XBP1 antibody (NB100-80861, Novus Biologicals Inc., Littleton,
CO, USA) was optimized at a working dilution of 0.5u/ml using full-face
sections and TMAs to assess the staining distribution.

Negative controls were performed by omitting the primary antibody and
substitution with diluent. Positive breast cancer cases were used as positive
controls. Scoring was performed using a web-based interface (Distiller;
Slidepath Ltd, Dublin, Ireland) using the intensity of the cytoplasmic staining.

For the intensity, a score of 0, 1, 2 and 3 was used.

3.5.3 XBPI1 immunohistochemical results

XBP1 was detected in the cytoplasm of the malignant breast cancer cells.
After excluding the uninformative TMA cores from the study, 1111 tumours
were available for XBP1 assessment. In the whole series, 10.3% of cases were
negative for XBP1 protein expression, 38% showed weak expression, 36.9%
showed moderate expression and 14.8% had a strong expression. In the ER-
positive cohort (n=760), 9.1% of tumours were negative, 39.2% showed weak
expression, 36.7% showed moderate expression and 15% were strongly

positive (Fig 3.12A&B). Patients with strong XBP1 expression showed a
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shorter survival in comparison to other groups in the ER-positive cohort,
subsequently, the data was categorised into two groups of strong expression

versus the others.

Figure 3.12: XBP1 strong cytoplasmic expression in grade 2 ductal cancer

A) Low magnification (x100) B) High magnification (x200)
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3.5.3.1 Correlation between XBP1 expression and other

clinicopathological variables

In the whole series, XBP1 expression was associated with younger age
(»=0.002) and premenopausal status (p<0.001) as summarised in (Table 3.17).
In the ER-positive cohort, strong XBP1 expression was associated with
younger age, premenopausal status, development of distant metastasis (DM)

(p=0.001) and tumour recurrence (Table 3.18).
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Table 3.17: Relation of XBP1 expression to other clinicopathological variables

in the whole series

XBP1 expression
Variable Low High Total e p-value
Patients’ age 15.284 | 0.002
<40 63(84) 12(16) 75
40-50 253(79.3) 66(20.7) 319
51-60 312(86.2) 50 (13.8) 362
>60 319(89.9) 36(10.1) 355
Tumour size 2.987 0.087
<l.5cm 319(87.9) 44(12.1) 363
>1.5 cm 628(84) 120(16) 748
Lymph node stage 5.087 0.079
1(Negative) 584(86.6) 90(13.4) 674
2(1-3 LN) 276(84.4) 51(15.6) 327
3(>3 LN) 84(78.5) 23(21.5) 107
Tumour Grade 3.055 0.217
| 158(85.5) 27(14.6) 185
2 327(87.7) 46(12.3) 373
3 461(83.5) 91(16.5) 552
NPI 5.725 0.057
Good 273(88.1) 37(11.9) 310
Moderate 524(85.3) 90(14.7) 614
Poor 150(80.2) 37(19.8) 187
DM 3.629 0.063
No 662(86.9) 100(13.1) 762
Positive 278(82.5) 59(17.5) 337
Recurrence 4.236 0.046
No 546(87.2) 80(12.8) 626
Positive 384(82.8) 80(17.2) 464
VI 5.010 0.082
No 533(86) 87(14) 620
Probable 115(89.8) 13(10.2) 128
Definite 296(82.2 64(17.8) 360
Histologic  tumour 7.768 0.169
type
Ductal/NST 544(84.1) 103(15.9) 647
Lobular 111(92.5) 9(7.5) 120
Tubular and Tubular | 199465y | 31013.5) | 130
mixed
Medullary 25(80.6) 6(19.4) 31
Other special types 13(76.5) 4(23.5) 17
Mixed 55(83.3) 11(16.7) 66
Mitosis 5.196 0.074
| 332(88.1) 45(11.9) 377
2 167(87.4) 24(12.6) 191
3 419(83) 86(17) 505
Menopausal status 14.728 | <0.001
Premenopausal 336(80) 84(20) 420
Postmenopausal 611(88.4) 80(11.6) 691
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Table 3.18: Relation of XBPlexpression to other biomarkers in the ER-

positive cohort of patient

XBP1 expression
Low High Total N
Variable b p-value
Patients’ age 12.976 0.005
<40 25(75.8) 8(24.2) 33
40-50 162(78.6) 44(21.4) 206
51-60 162(87.2) 32(12.8) 250
>60 241(88.9) 30(11.1) 271
Tumour size 3.147 0.089
<1.5cm 237(88.1) 32(11.9) 269
>1.5cm 409(83.3) 82(16.7) 491
Lymph node stage 4.836 0.089
1(Negative) 394(86.4) 62(13.6) 456
2(1-3 LN) 203(84.6) 37(15.4) 240
3(>3 LN) 47(75.8) 15(24.2) 62
Tumour Grade 3.078 0.215
1 139(85.3) 24(14.7) 163
2 287(87.2) 42(12.8) 329
3 220(82.1) 48(17.9) 268
NPI 3.946 0.139
Poor 239(87.9) 33(12.1) 272
Moderate 323(84.3) 60(15.7) 383
Good 84(80) 21(20) 105
DM 11.412 0.001
No 473(87.9) 65(12.1) 538
Positive 169 (78.2) | 47(21.8) 216
Recurrence 13.474 <0.001
No 393(88.9) 49(11.1) 442
Positive 243(79.2) 64(20.8) 307
Vi 3.907 0.142
No 354(86.1) 57(13.9) 411
Probable 93(88.6) 12(11.4) 105
Definite 197(81.4) 45(18.6) 242
Histologic type 8.180 0.147
Ductal/NST 311(83.4) 62(16.6) 373
Lobular 100(91.7) 9(8.3) 109
Tubular 173(86.1) 28(13.9) 201
Medullary 4(100) 0(0) 4
Other special types 10(71.4) 4(28.6) 14
Mixed 48(81.4) 11 (18.6) 18.6
Mitosis 4.673 0.097
1 295(88.1) 40(11.9) 335
2 134(85.4) 23(14.6) 157
3 195(81.6) 44(18.4) 239
Menopausal status 14.860 <0.001
Premenopausal 198(78) 56(22) 254
Postmenopausal 448(88.5) 58(11.5) 506
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3.5.3.2 Correlation between XBP1 expression and other

biomarkers

In the whole series, XBP1 was associated with the expression of C-MYC, and
p53 (p<0.001). The tables summarise the correlations. We did not find
significant correlation between XBP1 and ER or luminal CKs (Table 3.19).

In the ER-positive luminal-like cohort, XBP1 was associated with the

expression of p53 (p<0.001) (Table 3.20).
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Table 3.19: Relation of XBP1 expression to other biomarkers in the whole

series of breast cancer patients

XBP1 Expression

Variable Low High Total i p-value
CK5/6
Negative 766(85.5) 130(14.5) 896 0.244 0.647
Positive 153(84.1) 29(15.9) 182
CKl14
Negative 780(84.9) 139(15.1) 919 0.298 0.698
Positive 117(86.7) 18(13.3) 135
CKI18
Negative 109(82.6) 23(17.4) 132 0.919 0.355
Positive 734(85.7) 122(14.3) 856
CK19
Negative 82(87.2) 12(12.8) 94 0.335 0.650
Positive 834(85) 147(15) 981
ER
Negative 250(85) 44(15) 294 0.001 1.000
Positive 646(85) 114(15) 760

| PgR
Negative 399(85.4) 68(14.6) 467 0.070 0.861
Positive 493(84.9) 88(15.1) 581
p53
Negative 678(87.7) 95(12.3) 773 14.497 <0.001
Positive 220(78.3) 61(21.7) 281
AR
Negative 309(84) 59(16) 368 1.000 0.352
Positive 541(86.3) 86(13.7) 627
MIB1
Low 212(86.5) 33(13.5) 245 1.162 0.299
High 514(83.6) 101(16.4) 615
P-cadherin
Negative 339(84.5) 62(15.5) 401 0.116 0.777
Positive 414(85.4) 71(14.6) 585
E-cadherin
Negative 359(87.1) 53(12.9) 412 1.562 0.244
Positive 539(84.4) 100(15.6) 639
HER2
Negative 790(85.5) 134(14.5) 924 0.049 0.797
Positive 117(84.8) 21(15.2) 138
C-MYC
Negative 117(92.9) 9(7.1) 126
Low 294(89.4) 35(10.6) 329 37.951 <0.001
Moderate 287(84.9 51(15.1) 51
High 118(70.7) 49(29.3) 167
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Table 3.20: Relation of XBP1 expression to other biomarkers in the ER-

positive cohort

XBP1 Expression
Variable Low High Total e p-value
CK5/6
Negative 588(84.8) 105(15.2) 693 0.235 0.844
Positive 48(87.3) 7(12.7) 55
CK14
Negative 574(84.8) 103(15.2) 677 0.355 0.700
Positive 50(87.7) 7(12.3) 57
CK18
Negative 25(89.3) 3(10.7) 28 0.361 0.785
Positive 581(85.2) 101(14.8) 682
CK19
Negative 33(91.7) 3(8.3) 36 1.284 0.341
Positive 607(84.8) 109(15.2) 716
PgR
Negative 164(86.8) 25(13.2) 189 0.605 0.481
Positive 472(84.4) 87(15.6) 559
AR
Negative 146(86.4) 23(13.6) 169 0.114 0.802
Positive 460(85.3) 79(14.7) 539
p53
Negative 538(87.6) 76(12.4) 614 15.754 <0.001
Positive 101(74.3) 35(25.7) 136
MIBI
Low 175(85.8) 29(14.2) 204 0416 0.552
High 325(83.8) 63(16.2) 388
P-cadherin
Negative 310(84.5) 57(15.5) 367 0.366 0.576
Positive 237(86.2) 38(13.8) 275
E-cadherin
Negative 249(87.4) 36(12.6) 285 1.521 0.243
Positive 391(84.1) 74(15.9) 465
HER2
Negative 587(85.7) 98(14.3) 685 2.989 0.119
Positive 44(77.2) 13(22.8) 57
C-MYC
Negative 75(91.5) 7(8.5) 82
Low 197(87.9) 27(12.1) 224 9.960 0.019
Moderate 206(84.4) 38(15.6) 244
Strong 79(76.7) 96(14.7) 103

121




Chapter 3

3.5.3.3 Correlation between XBP1 expression and patient outcome

In whole series, XBP1 strong cytoplasmic expression was not associated with
patients” survival. In the ER-positive cohort, XBP1 strong cytoplasmic
intensity was associated with shorter breast cancer specific survival (BCSS)
(»=0.012) (Fig 3.13A) and shorter distant metastasis free interval (DMFI)
(»=0.008) (Fig 3.13B). In ER-positive cohort, multivariate analysis of XBP1
expression, tumour size, tumour grade and lymph node stage showed that
XBP1 was not an independent prognostic factor in relation to BCSS
(HR=1.277, p=0.186, 95%CI=0.889-1.835) and DMFI (HR=1.261, p=0.181,

95%CI1=0.898-1.772)
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Figure 3.13: Kaplan Meier plots of XBP1 protein expression in ER-positive

luminal-like cohort in relation to (A) BCSS (B) DMFI
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3.6 TFF1

3.6.1 Introduction

Trefoil factor-1 (TFF1), also known as pS2, belongs to the family of TFFs that
share a characteristic three loop structure named trefoil or P domain. The
human TFF1 protein is predominantly expressed in the surface epithelial cells
of the gastric mucosa and usually increases during mucosal inflammation.
Functionally, TFF1 is a secreted protein that stabilizes the mucous gel
overlying the gastrointestinal mucosa to provide a physical barrier against
various irritating agents (Ioachim et al., 2003).

TFF1 protein expression is induced by oestrogen through oestrogen receptors
(ER), and is known to be inhibited by antiestrogen in the MCF-7 breast cancer
cell line. TFF1 has been reported to be correlated with hormonal status. Its
value, either at the protein level or at mRNA level, has been the subject of
many studies with variable results (Ribieras et al., 1998). The most commonly
used methods for measuring expression of this protein are
immunohistochemical staining on paraffin-embedded tumour sections and
radioimmunoassay on breast tumour (Ioachim et al, 2003). West and
colleagues reported that this gene characterizes the Luminal A subclass of
breast cancer (West et al., 2001).

Although it is associated with ER-positive status, a recent study by has

suggested a potential oncogenic role of TFF1 (Amiry et al., 2009).
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3.6.2 Material and Methods

Tissue microarrays were prepared and the immunohistochemical staining was
performed using the streptavidin-biotin complex method using
DakoCytomation Techmate 500 plus (DakoCytomation, Cambridge, UK)
(general material and methods chapter). To unmask the antigens, the sections
were microwaved in citrate buffer pH 6 for 23 minutes.

Mouse monoclonal TFF1 antibody (Ab17829, Abcam, UK) was optimized at a
working dilution of 1:2000 using full-face sections and TMAs of breast cancer
tissue and normal stomach to assess the heterogeneity and staining distribution.
Negative controls were performed by omitting the primary antibody and
substitution with diluent. Stomach tissue sections were used as positive
controls. The median value of the H-score values (H score 2100) was used to

categorize the data.

3.6.3 TFF1 immunohistochemical results
Of the whole series, 1056 cores were available for assessment. The pattern of

expression was cytoplasmic (Fig 3.14).
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Figure 3.14: TFF1 expression in breast cancer

Grade 2 ductal carcinoma with positive TFF1 cytoplasmic expression (x100)

3.6.3.1 Correlation between TFF1 expression and other

clinicopathological variables

The relationship with cytoplasmic expression of the TFF1 and the various
clinicopathological parameters showed a significant negative correlation with
the tumour grade being more positive in low grade tumours (p<0.001).
Non-significant correlations were found between TFF1 expression and the
other pathological parameters including age, tumour size, lymph node stage,
distant metastasis and local recurrence.

No associations were found between TFF1 protein expression and the other

clinicopathological variables in the ER-positive cohort (Table 3.21).
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3.6.3.1 Correlation between TFF1 expression and other

biomarkers

In the whole patient series, we found significant positive associations between
TFF1 protein expression and ER, PgR, CK18 and CK19 expression, but not
with other biomarkers (Table 3.22). Theses associations were not found in the

ER-positive cohort.

3.6.3.1 Correlation between TFF1 expression and patient outcome
In the whole series, no significant association between TFF1 expression and
BCSS (LR=1.101, p=0.294) was found (Fig 3.15). In the ER-positive patient
cohort, we also found no significant association between TFF1 expression and

BCSS (LR=0.469, p=0.493) (Fig 3.16) or DMFI (LR=2.422, p=0.120).
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Table 3.21: Relation of TFF1 immunostaining to other clinicopathological

variables in the ER-positive cohort

TFF1 expression
Variable Negative Positive Total r p-value
Patients’ age 4.083 0.253
<40 17(47.2) 19(52.8) 36
40-50 79(39.9) 119(60.1) 198
51-60 109(46.8) 124(53.2) 233
>60 115((49.4) 118(50.6) 233
Tumour size 0.006 0.940
<2 cm 168(45.8) | 199(54.2) 367
>2 cm 151(45.5) 181(54.5) 332
Lymph node stage 0.195 0.907
1(Negative) 194(46.3) 225(53.7) 419
2(1-3 LN) 98(44.5) 122(55.5) 220
3(>3 LN) 26(44.8) 32(55.2) 58
Tumour Grade 5.706 0.058
1 73(44.2) 92(55.8) 165
2 115(41.2) 164(58.8) 279
3 131(51.4) 124(48.6) 255
NPI 0.497 0.780
Poor 50(48.5) 53(51.5) 103
Moderate 158(45.8) 187(54.2) 345
Good 112(44.4) 140(55.6) 252
DM 2.406 0.131
No 235(47.8) 257(52.2) 492
Positive 83(41.3) 118(58.7) 201
Recurrence 2.944 0.089
No 192(48.1) 207(51.9) 399
Positive 120(41.5) 169(58.5) 289
VI 1.880 0.391
No 171)43.6) 221(56.4) 392
Probable 42(47.2) 47(52.8) 89
Definite 106(49.3) 109(50.7) 215
Histologic tumour type 5.183 0.521
Ductal/NST 167(48.8) 175(51.2) 342
Lobular 37(42.5) 50(57.5) 87
Tubular  and  Tubular | - g1459y | 111(57.8) | 192
mixed
Medullary 1(20) 4(80) 5
Other special types* 8(53.3) 7(46.7) 15
Mixed** 25(46.3) 29(53.7) 54
Mitosis 2.716 0.257
1 126(42.6) 170(57.4) 296
2 73(50) 73(50) 146
3 109(48) 118(52) 227
Menopausal status 1.022 0.341
Premenopausal 107(43.1) 141(56.9) 248
Postmenopausal 213(47.1) 239(52.9) 452

*Includes Mucoid, invasive cribriform and invasive papillary carcinoma, **
Include ductal/NST mixed with lobular or special type
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Table 3.22: Relation of the TFF1 expression to other biomarkers in the whole

series

TFF1 expression
Variable Negative | Positive | Total e p-value
CK5/6 0.002 1.000
Negative 409(49.8) | 412(50.2) 821
Positive 93(50) 93(50) 186
CK14 1.545 0.243
Negative 429(50.4) | 422(49.6) | 851
Positive 65(44.8) | 80(55.2) 145
CKI18 9.790 0.002
Negative 84(64.1) 47(35.9) 131
Positive 387(49.4) | 397(50.6) 784
CK19 6.773 0.010
Negative 55(62.5) | 33(37.5) 88
Positive 439(48) 476(52) 915
ER 15.749 <0.001
Negative 164(59.9) | 110(40.1) | 274
Positive 320(45.7) | 380(54.3) [ 700
PgR 7.287 0.008
Negative 240(54.5) | 200(45.5) 440
Positive 242(45.8) | 286(54.2) 528
AR 4.360 0.043
Negative 195(54.8) | 161(45.2) 356
Positive 273(47.7) | 299(52.3) 572
pS3 1.944 0.170
Negative 346(48.6) | 366(51.4) 712
Positive 140(53.6) | 121(46.4) 261
BRCALI 3.264 0.072
Negative 79(59.4) | 54(40.6) 133
Weak 338(50.8) | 327(49.2) 665
MIBI 0.163 0.696
Low 117(50.9) | 113(49.1) | 230
High 277(49.3) | 285(50.7) | 562
P-cadherin 4913 0.058
Negative 202(56.7) | 154(43.3) 356
Positive 220(48.9) | 230(51.1) 450
E-cadherin 1.206 0.295
Negative 205(52.3) | 187(47.7) 392
Positive 282(48.7) | 297(51.3) | 579
HER2 0.383 0.581
Negative 428(50.3) | 423(49.7) 851
Positive 65(47.4) (52.6) 137
EGFR 0.509 0.485
Negative 357(52.5) | 323(47.5) 680
Positive 80(49.4) | 82(50.6) 162
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TFF3

3.6.4 Introduction

Trefoil factors (TFF1/pS2, TFF2/SP and TFF3/ITF) are soluble peptides with
trefoil domain(s) and C-terminal dimerization domain involved in protection
and healing of the human gastrointestinal tract (May and Westley, 1997). In
particular, TFF3 plays a key role in mucosal protection, and also in mucosal
repair after injury. They have effects on cell motility and spreading in vitro
(Poulsom et al., 1997). Previous studies have demonstrated that oestradiol
treatment increased TFF3 expression up to ten-fold in the oestrogen-responsive
breast cancer cell lines, confirming that TFF3 is regulated by oestrogen in
breast cancer cells (May and Westley, 1997).

TFF3 may affect the metastatic potential of tumour cells (May and Westley,
1997) mediated by interaction with E-cadherin, B-catenin, and associated
proteins (Efstathiou et al., 1998). In vivo animal study has shown that both
endogenous and constitutive expression of TFF3 correlates with an aggressive
phenotype (Yio et al., 2005).

Blocking the expression of TFF3 inhibited the growth of gastric cancer cells
and enhanced the response to chemotherapy (Chan et al., 2005).

In breast cancer, TFF3 is expressed by breast cancer cell lines and tumours,
and the expression level was reported to be higher in ER-positive cells (May
and Westley, 1997). This was confirmed recently in gene expression studies
which have repeatedly reported TFF3 as a gene that characterises the Luminal
A subtype. Our analysis of the Cambridge gene expression data has

demonstrated that TFF3 gene shows a wide variation in the normalised
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expression intensity values within the ER positive group implying an important
role in the phenotypic characterisation of the ER-positive breast cancer.

The value of TFF3 protein as a prognostic biomarker in defining breast cancer
phenotypes remains undetermined especially in ER-positive subtype.

3.6.5 Material and Methods

Tissue microarrays were prepared and the immunohistochemical staining was
performed using the streptavidin-biotin complex method using
DakoCytomation Techmate 500 plus (DakoCytomation, Cambridge, UK)
(general material and methods chapter). To unmask the antigens, the sections
were microwaved in citrate buffer pH 6 for 23 minutes. Mouse monoclonal
TFF3 antibody (Ab57752, Abcam, UK) was optimised at a working dilution of
3pg/ml. Negative controls were performed by omitting the primary antibody
and substitution with diluent. The H-score (histochemical score) was used for
assessment. The cutoff point was assigned by using the median of H-score
values (H-score 290).

3.6.6 TFF3 immunohistochemical results

The expression of TFF3 was detected in the cytoplasm of the malignant cells
(Fig 3.17A&B) with decreased expression in the normal acini. After excluding
the uninformative TMA cores from the study, 1020 tumours were available for
assessment. In the whole series, 52% of cases were TFF3 positive while in the

ER-positive cohort, 62% of cases were TFF3 positive.
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Figure 3.17: TFF3 expression in breast cancer
(A) TMA core of grade 2 ductal carcinoma with strong TFF3 expression
(x100). (B) TMA core of grade 2 ductal carcinoma with strong TFF3

expression (x200).
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3.6.6.1 Correlation between TFF3 expression and the other

clinicopathological variables

In the whole series, high TFF3 expression was associated with low grade
tumours, good NPI group, low mitotic counts, DM and VI (Table 3.23). In ER-
positive cohort, TFF3 expression retained its association with DM (p=0.007)

(Table 3.25).

3.6.6.1 Correlation between TFF3 expression and the other

biomarkers

On studying the correlation with other biomarkers in the whole series, our
results showed that TFF3 was inversely associated with basal cytokeratins, p53
and EGFR expression. In contrast, TFF3 was positively associated with ER,
PgR, AR, HER2, and Bcl-2 expression (Table 3.24). In ER-positive cohort,
TFF3 expression retained its association with HER2 expression (p=0.001)

(Table 3.26).

3.6.6.1 Correlation between TFF3 expression and patient outcome

In the whole patient series, TFF3 was not significantly related to patient
outcome. In the ER-positive cohort, patients with positive TFF3 expression
showed shorter BCSS (LR=5.895, p=0.015) (Fig 3.18) and DMFI (LR=6.174,
p=0.013) (Fig 3.19). Multivariate Cox regression analysis including tumour
size, tumour grade and lymph node stage revealed that TFF3 was not an
independent prognostic marker of BCSS (HR=1.452, p=0.061, 95%CI=0.986-

1.854) or DMFI (HR=1.340, p=0.053, 95%CI=0.996-1.804).
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Table 3.23: Relation of TFF3 expression to other clinicopathological variables

in the whole series

TFF3 expression
. Negative Positive Total )
Variable p d p-value
Patients’ age 4.528 0.210
<40 44(55.7) 35(44.3) 79
40-50 139(47.3) 155(52.7) 294
51-60 159(49.8) 160(50.2) 319
>60 144(43.9) 184(56.1) 328
Tumour size 1.898 0.175
<1.5 cm 139(44.4) 174(55.6) 313
>1.5 cm 347(49.1) 360(50.9) 707
Lymph node stage 2.826 0.243
1(Negative) 297(48.3) 318(51.7) 615
2(1-3 LN) 150(48.7) 158(51.3) 308
3(>3 LN) 37(39.4) 57(60.6) 94
Tumour Grade 27.492 | <0.001
1 70(42.4) 95(57.6) 165
2 125(37.9) 205(62.1) 330
3 291(55.5) 233(44.5) 524
NPI 12.577 | 0.002
Good 104(38.7) 165(61.3) 269
Moderate 299(51.7) 279(48.3) 578
Poor 83(48) 90(52) 173
DM 7.042 0.008
No 388(50.5) 331(49.5) 669
Positive 144(41.7) 201(58.3) 345
Recurrence 6.702 0.011
No 282(51) 271(49) 553
Positive 193(42.8) 258(57.2) 451
VI 9.560 0.008
No 204(52.1) | 270(47.9) 564
Probable 52(42.3) 71(57.7) 123
Definite 140(42.4) 190(57.6) 330
Histologic tumour type 46.120 | <0.001
Ductal/NST 311(50.8) 301(49.2) 612
Lobular 31(32.3) 65(67.7) 96
Tubular and Tubular mixed 93(44.7) 115(55.3) 208
Medullary 28(90.3) 3(9.7) 31
Other special types 8(53.3) 7(46.7) 15
Mixed 15(25.9) 43(74.1) 58
Mitosis 28.587 | <0.001
1 133(41) 191(59) 324
2 68(38.2) 110(61.8) 178
3 273(57) 206(43) 479
Menopausal status 1.425 0.247
Premenopausal 197(50) 197(50) 394
Postmenopausal 289(46.2) 337(53.8) 626
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Table 3.24: Relation of TFF3 expression to other biomarkers in the whole

series
TFF3 expression

Variable Negative Positive Total x p-value
CK5/6
Negative 351(43.1) 463(56.9) 814 36.441 <0.001
Positive 120(68.2) 56(31.8) 176
CK14
Negative 380(45.5) 455(54.5) 835 9.473 0.002
Positive 78(60) 52(40) 130
CK18
Negative 106(84.1) 20(15.9) 126 80.452 <0.001
Positive 320(41.1) 458(58.9) 778
CK19
Negative 63(72.4) 24(27.6) 87 23.612 <0.001
Positive 409(45.2) 493(54.8) 899
ER
Negative 197(71.1) 80(28.9) 277 86.762 <0.001
Positive 262(38) 427(62) 689
PgR
Negative 252(58.5) 179(41.5) 431 37.947 <0.001
Positive 205(38.5) 327(61.5) 532
AR
Negative 211(59.6) 143(40.4) 354 32.956 <0.001
Positive 223(40.1) 333(59.9) 556
pS3
Negative 311(44.6) | 387(55.4) 698 9.752 0.002
Positive 151(55.7) 120(44.3) 271
Bel-2
Negative 185(58) 134(42) 319 21.299 <0.001
Positive 202(41.4) 286(58. 488
MIBI
Low 89(42.2) 121(57.6) 210 1.876 0.195
High 273(47.9) 297(52.1) 570
P-cadherin
Negative 136(36.9) 233(63.1) 369 25.561 <0.001
Positive 241(54.6) 200(45.4) 441
E-cadherin
Negative 192(50.9) 185(49.1) 377 2.807 0.099
Positive 267(45.4) 231(54.6) 588
HER2
Negative 428(50.4) 421(49.6) 849 21.783 <0.001
Positive 37(28.5) 93(71.5) 130
EGFR
Negative 292(43.3) 383(56.7) 675 15.871 <0.001
Positive 102(60.4) 67(39.6) 169
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Table 3.25: Relation of TFF3 expression to other clinicopathological variables

in the ER-positive cohort

TFF3 expression
Variable Negative Positive Total 1 p-value
Patients’ age 3.016 0.389
<40 12(33.3) 24(66.7) 36
40-50 64(433.7) 126(66.3) 190
51-60 89(41.4) 126(58.6) 215
>60 97(39.1) 151(60.9) 248
Tumour size 0.020 0.934
<l.5cm 87(37.7) 144(62.3) 231
>1.5 cm 175(38.2) 283(61.8) 458
Lymph node stage 3.844 0.146
1(Negative) 154(37.7) 254(62.3) 408
2(1-3 LN) 91(41) 131(59) 222
3(>3 LN) 15(26.8) 41(73.2) 56
Tumour Grade 0.533 0.766
1 59(40.7) 86(59.3) 145
2 107(37.3) 180(62.7) 287
3 96(37.5) 160(62.5) 265
NPI 0.282 0.868
Good 35(35.7) 63(64.3) 98
Moderate 328(38.7) 219(48.3) 357
Poor 89(48) 145(52) 234
DM 7.289 0.007
No 192(41.5) 271(58.5) 463
Positive 69 (30.8) 155(69.2) 224
Recurrence 4.144 0.042
No 156(41.4) 221(58.6) 377
Positive 103(33.8) 202(66.2) 305
VI 4.685 0.096
No 154(41.4) 218(58.6) 372
Probable 38(38.4) 61(61.6) 99
Definite 70(32.4) 146(67.6) 216
Histologic tumour type 8.593 0.126
Ductal/NST 136(38.3) 219(61.7) 355
Lobular 29(32.6) 60(67.4) 89
Tubular and Tubular
i 93(42.8) 103(57.2) 180
Medullary 3(75) 1(25) 4
Other special types* 4(40) 6(60) 10
Mixed** 13(25.5) 38 (74.5) 51
Mitosis 1.468 0.480
1 115(40.1) 172(59.9) 287
2 49(34.3) 94(65.7) 143
3 90(39.5) 138(60.5) 228
Menopausal status 1.800 0.187
Premenopausal 82(34.6) 155(65.4) 237
Postmenopausal 180(39.8) 272(60.2) 452
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Table 3.26: Relation of TFF3 expression to other biomarkers in ER-positive

cohort
TFF3 Expression

Variable Negative | Positive | Total ; p-value
CK5/6
Negative 240(38.3) | 387(61.7) | 627 0.178 0.765
Positive 18(35.3) | 33(64.7) 51
CK14
Negative 233(38.3) | 357(61.7) 608 1.180 0.311
Positive 17(30.9) 38(69.1) 55
CK18
Negative 10(35.7) 18(64.3) 28 0.023 1.000
Positive 228(37.1) | 386(62.9) 614
CK19
Negative 14(41.2) | 20(58.8) 34 0.156 0.719
Positive 245(37.8) | 403(62.2) 648
PgR
Negative 61(36.3) | 107(63.7) 168 0.184 0.668
Positive 195(38.2) | 316(61.8) 511
AR
Negative 57(35.6) | 103(64.4) 160 0.397 0.572
Positive 184(38.4) | 295(61.6) | 479
p53
Negative 213(38.3) | 343(61.7) 556 0.022 0.919
Positive 47(37.6) | 78(62.4) 125
Bcel-2
Negative 43(32.8) | 188(67.2) 131 1.874 0.181
Weak 165(39.5) | 253(60.5) 418
MIBI1
Low 71(40.7) | 105(59.7) 176 0.922 0.343
High 128(36.1) | 227(63.9) 355
P-cadherin
Negative 117(34.9) | 218(65.1) 335 0.303 0.600
Positive 91(37.1) | 154(62.9) 245
E-cadherin
Negative 98(38.1) | 159(61.9) 257 0.001 1.000
Positive 162(38.2) | 262(61.8) 424
HER?2
Negative 247(39.8) | 374(60.2) 621 10.770 0.001
Positive 9(17) 44(83) 53
EGFR
Negative 188(35.9) | 336(64.1) 524 0.660 0.464
Positive 34(40.5) | 50(59.5) 84
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Figure 3.18: Kaplan Meier plot of TFF3 expression in relation to BCSS in the
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3.7 BEXI1

3.7.1 Introduction

BEX1 (brain expressed X-linked gene) maps on the Xq22 in humans (Brown
and Kay, 1999). It belongs to a family of genes, including BEX1, NGFRAP1
(BEX3), BEXL1 (BEX4), and, NGFRAPIL1 (BEXS). Both BEX! and
NGFRAPI interact with p75NTR and modulate nerve growth factor (NGF)
signalling through nuclear factor-kappa B (NF-kappa B) to regulate cell cycle,
apoptosis, and differentiation in neural tissues (Naderi et al., 2007).

BEXTI is a signalling adapter molecule involved in p7SNTR (the neurotrophin
receptor) /NGFR signalling. In the central nervous system, it has been
suggested that it inhibits the neuronal differentiation in response to nerve
growth factor (NGF) (Vilar et al., 2006, Naderi et al., 2007, Foltz et al., 2006).
Genome-wide analysis of epigenetic silencing identified BEX1 as a candidate
tumour suppressor genes in malignant glioma (Foltz et al., 2006).

In breast cancer, Naderi and colleagues identified a novel subtype of oestrogen
receptor positive breast cancers with improved outcome after tamoxifen
treatment and characterized by overexpression of the BEX2 and its homologue
BEX1 (Naderi et al., 2007).

Our analysis of the gene expression data has shown that BEX1 shows a wide
variation in the normalised expression intensity values within the ER positive
group implying an important role in the biology of the ER-positive breast
cancer. Available studies in the literature regarding BEX1 are minimal and

largely unexplored in breast cancer.
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3.7.2 Material and Methods

Tissue microarrays were prepared and the immunohistochemical staining was
performed using the streptavidin-biotin complex method using
DakoCytomation Techmate 500 plus (DakoCytomation, Cambridge, UK)
(general material and methods chapter). To unmask the antigens, the sections
were microwaved in citrate buffer pH 6 for 23 minutes. Rabbit polyclonal
BEX1 antibody (Ab69032, Abcam, UK) was optimised at a working dilution
of 1:3500. Negative controls were performed by omitting the primary antibody
and substitution with diluent. Breast carcinoma sections were used as positive
controls. The H-score (histochemical score) was used for assessment. Using x-
tile program, H-score of 100 was selected as the optimal cutoff point for data

categorisation.

3.7.3 BEXI expression results

The pattern of staining in breast carcinoma was cytoplasmic (Fig 3.20), with
increased expression in the normal breast acini. After excluding the
uninformative TMA cores from the study, 1,106 tumours were available for

assessment.
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Figure 3.20: BEXI expression in breast cancer
(A)Grade 2 ductal cancer NST with strong BEX1 expression (x100)

(B) Grade 3 ductal cancer NST with negative BEX1 expression (x200)
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3.7.3.1 Correlation between BEX1 expression and other
clinicopathological variables

The expression of BEX1 was associated with low tumour grade (p=0.008),

good NPI group (p=0.002) and absence of DM (p=0.008) and tumour

recurrence (p=0.007). No significant associations were found between BEX1

protein expression and patient’s age, tumour size, vascular invasion or

menopausal status (Table 3.27). In the ER-positive luminal-like subtype was

not associated with any of the studied variables (p>0.1) (Table 3.28).

3.7.3.1 Correlation between BEX1 expression and other

biomarkers

In the whole patient series, BEX1 was positively associated with CKI18

(p=0.002) and PgR (p=0.001) (Table 3.29).

In the ER-positive cohort, no significant associations were found between

BEXI1 and the studied biomarkers (Table 3.30).
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Table 3.27: Relation of BEX1 expression to other clinicopathological variables

in the whole series

BEX1 expression
Variable Low High Total xz p-value
Patients’ age 7.535 0.057
<40 31(41.3) 44(58.7) 75
40-50 83(25.8) 239(74.2) 322
51-60 112(31) 249(69) 361
>60 106(30.5) 242(69.5) 348
Tumour size
<l.5cm 101(27.4) 267(72.6) 368
>1.5 ¢cm 231(31.3) 507(68.7)
Lymph node stage 2.742 0.254
1(Negative) 194(28.2) | 493(71.8) 687
2(1-3 LN) 106(33.1) 214(66.9) 320
3(>3 LN) 31(32.3) 65(67.7) 96
Tumour Grade 9.674 0.008
1 43(21.9) 153(78.1) 196
2 105(29) 257(71) 362
3 184(33.6) | 363(66.4) 547
NPI 12.946 0.002
Good 71(22.3) 248(77.7) 319
Moderate 200(32.9) | 408(67.1) 608
Poor 61(34.1) 118(65.9) 179
DM 7.266 0.008
No 209(27.4) 553(72.6) 762
Positive 118(35.5) | 214(64.5) 332
Recurrence 7.534 0.007
No 164(26.2) | 463(73.8) 627
Positive 155(33.8) 303(66.2) 458
VI 0.191 0.909
No 185(29.8) | 436(70.2) 621
Probable 37(28.9) 91(71.1) 128
Definite 109(30.8) | 245(69.2) 354
Histologic tumour type 14.750 0.011
Ductal/NST 208(32) 441(68) 649
Lobular 40(35.4) 73(64.6) 113
Tubular aud Tubular 4720.6) | 181(79.4) | 228
mixed
Medullary 8(24.2) 25(75.8) 33
Other special types* 9(42.9) 12(57.1) 21
Mixed** 20(32.3) 42(67.7) 62
Mitosis 8.292 0.016
1 100(26.4) | 279(73.6) 379
2 51(26.7) 140(73.3) 191
3 172(34.6) | 325(65.4) 497
Menopausal status 0.699 0.417
Premenopausal 119(28.5) | 298(71.5) 417
Postmenopausal 213(30.9) 476(69.1) 689

*Includes Mucoid, invasive cribriform and invasive papillary carcinoma, **
Include ductal/NST mixed with lobular or special type
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Table 3.28: Relation of BEX1 expression to other clinicopathological variables
in the ER-positive cohort

BEX1 expression

. Low High Total y
Variable 4 p-value
Patients’ age 3.395 0.335
<40 7(22.6) 24(77.4) 31
40-50 50(24) 158(76) 208
51-60 72(28.9) 177(71.1) 249
>60 82(31.1) 182(68.9) 264
Tumour size 0.575 0.498
<l.5cm 71(26.4) 198(73.6) 269
>1.5cm 140(29) 343(71) 483
Lymph node stage 4.552 0.103
1(Negative) 117(25.3) 345(74.7) 462
2(1-3 LN) 74(31.9) 158(68.1) 232
3(>3 LN) 19(34.5) 36(65.5) 55
Tumour Grade 3.430 0.180
| 38(22.5) 131(77.5) 169
2 94(30) 219(70) 313
3 79(29.4) 190(70.6) 269
NPI 5.877 0.053
Good 62(22.8) 210(77.2) 272
Moderate 117(30.9) 262(69.1) 379
Poor 32(31.7) 69(68.3) 101
DM 6.569 0.012
No 135(25.4) 396(74.6) 531
Positive 75(34.7) 141(65.3) 216
Recurrence 4.124 0.046
No 108(24.8) 327(75.2) 435
Positive 97(31.6) 210(68.4) 307
VI 0.401 0.818
No 114(27.8) 296(72.2) 410
Probable 27(26) 77(74) 104
Definite 69(29.2) 167(70.8) 236
Histologic type 9.887 0.079
Ductal/NST 112(29.6) 266(70.4) 378
Lobular 36(36) 64(64) 100
Tubular and Tubular
nlved 40(20.2) 158(79.8) 198
Medullary 1(25) 3(75) 4
Other special types* 531.2) 11(68.8) 16
Mixed** 17(30.4) 39(69.6) 56
Mitosis 0.631 0.730
1 91(27.5) 240(72.5) 331
2 41(27) 111(73) 152
3 72(30.1) 167(69.9) 239
Menopausal status 6.573 0.012
Premenopausal 55(22.1) 194(77.9) 249
Postmenopausal 156(31) 347(69) 503
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Table 3.29: Relation of BEX1 expression to other biomarkers in the whole

series
BEXI1 expression
. Low High Total 2
Variable b 4 p-value
CK5/6
Negative 265(29.9) 622(70.1) 887 0.109 0.789
Positive 56(31.1) 124(68.9) 180
CK14
Negative 280(30.6) 635(69.4) 915 0.278 0.687
Positive 38(28.4) 96(71.6) 134
CK18
Negative 55(42) 76(58) 131 9.842 0.002
Positive 241(28.5) 606(71.5) 847
CK19
Negative 36(38.3) 58(61.7) 94 3.234 0.078
Positive 285(29.4) 685(70.6) 970
ER
Negative 105(36.3) 184(63.7) 289 6.760 0.010
Positive 211(28.1) 541(71.9) 752
PgR
Negative 162(35.8) 291(64.2) 453 11.515 0.001
Positive 151(26) 430(74) 581
AR
Negative 127(34.7) 239(65.3) 366 4.156 0.045
Positive 174(28.5) 437(71.5) 611
53
Negative 242(31.6) 524(68.4) 766 2.391 0.128
Positive 74(26.6) 204(73.4) 278
MIBI1
Low 64(26.2) 180(73.8) 244 1.200 0.315
High 180(30) 420(70) 600
P-cadherin
Negative 128(31.6) 277(68.4) 405 0.498 0.507
Positive 137(29.4) 329(70.6) 406
E-cadherin
Negative 138(34.8) 259(65.2) 397 5.444 0.022
Positive 180(27.9) 465(72.1) 645
HER2
Negative 289(31.4) 632(68.6) 921 1.580 0.235
Positive 36(26.1) 102(73.9) 138
EGFR
Negative 222(30.1) 515(69.9) 737 0.001 1.000
Positive 52(30.2) 120(69.8) 172
Bel-2
Negative 111(32.4) 232(67.6) 343 4.201 0.045
Positive 134(25.9) 383(74.1) 517
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Table 3.30: Relation of BEX1 expression to other biomarkers in the ER-

positive cohort

BEXT1 expression

Variable Low High Total 4 p-value
CK5/6 3.138 0.080
Negative 198(28.7) 491(71.3) 689
Positive 9(17.3) 43(82.7) 52
CK14
Negative 196(29.2) 476(70.8) 672 1.696 0.223
Positive 12(21.1) 45(78.9) 57
CK18
Negative 13(46.4) 15(53.6) 28 4.848 0.033
Positive 184(27.3) 489(72.7) 673
CK19
Negative 13(33.3) 26(66.7) 39 0.599 0.464
Positive 195(27.6) 511(72.4) 706
PgR
Negative 62(34.1) 120(65.9) 182 4.984 0.028
Positive 142(25.5) 414(74.5) 556
AR
Negative 56(33.3) 112(66.7) 168 2.596 0.116
Positive 142(26.9) | 386(73.1) 528

53
Negative 184(30.2) | 426(69.8) 610 6.538 0.070
Positive 25(19.1) 106(80.6) 131
MIBI
low 54(27.3) 144(72.7) 198 0.001 1.000
High 103(27.2) | 275(72.8) 378
E-cadherin
Negative 89(32.4) 186(67.6) 275 3.803 0.053
Positive 120(25.7) 347(74.3) 467
P-cadherin
Negative 112(30.5) 255(69.5) 367 3.803 0.058
Positive 62(23.5) 202(76.5) 264
HER2
Negative 196(29) 481(71) 677 1.440 0.295
Positive 13(21.7) 47(78.3) 60
EGFR
Negative 164(28.8) | 406(71.2) 570
Positive 19((21.1) 71(78.9) 90 2.276 0.163
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3.7.3.1 Correlation between BEX1 expression and patient outcome

In the whole series, BEX1 was associated with longer BCSS (LR=8.807&
p=0.003) (Fig 3.21A) and longer DMFI (LR=7.926& p=0.005) (Fig 3.21B).
This association with longer survival was also demonstrated in the ER-positive
luminal-like patient cohort regarding BCSS (LR=8.040& p=0.005) (Fig 3.21C)
and DMFI (LR=6.497& p=0.011) (Fig 3.21D).

Multivariate Cox regression analyses including tumour size, tumour grade,
lymph node stage and systemic therapy groups showed that BEX1 expression
was an independent prognostic marker for longer BCSS in the whole series
(HR=0.725, p=0.015, 95% CI=0.559-0.940) and in the ER-positive luminal-
like cohort (HR =0.694, p=0.033, 95% CI=0.496-0.971) (Table 3.31).

BEXI1 expression was also an independent prognostic marker for longer DMFI
in the whole series (HR=0.740, p=0.017, 95% CI=0.577-0.948) and in the ER-

positive luminal-like cohort (HR =0.748, p=0.033, 95% CI=0.545-1.027).
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Table 3.31: COX analysis model of BEX1 protein expression, tumour grade,

LN stage, tumour size and adjuvant therapies in the ER-positive cohort in

relation to BCSS
Variable p value HR 95% CI
Lower Upper

BEXI1 expression 0.033 0.694 0.496 0.971
Endocrine Therapy 0.060 0.668 0.439 1.017
Chemotherapy 0.022 0.502 0.278 0.905
Tumour size <0.001 2.178 1.528 3.105
Tumour stage (2) vs. (1) 0.001 1.998 1.350 2.958
Tumour stage (3) vs. (1) <0.001 3.617 2.118 6.178
Tumour grade (2) vs. (1) 0.016 1.958 1.134 3.381
Tumour grade(3) vs. (1) <0.001 4.822 2.720 8.550
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Figure 3.21: Kaplan Meier plots of BEX1 expression

(A)Kaplan Meier plot of BEX1 protein expression in relation to BCSS in the
whole series. (B) Kaplan Meier plot of BEX1 protein expression in relation to
DMEFTI in the whole series. (C) Kaplan Meier plot of BEX1 protein expression
in relation to BCSS in the ER-positive cohort. (D) Kaplan Meier plot of BEX1
protein expression in relation to DMFI in the ER-positive cohort.
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3.8 Discussion

Oestrogen receptor positive breast cancers form a large proportion of breast
cancer patients and within this group much effort is being applied to discover
reliable markers that can be used in patient prognosis and in determining
response to various methods of postoperative therapies. In this chapter, we
reported on biomarkers that have been previously identified using gene
expression studies; to study if that was able to consistently classify the luminal
cancer into patho-biological subgroup. We investigated the protein expression
of FOXA1, TFF1, TFF3, BEX1, RERG, XBP1 and GATA3 using high
throughput TMAs with IHC to determine their association with a number of
clinical parameters including age, tumour size, tumour grade, lymph node
stage, development of distant metastases, local recurrence, expression of ER

and progesterone and HER2, in addition to luminal and basal cytokeratins.

3.8.1 FOXA1

FOXAT1 has recently received a lot of attention because it mediates the
expression of 50% of ER-regulated genes (Holmqvist et al., 2005, Laganiere et
al.,, 2005) through its important functional activity on chromatin and the
histones H3 and H4 (Cirillo and Zaret, 2007). By opening chromatin, FOXA1
is thought to facilitate the expression of ERa associated genes (Carroll et al.,
2005) and it has been speculated that survival and proliferation of breast cancer

epithelial cells may be under the control of a pathway that involves ER and
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FOXAL. Previous studies of FOXAL1 in breast cancer have shown conflicting
roles with both growth repression and stimulation effects.

In the present study, we investigated the expression of FOXAI protein, using
immunohistochemistry in a large and well characterised cohort of breast cancer
cases using TMAs, to evaluate its biologic and prognostic role in unselected
and ER-defined breast cancer subsets. In particular, we investigated whether
FOXAT1 could be used to subclassify luminal tumours. In unselected breast
cancer patients, we found that FOXA1 expression was associated with lower
histologic grade, lower mitotic counts, smaller tumour size, and positive
expression of hormone receptor positivity (ERa, PgR and AR) and other
luminal markers. In addition, FOXA1 expression was positively associated
with BRCA1, consistent with previous reports proposing that FOXA1 can
block metastatic progression via influencing the BRCAL1 associated cell cycle
inhibitor p27 expression and regulating E-cadherin expression (Williamson et
al., 2006, Liu et al., 2005). In support of this hypothesis, although we found
that FOXA1 expression did not show a significant association with the
development of distant metastasis there was an inverse relationship trend.
Furthermore, FOXA1 expression showed a lack of association with other
markers of aggressive tumour phenotype including epidermal growth factor
receptors and p53. Moreover, FOXA1 protein expression showed a significant
inverse association with the basal phenotype (CK5/6 & CK14 positivity) which
is reported to have high proliferative activity and poor prognosis (Rakha et al.,

2006).
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Studies in MCF-7 cells suggested downregulation of FOXA1 mRNA levels
following oestrogen stimulation (Frasor et al., 2003). Interestingly we have
observed that positive FOXA1 expression is associated with good survival in
patients who did not receive hormonal treatment. These patients are mostly ER
negative where the ER-dependent downregulation involving FOXAL1 is absent
and this might lead to activation of FOXA1 growth inhibitory function.
Collectively, these results support a tumour suppressor function for FOXAI
achieved through a growth inhibitory effect. Our findings are in agreement
with previous studies showing association of FOXA1 with less-aggressive
tumour characteristics (Badve et al., 2007, Wolf et al., 2007).

An important finding of this study is the lack of prognostic significance of
FOXA1 expression as assessed by immunohistochemistry in ER-positive
tumours, thus contrasting previous results global gene expression profiling
studies, which showed that FOXA1 expression is a feature of Luminal A
tumours. Our results support the growth inhibitory role of FOXA1 in breast
cancer and emphasized its potentially important biological role and the strong

association between FOXA1 and ER.

3.82 RERG

It is thought that novel approaches may be more appropriate for biomarkers
discovery in breast cancer. Among the machine learning based methods,
Artificial Neural Networks (ANNs) are emerging as valuable tools for this
purpose. In this study, we used a transcript expression profiling of 128 frozen

breast cancer cases and analysed the normalised expression values using
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ANNs. Additionally, a cross-validation analysis in combination with a
majority-vote ensemble sample classification was applied in order to obtain a
more robust selection and ranking of genes to characterise the ER-positive
breast cancer samples. We identified Ras-related, oestrogen-regulated growth
inhibitor (RERG) as a candidate marker for differentiating between luminal
and non-luminal classes among other genes including GATA3, CA12 and
ESR1 which have been reported previously for characterising luminal class
membership.

RERG is a GTP-binding protein with intrinsic GTPase activity (Finlin et al.,
2001) and was initially identified as one of the genes that characterise Luminal
A tumours using gene expression arrays. The expression of RERG has been
reported to be decreased in the aggressive ER negative subtypes (Sorlie et al.,
2001).

In our analysis of BC gene expression data, RERG correlated with high ER
expression status using an ANN model and clearly belonged to the best-ranked
genes for differentiating between luminal and non-luminal cases, being
selected in each cycle a leave-one-out external cross-validation analysis that
provided an average classification accuracy of 88.3%. Although RERG gene
expression has been reported to be associated with ER-positive breast cancer in
our analysis and previous studies, its protein expression has not been studied in
breast cancer. To validate the gene expression findings, we studied RERG
protein expression in invasive breast cancer using TMAs and
immunohistochemistry. We found good agreement between protein and gene

expression results, highlighting the importance of RERG as a candidate
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luminal marker. RERG protein expression showed significant associations with
luminal CKs (CK18), FOXA1, E-cadherin, steroid receptors and p27 which are
all markers associated with good prognosis and luminal phenotype. In vitro
studies also lend support to its association with good-prognostic phenotypes
because RERG mRNA expression is induced rapidly in ER-responsive MCF-7
cells stimulated by oestradiol and repressed by ER-antagonist tamoxifen
treatment (Finlin et al., 2001).

In contrast, we found an inverse relation between RERG protein expression
and indicators of cell proliferation such as tumour grade, mitosis and MIB1
expression and this observation of altered cellular proliferation has been
proposed as an explanation for the difference in prognosis seen within luminal
tumours. In agreement with this observation, our protein expression results
confirmed that RERG expression is associated with tumours displaying low
MIB1 expression supporting the growth inhibitory function of RERG. The
association of RERG with low tumour grade was also seen on mRNA level.
For these reasons, we propose that within the luminal classes, expression of
ER, RERG and MIB1 could be used to define biological subgroups with
different prognoses. ER+ RERG+ MIB ¥ could represent a luminal subgroup
with good prognosis while those with an ER+ RERG- MIB1hieh phenotype
could define a luminal subclass with poor prognosis.

A key aim of this study was to assess the prognostic ability of RERG protein
expression in ER-positive luminal-like BC patients. In this important group of

patients, we found that RERG expression was significantly associated with
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longer BCSS and longer DMFI which implies its role in subclassification of

ER-positive groups into prognostic subgroups.

3.8.3 GATA3

In breast cancer, GATA3 has emerged as a strong predictor of tumour
differentiation, oestrogen-receptor status, and clinical outcome. Supporting the
important prognostic role of GATA3, Dolled-Filhart and colleagues have
shown in their clustering study that the minimal discovered set of tissue
biomarkers with maximal prognostic or predictive value applied to
conventional formalin-fixed, paraffin-embedded tissue sections was GATA3,
NAT]I, and oestrogen receptor (Dolled-Filhart et al., 2006).

Gene expression studies have shown that Luminal A breast cancers show the
highest expression of GATA3 in comparison to Luminal B. In our gene
expression study, GATA3 was significantly associated with the luminal-like
ER-positive breast cancer. To validate these findings, we have performed
protein expression analysis in 1,045 breast tissue samples using high
throughput immunohistochemistry on TMAs. The results of this study showed
a statistical positive correlation between GATA3 and markers of good
prognosis including steroid receptor positivity, luminal CKs, BRCA1, Bcl-2
and FOXA1 in agreement with others (Mehra et al., 2005). These associations
provide further evidence that GATA3 could be used as a marker of the ER-
positive luminal-like breast cancer. Confirming the association between
GATA3 and ER, we found that 97.3% of GATA3 positive tumours were also

ER positive. In the ER-positive group, 33.3% of cases were GATAS3 positive.
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This number is close to the results of Voduc et al. who found that 39% of ER
positive casa were also GATA3 positive (Voduc et al., 2008).

Tumour grade is a good indicator of breast cancer progression and
differentiation status. It has been shown that high expression of GATA3
correlates with low tumour grade by ¢cDNA microarray studies. Similarly,
Mehra and co-workers showed that loss of GATA3 expression is associated
with higher histological grade (Mehra et al., 2005). Supporting this, we found a
strong correlation between GATA3 protein expression and low tumour grade
with the more differentiated breast carcinomas expressing lower levels of
GATAS3 protein.

Previous studies have shown an important role of GATA3 in inhibiting tumour
metastasis through its association with E-cadherin expression in which GATA3
acts as a predominant factor to induce E-cadherin and have presented an
evidence of the association of GATA3 with the reversal of EMT in the
inhibition of tumour metastasis (Yan et al.). Recently, Kouros-Mehr and
colleagues have found that restoration of GATA3 in advanced mammary
carcinoma of transgenic animals triggered cancer cell differentiation and
subsequently suppressed cancer metastasis (Kouros-Mehr et al., 2008).
Supporting these studies, we found a highly significant association between
GATA3 and E-cadherin expression with a significant reduction in DM
formation in GATA3 expressing tumours.

A key aim of this study was to assess the prognostic role of GATA3 protein
expression in ER-positive luminal-like BC patients. In this important group of

patients, we found that GATA3 expression was significantly associated with
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longer BCSS and longer DMFI which implies its role in subclassification of
ER-positive groups into prognostic subgroups.

3.8.4 Trefoil factors

TFF1 has been reported to be correlated with hormonal status but its value,
either at the protein or mRNA level, has shown contradictory results. TFF1
protein expression is induced by oestrogen through oestrogen receptors (ER),
and is known to be inhibited by antiestrogen in the breast cancer (Ribieras et
al., 1998).

We found that TFF1 is significantly and positively related to ER and
progesterone protein expression, in agreement with the findings of other
investigators (Henry et al.,, 1991). Contrasting with our results Amiry and
colleagues demonstrated an oncogenic role for TFF1 and showed that forced
expression of TFF1 in mammary carcinoma cells promotes mammary tumour
progression in vitro and in vivo and functional inhibition of TFF1 by RNA
interference decreased the oncogenic properties of breast carcinoma cells
(Amiry et al., 2009).

In this study, there was a non-significant correlation between TFF1 expression
and overall survival and the disease free interval. On the other hand, TFF1 was
reported as an independent prognostic factor in primary breast cancer and
lymph node-negative patients (Foekens et al., 1993).

In our study, we showed that TFF1 was more expressed in low grade tumours,
in accordance with other investigators (Ioachim et al., 2003, Speiser et al.,

1994).

157



Chapter 3

An important finding of this study was the lack of prognostic significance of
TFF1 expression as assessed immunohistochemistry in ER-positive tumours,
thus contrasting with previous results from global gene expression profiling

studies, which showed that TFF1 expression is a feature of Luminal A tumours.

Our data have shown that TFF3 expression was associated with markers of
luminal differentiation including luminal CKs, steroid receptors, Bcl-2
confirming its association with luminal phenotype. Although TFF3 was
previously reported to be associated with the good prognosis Luminal A
molecular class, our data showed that TFF3 expression is associated with poor
outcome in luminal-like cancer and was not related to patients’ survival in the
whole series. The strong association between TFF3 and HER2 may explain the
poor prognosis of ER+TFF3+ phenotype although TFF3 was reported to be a
characterising marker of Luminal A subtype. TFF3 could characterise a
subgroup of ER-positive with increased HER2 expression. Supporting our
findings, Wilson and co-workers reported that TFF3 was overexpressed in
HER2- positive breast cancer cells in vitro and was not expressed in HER2-
negative cell lines (Wilson et al., 2002). These finding are in agreement with
ours that showed a strong association with HER2 protein expression in both
ER-positive luminal-like cohort and in the whole series.

Previously, TFF3 expression has been linked to metastatic potential in an
animal model of colon cancer and contributed to the malignant behaviour of
colon cancer cells (Babyatsky et al., 2009). An in vivo animal study has shown

that both endogenous and constitutive expression of TFF3 correlates with an
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aggressive phenotype (Yio et al.,, 2005). The expression of TFF3 was
associated with metastasis in ER-positive patient group despite its association
with good prognostic markers. This could be explained by its association with

the HER2 oncogene.

3.8.5 XBPI1

X-box-binding protein-1 (XBP-1) is a key transcriptional factor of the UPR
that activates genes required for protein folding and degradation to restore
endoplasmic reticulum function (Hetz et al., 2008).

XBP1 is stimulated by endoplasmic reticulum stress as part of the unfolded
protein response (UPR), which can promote apoptosis or cell survival. Gene
expression profiling of breast cancer tissue has previously shown an
association between ER and XBP-1 expression because of its association with
Luminal A breast cancer (Rzymski and Harris, 2007). The XBP-1 mRNA
expression in ER-positive breast cancers was 2.7-fold as much as that in ER-
negative breast cancers (Bertucci et al., 2000). Contrary to this, our results
demonstrated a lack of significant association between ER and XBP1.

Scriven and co-workers showed for the first time that oestrogenic stimulation is
also sufficient to induce downstream effectors of UPR activation such as XBP1
(Scriven et al., 2009).

In a previous study XBP1 was found to be expressed in 90% of breast cancer
(Scriven et al., 2009). In this study, about 15 percent showed complete loss of
XBP1 protein. Our results showed that strong XBP1 expression was associated

with shorter survival in ER-positive luminal-like breast cancer which could be
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explained by a possible ER coactivator function of XBP1 as previously shown
(Ding et al., 2003) or by its role in the regulation of chromatin unfolding
which may be responsible for the enhancement of ER transcriptional function
and promoting the growth of tumour cells (Fang et al., 2004).

Furthermore, our results showed important associations between increased C-
MYC expression, mutant p53 expression and increased XBP1 expression

which further explain the poor prognosis seen in ER+XBP1+ phenotype.

3.8.6 BEXI

Our gene expression data has shown that BEX1 shows a great variation in the
normalised expression value within the ER-positive cohort indicating an
important role in the biology of luminal-like breast cancer. The results of this
study showed for the first time the association of BEX1 with markers of good
prognosis including lower tumour grade, PgR and luminal CK18, supporting
other studies that BEX1 has a tumour suppressor function in other cancers
(Foltz et al., 2006).

Furthermore, we found increased expression BEX1 in tubular and tubular
mixed histologic tumour type which forms with the lobular cancer the low
nuclear grade neoplasia family that mainly fall in the good prognosis [uminal-
like ER-positive breast cancer (Abdel-Fatah et al., 2008) .

In the whole series and ER-positive luminal-like breast cancer, BEXI
expression was significantly associated with longer survival which implies a

potential role in subclassification of ER-positive groups into prognostic
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subgroups. BEX1 could be used as a characterising marker of ER-positive
breast cancer.

Our data regarding BEX1 are novel and we are the first to report on this marker
and its prognostic and biological role in breast cancer using a large well

characterised series of patients with long term follow-up.

In conclusion, using novel bioinformatics approaches to analyse high
dimension datasets is of value to identify candidate genes to characterise the
ER-positive/luminal like breast cancer. Subsequently, these can be used to

subclassify these cancers in terms of biology and prognosis.

GATA3, BEX1 and RERG were able to differentiate between luminal-like
tumours associated with poor and good prognosis and as such they could be
useful markers for the definition of the luminal phenotype.

Although TFF3 and XBP1 are associated with good prognosis Luminal A
subtype in the published gene expression studies, they showed associations
with shorter BCSS while TFF1 and FOXA1 was not associated with survival in
the ER-positive subtype. This could be attributed to the difference in the
downstream technique used (RNA in expression profiling as opposed to protein
in immunohistochemistry studies) or a post translational modification of the
protein product of the gene.

These results may support the view that translation of gene expression profiling
studies into clinical practice should be interpreted with care and individual
markers may not show the same significance when studied in isolation and not

as part of the expression signature.
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4 Role of some ER coregulators in the biology and outcome of

ER-positive breast cancer
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4.1 Introduction

It is known that oestrogen plays an important role in the development and
progression of breast cancer mediated through the oestrogens receptor (ER) in
ER positive breast cancer.

Ligand binding to ER produces a specific change in the receptor structure,
which releases it from the inhibitory effect of several chaperone proteins and
produces receptor dimerization to initiate transcription (Klinge et al., 2004).
Apart from ligand binding to ER, the biologic functions of nuclear receptors,
including the ER, are also regulated by a group of proteins known as
transcriptional coactivators, as well as by another group of proteins known as
transcriptional corepressors (Nair and Vadlamudi, 2007).

Coactivators are recruited to the target gene promoters through protein-protein
interactions with the ER rather than by DNA binding and function as linker
molecules between DNA binding proteins and DNA protein-modifying
enzymes, which facilitate local structural alterations (Ma et al., 1999). It is
important to examine the status of the steroid receptor co-regulators to identify
their biological and clinical significance in breast cancer.

In this chapter we studied the biological and prognostic role of two ER
coactivators including CARM1 and PELP1 with respect to patient outcome and

biological associations.
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42 CARM1

4.2.1 Introduction

Initially CARMI1 (coactivator-associated arginine methyltransferase 1) was
described as a factor that interacts with and further stimulates the transcription
enhancing function of the p160 family of nuclear receptor coactivators that
comprise other members such as SRC-1/NCoA1l, GRIP1/TIF2/SRC-2/NCoA2,
and RAC3/ACTR/AIB1/SRC-3/NCoA3 (Leo and Chen, 2000, Onate et al.,
1998). CARMI1 can enhance the transcriptional activation by nuclear receptors
through methylation of histone H3 at arginine 17 (Miao et al., 2006, Schurter et
al., 2001).

Confirming its important role in chromatin remodelling, Lee and co-workers
reported on a transient-transfection assay under which the activity of various
nuclear receptors is highly dependent on the synergistic action between
CARMI, and other protein acetyltransferases, p300, CBP, or p/CAF. This
synergy was observed when low levels of nuclear receptors were expressed and
was highly dependent on the methyltransferase activity of CARMI1 and the
acetyltransferase activity of p/CAF, but not the acetyltransferase activity of
p300 (Lee et al, 2002). This also suggests that the activation of gene
transcription involves chromatin remodelling action of CARM1 which could
be recruited by DNA-bound transcription factors.

More recently, CARM1 was also found to associate with p53, suggesting that
this enzyme plays important roles in cell proliferation and survival (An et al.,

2004). CARMI knocked out cells showed impaired expression of a subset of

164



Chapter 4

NF-kappaB- dependent genes (Covic et al., 2005) which implies that CARM1
can act as a coactivator of transcription factors other than nuclear receptors,
like NF-kappaB (Covic et al., 2005, Miao et al., 2006).

CARM1 is a critical factor in the pathway of oestrogen-stimulated breast
cancer growth downstream of ER alpha and upstream of the cell cycle
regulatory transcription factor E2F1 and its target genes which include
CDC25A, CCNA1, CCNEI, and CCNE2 (Stallcup et al., 2003, Frietze et al.,
2008). Thus, CARMI plays a critical role in breast cancer cell proliferation
through the positive regulation of E2F1 expression.

The expression of CARMI has been linked to the development of other human
malignancy especially prostate cancer (Hong et al., 2004).

The value of CARMI as a prognostic biomarker in the context of defining
adverse, proliferative breast cancer phenotypes remains largely unexplored.
This particularly applies to the ER-positive / luminal-like breast cancer where
there is a pressing and important need to identify prognostic biomarkers for

determining clinical outcome.

4.2.2 Material and Methods

Tissue microarrays were prepared and the immunohistochemical staining was
performed wusing the streptavidin-biotin complex method using
DakoCytomation Techmate 500 plus (DakoCytomation, Cambridge, UK) (see
General Material and Methods Chapter). Rabbit polyclonal antibody to
CARMI1 (NB100-1817; Novus Biologicals Inc., Littleton, CO, USA) was

optimized at a working dilution of 1:300 using full-face sections of breast
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cancer excision tissue and TMAs to assess the heterogeneity and staining
distribution. Negative controls were performed by omitting the primary
antibody and substitution with diluent. Positive breast cancer cases were used
as positive controls. To unmask the antigens, the sections were microwaved in
citrate buffer pH 6 for 23 minutes.

X-tile bioinformatics software was used to define optimal cut off points of the
H-score values (<30= negative/low, 230 and <150= moderate and >150=
strong expression). The X-tile program randomly divides the total patient
cohort into two separate training and validation sets ranked by patient follow
up time. Statistical significance was tested by validating the obtained cut points
to the validation set.

4.2.3 CARMI expression results

After excluding the uninformative TMA cores from the study, 1130 tumours
were available for assessment. The median age of the patients was 54 years
(range 27-70 +ST=9.897). Fifty one percent of patients had large tumours
greater than or equal to 2 cm in size. Fifty eight percent of the tumours were
ductal with no special type, 17% of the tumours were grade 1 and 26.7%
showed good NPI. Thirty one percent of the patients developed metastatic
disease during the period of follow-up and 41.7% developed tumour
recurrence. The CARMI staining pattern was mainly nuclear with homogenous
distribution (Fig 4.1) being detected in the nuclei of the malignant cells and
showed decreased expression in normal acini.

In the whole series, 30.5% of the tumours showed negative or low expression,

51.3% showed moderate expression while 18.2% showed strong expression. In
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ER-positive group, 34% of case showed negative and low expression, 51.4%

showed moderate expression and 13.4% showed strong expression.

4.2.3.1 Correlation between CARMI1 expression and other
clinicopathological variables

In the whole series of unselected breast cancer patients, increased CARMI
expression was associated with young age, premenopausal status, high grade
tumours, raised mitotic counts (p<0.001) and poor NPI group (Table 4.1). No
association was found between CARMI and lymph node stage or vascular
invasion.
In the ER-positive group, CARM1 expression was positively associated with
higher tumour grade (p=0.004), DM (p=0.001), tumour recurrence (p<0.001),
higher mitotic counts (»=0.001) and menopausal status (p=0.001). We found
no associations between CARM1 and LN stage, NPI groups, vascular invasion

or histologic tumour types (Table 4.2).

4.2.3.2 Correlation between CARMI1 expression and other

biomarkers

An inverse association was found between CARM1 expression and ER, PgR,
AR, and luminal CK18 expression. Our results showed a positive association
between CARMI1 expression and basal CKs, MIB1 (p<0.001) expression, p53,
HER2 and EGFR. No association was found between CARMI and CK19,
BRCAL1 or E-cadherin (Table 4.3).

In the ER-positive group, CARM1 expression was positively associated with

p53 (p<0.001) and P-cadherin (p<0.001) (Table 4.4).
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Figure 4.1: CARMI protein expression in breast cancer
(A) Positive expression (full section) (x200) (B) Positive expression in a grade
2 ductal cancer (TMA core) (x100)
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Table 4.1: Relation of CARMI expression to other clinicopathological

variables in whole series

CARMI nuclear expression
sariahie low Moderate | Strong Zz povalos
Age 24.606 <0.001
<40 19 42 23
40-50 90 156 81
51-60 117 206 56
>60 119 175 46
Size 7.027 0.030
<2 cm 187 286 88
>2 cm 1157 293 118
LN Stage 5.537 0.236
I(Negative) 220 340 123
2(1-3 LN) 95 185 57
3(>3 LN) 28 54 26
Grade 51.608 <0.001
1 88 91 14
2 114 194 50
3 142 294 142
NPI 31.235 <0.001
Good 122 149 31
Moderate 167 341 128
Poor 56 89 47
DM 12.648 0.002
No 261 386 128
Positive 81 187 75
Recurrence 10.145 0.006
No 220 318 105
Positive 117 251 92
VI 3.181 0.528
No 187 335 117
Probable 32 60 24
Definite 126 181 65
Tumour type 19.987 0.029
Ductal/NST 170 337 149
Lobular 51 57 13
Tubular and Tubular mixed 77 133 28
Medullary 7 20 9
Other special types* 11 8 1
Mixed** 29 24 6
Mitosis 55.033 <0.001
1 154 188 36
2 55 103 30
3 123 269 136
Menopause 24.800 <0.001
Premenopausal 108 216 108
Postmenopausal 231 363 98

*Includes Mucoid, invasive cribriform and invasive papillary carcinoma,
** Include ductal/NST mixed with lobular or special types
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Table 4.2: Relation of CARMI expression to other clinicopathological
variables in the ER-positive cohort

CARMI expression

Variable low Moderate Strong X p-value
Age 14.343 | 0.026
<40 11 24 6
40-50 64 98 41
51-60 93 139 29
>60 103 133 26
Size 1.220 0.543
<l.5cm 151 208 51
>1.5 cm 119 186 51
LN Stage 3.688 | 0.450
1(Negative) 173 225 63
2(1-3 LN) 75 135 31
3(>3 LN) 21 34 8
Grade 15.357 | 0.004
| gl 77 12
2 100 169 43
3 93 148 47
NPI 8.478 0.076
Good 108 131 26
Moderate 123 210 60
Poor 40 53 16
DM 14.200 | 0.001
No 212 262 64
Positive 57 129 38
Recurrence 16.583 | <0.001
No 183 212 51
Positive 82 175 49
VI 4.285 0.369
No 150 221 35
Probable 28 46 18
Definite 93 125 29
Tumour type 15.287 | 0.122
Ductal/NST 127 195 60
Lobular 46 52 11
Tubular and Tubular mixed 68 115 25
Medullary 0 5 0
Other special types 7 5 1
Mixed 23 22 5
Mitosis 17.677 | 0.001
1 137 163 29
2 45 83 27
3 78 132 45
Menopause 15.189 | 0.001
Premenopausal 75 131 50
Postmenopausal 196 263 52
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Table 4.3: Relation of CARMI1 expression to other biomarkers in the whole

series
CARMI expression

Variable Low Moderate Strong XZ pevslue
CK5/6
Negative 294 470 141 33.175 <0.001
Positive 33 94 59
CKl14
Negative 303 472 156 21.190 <0.001
Positive 22 77 40
CK18
Negative 32 73 39 11.519 0.003
Positive 278 439 143
CK19
Negative 30 49 27 3.916 0.141
Positive 299 508 173
ER
Negative 67 164 95 46.195 <0.001
Positive 258 383 99
PgR
Negative 125 226 112 19.182 <0.001
Positive 194 318 82
AR
Negative 104 174 94 21.951 <0.001
Positive 209 345 87

53
Negative 271 398 106 52.109 <0.001
Positive 51 153 87
BRCALl
Negative 45 60 32 4.400 0.111
Positive 237 390 126
MIBI
low 91 125 21 20.554 <0.001
High 81 162 68
P-cadherin
Negative 169 193 51 40.815 <0.001
Positive 110 265 112
E-cadherin
Negative 132 222 72 0.777 0.678
Positive 193 322 121
HER2
Negative 305 481 154 18.803 <0.001
Positive 26 75 41
EGFR
Negative 254 381 120 16.106 <0.001
Positive 39 98 48
Cyclin E
Negative 97 159 50 9.304 0.010
Positive 4 15 11
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Table 4.4: Relation of CARMI expression to other biomarkers in the ER-

positive cohort

CARM1 expression

Viriahle Low Moderate Strong ' p-value
CK5/6
Negative 251 360 87 9.383 0.015
Positive 13 30 14
CKl14
Negative 252 349 88 4.660 0.097
Positive 12 31 10
CK18
Negative 12 16 3 0.341 0.843
Positive 243 353 89
CK19
Negative 17 18 6 0.972 0.615
Positive 250 370 96
PgR
Negative 74 85 25 3.612 0.164
Positive 186 303 77
AR
Negative 66 72 22 3.401 0.183
Positive 192 297 70
pS3
Negative 232 315 68 21.084 <0.001
Positive 30 12 32
BRCA1
Negative 29 27 6 3.295 0.193
Positive 205 390 76
MIBI1
low 82 107 16 6.902 0.032
High 60 90 29
P-cadherin
Negative 157 175 41 15.516 <0.001
Positive 75 155 44
E-cadherin
Negative 101 152 34 1.054 0.590
Positive 164 232 66
HER2
Negative 247 350 85 5.447 0.066
Positive 17 33 14
EGFR
Negative 219 289 71 7.163 0.028
Positive 24 58 17
Cyclin E
Negative 82 116 27 3.535 0.171
Positive 1 2 2
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4.2.3.3 Correlation between CARMI1 expresion and patient

outcome

Breast cancer specific survival (BCSS)

In the whole patient series, an association between CARM1 expression and
shorter BCSS was found (Log Rank (LR)=28.786, p<0.001) (Fig 4.2a).
Multivariate Cox hazard analysis including tumour size, histologic grade,
lymph node stage, vascular invasion, systemic therapy groups and CARMI
expression showed that CARMI1 expression was an independent predictor of
shorter BCSS (Hazard ratio (HR)=2.179, p<0.001, 95%CI=1.465-3.242)
(Table 4.5).

In the ER-positive cohort, CARM1 expression also showed an association with
shorter BCSS (LR=17.994, p<0.001) in univariate analysis (Fig 4.2C). In
multivariate analysis of ER-positive cohort, strong CARMI expression was an
independent predictor of shorter BCSS (HR=3.084, p<0.001, 95% CI=1.768-
5.381) (Table 4.6)

Disease free interval (DFI)

In the whole patient series, an association between CARMI1 expression and
shorter DFI was found (LR=12.919, p=0.002) (Fig 4.2B). Multivariate Cox
hazard analysis showed that CARM1 expression was an independent predictor
of shorter DFI (HR=1.6, p=0.004, 95% CI=1.116-2.205) (Table 4.5). In the
ER-positive cohort, CARM1 expression showed an association with shorter
DFI (LR=15.004, p=0.001) in univariate analysis (Fig 4.2D) as well as in

multivariate analysis (HR=2.267, p<0.001, 95% CI=1.491-3.447) (Table 4.6).
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4.2.3.4 Outcome according to systemic therapy groups

Significant associations with shorter BCSS and DFI were maintained when we
analysed our data according to the systemic therapy groups.

In the group of patient that did not receive adjuvant therapy (n=387), CARM1
expression showed an association with shorter BCSS (LR=21.200, p<0.001)
(Fig 4.3A) and DFI (LR=11.697, p=0.003) (Fig 4.3B).

In the group of ER-positive hormonal therapy treated patients (n=367),
CARMI expression showed an association with shorter BCSS (LR=11.266,

p=0.004) (Fig 4.3C).
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Figure 4.2: Kaplan Meier plots of CARM1 expression

(A) Kaplan Meier plot of CARMI expression in relation to BCSS in the
whole series. (B) Kaplan Meier plot of CARM1 expression in relation
to DFI in the whole series. (C) Kaplan Meier plot of CARMI
expression in relation to BCSS in the ER-positive patient cohort. (D)
Kaplan Meier plot of CARMI expression in relation to DFI the ER-
positive patient cohort.
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Figure 4.3: Kaplan Meier plots of CARMI expression in systemic therapy

groups

(A) Kaplan Meier plot of CARMI expression in relation to BCSS in the
untreated patient group. (B) Kaplan Meier plot of CARMI expression in
relation to DFI in the untreated patient group. (C) Kaplan Meier plot of
CARMI1 expression in relation to BCSS in the ER-positive tamoxifen only
treated patient group

176



Chapter 4

Table 4.5: Multivariate COX regression model for predictors of BCSS and

DFI in the whole patient series

Variable

BCSS DFI
P value HR 95% CI P value HR 95% CI
Lower | Upper Lower | Upper

CARMI (Low) 0.001 0.009

CARMI (Moderate vs. low) 0.011 1.537 1.105 2.136 0.015 1.348 1.059 1.717
CARMI Strong vs. low) <0.001 2.179 1.465 3.242 0.004 1.600 1.160 2.205
Chemotherapy 0.006 0.556 0.368 0.842 <0.001 0.544 0.387 0.766
Endocrine Therapy 0.259 0.819 0.578 1.159 0.005 0.675 0.513 0.889
Tumour size 0.004 1.614 1.164 2.238 0.014 1.344 1.061 1,702
LN stage (1) <0.001 <0.001

LN stage (2) vs. (1) 0.001 1.700 1.226 2.359 0.008 1.432 1.100 1.863
LN stage (3) vs. (1) <0.001 3.679 2.496 5.424 <0.001 3.643 2.625 5.055
Tumour grade (1) <0.001 0.005

Tumour grade (2) vs. (1) 0.010 2.134 1.197 3.807 0.264 1.208 0.867 1.683
Tumour grade (3) vs. (1) <0.001 4.035 2271 7.170 0.004 1.667 1.182 2.351
Vascular invasion (Definite 0.001 1.598 1.198 2.133 0.001 1.502 1.189 1.897
Vs, n0)
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Table 4.6: Multivariate COX regression model for predictors of BCSS and

DFI in the ER-positive /luminal like subgroup

Variable BCSS DFI
Pvalue | HR 95% ClI P value HR 95% ClI
Lower | Upper Lower Upper

CARMI (Low) <0.001 <0.001

CARMI (Moderate vs. low) 0.001 2.021 1.330 3.073 <0.001 1.700 1.270 2.276
CARMI Strong vs. low) <0.001 3.084 1.768 5.381 <0.001 2.267 1.491 3.447
Chemotherapy 0.018 0.467 0.248 0.880 0.004 0.491 0.301 0.799
Endocrine Therapy 0.338 0.793 0.494 1.274 0.006 0.609 0.427 0.868
Tumour size 0.003 1.923 1.248 2.962 0.014 1.437 1.076 1917
LN stage (1) <0.001 <0.001

LN stage (2) vs. (1) 0.006 1.805 1.184 2.753 0.009 1.541 1.112 2.135
LN stage (3) vs. (1) <0.001 4.931 2915 8.340 <0.001 4455 2.897 6.850
Tumour grade (1) <0.001 0.004

Tumour grade (2) vs. (1 0.028 2.034 1.080 3.831 0.138 1.320 0915 1.905
Tumour grade (3) vs. (1) <0.001 4.255 2.190 8.267 0.001 1.960 1.296 2.965
Vascular invasion (Definite 0.008 1.645 1.138 2378 0.014 1.430 1.076 1.902
VS, no)
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43 PELPI1

4.3.1 Introduction

PELP1 (proline, glutamate and leucine rich protein 1) consists of 1,282 amino
acids and is located on chromosome 17 (Vadlamudi et al., 2001). It improves
17B-oestradiol (E2) dependent transcriptional activation from the oestrogen
response element in a dosé—dependent fashion and shows high expression in
various tissues especially in the testes, breast, and brain. Importantly, PELP1
may add to the oncogenic properties of cancer cells by acting as a scaffolding
protein that relates many signalling processes with ER through its interaction
with other oncogenes including SRC, PI3K, STAT3 and EGFR (Vadlamudi et
al., 2001).

Previous gene knock down studies of PELP1 have shown reduced E2
activation of Akt signalling pathway significantly, and inhibited E2 genomic
transcriptional effects on gene expression in breast cancer cells (Brann et al,,
2008). Regulation of aromatase by PELP1 represents a novel mechanism for
autocrine oestrogen synthesis which may lead to tumour proliferation (Rajhans
et al., 2008). These findings suggest an important tumourigenic role of PELP1
and may open a new targeted therapeutic approach by its inhibition (Nagpal et
al., 2008).

Other studies suggest a different mechanism for the oncogenic properties of
PELP1 through its involvement in histone remodelling. PELP1 maintains the
balanced hypoacetylated state of histones, while ER binding reverses its role

through hyperacetylation of histones through an unknown mechanism (Choi et
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al, 2004). In addition, it has been suggested that PELP1 contributes to
chromatin remodelling by affecting certain types of histone in cancer cells
(Nair et al., 2004). In a small previous breast cancer study, PELP] expression
was reported to be up-regulated in higher grade lymph node positive invasive
tumours (Rajhans et al., 2008, Rajhans et al., 2007) but the study did not
specifically focus on PELP1 expression in ER-positive/luminal cancers.

The value of PELP1 as a prognostic biomarker in defining breast cancer
phenotypes remains undetermined. Therefore, our aim was to investigate the
clinical relevance and biological relations of PELPI protein expression in a
large series of consecutive patients with invasive breast cancers using high-
throughput tissue microarrays (TMAs) and immunohistochemistry and to test
its association with other clinically and biologically relevant biomarkers. In
addition, PELP1 protein expression was investigated in the ER-positve

patients’ cohort.

4.3.2 Material and Methods

Tissue microarrays were prepared and the immunohistochemical staining was
performed using the streptavidin-biotin complex method using
DakoCytomation Techmate 500 plus (DakoCytomation, Cambridge, UK)
(General Material and Methods Chapter).

Rabbit polyclonal antibody to PELP1 (NB100-1749; Novus Biologicals Inc.,
Littleton, CO, USA) was optimized at a working dilution of 1:100 using full-
face sections of breast cancer tissue to assess the staining distribution. Negative

controls were performed by omitting the primary antibody and substitution
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with diluent. Peptide blocking with PELP1 antigen (Novus Biologicals,
NB100-1749PEP) was performed to verify the antibody specificity. Positive
breast cancer cases were used as positive controls.

The H-score (histochemical score) was used for assessment. The X-tile (Camp
et al., 2004) program was used to define optimal cut off points of PELP1 H-
score values (<S5=negative/low, >5and<l170=moderate and 2>170=strong

expression).

4.3.3 PELPI1 expression results

After excluding the uninformative TMA cores from the study, 1,162 tumours
were available for assessment. The median age of the patients was 55 years
(range 27-70). Sixty eight percent of patients had tumours greater than or equal
to 1.5 cm in size. Fifty nine percent of the tumours were ductal of no special
type, 17% of the tumours were grade 1 and 27.8% showed good NPI. Thirty
percent of the patients developed metastatic disease during the period of
follow-up and 41.7% developed tumour recurrence.

PELP1 staining was detected in the nuclei of the malignant cells as well as in
some luminal ductal epithelial cells of associated normal tissues in the cores.
Applying the peptide blocking successfully abrogated staining (Fig 4.4B). The
In the whole series, 17.2% of the tumours showed negative or low expression,
69.3% showed moderate expression (Fig 4.4C/D) while 13.5% showed strong

expression (Fig 4.4A). No cytoplasmic staining was observed.
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4.3.3.1 Correlation between PELP1 expression and other

clinicopathological variables

In the whole series of unselected breast cancer patients, increased PELP1
expression was associated with markers of poor prognosis such as large
primary tumour size, raised mitotic counts (p=0.004), recurrence and poor NPI
group.

No associations were found between PELP1 and patients’ age, lymph node
stage, vascular invasion and menopausal status (Table 4.7). When the analysis
was repeated on ER-positive/luminal-like group of tumours (n=768), PELP1
expression showed border line associations with large tumour size and

development of tumour recurrence (p=0.027) (Table 4.8).

4.3.3.1 Correlation between PELP1 expression and other

biomarkers

In the whole series, we found significant positive associations between PELP1
expression and biomarkers of poor prognosis including P-cadherin, p53, and
CARMI1 (p<0.001). An inverse association was found between PELPI
expression and ERa, PgR, AR, and CK18 expression. No associations were
found between PELP1 and other biomarkers included in the study (Table 4.9).
In the ER-positive group of tumours, PELP1 expression was associated with

CARMI expression (p<0.001).
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Figure 4.4: PELP1 expression in breast cancer

(A&B) PELPI nuclear staining was lost with application of the peptide
blocking, used as a negative control.(Ax200 & Bx200). (C&D) TMA core of a
grade 3 ductal carcinoma showing strong positive PELP1 nuclear expression

(C x100 & D x400).
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Table 4.7 : Relation of PELP1 expression to other clinicopathological

parameters in the whole series

PELP1 Expression
Varialle low Moderate | Strong Xz ———
Patients’ age 3.069 0.8
<40 14 61 12
40-50 55 231 45
51-60 78 264 52
>60 53 249 48
Tumour size 11.098 0.004
<l.5cm 80 254 37
>1.5 cm 120 551 120
Lymph node stage 0.930 0.920
1(Negative) 118 491 92
2(1-3 LN) 63 238 52
3(>3 LN) 18 73 13
Tumour grade 10.045 0.040
| 44 128 26
2 73 247 46
3 83 428 85
NPI 14.045 0.007
Poor 35 137 30
Moderate 91 451 95
Good 74 217 32
DM 6.873 0.032
No 145 554 97
Positive 49 244 60
Recurrence 11.895 0.003
No 133 451 78
Positive 62 336 76
VI 0.593 0.964
No 111 450 83
Probable 23 85 17
Definite 66 268 56
Histologic tumour type 19.987 0.029
Ductal/NST 109 482 97
Lobular 33 89 13
Tubular and Tubular mixed 42 156 32
Medullary 1 22 7
Other special types* 7 10 1
Mixed** 8 46 7
Mitosis 15.465 0.004
1 88 257 48
2 37 137 27
3 68 388 79
Menopausal status 1.598 0.450
Premenopausal 67 308 60
Postmenopausal 133 497 97

*Includes mucoid, invasive cribriform and invasive papillary carcinoma, **
Includes ductal/NST mixed with lobular or special types
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Table 4.8: Relation of PELP1 expression to other clinicopathological variables

in the ER-positive cohort

PELP1 Expression
Variable low Moderate Strong xz p-value
Patients’ age 8.354 0.213
<40 5 31 3
40-50 34 139 24
51-60 63 175 27
>6() 45 184 38
Tumour size 6.945 0.031
<l.5cm 63 189 24
>1.5 cm 84 340 68
Lymph node stage 1.109 0.893
1(Negative) 89 322 51
2(1-3 LN) 46 167 33
3(>3 LN) 11 38 8
Tumour Grade 4.362 0.359
1 37 111 22
2 67 217
3 43 200 35
NPI 6.379 0.173
Poor 19 69 16
Moderate 64 267 50
Good 64 193 26
DM 2.624 0.269
No 108 375 60
Positive 36 151 32
Recurrence 7.222 0.027
No 100 305 47
Positive 45 216 42
VI 4.109 0.392
No 82 298 43
Probable 19 60 16
Definite 46 169 33
Histologic tumour type 10.585 | 0.391
Ductal/NST 69 269 49
Lobular 29 82 11
Tubular 38 129 26
Medullary 0 3 0
Other special types 5 8 0
Mixed 6 38 6
Mitosis 8.124 0.087
1 80 229 38
2 29 108 19
3 33 175 32
Menopausal status 3.488 0.175
Premenopausal 38 178 27
Postmenopausal 109 351 65
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Table 4.9: Relation of PELP1 expression to other biomarkers in the whole

series
PELP1 Expression
Variable Low Moderate Strong xz p-value
CKS5/6
Negative 168 653 119 7.090 0.029
Positive 23 128 35
CK14
Negative 174 669 121 8.090 0.018
Positive 16 97 58
CK18
Negative 15 109 25 6.262 0.044
Positive 163 619 121
CK19
Negative 16 76 20 2.393 0.302
Positive 175 705 131
ER
Negative 40 236 58 12.108 0.002
Positive 147 529 92
PgR
Negative 58 343 70 11.009 0.004
Positive 123 420 79
AR
Negative 42 279 60 16.078 <0.001
Positive 136 449 81
p33
Negative 150 545 106 9.372 0.009
Positive 33 217 47
BRCA1
Negative 21 110 12 4.882 0.087
Positive 142 552 114
Bel-2
Negative 28 134 26
Weak 18 113 20 10.961 0.090
Moderate 53 162 20
Strong 13 46 6
MIB1
low 53 163 20 8.033 0.018
High 47 218 45
P-cadherin
Negative 96 295 53 12.588 0.002
Positive 68 362 80
E-cadherin
Negative 69 312 57 1.240 0.538
Positive 120 455 92
Negative 88 425 71
Positive 29 161 38
CARMI1
Low 75 200 21 60.987 <0.001
Moderate 49 366 70
Strong 20 105 45
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4.3.3.2 Correlation between PELP1 expression and patient

outcome

(A) Breast cancer specific survival (BCSS)

In the whole patient series, an association between PELP1 expression and
shorter BCSS was found (Log Rank (LR) =12.168, p=0.002) (Fig 4.5A).
Multivariate Cox hazard analysis including tumour size, histologic grade,
lymph node stage, vascular invasion, ER expression showed that PELPI
expression was an independent predictor of shorter BCSS (Hazard ratio (HR)
=1.349, p=0.006, 95%CI=1.091-1.668).

In the ER-positive cohort, PELP1 expression also showed an association with
shorter BCSS (LR=7.029, p=0.030) in univariate analysis (Fig 4.5C).
However, in multivariate Cox analysis of ER-positive cohort, PELP1 was not
an independent predictor of BCSS (HR=1.302, p =0.061, 95% CI=0.987-1.717)
(Table 4.10).

(A) Disease free interval (DFI)
In the whole patient series, an association between PELP1 expression and
shorter DFI was found (LR=10.336, p=0.006) (Fig 4.5B). Multivariate Cox
hazard analysis showed that PELP1 expression was an independent predictor of
shorter DFI (HR=1.255, p=0.011, 95% CI=1.053-1.495).
In the ER-positive cohort, PELP1 expression showed an association with
shorter DFI (LR=6.805, p=0.033) in univariate analysis (Fig 4.5D) as well as

in multivariate analysis (HR=1.256, p=0.036, 95% CI=1.015-1.553).
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Figure 4.5: Kaplan Meier plots of PELP1 expression

(A) Kaplan Meier plot of PELP1 expression in the whole series in relation to
BCSS. (B) Kaplan Meier plot of PELP1 expression in the whole series in
relation to DFI. (C) Kaplan Meier plot of PELP1 expression in the ER-positive
cohort in relation to BCSS. (D) Kaplan Meier plot of PELP1 expression in the
ER-positive cohort in relation to DFI.
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Table 4.10: Multivariate COX regression model for predictors of BCSS
(A) The whole patient cohort and (B) ER-positive patient cohort

Variable p value HR 95 % Cl

Lower Upper
(A) Whole patient cohort
PELPL 0.006 1.349 1.091 1.668
expression
ER expression 0.104 0.808 0.625 1.045
Tumour size 0.005 1.602 1.155 2223
Tumour stage <0.001 1.893 1.592 2251
Tumour grade <0.001 1.724 1.386 2.145
.VaSCL.llal‘ 0.002 1.240 1.084 1.420
invasion
(B) ER-positive patient cohort
ey 0.061 1,302 0.987 1717
expression
Tumour size 0.009 1.718 1.144 2.581
Tumour stage <0.001 1.775 1.413 2.229
Tumour grade <0.001 1.885 1.474 2412
YVascular 0.001 1.339 1.125 1.594
invasion
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4.4 The effect of combined expression of PELP1 and

CARMI1 on patient survival

The combined expression of CARM1 and PELP1 was investigated. The group
of patients showing combined positive expression of both (Moderate and
strong vs. low and negative groups) showed a significant shorter breast cancer
specific survival (LR=14.428 and p=0.002) (Fig 4.6) and this effect was
maintained in the ER-positive luminal-like subgroup (LR=13.797 and

p=0.003).

Survival Functions

PELP1/CARM1

wI'PPELP1-CARMI-
wI"YPELP1-CARMI+
PELP 1+CARMI-
w"PPELP 1 +CARMI +
~+— PELP1-CARMI --censored
~+= PELP1-CARM! +-censored
PELP1+CARMI--censored
4= PELP1+CARMI +-censored

Cum Survival

T T 1
0 50 100 150 200 250

BCSS in months

Figure 4.6: Kaplan Meier plots of combined CARMI/PELP1 expression in the

whole series in relation to BCSS
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4.5 Discussion

45.1 CARMI

CARMI was originally identified because of its ability to interact with p160
family of nuclear receptor coactivators to methylate histone H3 and activates
transcription via chromatin remodelling.

We found significant positive associations between CARMI1 and known
features of poor prognosis including large tumour size, high tumour grade and
frequent development of distant metastasis, tumour recurrence in the whole
patient series as well as in the ER-positive cohort. These findings support the
novel data by Frietze and colleagues who found that CARMI regulates
oestrogen-stimulated breast cancer growth through up-regulation of E2F1 by
subjecting its promoter to CARM1-dependent dimethylation on histone H3
arginine 17 (Frietze et al., 2008).

Supporting this further, our data showed the involvement of CARM1 in tumour
proliferation as elevated expression in highly proliferative tumours, assessed by
MIBI1 and mitotic count was identified.

Supporting its poor prognostic role, we found a significant positive association
between CARMI1 and expression of basal CKs and p53. In contrast, we found
an inverse relation between luminal CKs and steroid receptor expression which

are markers of good prognosis in breast cancer.

We found a positive correlation between cyclin E and CARMI protein

expression in breast cancer in agreement with others (El Messaoudi et al.,
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2006) who found CARMI is required for proper activation of endogenous

CCNE1 mRNA expression in mammalian cells.

Our results showed a positive association between CAMRI protein expression
and HER family members, EGFR1 and HER2 suggesting a crosstalk between

this important growth signalling pathway and ER coregulators.

Furthermore, we have assessed the prognostic ability of CARMI in ER-
positive/luminal-like breast cancer patients. In this important group of patients,
we found that CARMI expression was significantly associated with shorter
BCSS and shorter DFI which implies its role in subclassification of ER-
positive groups into prognostic subgroups. These findings are also found in the
patient group that did not receive systemic therapy to overcome the
confounding effect of treatment on our survival analysis.

In conclusion, this study demonstrated the biological and prognostic role of
CARM]1 in breast cancer. CARM1 expression was an independent prognostic
factor of shorter survival in breast cancer and the ER-positive luminal-like
subtype. Overexpression of CARM1 is involved in the progression of breast
cancer suggesting that targeting its expression in high proliferative breast

cancer could be of potential in developing novel treatments for breast cancer.

4.5.2 PELPI
To date PELP1 has not been identified as a discriminating marker in the

luminal subclasses of breast cancer. Our results, as discussed below imply that
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PELP1 has the potential to stratify patients with ER positive breast cancer into
biological subclasses with differing prognoses.

In this study, the status of the steroid ER co-regulator PELP1 was also
investigated in a large cohort of patients with breast cancer to better understand
its clinical and biological significance. We found a positive association
between PELP1 and markers of poor prognosis and aggressive tumour
behaviour including larger tumour size, higher histological grade, frequent
development of tumour recurrence in the whole patient series. These findings
support the emerging data that PELPI interacts with many proteins and
activates several oncogenes that are related to the aggressive tumour
characteristics and metastatic behaviour, including SRC, phosphotidyl inositol
3 kinase (PI3K), and signal transducers and activators of transcription 3
(STAT3) (Nair and Vadlamudi, 2007).

In this study, we found a significant positive correlation between PELP1 and
CARMI which is necessary for the E2-induced proliferation of breast cancer
cells via E2F1 and its target genes (Stallcup et al., 2003, Frietze et al., 2008).
This positive correlation at the protein level suggests a possible synergistic
action between PELP1 and CARMI, being both ER coactivators, in oestrogen
induced proliferation of ER-positive breast cancer cells. This effect was
confirmed by studying the effect of combined expression of PELP1/CARMI1
on patient outcome indicating a significant reduction of survival.

The significance of non-genomic ER activity in mediating oestrogen signalling
to promote cell proliferation and survival in breast cancer cells has been

documented (Schiff et al., 2005). Many studies have highlighted the
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importance of PELP! in tumour progression through increasing oestrogen
mediated cell proliferation possibly through its requirement to ER alpha
interaction with SRC which leads to activation of MAPK pathway (Cheskis et
al., 2008). Our data implicates the involvement of PELPl in tumour
proliferation as we identified elevated expressions in highly proliferative
tumours, assessed by MIB1 and mitotic counts.

Supporting its poor prognostic role, we found significant positive associations
between PELP1 and expression of P-cadherin and p53 which are more
frequently expressed in basal-like breast cancer and are associated with poor
prognosis.

The potential prognostic role of PELP! in ER-positive/luminal-like breast
cancer patients was investigated. PELP1 expression was significantly
associated with shorter BCSS and shorter DFI which implies its role in
subclassification of ER-positive groups into prognostic subgroups.

In conclusion, the results of this study demonstrated the biological and
prognostic role of PELP1 in breast cancer which cannot be considered as a
mere reflection of ER expression as evidenced by its role in the whole series of

breast cancer as well as in the ER-positive/luminal like subclass.

CARMI and PELPI1 protein expression in breast cancer could have a role in
clinical decision making and assessment of prognosis, particularly in the ER-
positive group. Furthermore, improved understanding of their functional role

and their mechanism of action in breast may reveal a role as therapeutic targets.
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5 The protein expression of biomarkers with potential
therapeutic implication and endocrine therapy response in

ER-positive breast cancer
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5.1 Introduction

ER-positive/luminal-like tumours are clearly not a homogenous group; some
tumours respond to therapy and others do not. They are mostly low grade and
more sensitive to endocrine therapy because of their ER-positive status
especially in the Luminal A subclass. A proportion of ER-positive BC relapse
after tamoxifen treatment, which is an important problem seen in clinical
practice (Han et al., 2006).

To improve available therapies for ER-positive breast cancer, a better
understanding of the mechanisms contributing to response and resistance to
therapy is needed. It is a challenging task to discover new biomarkers that
could be used to predict the hormonal therapy response or to be used as

potential new therapeutic targets.

52 CD71

5.2.1 Introduction

In this study, in collaboration with Dr Julia Gee and Prof R Nicholson (Cardiff
School of Pharmacy), it was proposed that assessment of CD71 expression
could be used to stratify ER-positive patients to define subgroups with poor
prognosis, high proliferation and resistance to hormonal therapy.

The transferrin receptor (TR, CD71) is a type II transmembrane homodimer
glycoprotein (180 kDa) involved in the cellular uptake of iron via
internalization of iron-loaded transferrin (Ponka and Lok, 1999, Daniels et al.,

2006a). Transferrin (Tf) is therefore an essential component of cell growth and
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iron-requiring metabolic processes including DNA synthesis, electron
transport, mitogenic signalling pathways and in turn, proliferation and cell
survival. Consequently, rapidly growing cells require more iron for their
growth than resting cells (Daniels et al., 2006a, Daniels et al., 2006b).

Not surprisingly, transferrin receptor is expressed at greater levels on cells with
a high proliferation rate (Sutherland et al., 1981). Over-expression of
endogenous transferrin receptor has also been described for various cancers
including those of lung (Dowlati et al., 1997, Carbognani et al., 1996), and
pancreas (Ryschich et al., 2004), reflecting increased cell proliferation. This
observation can in part be attributed to the increased need for iron as a cofactor
for the ribonucleotide reductase enzyme involved in DNA synthesis of rapidly
dividing cells (Daniels et al., 2006a, Daniels et al., 2006b).

In breast cancer, transferrin receptor expression has been shown to be up to
five times higher in the malignant component compared to normal tissue
(Tonik et al., 1986), with expression relating closely to proliferative capacity in
these tumours (Wrba et al., 1986). Moreover, within endocrine responsive
breast cancer cell models such as MCF-7 (representative of the ER-positive
luminal clinical phenotype) there is believed to be a possible association
between CD71 and oestrogen receptor signalling. Studies have revealed 17p-
estradiol (E2) can up-regulate CD71 expression in a dose-dependent manner,
with E2 and iron showing synergistic effects in promoting proliferation (Dai et
al., 2008). However, it remains unknown if transferrin/CD71 signalling is a

prominent contributor to endocrine resistant breast cancer growth, and
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therefore if it could provide a therapeutic target specifically for this undesirable
disease state.

Previously, CD71 immunostaining (Wrba et al., 1986) showed elevated
expression in poorly differentiated tumours, and a relationship with metastatic
potential in animal mammary adenocarcinoma models (Cavanaugh et al.,
1999).

The value of CD71 as a prognostic biomarker and a predictor of response to
adjuvant treatment in the ER-positive/luminal-like breast cancer phenotype
remain largely unexplored.

Therefore, in this study we assessed the biological and prognostic role of CD71
in breast cancer by: 1) Determining CD71 levels of expression in the endocrine
responsive MCF-7 human breast cancer cell line as well as various sub-lines
representative of acquired resistance to current endocrine agents (i.e.
Tamoxifen, Faslodex or severe oestrogen deprivation). 2) Examining
transferrin effects on in vitro tumour growth and its inhibition, by evaluating
ER blockade, phosphoinositide-3 kinase (PI3K) inhibitor LY294002 and
MAPK pathway inhibitor PD98059 treatment as discussed in(Habashy et al.,
2010). 3) Studying the clinical relevance of CD71 protein expression in a large
series of consecutive patients with invasive breast cancers using high
throughput tissue microarrays (TMAs) and immunohistochemistry. In addition,
we investigated if CD71 expression could be used to sub-classify ER-positive/
luminal-like cancers and its prognostic role in a subset of tamoxifen-only

treated patients.
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5.3 Material and Methods

$.3.1 Cell culture, PCR studies and Cell growth studies

These methods were performed by Dr Julia Gee’s group and were described in
(Habashy et al., 2010).

5.3.2 CD71 immunohistochemistry

The expression of CD71 was examined at the protein level using
immunohistochemistry in various patient groups to assess its prognostic
significance, as well as comparing staining across all the endocrine responsive
and resistant in vitro breast cancer cell models.

The study population was derived from the Nottingham Tenovus Primary
Breast Carcinoma Series of women aged 70 years or less, who presented with
primary operable invasive breast carcinomas (with tumours of less than 5 cm
diameter on clinical/pre-operative measurement, stage I and II) between 1988
and 1998. Tissue microarrays (TMAs) were used containing a series of 853
informative cases of unselected invasive breast carcinoma.

Tissue microarray and immunostaining of the cell pellets and clinical
breast cancer samples

For paraffin-embedded pellet preparation, the methods were performed by Dr

Julia Gee's group and were described in (Habashy et al., 2010).

For clinical material, arrayed samples comprised single representative 0.6mm
tissue cores taken from each tumour block, sectioned at 4 pum thickness

(Kononen et al., 1998).
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Immunohistochemical staining of transferrin receptor (CD71) (clone 10F11,
ab49517, Abcam, Cambridge, UK) using. signal localization (plasma
membrane, cytoplasmic) and the staining intensity was quantified using H-
score (histochemical score) analysis considering the invasive tumour
component only (McCarty et al., 1985).

Statistical analysis

Statistical analysis was performed using SPSS statistical software (SPSS Inc.,
Chicago, USA). Cell line growth data obtained were log-transformed to
compare growth rate at day 15, using ANOVA followed by a Bonferroni post-
hoc test for analysis. H-scores were compared statistically between MCF-7 and
the resistant models using Student’s t-test with post-hoc testing. Association
between the CD71 expression (categorised by the median of the IH-score 25)
and different clinicopathological parameters and biomarkers was evaluated
using chi-square test. Survival curves were estimated by the Kaplan-Meier
method with a log rank test to assess significance. Multivariate Cox regression
analysis was used to evaluate any independent prognostic effect of the

variables using 95% confidence intervalCD71 expression results
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5.3.3 Endocrine responsive and resistant breast cancer cell line studies

Immunocytochemistry on the cell pellets revealed CD71 expression was
increased in all cell lines derived from the luminal ER-positive MCF-7 model
that had undergone progression to endocrine resistance (Fig.5.1C&D), with
increased immunoreactivity localised at the plasma membrane and cytoplasm.
Of these models, total CD71 expression was most elevated for the MCF-7X

line with ~5 fold increase versus MCF-7 (mean H-scores=144 versus 28.5).
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Figure 5.1 : CD71 expression in cell lines and clinical samples
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’

(A&B) Grade 3 ductal carcinoma with positive membranous staining (Ax100,
Bx200)
(C&D) Paraffin-embedded cell pellets: total CD71 expression was most

elevated in the MCF-7X (C) (x200) in comparison to MCF-7 cells (D) (x200).
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3.3.4 CD71 PCR and Growth Studies
The results of these experiments were described previously in (Habashy et al.,
2010)

5.3.5 CD71 immunohistochemical results in clinical breast cancer

5.3.5.1 Correlation between CD71 expression and other variables

The observed CD71 staining pattern in tumour tissues was both membranous
and cytoplasmic (Fig 5.1 A&B).

The level and extent of staining varied from very weak focal to extensive
strong overexpression (H-score range=5-300). CD71 overexpression was
associated with larger tumour size, higher histologic grade and poorer NPI
group and distant metastases. It was associated with the proliferative activity of
tumours as assessed by mitotic counts and MIB-1 expression (p<0.001). CD71
expression was positively associated with other markers of aggressive tumour
phenotype including basal CKs (CK14 and CK5/6), p53, EGFR, and HER2. In
contrast, CD71 expression was inversely related to ER, progesterone receptor
(PgR), androgen receptor (AR) and Bcl-2 expression. We found higher levels
of expression of CD71 in medullary type cancer compared with others (89%,
p<0.001) (Tables 5.1 and 5.2).

In the ER-positive/luminal-like tumours, CD71 expression showed a positive
association with higher grade (p<0.001) and poorer NPI (p=0.004), distant
metastasis (p=0.002) and high mitotic counts (p<0.001). CD71 expression was

positively associated with p53 (p<0.001) and EGFR (p<0.001).
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Table 5.1: Relation of CD71 protein expression to other

variables in the whole series

clinicopathological

Variable Negative Positive CD71 Total %2 p value
CD71 N (%)
N (%)
Age
<40 23(36.5) 40(63.5) 63
40-50 78(32.2) 164(65.6) 242 0.634 0.888
51-60 104(35) 198(65) 302
>60 86(34.1) 160(65.9) 246
Size
<l.5cm 115(40.5) 169(59.5) 284 7.706 0.006
>1.5cm 176(30.9) 393(69.1) 569
LN Stage
1(Negative) 192(35.5) 351(64.5) 543 1.238 0.539
2(1-3 LN) 73(31.5) 158(68.5) 231
3(>3 LN) 24(31.6) 52(68.4) 76
Grade
1 81(50.3) 80(49.7) 161 78.847 <0.001
2 128(47.1) 144(52.9) 273
3 82(19.5) 338(80.5) 420
NPI
Poor 28(23) 95(77) 123 38912 <0.001
Moderate 144(29) 348(71) 492
Good 119(50) 119(50) 238
DM
No 220(37.7) 363(62.3) 583 10.439 0.001
Positive 69(26.3) 193(73.7) 262
Recurrence
No 172(36) 306(63) 478 1.855 0.173
Positive 113(31.5) 246(68.5) 359
VI
No 179(35.9) 319(64.1) 498 1.787 0.409
Probable 27(31.8) 58(68.2) 85
Definite 84(31.5) 183(68.5) 267
Mitotic count
1 153(55.6) 122(44.4) 275 98.89 <0.001
2 52(35.1) 96(64.9) 148
3 72(18.5) 317(81.5) 389
Tumour type
Ductal/NST 121(24.9) 364(75.1) 485
Lobular 56(60) 38(40) 94 65.803 <0.001
Tubular and Tubular
il 84(44.7) 104(55.3) 188
Medullary 3(10.7) 25(89.3) 28
Other special types* 8(53.3) 7(46.7) 15
Mixed** 19(44.2) 24(55.8) 43

*Includes Mucoid, invasive cribriform and invasive papillary carcinoma, **
Include ductal/NST mixed with lobular or special types
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Table 5.2: Relation of the CD71 protein expression to other biomarkers in the

whole series

Variable CD71 expression
Negative Positive

CD71 CD71 Total %2 p value

N (%) N (%)
CK5/6
Negative 247(37.8) 407(62.2) 654 20.527 <0.001
Positive 32(19.2) 135(80.8) 167
CK14
Negative 239(35.8) 428 (64.2) 667 10.694 0.001
Positive 29(21.3) 107(78.7) 136
CK18
Negative 142(33.8) 278(66.2) 420 0.280 0.579
Positive 111(35.5) 200(64.5) 311
HER2
Negative 259(37.2) 437(62.8) 696 23.084 <0.001
Positive 15(13.8) 94(86.2) 109
pS3
Negative 241(41.9) 334(58.1) 375 51.014 <0.001
Positive 32(14.8) 184(85.2) 216
EGFR
Negative 191(37.2) 323(62.8) 514 16.316 <0.001
Positive 29(19.5) 120(80.5) 149
ER
Negative 50(18.7) 217(81.3) 267 46.012 <0.001
Positive 229(43) 304(57) 533
AR
Negative 78(25.6) 227(74.4) 305 18.196 <0.001
Positive 179(40.7) 261(59.3) 440
PgR
Negative 90(25.6) 261(74.4) 351 24.011 <0.001
Positive 186(42.4) 253(57.6) 439
MIBI
Low 75(42.1) 107(58.8) 182 12.289 <0.001
High 58(25) 174(75) 232
Bcel-2
Negative 29(21.8) 104(78.2) 133
Weak 37(36.6) 64(63.4) 101 16.373 0.001
Moderate 69(44.2) 87(55.8) 156
Strong 21(38.2) 34(61.8) 55
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5.3.5.2 Correlation between CD71 protein expression and patient

outcome

In the whole series, a significant correlation between CD71 expression and
poorer BCSS was identified (Log Rank (LR)=14.833, p<0.001). In the ER-
positive/luminal-like cohort, we also found a significant association
(LR=14.044, p<0.001) (Fig 5.2A) However, no associations were found
between CD71 expression and DFI neither in the whole series (LR=3.132,
p=0.077) nor in the ER-positive patient group (LR=2.121, p=0.145).

In the group of ER-positive Tamoxifen only treated patients (n=180), we found
that CD71 expression was associated with shorter BCSS (LR=10.345,
p=0.001) (Fig 5.2B) and shorter DFI (LR=4.056, p=0.044) (Fig 5.2C) which
may indicates poor response of CD71 expressing tumours to hormonal
treatment. To support this finding, we examined the outcome in ER+CD71+
patients that received or did not receive tamoxifen, the group of patients who
received tamoxifen showed a significant lower BCSS (LR=5.571, p=0.018)

(Fig 5.2D) and shorter time to develop distant metastasis (LR=5.360, p=0.021).

5.3.5.3 Multivariate analysis
A multivariate Cox hazard model analysis for predictors of BCSS was
performed including CD71 expression, tumour size, histologic grade and
lymph node stage. This analysis demonstrated that CD71 expression is an
independent prognostic factor in the ER-positive/luminal-like patient group

(HR =1.614, p=0.016, 95% CI =1.092-2.384).
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Importantly, in ER-positive patient who received tamoxifen only, CD71 was
shown to be an independent prognostic factor of BCSS (HR=2.624, 95%CI
=1.309-5.259 and p=0.007) (Table 5.3), where patients with CD71 positive

tumours showed shorter BCSS.
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Figure 5.2: Kaplan Meier plots of CD71 expression groups in relation to
BCSS and DFI

Kaplan Meier plots of CD71 expression and BCSS in (A) ER-positive cohort
of unselected breast cancer patients, (B) ER-positive tamoxifen only treated
patients. (C) Kaplan Meier plot of CD71 expression and DFI in ER-positive
tamoxifen only treated patients. (D) Kaplan Meier plot of BCSS of patients

received and did not receive tamoxifen in CD71+ER+ cohort.
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Table 5.3: Cox proportional hazards analysis for predictors of BCSS: effects of
tumour grade, size, lymph node stage, and CD71 expression in (A) ER-positive

cohort and (B) ER-positive tamoxifen only treated patients

Variable Hazard ratio 95% CI p value

(A) ER-positive cohort

Tumour Grade 2.182 1.659-2.871 <0.001
Tumour size >1.5 cm 1.803 1.167-2.786 0.008
Lymph node status 1.911 1.335-2.735 0.001
CD71 expression 1.614 1.092-2.384 0.016
(B) ER-positive tamoxifen only treated patients

Tumour Grade 2.470 1.329-3.261 0.001
Tumour size >1.5 cm 1.335 0.909-2.703 0.393
Lymph node status 2.034 1.484-2.592 0.019
CD71 expression 2.624 1.309-5.259 0.007
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5.4 FOXO03a expression in breast cancer as a downstream

target of PIK3/Akt pathway

5.4.1 Introduction

Previous studies have highlighted the important role of Akt/PI3K pathway and
its upstream and downstream targets in the biology and prognosis of luminal-
like breast cancer (Zou et al., 2008) and this prompted us to study FOXO3a as
one of the important downstream targets of this pathway. Zou and co-workers
have reported that FOXO03a can suppress ER-dependent breast cancer cell
proliferation and tumourigenesis in the MCF-7 breast cancer cell line,
suggesting a crosstalk between FOX03a and ER signalling pathways (Zou et
al., 2008).

FOXO3a (FKHRL1) gene belongs to the forkhead family of transcription
factors (Yang and Hung, 2009) and their activity is regulated by several post-
translational modifications, including phosphorylation and acetylation (Tsai et
al., 2007).

Other studies demonstrated FOXO3a as an important intracellular mediator of
ER expression, suggesting possible therapeutic intervention (Guo and
Sonenshein, 2004). Importantly, FOXO3a is a downstream target in the
Akt/PI3K pathway and when phosphorylated, is prevented from translocating
to the nucleus resulting in its loss of functional activity. In contrast, FOX0O3a
dephosphorylation leads to nuclear localisation and subsequent target gene
activation (Brunet et al., 1999, Vara et al., 2004, Huang and Tindall, 2007,

Yang et al.,, 2008). Therefore, as a target within the Akt/PI3K signalling
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pathway FOXO3a regulates the expression of proapoptotic genes, cell cycle
regulated genes, and genes that control cellular homeostasis (Brunet et al.,
1999, Burgering and Kops, 2002). However, there is also evidence that an Akt-
independent mechanism of FOXO3a regulation exists. In vitro co-transfection
of FOX0O3a and IKK resulted in strong inhibition of FOXO3a activity
independent of Akt (Hu et al., 2004).

It was suggested that an efficient mitotic programme depends on
downregulation of Akt/PI3K and consequent induction of FOXO3a
transcriptional activity (Alvarez et al., 2001).

In breast cancer, FOXO3a activity has been shown to elevate p27 expression
resulting in cell cycle arrest (Accili and Arden, 2004). Furthermore, nuclear
FOXO3a can induce cellular apoptosis through upregulation of Fas ligand
(Fas-L) (Brunet et al., 1999) and Bim (Burgering and Kops, 2002, Stahl et al.,
2002) and has been implicated in resistance to oxidative stress and longevity
(Kops et al., 2002). Other studies have highlighted the importance of FOX0O3a
for maintenance of the hematopoietic stem cell pool (Miyamoto et al., 2007,
Tothova et al., 2007). Moreover, it has been reported that activation of
FOXO3a could induce p53-dependent apoptosis even in cells with a
transcriptionally inactive p53 (You et al., 2006).

FOXO3a may have therapeutic implications because some clinical anticancer
treatments target FOXO3a through three main oncogenic kinases (Akt, IKK,
and ERK) (Yang and Hung, 2009, Myatt and Lam, 2007). For instance, nuclear
localization of FOXO3a could potentially improve the effectiveness of anti-

EGFR agents such as gefitinib by mediating proliferative arrest (Krol et al.,
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2007). Gefitinib treatment causes cell cycle arrest and induces apoptosis due to
the effects of FOX03a dephosphorylation and nuclear translocation at Akt
sites. In contrast, resistant cells show inactive phosphorylated FOXO3a
restricted to the cytoplasm (Krol et al., 2007). Furthermore, up-regulation of
FOXO03a by paclitaxel has been reported to increase Bim mRNA and protein
level with subsequent induction of apoptosis in breast cancer cells (Sunters et
al., 2003).

The value of FOXO3a as a prognostic biomarker for ER-positive luminal-like
breast cancer remains unclear. Therefore, in this study, we have investigated
the clinical relevance and biological associations of FOXO3a protein
expression in a large series of patients and in a subgroup of luminal-like ER-
positive invasive breast cancers using high-throughput tissue microarrays

(TMAss) and immunohistochemistry.

5.5 Material and Methods

Tissue microarrays were prepared and the immunohistochemical staining was
performed using the streptavidin-biotin  complex method using
DakoCytomation Techmate 500 plus (DakoCytomation, Cambridge, UK) (see
general material and methods chapter). To unmask the antigens, the sections
were microwaved in citrate buffer pH 6 for 23 minutes. Rabbit polyclonal
antibody to FOXO3a (Antibody 9467, Cell Signalling Technology, Danvers,
MA, USA) was optimized at a working dilution of 1:50 using TMA sections
and full-face sections of breast cancer tissue to assess the staining distribution.

Negative controls were performed by omitting the primary antibody and
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substitution with a diluent. Positive breast cancer cases were used as positive
controls.

Western blotting was performed on breast cancer cell lysates of the human
breast cancer cell line MCF-7 to confirm the specificity of the FOXO3a
antibody used in immunohistochemistry. The specificity of the FOXO3a
antibody was confirmed using Western blotting (Fig 5.7) (See General
Material and Methods chapter). In normal breast tissue, FOXO3a expression
was detected mainly in the nuclei of mammary epithelial cells. In the malignant
tissues, FOX03a showed both nuclear and cytoplasmic staining patterns but
one pattern were obviously dominant. Examination of the TMAs has shown
that some cases showed nuclear pattern and others were mainly cytoplasmic.
Since the expression pattern and localisation of FOXO3a protein expression
show variable biological functions, we categorised the positive cases according
to whether they showed predominant nuclear (N) or predominant cytoplasmic
(C) localisation. Both patterns scored separately using the percentage of the
positive cells in each TMA core. Cases were categorised as showing a nuclear
or cytoplasmic pattern in 50% or more of the informative TMA core provided
that there is more than 20 % variation between both patterns. We have defined
the cases with obvious overlap (less than 20 % variation, n=31) and were
excluded to ensure a clear separation in their patterns of expression. The cases

were scored without the knowledge of patient outcome.
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5.6 FOXO3a expression results

The median age of the patients was 56 years (range 27-70). At the time of the
primary diagnosis, Forty seven percent (47%) of patients had tumours less than
2 cm in size and 31.5% had grade 2 tumours. During follow-up, 30.6% of the

patients developed metastatic disease.

100KD
75KD

SO0KD

37KD

Figure 5.3: Western blotting analysis of MCF-7 cell lysates using the FOXO3a

rabbit polyclonal antibody.

Enhanced chemiluminescence was used to visualize the membrane. The
expected band size ranges from 82 -97 KD. Lane (A) is FOXO3a and lane (B)

is B-actin.

In whole series, about 23 % showed predominant nuclear expression pattern
and 34 % cytoplasmic pattern while 3 % showed both with less 20% difference
in the predominant pattern. In ER-positive patient cohort, 26 % showed nuclear
expression pattern (Fig 5.4A) and 31 showed % cytoplasmic pattern (Fig

5.4B).
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Figure 5.4: FOXO3a expression in breast cancer
(A)Predominant FOX03a nuclear expression (x200)

(B) Predominant FOXO3a cytoplasmic expression (x200)

215



Chapter 5

5.6.1.1 Correlation between FOXO3a expression and other

clinicopathological variables

The tumour-specific FOXO03a IHC staining characteristics were initially
categorised into negative and positive expression (showing either nuclear or
cytoplasmic expression), regardless of FOXO3a localisation. FOXO3a
expression status did not show significant associations with the other
clinicopathological variables including tumour grade, size, stage, NPI and
vascular invasion.

Subsequently, the cases were categorised according to the pattern of expression
into nuclear and non-nuclear, the latter included cytoplasmic predominant
localisation and negative expression. Analysis of whole patient series revealed
that FOX03a nuclear localisation is positively associated with low mitotic
counts, lower grade tumour, less frequent development of distant metastasis
(<0.001) and tumour recurrence (p=0.002) (Table 5.4).

In the ER-positive, FOX03a nuclear expression pattern was associated with
low mitotic counts (p=0.008) and less frequent development of distant

metastasis (p<0.001) (Table 5.5).

5.6.1.2 Correlation between FOXO03a expression and other
biomarkers

In the whole series, the nuclear pattern showed significant positive associations

with molecular biomarkers associated with good prognosis including PgR

(p<0.001), FOXA1 (p<0.001) and p27 (p=0.001) expression. It also showed an

inverse correlation with PIK3CA (p=0.001) (Table 5.6).
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In ER-positive cohort, the nuclear pattern showed significant positive
associations with molecular biomarkers associated with good prognosis
including PgR (p=0.004), FOXA1 (p<0.001) and p27 (p=0.004) expression. It

also showed an inverse relation with PIK3CA (p=0.006) (Table 5.7).
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Table 5.4: Relation of FOXO3a immunostaining to other clinicopathological

variables in the whole series

Predominant
Non-Nuclear Nudlear ,
Variable localisation loealisati Total % p-value
ocalisation
Age
<40 59(85.5) 10(14.5) 69
40-50 215(78.2) 60(21.8) 275
51-60 235(79.2) 61(20.6) 295 3276 0-153
>60 194(73.8) 69(26.6) 263
Tumour size
<2 cm 335(78.1) 94(21.9) 429 0.032 0.873
>2 cm 367(77.6) 106(22.4) 473
Lymph node stage
1(Negative) 413(76.6) 126(23.4) 539
2(1-3 LN) 219(79.1) 58(20.9) 277 1.169 0.557
3(>3 LN) 69(81) 16(19) 84
Tumour grade
I 97(71.3) 39(28.7) 136
2 214(74.6) 73(25.4) 287 9.115 0.010
3 391(81.6) 88(18.4) 479
Vascular invasion
No/Probable 457(77.9) 130(22.10 587
Definite 244(77.7) 70(22.3) T TIZ i it MR
NPI
Good 164(73.5) 59(26.5) 223
Moderate 408(78.3) 113(21.7) 521 4.364 0.113
Poor 131(82.4) 28(17.6) 159
Mitotic counts
1 204(73.6) 73(26.4) 277
2 109(67.7) 52(32.2) 161 20.308 <0.001
3 365(83.5) 72(16.5) 437
DM
No 451(73.5) 163(26.5) 614 5
Positive 242(87.4) 35(12.6) R
Recurrence
No 374(73.9) 132(26.1) 506 5
Positive 314(82.8) 65(17.2) 379 a0 RIS
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Table 5.5: Relation of FOX0O3a immunostaining to other clinicopathological

variables in the ER-positive cohort

Variable
Predominant
Non-Nuelear Nuclear Total 2
localisation oot b4 p-value
N (%) localisation
N (%)
Age
<40 24(72.7) 9(27.3) 33
40-50 135(73.8 48(26.2 183 N
51-60 159278.7; 43221.3% 202 1238 {16
>60 147(75.4) 48(24.6) 195
Tumour size
<2 cm 231(75.2) 76(24.8) 307
>3 cm 234(76.5) 72(23.5) 506 | e | 033
Lymph node stage
1(Negative) 269(73.9) 95(26.1) 364
2(1-3 LN) 153(77.7) 44(22.3) 197 2.135 0.344
3(>3 LN) 41(82) 9(18) 50
Tumour grade
I 88(71.5) 35(28.5) 123
2 185(73.5) 67(26.5) 253 4.905 0.086
3 191(80.6) 46(19.34) 237
Vascular invasion
No/Probable 302(76.1) 95(23.9) 397
Definite 162(75.3) 53(24.7) 215 a0 .
NPI
Good 142(72.4) 54(27.6) 196
Moderate 247(75.5) 80(24.5) 327 5.078 0.079
Poor 77(84.6) 14(15.40 91
Mitotic counts
1 184(73.3) 67(26.7) 251
2 90(68.2) 42(31.8) 132 9.643 0.008
3 172(82.3) 37(17.7) 209
DM
No 306(71.5) 122(28.5) 428
Positive 155(85.6) 26(14.4) TTE T nierient
Recurrence
No 251(72.3) 96(27.7) 347
Positive 307(79.9) 52(20.1) T Rl B
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Table 5.6: Relation of FOXO3a immunostaining to other biomarkers in the

whole series

Variable Non-Nuclear Predominant Total | p-value
localisation Nuc'lea!'
Localisation

ER
Negative 202(83.8) 39(16.2) 241 6.356 0.013
Positive 466(75.9) 148(24.1) 614
PgR
Negative 319(84.4) 59(15.6) 378 | 16.878 | <0.001
Positive 345(72.6) 130(27.4) 475
AR
Negative 259(82.5) 55(17.5) 314 1.925 0.191
Positive 242(78.1) 68(21.9) 310
FOXAI1
Negative 319(85.1) 56(14.9) 375 | 15.145 | <0.001
Positive 234(73.1) 86(26.9) 320
CARMI
Negative/low 159(80.7) 38(19.30) 197 1.806 0.405
Moderate 281(81.2) 65(18.8) 346
Strong 97(75.8) 31(24.20 128
PELP1
Negative/low 76(74.5) 26(25.5) 102 2.652 0.266
Moderated 413(80.7) 99(19.3) 512
Strong 69(75.8) 22(24.2) 91

53
Negative 474(717.8) 135(22.2) 609 | 0.080 0.856
Positive 196(78.8) 53(21.3) 249
MIBI1
Low 126(71.2) 51(28.8) 177 5.180 0.028

| High 407(79.5) 105(20.5) 512

PIK3CA
Negative 176(71) 72(29) 248 | 11.017 | 0.001
Positive 444(81.5) 101(18.5) 545

27
Negative 319(83.9) 61(16.1) 380 | 11.351 0.001
Positive 272(73.9) 96(26.1) 368
C-MYC
Negative 88(88.9) 11(11.1) 99
Low 203(80.6) 49(19.4) 252 8.298 0.040
Moderate 203(75.5) 66(24.5) 269
Strong 113(80.10 28(19.9) 141
Bel-2
Negative 236(80.8) 56(19.2) 292 1.896 0.193
Positive 312(76.5) 96(23.5) 408
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Table 5.7: Relation of FOX03a immunostaining to other biomarkers in the

ER-positive cohort

Variable Non-Nuclear Predominant Total 1 p-value
.. Nuclear
Iocallsoatlon localisation
N (%) N (%)
PgR
Negative 123(84.2) 23(15.8) 146 7.968 0.004
Positive 333(72.7) 125(27.3) 458
AR
Negative 110(79.1) 29(20.9) 140 0.860 0.423
Positive 326(75.3) 60(24.7) 433
FOXAI
Negative 183(84.7) 33(15.3) 216 14.177 | <0.001
Positive 180(70) 77(30) 257
CARM1
Negative/low 121(78.1) 34(21.9) 155 2.128 0.345
Moderate 191(79.6) 49(20.4) 240
Strong 44(71) 18(29) 62
PELPI1
Negative/low 57(74) 20(26) 17 2.136 0.344
Moderated 278(79) 74(21) 352
Strong 40(71.4) 16(28.6) 56
53
Negative 374(76.8) 113(23.2) 487 0.036 0.545
Positive 86(74.1) 30(25.9) 116
MIBI
Low 102(68.9) 46(31.1) 148 4.580 0.039
High 253(78.1) 71(21.9) 324
PIK3CA
Negative 136(69.4) 60(30.6) 196 8.120 0.006
Positive 276(80.2) 68(19.8) 344
27
Negative 162(83.9) 31(16.1) 193 8.438 0.004
Positive 221(72.7) 83(27.3) 304
C-MYC
Negative 56(88.9) 7(11.1) 63
Low 137(78.3) 38(21.7) 175 6.756 0.080
Moderate 138(73.4) 50(26.60 188
Strong 69(79.3) 18(20.7) 87
BCL2
Negative 92(78.6) 25(21.4) 117 0.351 0.121
Positive 275(76) 87(24) 362
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5.6.1.3 Correlation between FOXO3a expression and patient

outcome

Univariate analysis

In the whole patient series, initial univariate analysis of FOXO3a expression
status (as positive versus negative) was not associated with BCSS (Log Rank
(LR)=0.005, p=0.942) nor DMFI (LR=0.015, p=0.904) but when the
localisation of expression was considered FOXO3a nuclear expression was
associated with better outcome in terms of longer BCSS (LR=24.079, p<0.001)
and longer DMFI (LR =15.996, p<0.001).

In the luminal-like ER-positive subgroup (n=633), (median follow up
time=126 months), univariate analysis of survival showed no associations
between FOXO3a expression status (as positive versus negative) and patient
outcome in terms of breast cancer specific survival [BCSS] (LR=0.234,
p=0.628) or distant metastasis free interval [DMFI] (LR=0.198, p=0.656).
However, FOX03a nuclear localisation showed a significant association with
both longer BCSS (LR=15.813, p<0.001) (Fig 5.5) and longer DMFI
(LR=11.836, p=0.001) (Fig 5.6).

Analysis of patient survival using categorisation of the cohort into three
groups: predominant nuclear, predominant cytoplasmic and negative, our
results showed that subcellular localisation differences of FOXQ3a are
associated with striking survival differences. Specifically there is a contrast

between nuclear and cytoplasmic expression localisation where nuclear pattern
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showed the most favourable BCSS (LR =18.279, p<0.001) (Fig 5.7) and DMFI

(LR=14.775, p=0.001) (Fig 5.82) in ER-positive luminal-like cancer.
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Figure 5.5: Kaplan Meier plot of FOXO3a nuclear verse non-nuclear protein

expression in relation to BCSS in the ER-positive cohort
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Figure 5.6: Kaplan Meier plot of FOXO3a nuclear expression in relation to

DMEFTI in the ER-positive cohort
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Figure 5.7: Kaplan Meier plot of FOXO3a expression patterns in relation to

BCSS
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Figure 5.8: Kaplan Meier plot of FOXO3a expression patterns in relation to

DMFI
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According to systemic therapy groups

When systemic therapy was considered, similar associations of longer survival
were found in the subgroup of ER-positive patients who did not receive
adjuvant systemic therapy (n=222) with regards DMFI (LR=10.110, p=0.001)
(Fig 5.9) and in the subgroup of patients who received tamoxifen monotherapy

(n=221) with regards BCSS (LR=5.201, p=0.023).
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Figure 5.9: Kaplan Meier plot of FOXO3a nuclear expression in non-treated

cohort in relation to BCSS.
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Multivariate analysis

Since many potential prognostic factors may interact with specific therapies
and therefore are compounded by the effect of adjuvant hormone therapy and
chemotherapy, we have included the systemic therapy groups (given versus not
given) in the multivariate analysis together with the other well established
prognostic variables such as MIB1, PgR, tumour size, stage, grade to assess the
prognostic independence of nuclear FOXO3a expression in the ER-positive
patient cohort.

FOXO3a nuclear expression was an independent prognostic factor for
predicting better outcome in terms of longer BCSS (Hazard ratio (HR)=0.392,
p=0.006, 95% CI=0.202-0.760) (Table 5.8) and longer DMFI (HR=0.530,
p=0.020, 95% CI=0.310-0.906) (Table 5.9) in ER-positive / luminal-like breast

cancer.

Table 5.8: Cox model of predictors of BCSS in the luminal-like breast cancer

Variable Pvalue | HR 95% CI

Lower Upper
FOXO3a nuclear localisation 0.006 0.392 0.202 0.760
PgR expression 0.049 0.642 0.413 0.997
MIBI1 expression 0.011 2.105 1.184 3.742
Tumour size 0.001 2.228 1.411 3.520
LN stage 0.000 1.746 1.290 2.363
Tumour grade 0.006 1.629 1.152 2.302
Endocrine therapy 0.502 0.846 0.519 1.379
Chemotherapy 0.305 0.715 0.377 1.358
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Table 5.9: Cox model of predictors of DM in the luminal-like breast cancer

Variable

p value HR 95% ClI

Lower Upper
FOXO3a nuclear localisation 0.020 0.530 0.310 0.906
PgR expression 0.035 0.641 0.424 0.970
MIBI1 expression 0.008 1.989 1.194 3.311
Tumour size 0.001 2.094 1.380 3.177
LN stage <0.001 1.836 1.380 2.442
Tumour grade 0.048 1.375 1.003 1.887
Endocrine therapy 0.889 0.967 0.604 1.548
Chemotherapy 0.938 0.977 0.536 1.779
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5.7 AGTR1

5.7.1 Introduction

Angiotensin II is a pleiotropic hormone which could act as a neurotransmitter,
growth factor, angiogenic factor, vasoconstrictor, and cytokine (Ladd et al.,
2007). Via ligand-induced activity through the angiotensin II type 1 receptor
(AGTRY1), angiotensin II is converted from its precursor by the action of
angiotensin 1-converting enzyme (ACE) (Koh et al., 2005). Angiotensinogen
has anti-proliferative properties while, angiotensin II is a potent growth factor
and it mediates its actions through AGTR1 (Ladd et al., 2007).

AGTRI1 was found to be one of the most highly overexpressed genes in 10—
20% of breast cancers across independent breast cancer microarray studies
(Rhodes et al., 2009). It has been shown that AGTR1 overexpression defines a
subset of ER-positive breast cancer that can benefit from AGTRI antagonists.
Specifically, AGTR1 was overexpressed only in tumours that were HER2-
negative and ER-positive (Rhodes et al., 2009).

Angiotensin II has a carcinogenic effect via the AGTR1 which increases the
risk of cancer development possibly via different mechanism. The first one is
by promoting cell division and proliferation through the activation of mitogenic
pathways especially EGFR (Greco et al., 2003). Another mechanism by which
AGTRI could induce its carcinogenic effect is the angiogenesis and promoting
arterial smooth muscle cell proliferation via vascular endothelial growth factor

in animal models (Egami et al., 2003).
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Koh and co-workers investigated the genetic polymorphisms in ACE and
AGTR1 genes by SNPs. Breast cancer patients possessing the low risk
polymorphisms of AGTRI1 and ACE had a lower breast cancer risk. This
observation lends further support to the argument that gene variations within
the renin angiotensin system may play a role in breast carcinogenesis (Koh et
al., 2005).

This has a potential clinical importance because AGTR1 can be blocked by
commonly prescribed antihypertensive agents especially those used for ACE
inhibition. Inhibition of the angiotensin II effect by blockade of ACE and/or
AGTRI could be potential targets for the prevention and treatment of cancer

especially breast cancer.

5.7.2 Material and Methods

5.7.2.1 Identification of AGTRI as a candidate luminal marker by

gene expression analysis
The ANN methodology was discussed in details in general material and
methods chapter. The luminal versus non-luminal data was used to divide the
gene expression data into two groups to identify genes that can characterise the
luminal phenotype. These data were bioinfomatically analysed in collab'oration

with Dr Graham Ball from Nottingham Trent University.
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5.7.2.2 AGTRI immunohistochemistry

Tissue microarrays were prepared and the immunohistochemical staining was
performed using the streptavidin-biotin complex method (LSAB) using
DakoCytomation Techmate 500 plus (DakoCytomation, Cambridge, UK)
(general material and methods chapter). Mouse monoclonal antibody [1E10-
1A9] to Angiotensin II Type 1 Receptor (ab9391, Abcam, UK) was optimised
at a working dilution of 1:100 with 6 hour primary antibody incubation time.
Negative controls were performed by omitting the primary antibody and
substitution with diluent. Positive breast cancer cases and kidney tissue were
used as positive controls. The H-score (histochemical score) was used to assess
the intensity of staining and the percentage of stained cells following
immunohistochemistry (McCarty et al., 1985).

The X-tile (Camp et al., 2004) program was used to define optimal cut off
points of AGTR1 H-score values (<30=negative/low, >30and<100=moderate

and >100=strong expression).

3.7.3 AGTRI expression results
At mRNA level, AGTR1 gene was identified as a characterizing gene of ER-
positive luminal like subgroup using ANN analysis (Table 5.10).

(Fig 5.10) shows AGTR1 gene expression in luminal and non-luminal samples.

Of the whole series 1002 tumour cores were available for assessment. The

expression was detected in the cytoplasm of tumour cells (Fig 5.11) with
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decreased expression in normal acini. In the whole patient series, 23.3% of

cases showed negative and low expression, 38% showed moderate expression

and 38.7% of cases showed strong expression.

Table 5.10: ANN genes rank, summary of the first step

Rank Gene ID Name Selection error
| GI_4885330-S GPR42 0.384400019
2 GI_14043065-A AGTRI1 0.39510661
3 Gl 29728071-S TBCID9 0.397092733
4 Gl 22202636-A MM-1 0.39841089
5 Gl _4507456-S CD71 0.401191155
6 Gl _4758297-S HER2 0.404675377
7 Hs.499488-S Hs.499488-S 0.405384429
8 GI 4503602-S ESR1 0.4068704
9 Hs.466852-S Hs.466852-S 0.407401035
10 GI_5031906-S MEF2A 0.410688739
11 GI_4759215-S TCEALI 0.413354317
12 GI 21361616-S FLJ20151 0.4139392
13 Gl _4885496-S v-MYB 0.415354654
14 hmm23409-S hmm23409-S 0.41714708
15 Hs.179115-S Hs.179115-S 0.417177662
16 Gl 42658625-S KIAA1549 0.417591627
17 GI _31377840-S FLJ11280 0.418409403
18 hmm20201-S hmm20201-S 0.419244839
19 GI_42658619-S NUP205 0.419958115
20 GI 19913405-S TOP2A 0.420003738
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Figure 5.10: Boxplot of the AGTR1 normalised expression values in luminal

vs. non-luminal samples
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Figure 5.11: Grade 2 invasive ductal carcinoma with high expression of

AGTRI (A x100 & B x200)
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5.7.3.1 Correlation between AGTR1 protein expression and other

clinicopathological variables

AGTR1 immunohistochemistry revealed significant association with the
histological tumour type (p=0.007) (Table 5.11). In ER-positive luminal-like
patients’ cohort, AGTR1 showed a border line association with increased

mitotic counts (Table 5.12).

5.7.3.2 Correlation between AGTRI1 protein expression and other

biomarkers

In the whole series, high AGTRI expression was associated with reduced
nuclear BRCA1 expression. We found no association between AGTRI
expression and other biomarkers (Table 5.13).

In ER-positive cohort, increased AGTR1 expression was positively associated
with EGFR (p=0.001). In contrast, AGTRI high expression was associated
with reduced nuclear BRCA1 expression (p<0.001). No associations between

AGTRI expression and other biomarkers were found (Table S.14).
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Table 5.11: Relation of AGTR1 immunostaining to other clinicopathological

variables in the whole series

AGTRI expression
Variable low Moderate | Strong Zz p-value
Age 13.995 0.030
<40 13(18.8) 33(47.8) 23(33.3)
40-50 85(29) 106(36.2) | 102(34.8)
51-60 80(24) 121(36.3) | 132(39.6)
>60 55(17.9) | 121(39.4) | 131(42.7)
Size 0.059 0.971
<L.5cm 113(23) 186(37.9) | 192(39.10
>1.5 cm 120(23.5) | 194(38) | 196(38.4)
LN Stage 4.285 0.369
1(Negative) 145(24) | 233(38.6) | 225(37.3)
2(1-3 LN) 74(24.2) | 109(35.6) | 123(40.2)
3(>3LN) 14(15.6) | 37(41.1) | 39(43.3)
Grade 5.592 0.232
1 34(20.4) | 73(43.7) | 60(35.9)
2 87(26.5) | 121(36.9) | 120(36.6)
3 112(22.1) | 186(36.8) | 208(41.1)
NPI 3.205 0.524
Good 66(23.8) | 114(41.2) 97(35)
Moderate 132(23.7) | 201(36.1) | 224(40.2)
Poor 35(20.8) | 66(39.3) | 67(39.9)
DM 5.875 0.05
No 168(24.1) | 275(39.5) | 254(36.4)
Positive 60(20.6) | 101(34.7) | 130(44.7)
Recurrence 1.358 0.507
No 140(24.4) | 218(38) | 215(37.5)
Positive 87(21.4) | 156(38.4) | 163(40.1)
VI 7.343 0.119
No 133(24.6) | 217(40.1) | 191(35.3)
Probable 25(21.4) | 46(39.3) | 46(39.3)
Definite 73(21.4) | 117(34.4) [ 151(44.3)
Tumour type 24.302 0.007
Ductal/NST 129(21.8) | 209(35.3) | 254(42.9)
Lobular 27(27.3) | 51(51.5) | 21(21.2)
Tubular and Tubular mixed | 53(25.6) | 82(39.6) | 72(34.8)
Medullary 9(32.1) 8(28.6) 11(39.3)
Other special types* 6(35.3) 6(35.3) 5(29.4)
Mixed** 9(15.3) 25(42.4) | 25(42.4)
Mitosis 8.957 0.062
1 81(24) 138(40.9) | 118(35)
2 50(28.2) | 67(37.9) | 60(33.9)
3 98(21.3) | 163(35.4) | 199(43.3)

*Includes Mucoid, invasive cribriform and invasive papillary carcinoma, **
Include ductal/NST mixed with lobular or special type
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Table 5.12: Relation of AGTR1 immunostaining to other clinicopathological

variables in the ER-positive cohort

AGTRI expression
Variable low Moderate Strong s p-value
Age 5.445 0.488
<40 5(17.9) 13(46.4) 10(35.7)
40-50 54(28) 74(38.3) 65(33.7)
51-60 54(23.9) | 85(37.6) | 87(38.5)
>60 47(20) 91(38.7) 97(41.3)
Size 1.074 0.584
<l.5cm 88(24.9) 137(38.7) | 129(36.4)
>1.5 cm 72(220 126(38.4) 130(39.6)
LN Stage _ 5.651 0.227
1(Negative) 98(24.4) 161(40) 143(35.6)
2(1-3 LN) 54(23.8) 77(33.9) 96(42.3)
3(>3 LN) 8(15.7) 24(47.10 19(37.3)
Grade 8.476 0.076
1 29(19.7) 63(42.9) 55(37.4)
2 83(28.7) 104(36) 102(35.3)
3 48(19.5) 96(39) 102(41.5)
NPI 3.356 0.500
Poor 62(25.6) 97(40.10 83(34.3)
Moderate 79(23.1) 125(36.5) | 138(40.4)
Good 19(19.4) 41(41.8) 38(38.8)
DM 4.372 0.112
No 119(24.1) | 198(40.2) | 176(35.7)
Positive 38(20.9) 63(34.6) 81(44.5)
Recurrence 0.870 0.647
No 99(24.60 | 152(37.7) | 152(37.7)
Positive 58(21.6) 108(40.3) | 102(38.1)
VI 6.170 0.187
No 90(25.5) 142(40.2) | 121(34.3)
Probable 19(19.8) | 40(41.7) | 37(38.5)
Definite 49(21.2) 81(35.1) 101(43.7)
Tumour type 16.933 0.076
Ductal/NST 73(21.3) 126(36.7) 144(42)
Lobular 26(28.3) 45(48.90 21(22.80
Tubular and Tubular
A e 47(26.3) 66(36.9) 66(36.9)
Medullary 1(25) 1(25) 2(50)
Other special types 5(41.7) 4(33.3) 3(25)
Mixed 8(15.4) 21(40.4) 23(44.2)
Mitosis 10.821 0.029
1 74(24.6) 123(40.90 | 104(34.6)
2 43(29.7) 53(36.6) 49(33.8)
3 39(18.1) 78(36.3) 98(45.9)
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Table 5.13: Relation of AGTR1 expression to other biomarkers in the whole

series
AGTRI expression
Variable 1 p-value
Low Moderate Strong

CK5/6 2.463 0.292
Negative 177(22.2) 302(37.9) 317(39.8)
Positive 47(27.2) 66(38.2) 60(34.7)
CK14 0.868 0.648
Negative 197(23.7) 306(36.9) 327(39.4)
Positive 30(25) 48(40) 42(35)
CK19 5.319 0.070
Negative 29(31.9) 26(28.6) 36(39.6)
Positive 198(22.6) | 340(38.80 338(38.6)
CK18 5.168 0.075
Negative 38(30.2) 39(31) 49(38.9)
Positive 166(21.7) 297(38.8) 302(39.5)
ER
Negative 62(22.90 99(36.5) 110(40.6) 0.581 0.748
Positive 160(23.5) | 263(38.6) 259(38)
PgR 2.012 0.366
Negative 94(22.10 156(36.7) 175(41.2)
Positive 130(24.70 | 203(38.5) 194(36.8)
AR 0.745 0.689
Negative 77(22.6) 125(36.8) 138(40.6)
Positive 140(25) 206(36.7) 215(38.3)

53 1.225 0.542
Negative 161(23.2) 268(38.6) 266(38.3)
Positive 62(23.9) 90(34.7) 107(41.3)
BRCA1 15.282 <0.001
Negative 18(14.4) 40(32) 67(53.6)
Positive 173(25.2) 268(39) 246(35.8)
MIBI 5.869 0.053
low 56(25.1) 94(42.2) 73(32.7)
High 128(22.9) 196(35.1) 234(41.9)
P-cadherin 2.052 0.358
Negative 85(23.4) 146(40.1) 133(36.5)
Positive 107(24) 158(35.4) 181(40.6)
E-cadherin 3.500 0.174
Negative 79(22.1) 149(41.6) 130(36.3)
Positive 146(24.4) 213(35.6) 240(40.1)
HER2 8.630 0.013
Negative 201(24) 320(38.1) 318(37.9)
Positive 18(14.6) 43(35) 62(50.4)
EGFR 8.805 0.012
Negative 163(24.1) 267(39.5) 246(36.4)
Positive 34(20.2) 52(31) 82(48.8)

231



Chapter 5

Table 5.14: Relation of AGTRI1 expression to other biomarkers in the ER-

positive cohort

AGTRI1 expression

Yariable Low Moderate Strong g pvalne
CK5/6 0.195 0.907
Negative 143(23) 240(38.6) | 239(38.4)
Positive 12(25) 19(39.6) 17(35.4)
CK14 1.238 0.539
Negative 148(24.4) | 229(37.7) | 230(37.9)
Positive 9(18) 19(38) 22(44)
CK19 1.603 0.449
Negative 10(28.6) 10(28.6) 15(42.9)
Positive 148(23.2) | 250(39.1) | 241(37.7)
CK18 2.813 0.245
Negative 6(24) 6(24) 13(52)
Positive 138(22.6) | 242(39.7) | 230(37.7)
PgR 1.073 0.585
Negative 36(21.4) 63(37.5) 69(41.1)
Positive 123(24.3) | 197(38.9) | 187(36.9)
AR 4.737 0.094
Negative 27(17.6) 63(41.2) 36(41.2)
Positive 127(26.3) | 177(36.6) | 179(37.1)

53 0.577 0.757
Negative 126(22.7) 217(39) | 213(38.30
Positive 30(25.9) 43(37.1) 43(37.1)
BRCAI 17.027 <0.001
Negative 1(1.8) 24(43.6) 30(54.5)
Positive 135(25.5) | 206(38.9) | 189(35.7)
MIBI 6.343 0.042
low 48(25.7) 79(42.2) 60(32.1)
High 79(22.7) 119(34.2) | 150(43.1)
P-cadherin 2.175 0.337
Negative 77(23.1) 137(41.1) | 119(35.7)
Positive 60(24.1) 88(35.3) 101(40.6)
E-cadherin 6.895 0.032
Negative 50(20.4) 111(45.3) | 84(34.3)
Positive 108((25.1) | 151(35.1) | 171(39.8)
HER2 3.598 0.165
Negative 146(23.7) 237(38.5) 233(37.8)
Positive 6(12) 22(44) 22(44)
EGFR 10.821 0.001
Negative 124(23.9) | 213(41.1) | 181(34.9)
Positive 15(17.4) 25(29.1) 46(53.5)
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5.7.3.3 Correlation between AGTRI1 protein expression and

patient outcome

In the whole series, AGTR1 expression was associated with shorter breast
cancer specific survival (BCSS) (LR=14.524, p=0.001) and shorter distant
metastasis free interval (DMFI) (LR=9.558, p=0.008). In ER-positive luminal
like patient cohort, strong AGTRI1 expression was associated with shorter
BCSS (LR=12.713, p=0.002) (Fig 5.12) and shorter distant metastasis free
interval DMFI (LR=6.841, p=0.039) (Fig 5.13).

Multivariate COX analysis model including tumour grade, size and LN stage
showed that strong AGTR1 expression can independently predict increased

breast cancer specific death risk (HR=1.788, p=0.008) (Table 5.15).

1.0 AGTR1
-1 Tlow
~I'Tmoderate
0.8 ~ITstrong
® — censored
E -t— censored
i censored
a 0.6
4]
>
B
g 0.4
(&)
0.2
0.0
T T T T T T
0 50 100 150 200 250

BCSS in months

Figure 5.12: Kaplan Meier plot of AGTRI1 expression in relation to BCSS in

ER-positive luminal-like cohort
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Figure 5.13: Kaplan Meier plot of AGTR1 expression in relation to DMFI in

ER-positive luminal-like cohort

Table 5.15: Multivariate COX analysis of predictor of BCSS in ER-positive

cohort
Variable P value HR 95 % CI

Lower Upper

AGTRI1 expression 0.01

AGTRI1 moderate vs. low 0.460 1.190 0.750 1.887

AGTRI strong vs. low 0.008 1.788 1.160 12.755

Tumour size <0.001 2.081 1.448 2.991

LN stage <0.001

LN (2) vs. (1) 0.001 1.869 1.305 2.678

LN (3) vs. (1) <0.001 3.803 2.353 6.145

Tumour grade <0.001

Tumour grade (2) vs. (1) 0.117 1.1.574 0.893 2173

Tumour grade (3) vs. (1) <0.001 3.196 1.846 5.535
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5.8 Discussion

581 CD71

Transferrin acting via CD71 has been shown to alter during disease progression
and may promote aggressive tumour growth (Inoue et al., 1993). Because of
these associations and presence of CD71 gene expression in luminal group C
(Sorlie et al., 2001), we propose that assessment of CD71 expression might
equally be used to stratify ER-positive patients to define subgroups with poor
prognosis, high proliferation and resistance to hormonal therapy. The present
study has shown for the first time that elevated CD71 is a feature of endocrine
resistant breast cancer, as evidenced by immunostaining of acquired endocrine
resistant sub-lines derived from luminal-like MCF-7 cells. Furthermore, we
showed that the model for resistance to severe oestrogen deprivation, MCF-7X,
over-expresses CD71 at the gene and protein level in the presence of
exogenous transferrin, leading to increased growth and this could represent a
prominent mitogenic mechanism for endocrine resistant cells in the presence of
circulating transferrin. Studies in breast cancer models are promising with
antisense inhibition of CD71 or selective antibodies to this receptor, where
these inhibit cell survival and proliferation confirming a fundamental growth
importance of CD71 to such cells (Yang et al., 2001a, Yang et al., 2001b).
Peng and colleagues (Peng et al., 2007) suggested the use of intracellular
antibody technology targeted against CD71 in CD71-overexpressing cancer.
The use of monoclonal antibodies against transferrin receptor and ascorbate to

inhibit both cell proliferation and the pro-angiogenic hypoxia inducible factor
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HIF-la may also be of therapeutic use giving them a selective growth
advantage (Jones et al., 2006). Transferrin/CD71 trafficking has been closely
associated with PI3K where inhibitors of this intracellular kinase appear able to
deplete cell surface CD71 level (Jess et al., 1996). Our finding that Faslodex
and the phosphoinositide-3 kinase inhibitor (L'Y294002) can partially deplete
transferrin-induced growth of MCF-7X cells implies mechanistic cross-talk
between transferrin/CD71 mitogenic signalling, ER and PI3K (in contrast to an
apparent lack of CD71 interplay with MAP kinase) in ER-positive endocrine
resistant cells.

Our retrospective tissue studies supported the concept that there is a need for
increased iron uptake mediated through elevated CD71 protein levels in high
grade breast tumours, characterised by poor NPI, large size and, as predicted,
high mitotic activity. Consequently, CD71 expression was more frequently
increased in medullary carcinoma and basal-like tumours (CK5/6+ & CK14+)
that show these features (Rakha et al., 2006). Furthermore, CD71 expression
was also significantly associated with other markers of aggressive phenotype
and endocrine treatment resistance including p53, HER2 and EGFR (Tsutsui et
al., 2002).

Tumours with elevated CD71 expression had a shorter BCSS in the whole
patient series and in the ER-positive/luminal-like patient cohort. These results
confirmed that CD71 expression can define poor clinical outcome in the ER-
positive patient group. Supporting this, CD71 expression was found to be an
independent prognostic marker in ER-positive cohort. In considering ER-

positive tamoxifen-only treated patients, increased CD71 expression was
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associated with shorter BCSS and DFI suggestive that there might (as in vitro)
be a relationship between CD71 expression and adverse endocrine response.

We found that CD71 positive patients who were given tamoxifen, in
comparison to those who did not take treatment have poorer prognosis. A
possible explanation of this might be related to the function of
transferrin/CD71 as a transporter for iron, needed for enzyme function and
hence potentially mitogenic pathways. One would envisage that this would be
beneficial in tumour cells and thus contribute to resistance, whether to
oestrogen deprivation or tamoxifen. CD71 has been shown previously to
interact with PI3 Kinase signalling, and this is certainly a prominent
contributor in tamoxifen resistant cell growth experimentally. It is feasible that
CD71 crosstalks with such growth factor signalling (e.g. EGFR, HER2,
MAPK, PI3K) (Knowlden et al., 2003, Nicholson and Gee, 2000, Nicholson et
al., 2005, Nicholson et al., 2004a, Nicholson et al., 2004b) which is prevalent
in tamoxifen resistance, and actively permits adverse agonistic behaviour of the
endocrine agent and thus adverse growth and invasion promotion in the

presence of the antihormones.

In conclusion, the present study demonstrated that prominent expression of
CD71 protein is a feature of breast cancers with poor prognosis and as such, we
propose that transferrin receptor expression may have implications for
diagnosis and prognosis. CD71 protein expression could be of value in
characterizing a subset of ER-positive/luminal-like tumours with poor

prognosis in clinical practice, as well as defining patients less likely to respond
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to endocrine therapy. Therapies of current interest in breast cancer (e.g.
Faslodex, PI3K-inhibitors) appear able to partially impact on transferrin/CD71-
promoted growth, but further investigation of this important mitogenic
mechanism may assist in designing new therapeutic strategies to target highly
proliferative, endocrine resistant breast cancers. Therapies targeting iron
delivery or CD71 itself, may have therapeutic benefits in treating CD71+ ER-

positive breast cancer phenotype in the clinic.

5.8.2 FOXO03a

AKtU/PI3K pathway regulates the sub-cellular localization of FOXO3a by
phosphorylation and prevents the protein from translocating to the nucleus to
regulate transcription (Brunet et al.,, 1999). This indicates that absence of
nuclear FOX03a expression, with either complete absence or cytoplasmic
localisation due to its phosphorylation by Akt, may represent an important
biological mechanism responsible in part for poor prognosis in ER-positive
breast cancer, thus removing a constraint to cellular proliferation and
potentially to tumourigenesis through an active Akt/PI3K pathway. This
proposal is supported by our findings showing that absence of nuclear
expression of FOX03a was associated with poorer outcome and showed a
significant association with PIK3CA as a marker strongly related to Akt. Other
breast cancer studies confirmed the association between Akt/PI3K activation
and cytoplasmic FOXO3a expression pattern with decreased patient survival,

in agreement with our findings (Hu et al., 2004).
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In this study we did not find a significant association with survival when
patients were categorised into either negative or positive FOXO3a expressers
per se. Instead, we found that subcellular localisation indicates functional
relevance as evidenced here by more favourable outcome in patients with
predominant nuclear expression. Supporting these findings, previous studies
have shown that nuclear FOXO3a induces the expression of genes that inhibit
cell cycle progression such as the CDK inhibitors (Brunet et al., 1999, Zou et
al., 2008). Subsequently, we found a significant positive association between
nuclear FOXO3a and the expression of the cell cycle inhibitor p27 implying a
role in the induction of cell cycle arrest.

In this patient series including ER-positive/luminal-like subtype, nuclear
localisation of FOXO3a was associated with markers of good prognosis such
as PgR (Bardou et al., 2003), and FOXA1 expression which is required for the
expression of 50% of ER-regulated genes (Thorat et al., 2008). Furthermore,
we have also shown that nuclear FOXQO3a expression is significantly
associated with longer BCSS and DMFI which implies its role in stratification
of ER-positive groups into prognostic subgroups, possibly explained by a
tumour suppressor function associated with cell cycle arrest.

Previous studies have shown that loss of FOXO3a function by its absence or by
cytoplasmic localisation is positively associated with proliferation (Accili and
Arden, 2004). We have found that BC especially luminal-like cases expressing
nuclear FOXO3a are characterised by low proliferation as indicated by
negative correlation with mitosis. Taken together, our findings support the

interaction of FOX03a as a downstream target of Akt/PI3K pathway with
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markers related to proliferation and cell cycle, a role which is independent of
the systemic therapy as shown here by our multivariate analysis results. Our
results demonstrated the biological and prognostic role of FOXO3a protein
expression and its subcellular localization in BC. Promoting FOXO3a nuclear
localisation could be a potential therapeutic target. Loss of nuclear FOX03a
expression could tilt the balance in favour of proliferation and poor outcome in
luminal-like breast cancers through active Akt/PI3K pathway highlighting the
importance of cellular proliferation in their biological stratification.

5.8.3 AGTRI1

Recently, it has been shown that AGTR1 overexpression defines a subset of
ER-positive breast cancer that can benefit from AGTR1 antagonists (Ateeq et
al., 2009, Rhodes et al., 2009). In this study, AGTR1 gene expression was
associated with the luminal phenotype at mRNA level while our protein
expression study has shown that increased AGTR1 expression characterised an
aggressive ER-positive phenotype with shorter survival.

The poor prognosis of AGTR1+ER+ phenotype could be explained in part by
loss of BRCA1 tumour suppressor function that we have shown in the current
study.

Our results showed a positive correlation between AGTR1 and EGFR implying
that AGTRI1 can perform its function through the activation of mitogenic
signalling pathways supporting the results of a previous study that showed
AGTRI1 possible regulation of mitogenic signalling pathways by two
simultaneous mechanisms, one involved conventional PKCs and the other

involved EGFR transactivation (Greco et al., 2003).
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This study demonstrated an increase of DM with AGTR1 overexpression
which could be explained by the role played by AGTR1 through angiotensin II
in promoting tumour cell invasion. A previous study (Rhodes et al., 2009) has
shown that overexpression of AGTR1 due to angiotensin stimulation
significantly promoted cell invasion in a AGTRI1 transfected breast carcinoma
cells in comparison to the negative control. Importantly, AGTR1 and
angiotensin mediated invasion was decreased in a dose-dependent manner with
addition of the AGTR1 blocker, losartan (An ACE inhibitor).

The non-significant association between ER and AGTR! protein expression
could be attributed to a post translational modification event that could alter the
protein product of the gene, further study are warranted to clarify this point.

In conclusion, AGTR! expression in the luminal-like breast cancer
characterises an aggressive phenotype with shorter survival. Evaluation the
potential application of AGTR1 blockade as a novel targeted therapy in breast

cancer is warranted.
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6 Prognostic and biological significance of cellular
proliferation and its role in oestrogen receptor positive

breast cancer subgrouping
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6.1 Introduction

The importance of cellular proliferation in subclassifying luminal cancer is
recognised. Many studies have demonstrated a strong relationship between
cellular proliferation and poor prognosis in breast cancer particularly in the
oestrogen receptor (ER)-positive/luminal-like molecular subtype (Cheang et
al., 2009).

Several proliferation markers have been proposed to be of clinical importance
for assessing prognosis in breast cancer, among them is the pan proliferation
marker Ki67 (MIB1), cyclins, PCNA, S-phase fraction, thymidine kinase and
others (Stuart-Harris et al., 2008, Colozza et al., 2005).

In this chapter, we studied the biological and prognostic implication of
proliferation using cell cycle phase specific proteins and compared their
association with the pan proliferation marker MIBI.

In addition, we have studied the protein expression of p27 and Bcl-2 and their
roles in the biology and outcome of breast cancer with particular emphasis on

the ER-positive subgroup.
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6.2 Prognostic and biological significance of the cell-cycle
associated proteins, cyclin Bl and thymidine Kkinase 1

(TK1) in breast cancer and luminal-like subtype

6.2.1 Introduction

TK1 is an enzyme involved in the synthesis of thymidine triphosphate needed
by the proliferating cells to enter S phase (Gasparri et al., 2009). Structurally,
human TK1 has a molecular mass of 25.4 kDa, and consists of 234 amino acids
(Welin et al.,, 2004). Phosphorylation of thymidine is catalyzed by two
thymidine kinases: the cytoplasmic TK1 which is absent in non-dividing cells
and the mitochondrial TK2 (Munch-Petersen et al., 1995). TK1 is activated in
the G1/S phase of the cell cycle to perform its function, and this activity has
been shown to correlate with the proliferative activity of tumour cell (Hallek et
al., 1992).

TK1 usually increases earlier than Ki67 and represents a unique marker of Gl
phase in the cell cycle while Ki67 on the other hand is expressed maximally in
mid and late S-phase (Gasparri et al., 2009).

Previous studies have shown that serum TK1 appears to have some clinical
value in solid tumours as prostate cancer, breast cancer, and small-cell lung
cancer (Hallek et al., 1992).

TK1 serum level could be used with success in predicting increased risk of
recurrence after surgery in patients with early breast cancer (He et al., 2006).
These findings highlight the importance of proliferation related genes in ER-

positive luminal-like breast cancer.

250



Chapter 6

Cyclin B1 is the regulatory subunit of cyclin-dependent kinase 1 (Cdk1). It is
virtually undetectable in cells from GO/G1 phase to mid S phase, but became
visible in the cytoplasm in late S phase. As cells proceed within G2 phase, the
level of cyclin B1 rapidly increased in the perinuclear region of the cytoplasm
then appears in the nucleus at the mitotic phase (Kakino et al., 1996, Winters et
al., 2001). In other words, cyclin Bl is translocated to the nucleus from the
cytoplasm, and plays an essential role in cell proliferation through promotion
of mitosis. Breast epithelial cells express cyclin Bl in their cytoplasm in the G2
phase and in their nuclei in the M phase (Kawamoto et al., 1997).

Proper regulation of cyclin B1 is essential for the initiation of mitosis as it
regulates the G2-M transition of the cell cycle and its expression is higher in
premalignant and malignant than normal breast lesions (Aaltonen et al., 2009,
Yuan et al, 2004). Previous cell line studies have demonstrated that
downregulation of cyclin Bl with small interfering RNA (siRNA) inhibited
proliferation of several breast and cervical cancer cell lines including MCF-7,
BT-474, SK-BR-3, MDA-MB-231 and HeLa cells (Androic et al., 2008, Yuan
et al., 2004).

Cyclin Bl protein has been found to be expressed in many cancers and shown
to be associated with high grade tumours and advanced stage, as well as poor
prognosis, including oesophageal squamous cell carcinoma (Takeno et al.,
2002), small cell lung cancer (Yoshida et al., 2004, Cooper et al., 2009) and B-
cell lymphoma (Obermann et al., 2005).

Clinical in vivo studies showed that cyclin B1 was an independent predictor of

poor overall survival among premenopausal (Kiihling et al., 2003). Previously,
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it has been demonstrated that CCNB1 gene clustered in Luminal B subtype
which is characterised by low ER expression and high expression of
proliferation related genes (Hu et al., 2006).

Cyclin B1 expression tends to increase in tumours with co-occurrence of TP53
mutations and MYC amplification, a combination that seems to characterize
basal-like and poor prognosis Luminal B tumours (Agarwal et al., 2009).
Confirming the clinical importance of both TK1 and cyclin Bl, several
prognostic gene signatures were previously developed for ER-positive/luminal-
like breast cancer composed of many cell-cycle and proliferation associated
genes including both TK1 and cyclin B1 (Chanrion et al., 2008).

In this study, we assessed the biological and clinical relevance of these cell-
cycle stage specific markers, both individually and in combination, and
compared their expression to the pan-proliferation marker MIB1 in the whole

patient series and in the ER-positive breast luminal-like cohort.
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6.2.2 Material and Methods

Mouse monoclonal antibodies to TK1 (ab57757; Abcam, Cambridge, UK) and
cyclin Bl (ab72; Abcam, Cambridge, UK) were optimized at a working
dilution of Sug/ml and 0.3pg/ml respectively using optimisation tumour TMAs
and full-face sections of breast carcinoma; tonsil tissue was used as positive
control tissue. To unmask the antigens, the sections were microwaved in citrate
buffer pH 6 for 23 minutes at 700W. An indirect labelled streptavidin avidin
biotin technique (LSAB) technique with DAB chromogen was performed using
a DakoCytomation Techmate 500 Plus (DakoCytomation, Cambridge, UK)
automatic immunostainer as previously discussed in the Material and methods
chapter. Negative controls were performed by omitting the primary antibody
and substitution with diluent.

For TK1, the informative cores were scored using the percentage of positive
cells stained in each core. The data was categorised using the median of the
TK1 percentage (8%).

For cyclin B1 H-score was used for assessment. The median of the H score > 0

cutoff was used to categorise the data of cyclin B1.
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6.2.3 Results
In breast cancer tissue, protein expression was detected in the cytoplasm of

malignant cells for TK1 and cyclin B1 (Fig 6.1).

Figure 6.1 : Expression of TK1 and cyclin B1 in breast cancer .
(A) TK1 expression in high grade invasive ductal carcinoma (x200). (B) Cyclin
B1 expression in high grade invasive ductal carcinoma (x400).

TK1

In the whole series, high TK1 expression (> median 8%) was found in 51.5%
of patients and was positively associated with younger age group (p=0.001),
large tumour size (p=0.001), high tumour grade (p<0.001), raised mitotic
counts (p<0.001), poor NPI group, DM and recurrence. The positive expression
was noted in medullary type cancer and ductal NST with very low expression

in lobular cancer (p<0.001).
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In the ER-positive group, TK1 was associated with younger age group
(p<0.001), high tumour grade (p<0.001), LN stage (p=0.004), mitotic counts
(p<0.001), poor NPI group (p<0.001) and vascular invasion (p=0.010).

In the whole series, there was an inverse association between TK1 expression
and ER, PgR, AR, Bcl-2, CK18 and CK19. In contrast, positive associations
between TK1 expression and basal CKs expression (CK5/6; (p<0.001), P-
cadherin (p<0.001), p53, HER2, EGFR and MIBI1 expression were found
(Table 6.1).

In the ER-positive patients, TK1 expression was positively associated with

MIB1, p53, P-cadherin, E-cadherin, HER2 and EGFR (Table 6.2).
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Table 6.1: Relation of TK1 expression to other biomarkers in the whole series

of breast cancer patients

TK1 expression

Variable Negative Positive Total 4 p-value
CK5/6
Negative 398(51) 383(49) 781 18.751 <0.001
Positive 40(30.5) 91(69.5) 131
CK14
Negative 398(49.2) 411(50.8) 809 3.882 0.049
Positive 34(38.2) 55(61.8) 89
CK18
Negative 31(25.8) 89(74.2) 120 26.814 <0.001
Positive 382(51.3) 363(48.7) 745
CK19
Negative 29(31.5) 63(68.5) 92 11.608 0.001
Positive 411(50.2) 407(49.8) 818
ER
Negative 69(28.3) 175(71.7) 244 51.343 <0.001
Positive 359(55.1) 292(44.9) 651
PgR
Negative 139(36.5) 242(63.5) 381 37.090 <0.001
Positive 288(57.1) 216(42.9) 504
AR
Negative 107(36) 190(64) 297 28.793 <0.001
Positive 308(55.3) 249(44.7) 557

53
Negative 351(54) 299(46) 650 34.504 <0.001
Positive 78(32) 166(68) 244
Bel-2
Negative 100(37.2) 169(62.8) 269 28.207 <0.001
Positive 254(57.7) 186(42.3 440
MIBI
low 149(76.4) 46(23.6) 195 91.57 <0.001
High 203(36.6) 351(63.4) 554
P-cadherin
Negative 217(32.477) 166(43.3) 383 32.477 <0.001
Positive 152(36.5) 264(63.5) 416
E-cadherin
Negative 182(54.3) 153(45.7) 335 7.680 0.006
Positive 253(44.8) 312(55.2) 565
HER2
Negative 425(52.3) 388(47.7) 813 38.779 <0.001
Positive 21(20) 84(80) 105
EGFR
Negative 353(52.2 323(47.8) 676 37.198 <0.001
Positive 40(25.3) 118(74.7) 158

256



Chapter 6

Table 6.2: Relation of TKI1 expression to other biomarkers in ER-positive

cohort
TKI1 expression
Variable Negative Positive Total x p-value
CK5/6
Negative 333(55.1) 271(44.9) 604 0.024 0.607
Positive 18(50) 18(50) 36
CK14
Negative 327(54.9) 269(45.1) 596 0.015 1.000
Positive 21(53.8) 18(46.2) 39
CK18
Negative 10(41.7) 14(58.3) 24 1.658 0.215
Positive 329(55) 269(45) 598
CK19
Negative 17(45.9) 20(54.1) 37 1.383 0.307
Positive 339(55.80 268(44.2) 607
PgR
Negative 81(51.3) 77948.7) 158 1.193 0311
Positive 270(56.20 210(43.8) 480
AR
Negative 65(52.4) 59(47.6) 124 0.717 0.419
Positive 277(56.6) 212(43.3) 489
53

Negative 304(58.1) 219(41.9) 523 13.220 <0.001
Positive 44(39.3) 68(60.7) 112
Bel-2
Negative 56(47.5) 62(52.5) 118 4.961 0.033
Weak 224(59.1) 155(40.9) 379
MIBI
low 131(78) 37(22) 176 56.292 <0.001
High 154(43) 204(57) 355
P-cadherin
Negative 203(58) 147(42) 350 6.798 0.009
Positive 105(46.9) 119(53.1) 224
E-cadherin
Negative 150(64.9) 81(35.1) 231 14.416 <0.001
Positive 202(49.4) 207(50.6) 409
HER2
Negative 347(58.7) 244(41.3) | 591 39.515 <0.001
Positive 5(10.9) 41(89.1) 49
EGFR
Negative 302(58.2) 217(41.8) 519 23.032 <0.001
Positive 24(29.6) 57(70.4) 81
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Cyclin B1

The invasive breast cancer tissue showed expression of cyclin B1 in cytoplasm
and with perinuclear localisation (Fig 6.1). 42.7% of the tumours were positive
for cyclin B1 expression.

Correlation with the clinicopathological variables

There was a positive association between cyclin Bl and P-cadherin expression
(p=0.01).

In the ER-positive subtype, cyclin B1 expression was positively associated
with mitotic counts and distant metastasis. Positive expression was noted in
medullary type cancer and NST. We found significant positive associations

between cyclin B1 expression and P-cadherin and p53 (Tables 6.3 and 6.4).
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Table 6.3: Relation of cyclin Bl expression to other clinicopathologic

variables in the ER-positive cohort

cyclin Bl expression
Variable Negative Positive Total e p-value
Patients’ age 1.743 0.627
<40 26(63.4) 15(36.6) 41
40-50 117(59.4) 80(40) 197
51-60 127(58.8) 89(41.2) 216
>60 128(54.7) 106(45.3) 234
Tumour size 2.693 0.109
<l.5cm 155(62) 95(38) 250
>1.5cm 244(55.6) 195(44.4) 439
Lymph node stage 0.338 0.844
1(Negative) 246(58.3) 176(41.7) 422
2(1-3 LN) 125(57.9) 91(42.1) 216
3(>3 LN) 27(54) 23(46) 50
Tumour Grade 7.713 0.021
I 77(56.6) 59(43.4) 136
2 186(63.7) 106(36.3) 292
3 399(57.9) 290(42.1) 261
NPI 6.353 0.042
Good 152(63.9) 86(36.1) 238
Moderate 190(53.5) 165(46.5) 355
Poor 57(59.4) 39(40.6) 96
DM 6.321 0.012
No 296(60.8) 191(39.2) 487
Positive 98(50.3) 97(49.7) 195
Recurrence 7.685 0.007
No 250(61.9) 154(38.1) 404
Positive 138(51.1) 132(48.9) 270
VI 2.886 0.236
No 213(59.3) 146(40.7) 359
Probable 48(50) 48(50) 96
Definite 137(59.1) 95(40.9) 232
Histologic tumour type 7.701 0.173
Ductal/NST 204(55.4) 164(44.6) 368
Lobular 58(69.9) 25(30.1) 83
Tubular and Tubular mixed 101(59.4) 69(40.6) 170
Medullary 3(75) 1(25) 4
Other special types* 5(52.8) 6(47.2) 11
Mixed** 28(52.8) 25(47.2) 53
Mitosis 10.073 0.006
1 191(64.7) 104(35.3) 295
2 85(56.3) 66(43.7) 151
3 115(51.1) 110(48.9) 225
Menopausal status 1.135 0.294
Premenopausal 146(60.6) 95(39.4) 241
Postmenopausal 250(56.4) 290(42.2) 447

*Includes Mucoid, invasive cribriform and invasive papillary carcinoma, **
Include ductal/NST mixed with lobular or special type
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Table 6.4: Relation of cyclin Bl expression to other biomarkers in the ER-

positive cohort

cyclin B1 Expression

Variable Negative Positive Total lz p-value
CK5/6
Negative 369(58.2) | 265(41.8) 634 0.866 0.352
Positive 23(51.1) 22(48.9) 45
CKl14
Negative 368(59.1) | 255(40.9) 623 4.888 0.027
Positive 19(42.2) 26(57.8) 45
CK18
Negative 16(53.3) 14(46.7) 30 0.294 0.705
Positive 364(58.3) | 260(41.7) 624
CK19
Negative 22(62.9) 13(37.1) 35 0.373 0.601
Positive 374(57.4) | 275(42.4) 649
PgR
Negative 97(57.7) 71(42.3) 168 0.008 0.928
Positive 207(58.1) | 214(41.9) 511
AR
Negative 87(58.8) 61(41.2) 148 0.014 0.924
Positive 296(59.3) | 203(40.7) 499

53
Negative 330(60.1) | 219(39.9) 549 7.035 0.010
Positive 61(47.3) | 68(52.7) 129
Bcl-2
Negative 67(52.3) 61(47.7) 128
Positive 235(58.6) | 166(41.4) 401 1.552 0.220
MIB1
Low 110(62.9) 65(37.1) 175 3.752 0.050
High 205(54.1) | 174(45.9) 379
P-cadherin
Negative 231(63.5) | 133(36.5) 364 14.283 <0.001
Positive 115(47.9) | 125(52.1) 240
E-cadherin
Negative 131(56.2)) | 102(43.8) 233 0.417 0.567
Positive 264(58.8) | 185(41.2) 449
HER2
Negative 356(57.8) | 260(42.2) 616 0.230 0.680
Positive 36(61) 23(39) 59
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6.2.4 Survival analysis

Univariate analysis

TK1

In the whole series, a significant correlation between TK1 expression and
poorer BCSS was identified (Log Rank (LR)=11.623, p=0.001). In the ER-
positive/luminal-like cohort, we also found a significant association between
TK1 and shorter BCSS (LR=11.835, p=0.001) (Fig 6.2A).

A significant relation between TK1 expression and shorter DMFI in the whole
series (LR=7.225, p=0.007) and in the ER-positive patient group (LR=9.518,
p=0.002) was found (Fig 6.2B).

DMFTI according to systemic therapy group

Tamoxifen only treated patients in ER-positive patient group (n=237)

Patients with tumours expressing high TK1 protein showed a significant
shorter DMFI (LR= 6.581, p=0.010).

Chemotherapy only treated patients in ER- patient group (n=119)

We found no significant relation between TK1 expression and DMFI in ER
negative chemotherapy treated patients (LR= 0.271, p=0.603).

Cyclin B1

We found no significant association between cyclin Bl expression and BCSS
in the whole series (LR= 2.399, p=0.121). In contrast, the ER-positive/luminal-
like cohort showed a significant association with shorter BCSS (LR=7.606,
p=0.004) (Fig 6.2C).

No significant association was found between cyclin B1 expression and DMFI

in the whole series (LR= 2.059, p=0.151). In contrast, the ER-positive/luminal-
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like cohort showed a significant association with shorter DMFI (LR= 6.694,
p=0.021) (Fig.6.2D).

DMFI according to systemic therapy group

Tamoxifen only treated patients in ER-positive patient group (n=237)
Patients with tumours expressing high cyclin B1 protein showed a significant
shorter DMFI (LR= 5.438, p=0.010).

Chemotherapy only treated patients in ER- patient group (n=127)

We found a significant relation between cyclin Bl expression and longer
DMEFTI in ER negative chemotherapy treated patients (LR= 4.128, p=0.042)

(Fig.6.2E).

The effect of combined expression of both proteins on the DMFI in luminal-
like ER-positive cohort was tested and we found significantly shorter DMFI in
patients expressing both markers (LR=8.194, p=0.017) than patients expressing

only one marker in univariate analysis (Fig.6.2F).
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Figure 6.2: Kaplan Meier plots of TK1 expression

(A) Kaplan Meier plot of TK1 expression in relation to BCSS in ER-positive
luminal like cohort. (B) Kaplan Meier plot of TK1 expression in relation to
DMFTI in ER-positive luminal like cohort. (C) Kaplan Meier plot of cyclin Bl
expression in relation to BCSS in ER-positive luminal like cohort. (D) Kaplan
Meier plot of cyclin B1 expression in relation to DMFI in ER-positive luminal
like cohort. (E) Kaplan Meier plot of cyclin Bl expression in relation to BCSS
in ER negative chemotherapy treated patients. (F) Kaplan Meier plot of TK1

and cyclin B1 combined expression in relation to DMFI in ER-positive luminal
like cohort.
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Survival analysis in relation to MIB1 expression

To compare the combined expression of MIB1 and TK1 or cyclin B1, we have
studied the clinical outcome of patients expressing both markers (MIB1/TK1)
or (MIB1/cyclin B1).

Our results showed that MIB1 in term of risk stratification, is superior to cyclin
B1 (LR=21.817, p<0.001) (Fig 6.3A) and TK1 (LR=27.900, p<0.001) (Fig

6.3B) in univariate analysis.

Multivariate analysis

Multivariate analyses including the tumour stage, grade, size and endocrine
therapy with regards to BCSS or DMFI showed that neither TK1 nor cyclin Bl
expression was found to be an independent prognostic marker in ER-positive
subgroup (Table 6.5).

The effect of combined expression of both proteins on the DMFI in luminal-
like ER-positive cohort was tested and we found that patients expressed both
markers had a significantly shorter DMFI (LR=8.194, p=0.017) than patients
expressing only one marker, in univariate (Fig.6.2F) and multivariate analysis

(HR=1.1738, p=0.040, 95% CI=1.025-2.946) (Table 6.6).
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Survival Functions
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Figure 6.3: Kaplan Meier plots of the combined expression of (A) cyclin Bl

and (B) TK1 with MIB1 in relation to BCSS

Table 6.5: COX model of predictors of BCSS and DMFI in ER-positive

patients
BCSS DMFI
Variable 95% CI — 95% CI

Pvalue | HR | Lower |Upper| P value Lower Upper
TK1 expression 0.399 | 1.207] 0.779 |1.871| 0.090 | 1.435 | 0.945 2.180
Cyclin B1 expression 0.193 [ 1.320] 0.869 [2.006| 0.330 | 1216 | 0.821 1.801
Tumour size <0.001 |2.503| 1.580 |3.966 00015 469 | 1.607 3.792
LN stage e <0.001
LN stage 2 vs.1 0.050 | 1.591| 1.001 [2.529| 0.049 | 1.563 | 1.002 2.437
LN stage 3 vs.1 0053 | 1.949| 0992 |3.830| <0.001 | 3614 | 2.025 |  6.449
Tumour grade 0.010 0.044
Tumour grade 2 vs. 1 0.071 |1.901| 0946 [3.820| 0.102 | 1.702 | .899 3.221
Tumour grade 3 vs. 1 0.003 |2.876| 1.424 |5.808| 0.014 | 2248 [ 1.180 4.282
Endocrine Therapy 0.198 [0.754| 0.491 | 1.159| 0.197 | 0.769 | .516 1.146
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Table 6.6: COX model of the combined expression of TK1/cyclin Bl with

regards DMFI in whole series and ER-positive patients

Whole series

ER-positive patients

Variable
P value HR 95% CI1 P value HR 95% C1
Lower | Upper Lower Upper

Tumour size <0.001 | 2.030 | 1.437 | 2.868 | <0.001 | 2.435 1.586 | 3.738
LN stage <0.001 <0.001
LN stage 2 vs.1 0.040 1.442 | 1.016 | 2.047 .048 1.564 1.004 2.436
LN stage 3 vs.1 <0.001 | 4.620 | 3.015 | 7.080 | <0.001 | 3.580 | 2.019 | 6.347
Tumour grade 0.038 0.039
Tumour grade 2 vs. 1 0.139 1.583 | 0.861 | 2.908 [ 0.102 1.702 | 0.900 | 3.218
Tumour grade 3 vs. 1 0.015 | 2.047 | 1.149 | 3.648 | 0.012 | 2.261 1.194 | 4.282
Endocrine Therapy 1.000 | 1.000 | 0.728 | 1.373 | 0.246 | 0.788 | 0.527 | 1.178
TKI1/CCNBI1(double -ve) 0.408 0.096
TK1/CCNBI(single + 3

(single *ve ve. | 180 | 1306 | 0.884 | 1931 | 0.080 | 1.526 | 0951 | 2.450
double -ve)
TKI1/CCNBI1(double + X

(doublevevs. | 0416 | 1207 | 0.767 | 1901 | 0.040 | 1738 | 1025 | 2.946
double —ve)
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6.2.5 Discussion

Many studies showed the clinical importance of TK1 and cyclin B1 (Chen et
al., Chanrion et al., 2008) among gene signatures that can predict the disease
relapse in breast cancer patients. Cyclin Bl is included in the 21 gene
commercially available recurrence signature for predicting the relapse in ER-
positive lymph node negative patients (Oncotype DX) (Paik et al., 2004).

Some authors have previously reported that TK1 is a more useful proliferation
marker than Ki-67 and PCNA in breast, lung and colorectal carcinoma (Guan
et al., 2009).

In this study, we found a highly significant positive association between TK1
and high proliferation as assessed by MIB1 protein expression, high mitosis
and higher tumour grades indicating a high reliability of TK1 in assessing the
activated G1 state in the cell cycle (Gasparri et al., 2009, Zhang et al., 2001, He
et al., 2006, Broet et al., 2001).

TKI1 usually increases earlier than Ki67 and represents a unique marker for the
activated G1 phase in the cell cycle (Gasparri et al., 2009). The results of this
study showed that MIB1 expression is more powerful than TK1 or cyclin Bl in
assessing the patient outcome contrasting with the results of another
investigator who previously reported that TK1 was a more useful proliferation
marker than Ki-67 and PCNA in breast, lung and colorectal carcinoma (Guan
et al., 2009).

Our results showed that ER-positive tumours expressing high levels of TK1
and cyclin B1 proteins are liable to metastasize. Dai and colleagues identified a

subset of patients characterized by relatively high oestrogen receptor

268



Chapter 6

expression for their age, the occurrence of metastases was strongly predicted
by a homogeneous gene expression pattern almost entirely consisting of cell
cycle genes among which TK1 gene was included (Dai et al., 2005). Others
have shown that serum TK1 concentration was higher in patients developing
distant and/or loco-regional recurrence within 3 months after surgery (He et al.,
2006).

Supporting its role as a marker of poor prognosis in breast cancer, we found
significant positive associations between TK1 and other clinicopathological
variables of unfavourable outcome including younger age group, high tumour
grade, high mitotic counts and poor NPI group in agreement with others
(Gasparri et al., 2009, Zhang et al., 2001, He et al., 2006, Broet et al., 2001).
Our results showed that high cyclin Bl expression was associated with mutated
p33 protein expression in luminal-like breast cancer. Previous study has shown
that in case of expression of the mutated p53, the cells tend to express cyclin
Bl more than those with wild type (Taylor and Stark, 2001). Cyclin Bl
expression tends to increase in tumours with co-occurrence of TP53 mutations
and MYC amplification, a combination that seems to characterize basal-like
and Luminai B tumours (Agarwal et al., 2009).

Clinical in vivo studies showed that cyclin Bl was an independent predictor of
poor overall survival among premenopausal (Kiihling et al., 2003). In this
study, although cyclin B1 protein expression was found to be associated with
shorter BCSS and DMFI in univariate analysis in ER-positive cohort, it was
not an independent prognostic marker. However, interestingly cyclin Bl was

found to be associated with longer BCSS in chemotherapy only treated ER
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negative patients indicating its potential role in assessing the chemotherapy
response, especially in ER negative patients.

There are suggestions that the difference between different luminal subclasses
is due to its variable expression of proliferation associated genes (Sotiriou et
al.,, 2003). Our results are consistent with these findings and showed that
increased cellular proliferation, as assessed by high TK1 and cyclin Bl
expression, was associated with poor outcome in the ER-positive cohort.
Although TK1 is a predictor of outcome and not cyclin Bl in the whole series,
using both markers in combination produced better stratification in terms of
DMEFT than each one separately.

In conclusion, overexpression of cyclin Bl and TK1 is involved in the
progression of ER-positive breast cancer suggesting that targeting their
expression in high proliferative breast cancer could offer novel treatment of
breast cancer. Using both markers in combination produced better stratification
in terms of outcome than each one separately. Increased cellular proliferation
occurs in some luminal cancers and appears to form a biological and clinically

distinct subclass of ER-positive breast cancer patients.
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6.3 The prognostic and biological significance of p27 and

Bcl-2 expression in breast cancer and ER-positive

subtype

6.3.1 Introduction

Cellular proliferation has a significant impact on ER-positive breast cancer
biology. The cell cycle is regulated by many mechanisms and is affected by the
interaction of multiple pathways that either enhance or delay its progression.
In addition to its control by cyclins and cyclin dependant kinases and cell cycle
regulators, many studies have highlighted the role of Bcl-2 in controlling the
cell cycle independent of its antiapoptotic function by causing retarded entry
into the cell cycle (Vairo et al., 2000, Huang et al., 1997). In Bcl-2 transgenic
cells, delayed cycle entry correlated with increased expressionof p27 (Vairo et
al., 2000). Elevated Bcl-2 levels are associated with decreased proliferation and
a favourable prognosis in many malignancies, including breast and colorectal
cancer (Mazel et al., 1996). Further evidence that Bcl-2 can regulate cell cycle,
was provided by Deng et el (Deng et al., 2003) who found that Bcl2 may
regulate G1/ S transition by a novel signalling mechanism that couples
regulation of intracellular reactive oxygen species (ROS) with p27 and Cdk2.
Phosphorylation of Bcl2 may functionally link its antiapoptotic, cell cycle
retardation, and antioxidant properties(Deng et al., 2003, Maddika et al., 2007).
Also, Greider and co-workers suggested that one possible mechanism by which
BCL2 can delay cell cycle entry may be the inhibition of C-MYC activity

through the elevation of p27 (Greider et al., 2002). These observations have
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also been found in other organs where Bcl-2 delays hepatocyte cell cycle
progression during liver regeneration (Vail et al., 2002). Furthermore, Bcl-2-
induced inhibition of hormonal dependent apoptosis was associated with an
inhibition of Rb protein downregulation, a constant level of p21 protein, and a

inhibition of cell cycle (Truchet et al., 2000).

6.3.2 p27 (kipl)

p27 is a cell cycle inhibitor involved in G1 arrest of cell cycle due to its potent
inhibition of cyclin E and cyclin A-CDK2 complexes. In addition, it is a
positive regulator of cyclin D-dependent kinases such as CDK4 (Han et al,,
2003). Low expression of p27 and its degradation correlate with increased
cellular proliferation and poor prognosis in many cancers including lung,
breast, colon, ovary, oesophagus, thyroid and prostate cancer (Han et al,
2003). p27 gene transfection in malignant human brain tumour cells blocked
cellular proliferation in G1 phase of the cell cycle (Chen et al., 1996). In
addition, subcellular localization of p27 has an important role in p27
regulation. p27 needs to be translocated to the nucleus to function in G1 and its
degradation is linked to nuclear export (Tomoda et al., 1999).

6.3.3 Bcl-2

Bcl-2 is an antiapoptotic protein that promotes cell survival, but also may block
cellular proliferation, and contrary to expectation, its expression is associated
with good prognosis oestrogen receptor (ER) positivity in breast cancer

patients (Callagy et al., 2008).

272



Chapter 6

Deregulation of normal programmed cell death mechanisms plays an important
role in the pathogenesis of breast cancer by two major pathways. The intrinsic
pathway (mitochondrial) involves changes in mitochondrial membrane
permeability, release of cytochrome c, exposure of phosphatidylserine on the
outer part of the plasma membrane, and loss of plasma membrane integrity.
The other mechanism, the extrinsic pathway is dependent on extracellular
signals including tissue necrosis factor-alpha (TNF), Fas ligand, and TNF-
related ligand TRAIL. The intrinsic and extrinsic pathways activate caspases,
which cleave DNA and catabolise the cytoskeleton (Zhivotovsky and Kroemer,
2004, Brown and Attardi, 2005, Youle and Strasser, 2008) (Fig 6.4).

Bcl-2 inhibits most kinds of programmed cell death and provides a selective
growth advantage to various cell types. This function is achieved by controlling
the mitochondrial membrane permeability and suppressing apoptosis by
inhibiting caspase activity either by preventing the release of cytochrome C
from the mitochondria or by binding to the apoptosis-activating factor (APAF-
1) (Youle and Strasser, 2008).

Supporting its clinical applications, Bcl-2 was included as one of a panel of
sixteen genes whose expression can predict tumour recurrence in tamoxifen-
treated node-negative breast cancer (Paik et al., 2004).

Many studies have demonstrated the relation between Bcl-2 and p27.
Overexpression of Bcl-2 may lead to retardation of the GO/S transition by
sustaining the expression level of cyclin-dependent kinase inhibitor p27
(Linette et al., 1996). Others have demonstrated that p27 may mediate the

effects of Bcl-2 on cellular proliferation (Cheng et al., 2008).
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In this study, we hypothesized that the interaction between Bcl-2 and p27 can
significantly retard the cell proliferation and enhance the cell cycle arrest

which could possibly reflect on patient prognosis and tumour biology.
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Figure 6.4: Intrinsic and extrinsic pathways of apoptosis.
Adapted from (Youle and Strasser, 2008)

6.3.4 Material and Methods
Tissue microarrays were prepared and the immunohistochemical staining was
performed using the streptavidin-biotin complex method using

DakoCytomation Techmate 500 plus (DakoCytomation, Cambridge, UK)
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(general material and methods chapter). To unmask the antigens, the sections
were microwaved in citrate buffer pH 6 for 23 minutes. p27 mouse monoclonal
antibody (clone SX53G8, Dako, UK) was optimized at a working dilution of
1:40 using full face sections and TMAs on DakoCytomation Techmate 500
plus (DakoCytomation, Cambridge, UK) automatic immunostainer with a
labelled streptavidin biotin technique (LSAB) in accordance with the
manufacturer’s instructions. Negative controls were performed by omitting the
primary antibody and substitution with diluent. Positive breast cancer cases
were used as positive controls. The H-score (histochemical score) was used to
assess the intensity of staining and the percentage of stained cells following
immunohistochemistry (McCarty et al., 1985).

Mouse monoclonal antibody to Bel2 (clone 124, Dako, UK) was optimised at a
working dilution of 1:100 using full face sections and TMAs on
DakoCytomation Techmate 500 plus (DakoCytomation, Cambridge, UK)
automatic immunostainer with a labelled streptavidin biotin technique (LSAB)
in accordance with the manufacturer’s instructions. Negative controls were
performed by omitting the primary antibody and substitution with diluent.
Positive breast cancer cases were used as positive controls.

Cut-offs were chosen using (>10%) positive cells (Abdel-Fatah et al.).

6.3.5 p27 expression results
The optimization, scoring and staining process have been discussed in details

in the general material and methods chapter.
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The pattern of staining in breast carcinoma was nuclear (Fig 6.5), with
increased expression in the normal breast acini. After excluding the

uninformative TMA cores from the study, 1029 tumours were available for

assessment.
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Figure 6.5: TMA core with positive p27 expression (x200)

6.3.5.1 Correlation between p27 expression and other
clinicopathological variables

p27 expression was associated with small tumour size (p=0.003), low grade

tumours (p<0.001), good NPI group (p<0.001), lower mitotic index (p<0.001)

and less frequent development of distant metastasis. No associations were

found between p27 expression and LN stage or vascular invasion. A significant

decrease of p27 expression was found in medullary cancer (Table 6.7).
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In the ER-positive luminal-like patient cohort, p27 retained its associations

with low grade tumours, good NPI group and lower mitotic index (Table 6.8).

6.3.5.2 Correlation between p27 expression and other biomarkers

In the whole series, we found significant positive associations between p27 and
luminal associated markers including CKs (CK19 and CK18), ER, PgR and
AR. In contrast, p27 expression was inversely associated with markers of basal
differentiation (CK5/6), MIB1 and HER2 (Table 6.9). In the ER-positive
luminal-like patient cohort, p27 showed no significant associations with the

studied markers (Table 6.10).

6.3.5.1 Correlation between p27 and patient outcome

In the whole series, p27 was associated with longer BCSS (LR= 10.991, p=
0.001) (Fig 6.6) and longer DMFI (LR=8.404, p=0.004) (Fig 6.7).

In the ER-positive cohort, p27 retained its associations with longer BCSS (LR=
5.959 and p= 0.015) (Fig 6.8) and longer DMFI (LR=4.725 and p=0.030) (Fig

6.9).
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Table 6.7: Relation of p27 expression to other clinicopathological variables in

the whole series

p27 Expression
Variable Low High Total 4 p-value
Patients’ age 3.350 0.341
<40 58(79.5) 15(20.5) 73
40-50 214(69.7) 93(30.3) 307
51-60 241(70.5) 101(29.5) 342
>60 211(68.7) 96(31.3) 307
Tumour size 8.989 0.003
<lL.5cm 211(64.1) 118(35.9) 329
>1.5 cm 513(73.3) 187(26.7) 700
Lymph node stage 3.625 0.163
1(Negative) 431(68.6) 197(31.4) 628
2(1-3 LN) 220(71.4) 88(28.6) 308
3(>3 LN) 71(78) 20(22) 92
Tumour Grade 63.331 <0.001
1 91(53.5) 79(46.5) 170
2 207(62) 127(38) 334
3 425(81.1) 99(18.9) 524
NPI 45.731 <0.001
Good 154(54.8) 127(45.2) 281
Moderate 434(75.3) 142(24.7) 576
Poor 136(79.1) 36(20.9) 172
DM 8.042 0.005
No 474(67.6) 227(32.4) 701
Positive 248(76.3) 77(23.7) 325
Recurrence 4.288 0.039
No 397(67.9) 188(32.1) 585
Positive 327(73.8) 116(26.2) 443
VI 0.776 0.678
No 393(69.3) 174(30.7) 567
Probable 86(71.7) 34(28.3) 120
Definite 243(71.9) 95(28.1) 338
Histologic tumour type 50.402 <0.001
Ductal/NST 480(76.8) 145(23.2) 625
Lobular 55(58.5) 39(41.5) 94
Tubular and Tubular mixed 110(55.3) 89(44.7) 199
Medullary 28(93.3) 2(6.7) 30
Other special types* 13(59.1) 9(40.9) 22
Mixed** 38(64.4) 21(35.6) 59
Mitosis 66.247 <0.001
1 178(54.8) 147(45.2) 325
2 117(66.5) 59(33.5) 176
3 398(81.2) 92(18.8) 490
Menopausal status 0.026 0.889
Premenopausal 281(70.1) 120(29.9) 401
Postmenopausal 443(70.5) 185(29.5) 628

*Includes Mucoid, invasive cribriform and invasive papillary carcinoma, **
Include ductal/NST mixed with lobular or special type
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Table 6.8: Relation of p27 expression to other clinicopathological variables in

the ER-positive cohort

p27 Expression

Low High Total 5
Variable 7 il p-value
Patients’ age 0.305 0.959
<40 20(64.5) 11(35.5) 31
40-50 120(60.9) | 77(39.1) 197
51-60 151(63.2) | 88(36.8) 239
>60 142(62.3) | 86(37.7) 228
Tumour size 2.343 0.138
<l.5cm 139(58.4) [ 99(41.6) 238
>1.5 cm 294(64.3) | 163(35.7) 457
Lymph node stage 4.566 0.102
1(Negative) 248(59.2) | 171(40.8) 419
2(1-3 LN) 144(65.8) | 75(34.2) 219
3(>3 LN) 39(70.9) 16(29.1) 55
Tumour Grade 14.465 0.001
! 80(53) 71(47) 151
2 172(59.5) | 117(40.5) 289
3 180(70.9) | 74(29.1) 254
NPI 13.498 0.001
Poor 132(53.7) | 114(46.3) 246
Moderate 231(65.6) | 121(34.4) 352
Good 70(72.2) 27(27.8) 97
DM 3.761 0.060
No 291(60) 194(40) 485
Positive 141(67.8) | 67(32.2) 208
Recurrence 1.907 0.177
No 244(60.2) | 161(39.8) 405
Positive 189(65.4) | 100(34.6) 289
VI 2.121 0.346
No 222(60) 148(40) 370
Probable 64(66.7) | 32(33.3) 96
Definite 146(64.6) | 80(35.4) 226
Histologic tumour type 12.906 0.024
Ductal/NST 241(67.1) | 118(32.9) 359
Lobular 50(60.2) 33(39.8) 83
Tubular and Tubular
ied 96(53.6) 83(46.4) 184
Medullary 4(100) 0(0) 4
Other special types 8(50) 8(50) 16
Mixed 34(63) 20(37) 54
Mitosis 16.820 <0.001
1 153(53.3) | 134(46.7) 287
2 92(63) 54(37) 146
3 165(70.8) | 68(29.2) 233
Menopausal status 1.796 0.189
Premenopausal 142(58.9) | 99(41.1) 241
Postmenopausal 291(64.1) | 163(35.9) 454
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Table 6.9: Relation of p27 expression to other biomarkers in the whole series

p27 Expression

Variable Low High Total xz p-value
CK5/6
Negative 555(67.8) 264(32.2) 819 12.316 <0.001
Positive 142(81.1) 33(18.9) 175
CK14
Negative 577(69) 259(31) 836 4.109 0.045
Positive 107(77.5) 31(22.5) 138
CK18
Negative 114(88.4) 15(11.6) 129 23.522 <0.001
Positive 525(67.3) 255(32.7) 780
CK19
Negative 76(85.4) 13(14.6) 89 10.629 <0.001
Positive 621(68.8) 281(31.2) 902
ER
Negative 251(90.3) 27(9.7) 278 74.483 <0.001
Positive 433(62.3) 262(37.7) 695
PgR
Negative 360(82.6) 76(17.4) 436 58.170 <0.001
Positive 320(60) 213(40) 533

53
Negative 474(67.4) 229(32.6) 703 8.460 0.004
Positive 210(76.9) 63(23.1) 273
AR
Negative 282(79.2) 74(20.8) 356 23.144 <0.001
Positive 366(64.3) 203(35.7) 569
MIBI1
low 138(63.9) 78(36.1) 216 9.353 0.003
High 429(74.9) 144(25.1) 573
P-cadherin
Negative 234(64.5) 129(35.5) 363 9.906 0.002
Positive 338(74.6) | 115(25.4) 453
E-cadherin
Negative 267(70.8) 110(29.2) 377 0.320 0.616
Positive 414(69.1) 185(30.2) 599
HER2
Negative 587(68.6) 269(31.4) 856 8.274 0.004
Positive 106(80.9) 25(19.1) 131
EGFR 0.818 0.406
Negative 467(68.7) 211(31.1) 678
Positive 126(72.4) 48(27.6) 174
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Table 6.10: Relation of p27 expression to other biomarkers in the ER-positive

cohort
p27 expression
Variable Low High Total xz p-value
CK5/6
Negative 394(62.3) | 238(37.7) 632 0.371 0.548
Positive 29(58) 21(42) 50
CK14
Negative 380(62.3) 230(37.7) 610 0.037 0.889
Positive 36(61) 23(39) 59
CK18
Negative 21(75) 7(25) 28 1.946 0.230
Positive 381(62) 234(38) 615
CK19
Negative 26(76.5) 8(23.5) 34 3.022 0.102
Positive 402(61.7) 250(38.3) 652
PgR
Negative 115(68.9) 52(31.1) 167 3.968 0.054
Positive 311(60.3) 205(39.7) 516
AR
Negative 109(65.7) 57(34.3) 166 1.054 0.354
Positive 298(61.2) 189(38.8) 487
pS3
Negative 343(61.8) 212(38.2) 555 0.270 0.684
Positive 81(64.3) 45(35.7) 126
MIBI
low 110(60.8) 71(39.2) 181 1.950 0.182
High 240(66.9) 119(33.1) 359
E-cadherin
Negative 158(62.9) 93(37.1) 251 0.083 0.806
Positive 269(61.8) 166(38.2) 435
P-cadherin
Negative 211(63.4) 122(36.6) 333 0.178 0.730
Positive 156(61.7) 97(38.3) 253
HER2
Negative 384(61.3) 242(38.7) 626 1.721 0.242
Positive 38(70.4) 16(29.6) 54
EGFR =
Negative 333(63.8) 189(36.2) 22
Posgitive 49((53.8) 42(46.2) 91 3.265 0.079
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Figure 6.6: Kaplan Meier plot of p27 expression in relation to BCSS in the

whole series
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Figure 6.7: Kaplan Meier plot of p27 expression in relation to DMFI in the

whole series
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Figure 6.8 Kaplan Meier plot of p27 expression in relation to BCSS in the ER-

positive luminal-like cohort
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Figure 6.9: Kaplan Meier plot of p27 expression in relation to DMFI in the

ER-positive luminal-like cohort
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6.3.6 Bcl-2 expression results
The pattern of staining in breast carcinoma was cytoplasmic (Fig 6.10), with
increased expression in the normal acini. After excluding the uninformative

TMA cores from the study, 1190 tumours were available for assessment.
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Figure 6.10: TMA core of grade 2 ductal cancer with positive Bcl-2

expression (x100)

6.3.6.1 Correlation between Bcl-2 expression and other
clinicopathological variables

In the whole patient series, Bcl-2 was associated with postmenopausal status

and older age group, small tumour size, LN negativity, low grade tumours,

lobular and tubular histologic type (Table 6.11).
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In the ER-positive cohort, Bcl-2 was significantly associated with low tumour
grade, low mitotic index, good NPI group, absence of DM and more frequent
expression in lobular and lobular histological types with decreased expression

in medullary cancer (Table 6.12).

6.3.6.2 Correlation between Bcl-2 expression and other
biomarkers

On studying the correlation between Bcl-2 and other biomarkers, we found that
its expression is positively associated with markers of good prognosis
including ER, PgR, AR and p27. Bcl-2 expression was positively associated
with markers of luminal differentiation such as CK18, PgR and AR. On the
other hand, Bcl-2 was inversely associated with basal CKs, HER2, p53 and P-
cadherin expression. In the ER-positive group, Bcl-2 expression showed

similar results (Tables 6.13&14).

6.3.6.1 Correlation between Bcl-2 expression and patient outcome

In the whole series, Bcl-2 was associated with longer BCSS (LR= 32911 and
p<0.001) (Fig 6.11) and longer DMFI (LR=25.150 and p<0.001) (Fig 6.12).

In the ER-positive breast cancer, Bcl-2 retained its associations with longer
BCSS (LR=12.220 and p<0.001) (Fig 6.13) and longer DMFI (LR=12.167 and

p<0.001) (Fig 6.14).
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Table 6.11: Relation of Bcl-2 expression to other clinicopathological variables

in the whole series

Bcel-2 Expression
. Negative Positive Total "
Variable g p-value
Patients’ age 29.095 <0.001
<40 49(55.7) 39(44.3) 88
40-50 93(26.9) 253(71.3) 253
51-60 128(31.4) 280(68.6) 408
>60 98(28.2) 249(71.8) 347
Tumour size 18.729 <0.001
<l.5cm 94(22.9) 316(77.1) 410
>1.5 cm 274(35.1) 506(64.9) 780
Lymph node stage 14.299 0.001
1(Negative) 229(30) 535(70) 764
2(1-3 LN) 93(28.4) 235(71.6) 328
3(>3 LN) 46(47.9) 50(52.1) 96
Tumour Grade 183.9 <0.001
| 20(8.5) 214(91.5) 234
2 62(16.5) 314(83.5) 376
3 286(49.4) 293(50.6) 579
NPI 107.3 <0.001
Good 38(10.6) 322(89.4) 360
Moderate 246(37.6) 409(62.4) 655
Poor 84(48) 91(52) 175
DM 26.429 <0.001
No 225(26.5) 624(73.5) 849
Positive 139(41.9) 193(58.1) 332
Recurrence 17.746 <0.001
No 187(26.3) 525(73.7) 712
Positive 174(37.4) 285(62.1) 459
VI 2.165 0.339
No 199(29.4) 478(70.6) 677
Probable 43(30.9) 96(69.1) 139
Definite 126(33.8) 247(66.2) 373
Histologic tumour 130.9 <0.001
type
Ductal/NST 282(41.2) 402(58.8) 684
Lobular 27(22.3) 94(77.7) 121
Tubular and Tubular
e 22(8.4) 241(91.6) 263
Medullary 21(70) 9(30) 30
Other special types* 6(24) 19(76) 25
Mixed** 10(14.9) 57(85.1) 67
Mitosis 186.5 <0.001
| 50(11.8) 373(88.2) 423
2 40(19.6) 164(80.4) 204
3 269(51.4) 254(48.6) 523
Menopausal status 1.291 0.256
Premenopausal 149(32.9) 304(67.1) 453
Postmenopausal 219(29.8) 517(70.2) 736
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Table 6.12: Relation of Bcl-2 expression to other biomarkers in the ER-

positive cohort

Bcl-2 Expression
Variable Negative Positive Total £ pevalise
Patients’ age 4.744 0.191
<40 7(19.4) 29(80.6) 36
40-50 24(10.7) 201(89.3) 225
51-60 49(16.7) 244(83.3) 293
>60 35(13.6) 223(86.4) 258
Tumour size 4.929 0.026
<l.5cm 33(10.7) 276(89.3) 309
>1.5 cm 82(16.3) 422(83.7) 504
Lymph node stage 6.443 0.040
1(Negative) 71(13.7) 447(86.3) 518
2(1-3 LN) 29(12.4) 204(87.6) 233
3(>3 LN) 15(25) 45(75) 60
Tumour Grade 20.305 <0.001
1 14(6.8) 193(93.2) 207
2 43(13.1) 286(86.9) 329
3 58(21) 218(79) 276
NPI 11.870 0.003
Poor 30(9.4) 290(90.6) 320
Moderate 63(16.1) 328(83.9) 391
Good 22(21.6) 80(78.4) 102
DM 9.061 0.004
No 172(12) 526(88) 598
Positive 43 (20.5) 167(79.5) 210
Recurrence 6.283 0.016
No 60(11.9) 443(88.1) 503
Positive 55(18.3) 245(81.7) 300
VI 4.685 0.096
No 55(12.4) 390(87.6) 445
Probable 18(16.5) 91(83.5) 109
Definite 42(16.3) 216(83.7) 258
Histologic tumour type 23.037 [ <0.001
Ductal/NST 69(17.7) 320(82.3) 389
Lobular 22(20.8) 84(79.2) 106
Tubular and Tubular mixed 15(6.3) 222(93.7) 237
Medullary 1(50) 1(50) 2
Other special types* 2(10) 18(90) 20
Mixed** 6(10.2) 53 (89.8) 59
Mitosis 23.349 <0.001
1 37(9.9) 336(90.1) 373
2 18(10.8) 149(89.2) 167
3 56(23.2) 185(76.8) 241
Menopausal status 4.909 0.032
Premenopausal 28(10.3) 243(89.7) 271
Postmenopausal 87(16.1) 454(83.9) 251

*Includes Mucoid, invasive cribriform and invasive papillary carcinoma, **
Include ductal/NST mixed with lobular or special type
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Table 6.13: Relation of Bcl-2 expression to other biomarkers in the whole

series of breast cancer patients

Bcel-2 Expression
Variable | Negative Positive Total 4 p-value
CK5/6
Negative 235(24.7) 716(75.3) 951 105.4 <0.001
Positive 121(62.1) 74(37.9) 195
CKl14
Negative 270(27.6) 710(72.4) 980 37.931 <0.001
Positive 80(52.3) 73(47.7) 153
CK18
Negative 95(66.4) 48(33.6) 143 99.302 <0.001
Positive 226(25.1) 676(74.9) 902
CK19
Negative 40(40) 60(60) 100 3.999 0.046
Positive 317(30.3) 729(69.7) 1046
ER
Negative 234(74.3) 81(25.7) 315 384.3 <0.001
Positive 115(14.1) 698(85.9) 813
PgR
_Nggative 276(57.4) 205(42.6) 481 278.2 <0.001
Positive 67(10.7) 561(89.3) 628
53
Negative 175(21.5) 638(78.5) 813 118.6 <0.001
Positive 169(55.2) 137(44.8) 306
AR
Negative 202(51.1) 193(48.9) 395 120.2 <0.001
Positive 126(18.9) 539(81.1) 665
MIBI
low 44(15.9) 233(84.1) 277 41.641 <0.001
High 234(37.4) 392(62.6) 2
P-cadherin
Negative 55(12.9) 373(87.1) 428 116.3 <0.001
Positive 230(45.5) 276(54.5) 506
E-cadherin
Negative 142(34.5) 270(65.5) 412 5.125 0.024
Positive 196(28) 504(72) 700
HER2
Negative 258(26) 735(74) 993 89.083 <0.001
Positive 90(65.7) 47(34.3) 137
EGFR
Negative 206(26) 585(74) 791 36.275 <0.001
Positive 92(48.4) 98(51.6) 190
27
Negative 209(41.8) 291(58.2) 500 47.890 <0.001
Positive 37(15.9) 196(84.1) 233
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Table 6.14: Relation of Bcl-2 expression to other biomarkers in the ER-

positive cohort

Bcel-2 Expression
Variable Negative Positive | Total of p-value
CK5/6
Negative 98(13.2) 642(86.8) 740 8.601 0.006
Positive 16(27.1) 43(72.9) 59
CK14
Negative 95(13) 636(87) 731 6.674 0.018
Positive 15(25) 45(75) 60
CK18
Negative 9(33.3) 18(66.7) 27 9.174 0.007
Positive 93(12.9) 626(87.1) 719
CK19
Negative 5(13.2) 33(86.8) 38 0.037 1.000
Positive 109(14.3) 655(85.7) 764
PgR
Negative 51(27.1) 137(72.9) 188 36.495 <0.001
Positive 58(9.7) 541(90.3) 599
AR
Negative 38(22.2) 133(77.8) 171 11.841 0.001
Positive 69(11.8) 516(88.2) 585
53
Negative 75(11.5) 579(88.5) 654 18.779 <0.001
Positive 34(25.8) 98(74.2) 132
MIB1
low 24(10) 215(90) 239 3.936 0.047
High 60(15.6) 324(84.4) 384
P-cadherin
Negative 36(9.2) 355(90.8) 391 15.906 <0.001
Positive 56(19.9) 255(80.1) 281
E-cadherin
Negative 47(17.4) 223(82.6) 270 4.109 0.051
Positive 63(12.1) | 456(87.9) 519
HER2
Negative 89(12.2) 640(87.8) 729 19.905 <0.001
Positive 19(33.3) 38(66.7) 57
EGFR
Negative 79(13) 529(87) 608 5.058 0.032
Positive 22(21.4) 81(78.6) 103
p27
Negative 54(18.1) 245(81.9) 299 3.778 0.05
Positive 23(11.6) 175(88.4) 198
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Figure 6.11: Kaplan Meier plot of Bcl-2 expression in relation to BCSS in the

whole series.
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Figure 6.13 Kaplan Meier plot of Bcl-2 expression in relation to BCSS in the

ER-positive luminal-like cohort
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Figure 6.14: Kaplan Meier plot of Bcl-2 expression in relation to DMFI in the

ER-positive luminal-like cohort
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6.3.6.2 The effect of combined Bcl-2 and p27 expression on breast

cancer spesific survival

We have found that combined positive expression of Bcl-2 and p27 in the Bel-
2+p27+ cancer phenotype is associated with significant longer breast cancer
specific survival when compared to their single phenotype. ER+Bcl-2+p27+
phenotype was associated with a significant longer BCSS in the whole patient
series (LR=33.657, p<0.001) (Fig 6.15) and in the ER-positive luminal-like

patient cohort (LR=29.244, p<0.001) (Fig 6.16).
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Figure 6.15 Kaplan Meier plot of Bcl-2+p27+ expression in relation to BCSS

in the whole patients series
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Figure 6.16: Kaplan Meier plot of Bel-2+p27+ expression in relation to BCSS

in the ER-positive luminal-like cohort

Multivariate analysis

Multivariate COX proportional hazard analysis model including the tumour
grade, LN stage, tumour size and the systemic therapy groups has shown that
Bcl-2 was an independent prognostic maker of longer BCSS in the ER-positive

luminal-like cohort (HR=0.473, p<0.001, 95% C1=0.339-0.659) (Table 6.15).
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Table 6.15: COX multivariate analysis of predictors of BCSS in luminal-like

cohort

Variable pvalue | HR 95% CI
Lower Upper
27 expression 0.335 0.841 0.591 1.196
Bel-2 expression <0.001 0.473 0.339 0.659
Tumour size <0.001 1.961 1.367 2.813
LN stage <0.001
LN stage (2) vs. (1) 0.011 1.671 1.124 2.483
LN stage (3) vs. (1) <0.001 3.002 1.835 4911
Tumour grade <0.001
Tumour grade (2) vs. (1) 0.239 1.369 0.811 2310
Tumour grade (3) vs. (1) <0.001 3.296 1.911 5.684
Endocrine therapy 0.165 0.745 0.492 1.129
Chemotherapy 0.084 0.604 0.341 1.070
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6.3.7 Discussion

Many authors have repeatedly implied a strong relationship between cellular
proliferation and poor prognosis in breast cancer with particular emphasis on
ER-positive luminal subtypes (Cheang et al., 2009).

The effect of Bcl-2 on tumour formation is complex and its high expression
may either delay or increase tumour formation (Pietenpol et al., 1994). The
oncogenic activity is due to its anti-apoptotic function while the growth
inhibitory function has been attributed to its inhibition of cellular proliferation.
In the ER-positive subgroup, we found that Bcl-2 was significantly associated
with LN negativity, low grade, low mitotic index, good NPI group and absence
of tumour recurrence. In addition, Bcl-2 was positively associated with markers
of good prognosis including steroid receptors and CK18 and was inversely
associated with proliferation as assessed by mitotic counts. Supporting this, in
vitro experiments have revealed that high levels of Bcl-2 can result in dramatic
growth inhibition in different cell types (Pietenpol et al., 1994) (Oreilly et al.,
1996). These findings are supported also by the association of Bcl-2 with
longer breast cancer specific survival as demonstrated by other investigators
(Callagy et al., 2006).

To further support its growth inhibitory role in breast cancer, we have found a
significant association between Bcl-2 and the cell cycle inhibitor p27. These
results collectively, support that the dominant role of Bcl-2 in breast cancer is
related to growth inhibition via decreasing cellular proliferation and inducing

cell cycle delay.
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In this study, we have shown that Bcl-2 and p27 are positively associated with
luminal phenotype and inversely associated with mutated p53, basal CKs and
EGF family members which provide more evidences for their biological role is
characterising the luminal-like breast cancer subclass.

p27 (kipl) is an important negative regulator of cell cycle progression and
plays an important role in the pathogenesis of many tumours including breast
cancer. In breast cancer cells, the level of p27 (kipl) expression usually
decreases during tumour development and progression. Low p27 expression
appears to be associated with poor prognosis, especially among patients with
steroid receptor positive tumours (Porter et al., 2006, Traub et al., 2006) in
agreement with our findings.

Recent studies demonstrated that p27 may mediate the effects of Bcl-2 on
cellular proliferation in tumour development (Cheng et al., 2008). We have
found that combined positive expression of Bcl-2 and p27 in the Bel-2+p27+
cancer phenotype is associated with significant longer breast cancer specific
survival when compared to their single phenotype. So, we propose that the
luminal phenotype expressing double markers is highly characterised with
lower rate of proliferation and in a state of growth arrest which may explain the
good prognosis associated with their combined expression.

In conclusion, Bc¢l-2 is associated with luminal phenotype and has a growth
inhibitory function in breast cancer possibly via its effect on p27 expression.
Bcl-2+p27+ phenotype is associated with good prognosis in luminal-like breast

cancer.
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7 The use of cluster analysis of protein expression to identify
prognostic and biological ER positive breast cancer

subclasses
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7.1 Introduction

In common with other cancers, the development of breast cancer is a complex
process involving genetic, epigenetic and environmental factors. There is now
general acceptance that the histological criteria used for classifying breast
cancer reflect molecular events occurring only at the cellular level. For this
reason, recent studies have focused on the development of a ‘molecular
classification’ system to profile the genetic and protein expression of an
individuals’ tumour (Perou et al., 2000, Sorlie et al., 2001). Subsequently, a
number of different patient groups have been identified, with group
membership reflecting similarities in the tumour biological characteristics.
Oestrogen receptor positive breast cancers form a large proportion of breast
cancer patients and within this group; much effort is being applied to discover
reliable markers that can be used in patient prognosis. Our study aimed at
subclassifying ER-positive luminal-like cancers into prognostic patho-
biological subgroups using their protein expression characteristics to identify
the biological and behavioural characteristics seen in this heterogeneous group
of tumours.

This might lead to a sub-classification of luminal breast cancer patients into
discrete entities that represent clinically relevant groups and when possible,
Identification of unique sets of genes whose expression best identify subgroups

of luminal ER positive tumours.
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An alternative approach to gene expression profiling is to use established
laboratory method, such as immunohistochemistry on formalin fixed paraffin
embedded clinical patie.nt tumour samples with follow-up data. We have
applied protein biomarker panels with known relevance to breast cancer, to
large numbers of cases using tissue microarrays, exploring the existence and
clinical significance of distinct ER-positive breast cancer classes. We studied
these markers in patients with breast cancer treated by a uniform drug regimen

so that treatment was not associated with variability in outcome,

7.2 Material and methods

7.2.1 Patient selections

In this analysis, we have used different clustering methods to analyze the
protein expression data for identification of biological classes in the ER-
positive patient subgroup. 583 immunohistochemically confirmed ER-positive
cases with data available on the selected biomarkers (FOXA1, RERG, GATA3,
TFF1, TFF3, XBP1, BEX1, CARMI, PELP1, CD71, FOXO3a, AGTRI1, p27,
Bcl-2, TK1, and cyclin Bl1) in addition to other 9 important markers that are
available from the database (ER, PgR, MIB1, HER2, CK5/6, C-MYC, EGFR,
CK18 and p53) and have been used previously in immunohistochemical
definition of the breast cancer subtypes or has a strong relevance to breast
cancer development, were used in the analysis.

Levels of immunohistochemical reactivity were determined by microscopic
analysis using the modified H-score (values between 0 and 300), giving a semi

quantitative assessment of both the intensity of staining and the percentage of
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positive cells. For the intensity, a score of 0-3, corresponding to negative,
weak, moderate and strong positivity, was recorded. For MIB1, TK1, FOXO3a
and Bcl-2, we used the percentage of the positive cells normalised to a scale of
0-300 to prevent the bias that may result from including different scales in the
same analysis. For RERG and XBP1, we rescored the available TMAs slides
using the H-score.

K-nearest neighbor algorithm (KNN) was used to adapt for missing values
(Troyanskaya et al., 2001) which provides a more robust and sensitive method
for missing value estimation in comparison to other methods over the range of
1-20% missing values (Mchra et al., 2005). Table 7.1 shows the biomarkers

used in the analysis.
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Table 7.1: Markers used in the clustering analysis

Antibody supplier Cat number/clone Dilution | Pretreatment
FOXAI Abcam Ab40868/2F83 1:2000 Microwave
TFF1 Abcam Ab17829 1:2000 Microwave
CD71 Abcam Ab49517/10F 11 1:30 Microwave
PELPI Novus NB100-1749 1:100 No
CARMI1 Novus NB100-1817 1:300 Microwave
Bel-2 Dako MO0887/124 1:100 Microwave
BEXI1 Abcam Ab69032 1:3500 Microwave
TK1 Abcam Ab57757 Spg/ml Microwave
AGTRI Abcam Ab9391 (1E10-1A9) 1:100 No
XBP1 Novus NB100-80861 0.5ng/ml Microwave
Cyclin B1 Abcam Ab72 0.3pg/ml | Microwave
TFF3 Abcam Ab57752 3 pg/ml Microwave
FOXO03a Cell Signalling | 9467 1:50 Microwave
RERG Proteintech 10687-1-AP 1:20 Microwave
p27 Dako SX53G8 1:40 Microwave
GATA3 Santa Cruz sc-268/HG3-31 1:80 Microwave
C-Myc Abcam Ab32/9A10 1:100 Microwave
ER Dako 1D5 1:80 Microwave
PgR Dako PgR636 1:100 Microwave
EGFR Novocastra EGFR.113 1:10 Microwave
p33 Dako DO7 1:50 Microwave
Ki67 Dako MIBI 1:100 Microwave
HER2 Dako cerbB-2 1:250 No
CK5/6 Boehringer D5/16134 1:100 Microwave
CK18 Dako DC10 1:50 Microwave
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7.2.2 Clustering algorithms

7.2.2.1 K-means clustering of the protien expression data

The K-means (KM) technique aims to partition the data into X clusters so that
the sum of squares from points to the assigned cluster centres is minimised.
The algorithm repeatedly moves all cluster centres to the mean of their Voronoi
sets which is the set of data points which are nearest to the cluster centre. K-
means clustering is dependent on the initial cluster centres setting which, in
turn, determines the initial cluster assignment. For this study, we used a fixed
initialization obtained with hierarchical clustering. The number of clusters is an
explicit input parameter to the K-means algorithm (Jain et al., 1999, Soria et

al., 2010).

7.2.2.2 Partitioning around medoids clustring of the protien
expression data

The partitioning around medoids (PAM) algorithm is a technique which
attempts to minimise the distance between points labelled to be in a cluster and
a point designated as the centre of that cluster. In contrast to the K-means
algorithm, PAM chooses data points as centres (medoids) and then assigns
each point to its nearest medoid. A medoid is defined as the object within a
cluster for which the average dissimilarity to all other objects in the cluster is
minimal, i.e. it is the most centrally located data point in the given cluster.
Dissimilarities are nonnegative numbers that are small and close to zero when

two data points are near to each other and become large when the points are
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very different usually, an Euclidean metric is used for calculating
dissimilarities between observations.

The algorithm consists of two phases: the build phase in which an initial set of
k representative medoids is selected and the swap phase in which a search is
carried out to improve the choice of medoids (and hence the cluster allocations)
(Jain et al., 1999, Soria et al., 2010).

Biplots are generated by firstly transforming the original data space using
principal component analysis and then plotting the points at their projected
position on axes of the first and second principal components.

All clustering statistical analysis was done in collaboration with Dr Daniele
Soria (University of Nottingham-School of Computer Science) using R, a free
software environment for statistical computing and graphics. The methodology
was applied to a 583 ER-positive cases of breast cancer patients in order to
obtain core classes in the ER-positive positve disease. Once these core classes
were obtained, the clinical relevance of the corresponding patient groups were
investigated by means of associations with related patient data.

Consensus clustering

The idea of combining and comparing the results of different clustering
algorithms is particularly important in order to evaluate the stability of a
proposed classification. Monti and colleagues (Monti et al., 2003) used a new
methodology of class discovery and clustering validation tailored to the task of
analysing gene expression data. The new methodology, termed ‘consensus

clustering’, provides a method to represent the consensus across multiple
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analyses of a clustering algorithm and to assess the stability of the discovered

clusters (Monti et al., 2003).
7.2.2.3 Validity indices

Two different algorithms were used for cluster analysis: the K-means and the
partitioning around medoids methods. They were both run for between 2 and
20 clusters. Six validity indices were calculated and recorded to determine the
best number of clusters. The indices are Calinski and Harabasz, Hartigan, Scott
and Symons, Marriot, Trace W, and Trace W-1B. For each index, the number
of groups to be considered was chosen according to the rules reported by

(Dimitriadou et al., 2002).

7.3 Results

7.3.1 Optimal number of clusters
After application of the six validity indices of the kmeans (Fig 7.1) and PAM
(Fig 7.2) clustering algorithms, three clusters were identified as the most

appropriate number which could represent the true core classes of the data.

304



Chapter 7

Calinski index Hartigan index
° - o
o 0
- H 9
old, /o\ 0
o
, VALY
x € o - ¢ o
g ss1| o °
= =
L]
/ ; ~
o +0 0 Ch
o~o
s
e - ° ° x
: ) :
Ll i I  § T T T 1 T T T ¥ : I T
2 4 6 8 10 12 u 2 4 6 8 10 122 1«
Clusters clusters
Marriot index TraceW index
=
T h " ®
- od
.
L °
-d o ° e °
= $1/ % ’
= o °\ Gl S \ -t
=3 % ~e LS o /
2T / / 34 \
=4 j = o
© o -
- Ld
= >
o -
a 5 o
° w
~ o
= o o] °
i et s TR e S SR —
2 4 6 8 10 12 M - 4.0 ¢ 0 R W
Clusters clusters

index

200 300 400 500 600

100

1.5

1.0

05

Scott index

.\/\/ / '\,,.\ /'\.

Clusters
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5 indices agreed on 3 clusters solution
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Figure 7.2: PAM validity indices

4 indices agreed on 3 clusters solution

7.3.2  Clustering the protein expression data

7.3.2.1 Consensus cluster identification

Initially we have used 16 markers to cluster the 583 cases using the same

methodology and we found that the optimal cluster number is three. In order to

make sure that the number does not change when using a different set of

biomarkers, we have added 9 important biomarkers which proved previously to
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have a defining role in breast cancer subtypes characterisation and those with

strong relevance to breast cancer biology including (ER, PgR, MIB1, HER2,

CK5/6, EGFR, C-MYC, CK18 and p53).

Next to identification of the optimal cluster number using the different indices,

is to identify the cases that have been clustered in the same group by the two

clustering methods. Seventy eight percent of cases (454 out of 583) were

clustered in the same group using the 25 markers panel (Table 7.2).

Table 7.2: The distribution of the clusters of the consensus algorithms

Cluster Frequency | Percent Valid Percent
Valid 1 208 35.7 45.8
2 127 21.8 28.0
3 119 20.4 26.2
Total 454 77.9 100.0
unclassified 129 22.1
Total 583 100.0
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Figure 7.3: A diagram showing the flow of methods used in the clustering

process
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7.3.2.2 Histopathological criteria of the clusters

Examination of the histopathologic characteristics of the clusters has shown a
wide variation between the clusters identified especially cluster 2. Cluster 1
and cluster three were not significantly variable. Table 7.3 summaries the
clusters characterisation with regards to the conventional histopathological
variables. Cluster 1 and cluster 3 patients were mainly of lower grade, lower
LN stage, and lower NPI group and decreased incidences of DM and tumour
recurrence. Cluster 2 patients were mostly of grade 2 and grade 3, higher LN
stage, and poor NPI group with increased incidence of DM and tumour

recurrence.
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Table 7.3: Histopathological criteria of the three clusters identified

Clusters
Variable Cluster 1 Cluster 2 | Cluster 3 12 p-value
Patients’ age 23.134 0.001
<40 8(38.1) 7(33.3) 6(28.6)
40-50 52(37.7) 30(21.7) 56(40.6)
51-60 73(48) 48(31.6) 31(20.4)
>60 75(52.4) 42(29.4) 26(18.2)
Tumour size 7.998 0.018
<l.5cm 104(46.8) 50(22.5) 68(30.6)
>1.5 cm 103(44.6) 77(33.3) 51(22.1)
Lymph node stage 12.144 0.016
I(Negative) 122(46.9) | 63(24.2) | 75(28.8)
2(1-3 LN) 71(47) 44(29.1) 36(23.8
3(>3 LN) 12(30) 20(50) 8(20)
Tumour Grade 14.635 0.006
| 44(48.9) 13(14.4) | 33(36.7)
2 81(43.8) 54(29.2) 50(27)
3 82(46.1) 60(33.7) 36(20.2)
NPI 19.585 0.001
Good 71(49.3) 23(16) 50(34.7)
Moderate 105(43.8) 77(32.1) 58(24.2)
Poor 32(45.7) | 27(38.6) | 11(15.7)
DM 21.627 <(.001
No 158(50.6) 67(21.5) 87(27.9)
Positive 49(35.5) 59(42.8) 30(21.7)
Recurrence 13.517 0.001
No 131(52) 54(21.4) | 67(26.6)
Positive 74(37.6) 71(36) 52(26.4)
VI 9.896 0.042
No 114(48.5) | 56(23.8) | 65(27.7)
Probable 32(56.1) 15(26.3) 10(17.5)
Definite 61(38.6) | 56(35.4) | 41(25.9)
Histologic tumour 22.954 0.011
type
Ductal/NST 115(47.1) 77(31.6) 52(21.3)
Lobular 24(39.3) 23(37.7) 14(23)
Tubular and Tubular
nived 46(45.1) 18(17.6) 38(37.3)
Medullary 1(50) 1(50) 0(0)
Other special types* 2(33.3) 0 4(66.7)
Mixed** 20(55.6) 8(22.2) 8(22.2
Menopausal status 28.242 <0.001
Premenopausal 60(37.3) 3521.7) 66(41)
Postmenopausal 148(50.5) 92(31.4) 53(18.1)

*Includes Mucoid, invasive cribriform and invasive papillary carcinoma, **
Include ductal/NST mixed with lobular or special type
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Biplots are generated by transforming the original data space using principal

component analysis and then plotting the points at their projected position on

axes of the first and second principal components.
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7.3.3 Decision tree analysis of the common clusters

"C4.5 decision tree' is a supervised classifier to get a set of rules to see which
are the most important markers involved in the classification process and
which are the most important markers that play a relevant role in the decision
of the 3 common classes. Decision tree learning is a common method used in
data mining. The goal is to create a model that predicts the value of a target
variable based on several input variables.

The decision tree and the boxplots have shown that Bcl-2, PgR, and p27 are the
most important factors that differentiate between the three clusters identified.

The results also showed that BEX1 is overexpressed in cluster 3.

The boxplots of the common clusters identified (Fig 7.4) showed that cluster 1
is characterised by high expression of Bcl-2 and moderate expression of PgR
and p27. Cluster 2 showed a low expression of B¢l-2, PgR and p27. Cluster 3
showed a high expression of Bcl-2 but was lower than the expression noted in
cluster 1, a high expression of PgR, p27 and BEX1 with relative increase of

CARMI1 and TFF3 expression in comparison to the other clusters.
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7.3.4 Univariate analysis

Univariate analysis of the common clusters identified has shown a significant
association with survival. Cluster two was associated with shorter breast cancer
specific survival (LR= 28.185 & p<0.001) (Fig 7.6) and DFS (LR=14.900 &
p=0.001) (Fig 7.7). This relation was also maintained in the untreated patient

group (n=161) where cluster two showed the worth BCSS (LR= 10.776 &

p=0.005) (Fig 7.8).

Cumulative Survival

T
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BCSS in months

o
8

Figure 7.6: Kaplan Meier plot of the three clusters in relation to BCSS
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Figure 7.7 Kaplan Meier plot of the three clusters in relation to DFI
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Figure 7.8: Kaplan Meier plot of the three clusters in relation to BCSS in the

untreated patient group.

7.3.5 Multivariate analysis

To further test the prognostic significance of the luminal clusters identified, we
have developed a COX model including the clusters and the standards
prognostic factors such as tumour size, grade and LN stage. Our results showed
that the ER-positive clusters identified is independent on the other factors in

the model (p<0.001) (Table 7.4).
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Table 7.4: COX model of the predictors of breast cancer specific survival

using the cluster assignment identified by the K-means and PAM clustering

methods
HR 95% CI

Variable p value Lower upper
ER-positive clusters <0.001
ER-positive cluster 2 vs.1 <0.001 2.090 1.404 3.111
ER-positive cluster 3 vs.1 0.755 1.080 0.667 1.748
Tumour stage <0.001
Tumour stage 2 vs.1 0.046 1.507 1.007 2.254
Tumour stage 3 vs.1 <0.001 3.185 1.919 5.284
Tumour grade <0.001
Tumour grade 2 vs.1 0.226 1.479 0.784 2.789
Tumour grade 3 vs.1 <0.001 2.998 1.621 5.546
Tumour size 0.004 1.808 1.215 2.691
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7.4 Discussion

Tumour formation is widely accepted as an evolution that incorporates the
harmonised action of a set of genes, instead of a single one. The alteration in
biomarker expression patterns may provide a unique molecular feature of each
tumour. In order to study the coordinated action of a group of biomarkers
rather than studying each biomarker separately, we need a powerful and
reliable statistical method for this purpose. Single clustering methods have
often been used to interpret clusters in high dimensional datasets, however
depending on a single algorithm is known to be questionable (Soria et al.,
2010) . The principle of combining the results of different clustering methods
is particularly important in order to evaluate the robustness of a clustering
classification. The two clustering methods that we have used here have been
successfully used before to identify biological subclasses within certain groups
of breast cancer patients (Elsheikh et al., 2009).

In this study, we have shown that a classification of ER-positive breast cancer
can be done based on clustering analysis of the immunohistochemical profiles
of selected important biomarkers on tissue microarray slides. The methodology
we have used for clusters identification from our complex dataset was done
using a variety of clustering algorithms and the most appropriate number of
clusters was investigated by means of cluster validity indices to ensure that the
identified optimal cluster number is based on a statistical base and not

randomly selected.
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Our data showed that the expression of certain biomarkers was associated with
specific tumour groups when used in combination. Furthermore, our data also
suggest that correlations can be made with immunohistochemical profiles of
highly discriminatory panel of related biomarkers in breast tumours as we have
shown in the previous chapters. The clusters we have identified showed a wide
variation in the histopathological criteria. Cluster 2 patients were mostly of
grade 2 and grade 3, higher LN stage, and poor NPI group with increased
incidence of DM and tumour recurrence.

Our panel of markers as identified by the boxplots and the decision tree
analysis indicates that Bcl-2, PgR, p27 are the most important biomarkers for
ER-positive biological class identification in this study. BEX1, also showed a
defining role in characterisation between cluster 1 and cluster 3 where cluster
three showed the highest level of BEX1 expression. We would propose that
within the ER-positive breast cancer, three distinct biological classes that show
a wide variation in their biological features with emphasis on cell cycle
regulators and apoptosis related genes as evidenced in our study by the strong
differentiating role of p27 as a cell cycle inhibitor or Bcl-2 as an antiapoptotic
factors with a cell cycle regulatory role (Vairo et al., 2000).

Many studies have previously used HER2 to characterise luminal subclasses
with poor prognosis. The clustering approach that we have used here did not
show any association with HER2 in agreement with others (Natrajan et al.,
2009, Bhargava and Dabbs, 2008). Regarding HER2 expression, although GEP
studies have shown that some luminal tumours express HER2 and some

authors include HER?2 positivity as a feature of Luminal B tumours , others
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argue against that and include HER2-positive tumours, regardless of the
expression of ER, with the HER2-positive subgroup and argue against this
definition of Luminal B tumours (Bhargava and Dabbs, 2008). In addition, it
has been reported that prognostic factors, to be of clinical use, must show a
wide separation in the outcome of the groups identified and select adequate
numbers in each group. However, most studies have shown that the number of
HER2-positive ER-positive tumours is usually too small to constitute a
meaningful prognostic subgroup. ER-positive HER2 positive tumours are
currently receive specific systemic therapy which may be different to those of
other ER-positive HER2 negative tumours.

Cheang and colleagues have used MIB1 to characterise poor luminal
subclasses within the luminal group (Cheang et al., 2009). We found a strong
role of cellular proliferation in characterising luminal subclasses, although
MIB1 was not a strong characterising marker of the three clusters identified
here, p27 loss was seen in the poor prognosis cluster identified in our study
supported by the Bcl-2 growth inhibitory role. Estimation of cell proliferation
pathways could have significant clinical benefit in predicting behaviour and
subclassification of the luminal-like subclasses, and their potential for response
to systemic therapy.

ER+PgR+ phenotype has previously shown to be associated with better
outcome in comparison to ER+PgR- group (Rakha et al., 2007). Our clustering
result have identified that PgR has a powerful characterising role in ER-

positive breast cancer subclassification and its loss proved to be more reliable
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than HER2 and MIBI in identification of poor prognostic subclasses in ER-
positive breast cancer.

In conclusion, the value to study the proteomics of hundreds of tumours by
TMA makes it a powerful tool for the molecular classification of breast cancer.
Furthermore, the results of this study indicate that a powerful clustering
algorithm using protein expression TMA data could be used as a simple
method for better characterization and refinement of large tumour series for
identification of biological subgroups with homogenous distribution. Molecular
profiling of breast cancer using protein biomarkers on TMAs can sub-classify

ER-positive tumours into clinically and biologically relevant subgroups.
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Human breast cancer (BC) represents a heterogeneous group of tumours
differing in their morphology, biologic behaviour, outcome, and response to
therapy (Gusterson et al., 2005). Currently, pathological diagnosis and
classification of BC is mainly based on well-established traditional
histopathologic morphological features. However, morphological features
alone do not adequately reveal the molecular heterogeneity and complexity of
BC.

Immunohistochemistry (IHC) was developed prior to gene expression profiling
and currently remains the preferred technique for biomarker profiling in routine
pathology laboratories. In situ hybridization was introduced after that and is
now also routinely used to classify breast cancer into HER-2 gene amplified or
non-amplified groups. Recently, high throughput proteomic and gene-
expression profiling methods are being studied as diagnostic tools (Pusztai et
al., 2006).

The identification of subgroups within ER-positive breast cancer based on
biological characterisation of tumours could be used to better predict therapy of

clinical outcome.

8.1 The ER-positive/luminal-like subtype

ER plays a crucial role in the progression of breast cancer by regulating genes
and signalling pathways mostly related to cellular proliferation. Regulation of
gene transcription by ER requires the activity of ligand binding and other

protein interactions. However, the intracellular signalling pathways that control
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these events and regulate ER alpha transcriptional activity are not fully
understood and need further refinement.

The ER-positive luminal-like breast cancer subtype has recently attracted a lot
of attention due to its association with more than 70% of breast cancer patients
Seminal studies have identified more than one luminal class with different
prognoses implying heterogeneous biological variation within the ER-positive
breast cancer subtype (West et al., 2001). Despite its importance, there is no
standard definition of this important class in routine clinical practice.
Moreover, there is an immediate need for well-defined biomarker panels for
clinical diagnostic use as currently there is no gold standard for what defines
these tumours,

Three luminal-like subclasses (Luminal A, B and C) have been proposed but
differ in terms of their prognosis. Luminal B and C have been described as
having a worse prognosis in comparison to Luminal A cancers (Sorlie et al.,
2001). The reasons for this difference in prognosis are still unknown but a
possible explanation relates to ER function and signalling differences, which
could be attributed to the influence of transcription factors, coactivators, and
corepressors that modulate ERa activity., In addition, overexpression of
proliferation and cell cycle genes in breast cancer is well recognised to be
associated with poor outcome suggesting that these genes may contribute to the
poor prognosis in some luminal cancers. Also, it has been proposed that
abnormal apoptosis function, DNA damage response and PI3K/AKT pathways

may be additional factors influencing prognosis (Bertucci et al., 2009).
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Subclassification of ER-positive luminal-like cancer using gene expression
studies and microarray analysis can be expensive and time-consuming and
generally requires fresh frozen tissue. Our study aimed to subclassifying ER-
positive luminal-like cancers into prognostic and biological subgroups using
their protein expression with routinely processed FFPE tissue. Furthermore,
the biological phenotype characteristics and the associations between these

subgroups and survival outcome were investigated.

8.2 The value of TMAs in subclassification of ER-positive
breast cancer

We have used protein expression profiling using a large panel of biomarkers
with strong relevance to breast cancer, by immunohistochemistry on tissue
microarrays for refining the classification and prognostication in ER-positive
breast cancer.

We proposed that an alternative approach to gene expression profiling is to use
established robust laboratory technology, such as immunohistochemistry on
formalin fixed paraffin embedded patient tumour samples on a high throughput
proteomic platform such as TMAs to explore the existence and clinical
significance of distinct breast cancer classes. In this study, we have studied the
protein expression of 25 biomarkers to investigate if it was possible to classify
the luminal cancer into biological subgroup.

TMAs allow large populations of patients’ tumours to be rapidly screened to
detect overall protein expression in large patient groups, overcoming the

weakness of IHC results when using smaller cohorts. The validity of TMA
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analysis has been shown by comparisons with full section examination in
breast (Camp et al., 2000, Gillett et al., 2000), prostate (Mucci et al., 2000),
and bone marrow (Zimpfer et al.,, 2007). All studies reported >90%
concordance for common breast cancer biomarkers such as oestrogen and
progesterone receptors and the HER-2 oncoprotein. Moreover, prognostic
associations for these markers could be reproduced with the TMAs.

It is arguable that whether these specimens are representative of their donor
tumours. Some alterations may not be detected if the analysis of heterogeneous
tumours is restricted to samples measuring 0.6 mm in diameter. However, it is
important to mention that the TMA technique has been developed to examine
large tumour populations and not to study individual tumours. This suggests
that TMA studies will provide consequential data, even if only one sample is
analyzed per tumour (Moch et al., 2001). The assessment of TMA scctions is,
when possible, to be carried out by more than one assessor to overcome inter-
observer variability, to achieve the maximum level of concordance and to
strengthen the accuracy of the study. Alternatively, the assessment could be
done by one observer on two separate occasions and the results could be
compared by kappa statistics.

The value of studying the proteomics of hundreds of tumours by TMA makes it
a powerful tool for the molecular classification of breast cancer. Furthermore,
the results of this study indicate that a powerful clustering algorithm using
protein expression TMA data could be used as a simple method for better

characterization and refinement of large tumour series for identification of
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biological subgroups with homogenous distribution as reported previously
(Abd El-Rehim et al., 2005).

By this high throughput approach, we have been able to identify three
biological clusters with unique characteristics and variable biological and

prognostic features.

8.3 The prognostic and biological roles of the studied

markers

We aimed to identify potential candidate markers for inclusion in the study by
applying novel bioinformatics methods including artificial neural networks,
Ensemble cross validation analysis to our gene expression data. In addition to
a literature search for genes with strong relevance in ER-positive breast cancer
or have been the subject of recently published studies and strongly suggest an
important role in the biology and molecular classification of ER-positive breast
cancer. The selection criteria was based on the published literature
concentrating mainly on ER related pathways such as ER coregulators, cellular
proliferation, apoptosis, AKT/PIK3 pathway and endocrine resistance.

We have characterised a number of biomarkers that have not been
characterised before in breast cancer and luminal-like subtype using a large
number of patients including RERG, CARM1, PELP1, CD71, BEX1, XBP1,
AGTR1 and TFF3 producing novel data. Some of these markers were
previously identified as characteristics markers of the Luminal A subclass in
the seminal gene expression studies. GATA3, BEX1 and RERG were able to

differentiate between luminal-like tumours associated with poor and good
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prognosis and as such they could be useful markers for the definition of the
luminal phenotype as reported by others (Sorlie et al., 2001).

Although TFF3 and XBP1 are associated with the good prognosis Luminal A
subtype in the published gene expression studies, they showed associations
with shorter BCSS while TFF1 and FOXA1 were not associated with survival
in the ER-positive subtype in this study.

This could be attributed to the difference in the downstream technique used
(RNA in expression profiling as opposed to protein in immunohistochemistry
studies) and sensitivity of the detection system, or a post-translation
modification of the protein product of the gene. These results may support the
view that translation of gene expression profiling studies into clinical practice
should be interpreted with care and individual markers may not show the same
significance when studied in isolation rather than as part of an expression
signature.

Apart from ligand binding to ER, the biologic functions of nuclear receptors,
including ER, are also regulated by a group of proteins known as
transcriptional coactivators, as well as by another group of proteins known as
transcriptional corepressors (Nair and Vadlamudi, 2007). Subsequently, we
aimed to study PELP1 and CARMI as two of the novel ER coactivators to
characterise their biological associations within ER-positive breast cancer. This
study showed that CARM1 and PELP1 protein expression is associated with
features of poor prognosis in breast cancer particularly in the ER-positive

luminal class implying a potential role in their biological stratifications.
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In this study, in collaboration with Dr Julia Gee and Prof R Nicholson (Cardiff
School of Pharmacy), it was proposed that assessment of CD71 expression
might equally be used to stratify ER-positive patients to define subgroups with

poor prognosis, high proliferation and resistance to hormonal therapy. We

demonstrated that prominent expression of CD71 protein is a feature of breast

cancers with poor prognosis and as such, we proposed that transferrin receptor

expression may have implications for diagnosis and prognosis. CD71 protein

expression could be of value in characterizing a subset of ER-positive/luminal-

like tumours with poor prognosis in clinical practice, as well as defining

patients less likely to respond to endocrine therapy. Therapies targeting iron

delivery or CD71 itself, may have therapeutic benefits in treating ER+ CD71+

breast cancers in the clinic.

Previous studies have highlighted the important role of PTEN/Akt/PI3K

pathway and its upstream and downstream targets in the biology and prognosis

of breast cancer (Zou et al., 2008). PI3K dependent Akt activation can be

regulated PTEN, which works essentially as the opposite of PI3K. PTEN is a

tumour suppressor gene involved in the biology of breast cancer and its loss is

associated with high grade tumour and inversely correlated with the pAkt

activation (Bose et al., 2005).

Upregulation of Akt was found to inhibit cell cycle arrest in G1 and G2 phases.

The activated Aktmay enhance proliferation and survival of cells which may

lead to mutations in other genes (Ramaswamy et al., 1999), Aktl has also been
shown to play a role in angiogenesis and tumour development. AKT1 deficient

mice showed enhanced pathological angiogenesis and tumour growth (Chen et
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al., 2005). Given these facts, it would be of interest to study the biological
correlation of PTEN and AKT to the other biomarkers included in this thesis.
Our results demonstrated the biological and prognostic role of FOXO3a
protein expression and its subcellular localization in breast cancer. Loss of
nuclear FOXO03a expression could tilt the growth balance in favour of
proliferation and poor outcome in luminal-like breast cancers through active
Akt/PI3K pathway, highlighting the importance of cellular proliferation in their
biological stratification as reported by other investigators (Zou et al., 2008).

In the future, it is important to study the relation between PTEN as an upstream
target to Akt/PI3K pathway to the FOXO3a expression.

Recently, it has been shown that AGTRI overexpression defines a subset of
ER-positive breast cancer that can benefit from AGTRI1 antagonists.
Specifically, AGTR1 was overexpressed only in tumours that were ERBB2-
negative and ER-positive (Rhodes et al, 2009). In this study, AGTRI
expression in the luminal-like breast cancer characterised an aggressive
phenotype with high proliferation and shorter survival which provides further
evidence of its importance in the biology of ER-positive breast cancer. A
finding that warrants the evaluation of its potential application as a novel
targeted therapy in breast cancer.

Many studies have demonstrated a strong relationship between cellular
proliferation and poor prognosis in breast cancer particularly in the oestrogen
receptor (ER)-positive/luminal-like molecular subtype (Cheang et al., 2009).
This prompted us to study the biological and prognostic implication of

proliferation in the ER-positive breast cancer using cell cycle phase specific
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proteins. Our findings showed that overexpression of the proliferation related
markers cyclin B1 and TKI1 is involved in the progression of breast cancer.
This is also confirmed when using both markers in combination to produce
better stratification in terms of outcome. Increased cellular proliferation occurs
in some luminal cancers and appears to form a biological and clinically distinct
subclass of ER-positive breast cancer patient as previously reported by others
(Sotiriou et al., 2003).

The cell cycle is regulated by many mechanisms and is affected by the
interaction of multiple pathways that either enhance or delay its progression. In
addition to its control by cyclins and cyclin dependant kinases and cell cycle
regulators, many studies have highlighted the role of Bcl-2 in controlling the
cell cycle independent of its antiapoptotic function by causing retarded entry
into the cell cycle (Vairo et al., 2000). Our finding has shown that Bcl-2 is
associated with the luminal phenotype and has a growth inhibitory function in
breast cancer possibly via its effect on p27 expression. In this study, the Bcl-
2+p27+ phenotype was associated with good prognosis in luminal-like breast
cancer due to cell cycle arrest as reported by others (Vairo et al., 2000).
Estimation of subcellular localisation of p27 has been shown to correlate with
patient’s prognosis in other cancers. Cytoplasmic localisation of p27 indicates
an inactive form. As expected, Rosen and co-workers have found that
cytoplasmic localization of p27 predicts poorer prognosis in advanced ovarian

carcinomas (Rosen et al., 2005) due to its loss of cell cycle inhibitory function.

331



Chapter 8

8.4 Biological classes within the ER-positive breast cancer

Combining all the studied markers in a clustering analysis has revealed the
presence of three biological clusters. The characteristics of the luminal-like
clusters identified here reflect the biological heterogeneity of the ER-positive
breast cancer. For instance, Cluster 1 and Cluster 3 patients were mainly of
lower grade, lower LN stage, and lower NPI group and showed decreased
incidence of DM and tumour recurrence. Although Cluster 3 was not
prognostically different from cluster 1 it showed a lower Bcl-2 expression than
Cluster 1, a high expression of PgR, p27 and BEX1 which reflects different
biological characteristics.

Although Cluster 1 and Cluster 3 have different biological features, their
prognostic characteristics were similar. Together they may represent a large
luminal-like subclass with close similarity to the Luminal A subclass (Sorlie et
al., 2006). In contrast, Cluster 2 patients were mostly of high grade, higher LN
stage, poor NPI group and increased incidence of DM and tumour recurrence.
Those patients are more likely to be resistant to hormonal therapy due to low
expression of PgR and Bcl-2 and this may explain their poor prognosis. Cluster
1 is characterised by high expression of Bcl-2 and moderate expression of PgR
and p27. These criteria could explain the longer BCSS seen in this group. The
high expression of Bel-2 in good prognosis luminal subclasses was also
reported by other investigators (Themelandu et al., 2009).

The survival analyses revealed significant differences in BCSS among clusters.

Cluster 2 represents a distinct group with poor prognosis and was associated
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with loss of Bcl-2, PgR and p27. All of these variables are known to be
associated with good prognosis in breast cancer. The significant prognostic
independence of the three clusters identified in multivariate analysis further
supports the relevance of the clustering methods used in this study. This
indicates that the classification of ER-positive breast cancer using such
methods is of a great value in the evaluation of outcome in patients with ER
positive disease.

We would propose that within ER-positive breast cancer three distinct
biological classes exist that show a wide variation in their biological features
with emphasis on PgR, cell cycle regulators and apoptosis related genes. This
is evidenced in our study by the strong differentiating role of p27 as a cell
cycle inhibitor or Bel-2 as an antiapoptotic factors with a cell cycle regulatory
role. We recommend the use of an external validation cohort to confirm the
results of the current study as used previously in other studies of the

Nottingham Breast Cancer Research Group (Abdel-Fatah et al., 2010).

8.5 Summary and Conclusions

It appears increasingly evident that the ER-positive subclasses with good
prognosis, as shown here in Cluster 1 and Cluster 3, have distinct
characteristics, defined by high expression of ER, PgR, and Bcl-2 and cell
cycle inhibitors. The remaining poor prognostic cases in Cluster 2 comprise a
heterogeneous collection that can be recognised by additional genetic lesions

particularly those which result in clinical behavioural characteristics of poor
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outcome and lack of dominant ER related pathway especially those related to
PgR, apoptosis and cell cycle regulation.

In conclusion, our results emphasised the biological and behavioural
heterogeneity of ER-positive luminal-like breast cancer. More importantly, we
have identified a novel panel for ER-positive luminal-like breast cancer and the
existence of luminal subclasses that differ with respect to patient outcome.
Identification of biologically and clinically distinct breast cancer subtypes
could improve prognostic assessment of the ER-positive breast cancer.

The use of novel bioinformatic approaches to analyse high dimension datasets
is of value in identifying candidate genes to characterise ER-positive/luminal
like breast cancer. Subsequently, these can be used to subclassify these cancers
in terms of biology and prognosis. Molecular profiling of breast cancer using
protein biomarkers on TMAs can sub-classify ER-positive tumours into

clinically and biologically relevant subgroups.
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8.6 Future directions

1-We have been able to identify novel genes that showed expression
differences between ER-positive luminal-like and ER negative breast cancer;
further validation of more genes using either QPCR or TMAs and the IHC
protein expression platform might strengthen the current findings that we have
shown in this study. Also it would be of interest to perform in vitro functional
studies on some of these novel genes identified (Summarised in tables 5.10,
3.6, 3.7) using breast cancer cell lines that exhibit luminal ER+ features. These
would include apoptosis, proliferation assays in cells that overexpress certain
genes and their siRNA knocked out subsets.

2-Our results support the prognostic and biological importance of Bcl-2, RERG
and GATA3 protein expression which could be used in routine clinical
diagnosis of luminal-like breast cancer and patient follow-up.

3-Evaluation of the potential application of AGTRI blockade as a novel
targeted therapy in ER-positive breast cancer is warranted in clinical trial
settings.

4-This study highlighted the prognostic role of CARMI and PELP1 as novel
ER coregulators in breast cancer. Improved understanding of the functional
role and mechanism of action of ER coregulators in breast cancer may reveal
new therapeutic targets.

5- We would need to explore the nature of CD71 interplay with growth factor
signalling and ER in the future (e.g. using immunioprecipitation studies),

although the data in the paper (Habashy et al., 2010) with Faslodex or PI3K
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blockade already suggests there can be productive interplay with
transferrin/CD71 signalling.

6- We recommend the use of external validation cohort to confirm the results
of the current study.

7- Study the amplification of certain genes related to oestrogen receptor
pathways such as ESRI and Progesterone by Chromogenic in Situ
Hybridization (CISH) or Fluorescent in situ Hybridization (FISH) using the
available probes.

8- Study chromosome 1q gain and 16q loss which might associate with steroid
receptors in breast tumours. Gains of the long arm of chromosome 1 and losses
of chromosome 16q are often the result of unbalanced translocations between
these two chromosomes. These genetic changes and the resulting chromosome
imbalances have been thought to play a pathogenic role in breast carcinoma

development and steroid hormone pathway.

336



9 References

337



AALTONEN, K., AMINI, R. M., HEIKKILA, P., AITTOMAKI, K.,
TAMMINEN, A., NEVANLINNA, H. & BLOMQVIST, C. (2009)
High cyclin B1 expression is associated with poor survival in breast
cancer. British Journal of Cancer, 100, 1055-1060.

ABBA, M. C,, NUNEZ, M. I, COLUSSI, A. G., CROCE, M. V., SEGAL-
EIRAS, A. & ALDAZ, C. M. (2006) GATA3 protein as a MUC1
transcriptional regulator in breast cancer cells. Breast Cancer Research,
8.

ABD EL-REHIM, D., BALL, G., PINDER, S., RAKHA, E., PAISH, C,
ROBERTSON, J., MACMILLAN, D., BLAMEY, R. & ELLIS, L
(2005) High-throughput protein expression analysis using tissue
microarray technology of a large well-characterised series identifies
biologically distinct classes of breast cancer confirming recent cDNA
expression analyses. Int J Cancer, 116, 340 - 350.

ABDEL-FATAH, T. M., POWE, D. G., AGBOOLA, J.,, ADAMOWICZ-
BRICE, M., BLAMEY, R. W., LOPEZ-GARCIA, M. A,, GREEN, A.
R., REIS-FILHO, J. S. & ELLIS, 1. O. (2010) The biological, clinical
and prognostic implications of p53 transcriptional pathways in breast
cancers. The Journal of pathology, 220, 419-434.

ABDEL-FATAH, T. M. A, POWE, D. G., HODI, Z,, REIS, J. S,, LEE, A. H.
S. & ELLIS, 1. O. (2008) Morphologic and molecular evolutionary
pathways of low nuclear grade invasive breast cancers and their
putative precursor lesions: Further evidence to support the concept of
low nuclear grade breast neoplasia family. American Journal of
Surgical Pathology, 32, 513-523.

ACCILI, D. & ARDEN, K. C. (2004) FoxOs at the Crossroads of Cellular
Metabolism, Differentiation, and Transformation. Cell, 117, 421-426.

ADHIKARY, S. & EILERS, M. (2005) Transcriptional regulation and
transformation by MYC proteins. Nature Reviews Molecular Cell
Biology, 6, 635-645.

AGARWAL, R., GONZALEZ-ANGULO, A. M., MYHRE, S., CAREY, M,,
LEE, J. S., OVERGAARD, J., ALSNER, J., STEMKE-HALE, K,
LLUCH, A., NEVE, R. M,, KUO, W. L., SORLIE, T., SAHIN, A,
VALERO, V., KEYOMARSI K., GRAY, J. W., BORRESEN-DALE,
A. L, MILLS, G. B. & HENNESSY, B. T. (2009) Integrative Analysis
of Cyclin Protein Levels Identifies Cyclin Bl as a Classifier and

338



Predictor of Outcomes in Breast Cancer. Clinical Cancer Research, 15,
3654-3662.

AHR, A, HOLTRICH, U., SOLBACH, C., SCHARL, A., STREBHARDT, K.,
KARN, T. & KAUFMANN, M. (2001) Molecular classification of
breast cancer patients by gene expression profiling. Journal of
Pathology, 195, 312-320.

ALBERTSON, D. G. (2003) Profiling breast cancer by array CGH. Breast
Cancer Research and Treatment, 78,289-298.

ALVAREZ, B., MARTINEZ-A, C., BURGERING, B. M. T. & CARRERA,
A. C. (2001) Forkhead transcription factors contribute to execution of
the mitotic programme in mammals. Nature, 413, 744-747.

AMIRY, N, KONG, X., MUNIRAJ, N., KANNAN, N., GRANDISON, P. M,,
LIN, J.,, YANG, Y., VOUYOVITCH, C. M., BORGES, S., PERRY, J.
K., MERTANIL, H. C,, ZHU, T., LIU, D. & LOBIE, P. E. (2009) Trefoil
Factor-1 (TFF1) Enhances Oncogenicity of Mammary Carcinoma
Cells. Endocrinology, 150, 4473-4483.

AN, W, KIM, J. & ROEDER, R. G. (2004) Ordered cooperative functions of
PRMT1, p300, and CARMI in transcriptional activation by p53. Cell,
117, 735-748.

ANDRE, F. & PUSZTALI, L. (2006) Molecular classification of breast cancer:
implications for selection of adjuvant chemotherapy. Nature Clinical
Practice Oncology, 3, 621-632.

ANDROIC, I, KRAMER, A. YAN, R, RODEL, F. GATIE, R,
KAUFMANN, M,, STREBHARDT, K. & YUAN, J. (2008) Targeting
cyclin Bl inhibits proliferation and sensitizes breast cancer cells to
taxol. Bmc Cancer, 8, 391.

ASSELIN-LABAT, M.-L., SUTHERLAND, K. D., BARKER, H., THOMAS,
R., SHACKLETON, M,, FORREST, N. C., HARTLEY, L., ROBB, L.,
GROSVELD, F. G.,, VAN DER WEES, J., LINDEMAN, G. J. &
VISVADER, J. E. (2007) Gata-3 is an essential regulator of mammary-
gland morphogenesis and luminal-cell differentiation. Nat Cell Biol, 9,
201-209.

ATEEQ, B, TOMLINS, S. A. & CHINNAIYAN, A. M. (2009) AGTR1 as a
therapeutic target in ER-positive and ERBB2-negative breast cancer
cases. Cell Cycle, 8,3794-3795.

339



BABYATSKY, M,, LIN, J., YIO, X., CHEN, A., ZHANG, J.-Y., ZHENG, Y.,
TWYMAN, C. BAO, X., SCHWARTZ, M., THUNG, S,
LAWRENCE WERTHER, J. & ITZKOWITZ, S. (2009) Trefoil factor-
3 expression in human colon cancer liver metastasis. Clinical and
Experimental Metastasis, 26, 143-151.

BADVE, S. & NAKSHATRI, H. (2009) Oestrogen-receptor-positive breast
cancer: towards bridging histopathological and molecular
classifications. J Clin Pathol, 62, 6-12.

BADVE, S., TURBIN, D., THORAT, M. A., MORIMIYA, A, NIELSEN, T.
0., PEROU, C. M., DUNN, S., HUNTSMAN, D. G. & NAKSHATRI,
H. (2007) FOXA1l Expression in Breast Cancer Correlation with
Luminal Subtype A and Survival. Clin Cancer Res, 13,4415-4421.

BALL, G., MIAN, S., HOLDING, F., ALLIBONE, R. O., LOWE, J., ALL, S.,
LI, G., MCCARDLE, S., ELLIS, L. O., CREASER, C. & REES, R. C.
(2002) An integrated approach utilizing artificial neural networks and
SELDI mass spectrometry for the classification of human tumours and
rapid identification of potential biomarkers. Bioinformatics, 18, 395-
404.

BARDOU, V. J., ARPINO, G., ELLEDGE, R. M., OSBORNE, C. K. &
CLARK, G. M. (2003) Progesterone receptor status significantly
improves outcome prediction over estrogen receptor status alone for
adjuvant endocrine therapy in two large breast cancer databases.
Journal of Clinical Oncology, 21, 1973-1979.

BENITO, M., PARKER, J., DU, Q., WU, J., XIANG, D., PEROU, C. M. &
MARRON, J. S. (2004) Adjustment of systematic microarray data
biases. Bioinformatics, 20, 105-114.

BERGAMASCHI, A, KIM, Y. H.,, WANG, P., SORLIE, T., HERNANDEZ-
BOUSSARD, T., LONNING, P. E., TIBSHIRANI, R., BORRESEN-
DALE, A. L. & POLLACK, J. R. (2006) Distinct patterns of DNA copy
number alteration are associated with different clinicopathological
features and gene-expression subtypes of breast cancer. Genes,
Chromosomes and Cancer, 45, 1033-1040.

BERRINGTON DE GONZALEZ, A. & DARBY, S. (2004) Risk of cancer
from diagnostic X-rays: estimates for the UK and 14 other countries.
Lancet, 363, 345-351.

340



BERTUCCI, F., FINETTI, P., CERVERA, N., CHARAFE-JAUFFRET, E.,
BUTTARELLI, M., JACQUEMIER, J, CHAFFANET, M.,
MARANINCHI, D., VIENS, P. & BIRNBAUM, D. (2009) How
different are luminal A and basal breast cancers? International Journal
of Cancer, 124, 1338-1348.

BERTUCCI, F., HOULGATTE, R., BENZIANE, A., GRANJEAUD, S.,
ADELAIDE, J., TAGETT, R., LORIOD, B., JACQUEMIER, J.,
VIENS, P., JORDAN, B., BIRNBAUM, D. & NGUYEN, C. (2000)
Gene expression profiling of primary breast carcinomas using arrays of
candidate genes. Hum. Mol. Genet., 9,2981-2991.

BHARGAVA, R. & DABBS, D. (2008) Luminal B breast tumors are not
HER?2 positive. Breast Cancer Research, 10, 404.

BIANCO, A.R., GALLO, C., MARINELLI, A., DISTRIA, M., DEPLACIDO,
S., PAGLIARULO, C., PETRELLA, G. & DELRIO, G. (1988)
ADJUVANT THERAPY WITH TAMOXIFEN IN OPERABLE
BREAST-CANCER - 10 YEAR RESULTS OF THE NAPLES (GUN)
STUDY. Lancet, 2, 1095-1099.

BINGHAM, S. A,, LUBEN, R., WELCH, A., WAREHAM, N., KHAW, K.-T.
& DAY, N. (2003) Are imprecise methods obscuring a relation between
fat and breast cancer? The Lancet, 362,212-214.

BIRNBAUM, D., BERTUCCI, F. GINESTIER, C.,, TAGETT, R,
JACQUEMIER, J. & CHARAFE-JAUFFRET, E. (2004) Basal and
luminal breast cancers: Basic or luminous? (Review). International
Journal of Oncology, 25, 249-258.

BOCKER, W., MOLL, R., POREMBA, C., HOLLAND, R., VAN DIEST, P.
J., DERVAN, P., BURGER, H., WAI D., INA DIALLO, R,
BRANDT, B., HERBST, H.,, SCHMIDT, A., LERCH, M. M. &
BUCHWALLOW, 1. B. (2002) Common Adult Stem Cells in the
Human Breast Give Rise to Glandular and Myoepithelial Cell Lineages:
A New Cell Biological Concept. Lab Invest, 82, 737-746.

BOECKER, W. & BUERGER, H. (2003) Evidence of progenitor cells of
glandular and myoepithelial cell lineages in the human adult female
breast epithelium: a new progenitor (adult stem) cell concept. Cell
Proliferation, 36, 73-84.

341



BOSE, S., CHANDRAN, S., MIROCHA, J. M. & BOSE, N. (2005) The Akt
pathway in human breast cancer: a tissue-array-based analysis. Mod
Pathol, 19, 238-245.

BRANN, D. W., ZHANG, Q. G.,, WANG, R. M., MAHESH, V. B. &
VADLAMUDI, R. K. (2008) PELP1 - A novel estrogen receptor-
interacting protein. Molecular and Cellular Endocrinology, 290, 2-7.

BROET, P., ROMAIN, S., DAVER, A., RICOLLEAU, G., QUILLIEN, V.,
RALLET, A., ASSELAIN, B., MARTIN, P. M,, SPYRATOS, F. &
GRP ONCOBIOL FEDERAT NATL CTR, L. (2001) Thymidine
kinase as a proliferative marker: Clinical relevance in 1,692 primary
breast cancer patients. Journal of Clinical Oncology, 19,2778-2787.

BROWN, A. L. & KAY, G. F. (1999) Bex1, a Gene with Increased Expression
in Parthenogenetic Embryos, is a Member of a Novel Gene Family on
the Mouse X Chromosome. Hum. Mol. Genet., 8,611-619.

BROWN, J. M. & ATTARDI, L. D. (2005) The role of apoptosis in cancer
development and treatment response. Nat Rev Cancer, 5,231-237.

BRUNET, A., BONNI, A., ZIGMOND, M. J,, LIN, M. Z,, JUO, P, HU, L. S.,
ANDERSON, M. J., ARDEN, K. C., BLENIS, J. & GREENBERG, M.
E. (1999) Akt Promotes Cell Survival by Phosphorylating and
Inhibiting a Forkhead Transcription Factor. Cell, 96, 857-868.

BURGERING, B. M. T. & KOPS, G. J. P. L. (2002) Cell cycle and dcath
control: long live Forkheads. Trends in Biochemical Sciences, 27, 352-
360.

CALLAGY, G. M., PHAROAH, P. D, PINDER, S. E., HSU, F. D,,
NIELSEN, T. O., RAGAZ, J., ELLIS, I. O.,, HUNTSMAN, D. &
CALDAS, C. (2006) Bcl-2 Is a Prognostic Marker in Breast Cancer
Independently of the Nottingham Prognostic Index. Clin Cancer Res,
12, 2468-2475.

CALLAGY, G. M., WEBBER, M. J.,, PHAROAH, P. D. P. & CALDAS, C.
(2008) Meta-analysis confirms BCL2 is an independent prognostic
marker in breast cancer. Bmc Cancer, 8.

CALZA, S., HALL, P, AUER, G., BJOHLE, J., KLAAR, S,
KRONENWETT, U,, LIU, E., MILLER, L., PLONER, A., SMEDS, J.,
BERGH, J. & PAWITAN, Y. (2006) Intrinsic molecular signature of

342



breast cancer in a population-based cohort of 412 patients. Breast
Cancer Research, 8, R34.

CAMP, R. L., CHARETTE, L. A. & RIMM, D. L. (2000) Validation of tissue
microarray technology in breast carcinoma. Laboratory Investigation,
80, 1943-1949.

CAMP, R. L., DOLLED-FILHART, M. & RIMM, D. L. (2004) X-Tile: A
New Bio-Informatics Tool for Biomarker Assessment and Outcome-
Based Cut-Point Optimization. Clin Cancer Res, 10, 7252-7259.

CARBOGNANI, P.,, RUSCA, M., ROMANI, A, SPAGGIARI, L.,
CATTELANI, L., SOLLI, P. & BOBBIO, P. (1996) Transferrin
receptor expression in nonsmall cell lung cancer - Histopathologic and
clinical correlates. Cancer, 78, 178-179.

CAREY, L., PEROU, C., LIVASY, C., DRESSLER, L., COWAN, D.,
CONWAY, K., KARACA, G., TROESTER, M., TSE, C,
EDMISTON, S., DEMING, S., GERADTS, J, CHEANG, M,
NIELSEN, T., MOORMAN, P., EARP, H. & MILLIKAN, R. (2006)
Race, breast cancer subtypes, and survival in the Carolina Breast
Cancer Study. JAMA, 295, 2492 - 2502.

CARROLL, J. S. & BROWN, M. (2006) Estrogen receptor target gene: An
evolving concept. Molecular Endocrinology, 20, 1707-1714.

CARROLL, J. S, LIU, X. S., BRODSKY, A. S, LI, W,, MEYER, C. A,
SZARY, A. J.,, EECKHOUTE, J., SHAO, W. L., HESTERMANN, E.
V., GEISTLINGER, T. R., FOX, E. A., SILVER, P. A. & BROWN, M.
(2005) Chromosome-wide mapping of estrogen receptor binding
reveals long-range regulation requiring the forkhead protein FoxAl.
Cell, 122, 33-43.

CAVANAUGH, P. G, JIA, L. B,, ZOU, Y. Y. & NICOLSON, G. L. (1999)
Transferrin ~ receptor  overexpression  enhances  transferrin
responsiveness and the metastatic growth of a rat mammary
adenocarcinoma cell line. Breast Cancer Research and Treatment, 56,
203-217.

CHAN, M. W. Y,, CHAN, V. Y. W,, LEUNG, W. K., CHAN, K. K,, TO, K.
F.,, SUNG, J. J. Y. & CHAN, F. K. L. (2005) Anti-sense trefoil factor
family-3 (intestinal trefoil factor) inhibits cell growth and induces
chemosensitivity to adriamycin in human gastric cancer cells. Life
Sciences, 76,2581-2592.

343



CHANRION, M., NEGRE, V., FONTAINE, H., SALVETAT, N., BIBEAU,
F., GROGAN, G. M., MAURIAC, L., KATSAROS, D., MOLINA, F.,
THEILLET, C. & DARBON, J.-M. (2008) A Gene Expression
Signature that Can Predict the Recurrence of Tamoxifen-Treated
Primary Breast Cancer. Clin Cancer Res, 14, 1744-1752.

CHEANG, M. C. U, CHIA, S. K., VODUC, D., GAO, D., LEUNG, S.,
SNIDER, J., WATSON, M., DAVIES, S., BERNARD, P. S,
PARKER, J. S., PEROU, C. M., ELLIS, M. J. & NIELSEN, T. O.
(2009) Ki67 Index, HER2 Status, and Prognosis of Patients With
Luminal B Breast Cancer. J Natl. Cancer Inst., 101, 736-750.

CHEN, D.-T., NASIR, A., VENKATARAMU, C., FULP, W., GRUIDL, M. &
YEATMAN, T. Evaluation of malignancy-risk gene signature in breast
cancer patients. Breast Cancer Research and Treatment, 120, 25-34.

CHEN, J., WILLINGHAM, T., SHUFORD, M. & NISEN, P. D. (1996) Tumor
suppression and inhibition of aneuploid cell accumulation in human
brain tumor cells by ectopic overexpression of the cyclin-dependent
kinase inhibitor p27(KIP1). Journal of Clinical Investigation, 97, 1983-
1988.

CHEN, J. H., SOMANATH, P. R., RAZORENOVA, O,, CHEN, W. S., HAY,
N., BORNSTEIN, P. & BYZOVA, T. V. (2005) Aktl regulates
pathological angiogenesis, vascular maturation and permeability in
vivo. Nature medicine, 11, 1188-1196.

CHENG, N., VAN DE WETERING, C. I. & KNUDSON, C. M. (2008) p27
Deficiency Cooperates with Bcl-2 but Not Bax to Promote T-Cell
Lymphoma. PLoS ONE, 3,¢1911.

CHESKIS, B. J., GREGER, J.,, COOCH, N., MCNALLY, C., MCLARNEY,
S., LAM, H.-S., RUTLEDGE, S., MEKONNEN, B., HAUZE, D.,
NAGPAL, S. & FREEDMAN, L. P. (2008) MNAR plays an important
role in ERa activation of Src/MAPK and PI3K/Akt signaling pathways.
Steroids, 73, 901-905.

CHIN, K., DEVRIES, S., FRIDLYAND, J, SPELLMAN, P. T,
ROYDASGUPTA, R., KUO, W.-L., LAPUK, A., NEVE, R. M,,
QIAN, Z., RYDER, T., CHEN, F., FEILER, H.,, TOKUYASU, T.,
KINGSLEY, C., DAIRKEE, S., MENG, Z., CHEW, K., PINKEL, D.,
JAIN, A., LIUNG, B. M., ESSERMAN, L., ALBERTSON, D. G.,
WALDMAN, F. M. & GRAY, J. W. (2006) Genomic and
transcriptional aberrations linked to breast cancer pathophysiologies.
Cancer Cell, 10, 529-541.

344



CHIN, S., TESCHENDORFF, A., MARIONI, J.,, WANG, Y., BARBOSA-
MORAIS, N., THORNE, N., COSTA, J., PINDER, S., VAN DE
WIEL, M., GREEN, A., ELLIS, I, PORTER, P.,, TAVARE, S.,
BRENTON, J., YLSTRA, B. & CALDAS, C. (2007) High-resolution
aCGH and expression profiling identifies a novel genomic subtype of
ER negative breast cancer. Genome Biology, 8, R215.

CHOL Y. B, KO, J. K. & SHIN, J. (2004) The transcriptional corepressor,
PELP1, recruits HDAC2 and masks Histones using two separate
domains. Journal of Biological Chemistry, 279, 50930-50941.

CIRILLO, L. A. & ZARET, K. S. (2007) Specific interactions of the wing
domains of FOXAI! transcription factor with DNA. Journal of

Molecular Biology, 366, 720-724.

CLAMP, A., DANSON, S. & CLEMONS, M. (2002) Hormonal risk factors
for breast cancer; identification, chemoprevention, and other
intervention strategies. Lancet Oncology, 3,611-619.

COLOZZA, M., AZAMBUIJA, E., CARDOSO, F., SOTIRIOU, C,
LARSIMONT, D. & PICCART, M. J. (2005) Proliferative markers as
prognostic and predictive tools in early breast cancer: where are we
now? Ann Oncol, 16, 1723-1739.

COOPER, W. A., KOHONEN-CORISH, M. R. J,, MCCAUGHAN, B,
KENNEDY, C., SUTHERLAND, R. L. & LEE, C. S. (2009)
Expression and prognostic significance of cyclin Bl and cyclin A in
non-small cell lung cancer. Histopathology, 55, 28-36.

COVIC, M., HASSA, P. 0., SACCANI, S., BUERKI, C., MEIER, N. I,
LOMBARDI, C., IMHOF, R., BEDFORD, M. T., NATOLI, G. &
HOTTIGER, M. O. (2005) Arginine methyltransferase CARM1 is a
promoter-specific regulator of NF-kappa B-dependent gene expression.
Embo Journal, 24, 85-96.

CUNHA, G. R. (1994) ROLE OF MESENCHYMAL-EPITHELIAL
INTERACTIONS IN NORMAL AND ABNORMAL-
DEVELOPMENT OF THE MAMMARY-GLAND AND PROSTATE.
Cancer, 74, 1030-1044.

DAL H. Y., VAN'T VEER, L., LAMB, J., HE, Y. D.,, MAO, M,, FINE, B. M,,
BERNARDS, R., DE VIJVER, M. V., DEUTSCH, P., SACHS, A,,
STOUGHTON, R. & FRIEND, S. (2005) A cell proliferation signature

345



is a marker of extremely poor outcome in a subpopulation of breast
cancer patients. Cancer Research, 65, 4059-4066.

DAL J. S,,JIAN, J. L., BOSLAND, M., FRENKEL, K., BERNHARDT, G. &
HUANG, X. (2008) Roles of hormone replacement therapy, and iron in
proliferation of breast epithelial cells with different estrogen and
progesterone receptor status. Breast, 17, 172-179.

DANIELS, T. R., DELGADO, T., HELGUERA, G. & PENICHET, M. L.
(2006a) The transferrin receptor part II: Targeted delivery of
therapeutic agents into cancer cells. Clinical Immunology, 121, 159-
176.

DANIELS, T. R., DELGADO, T., RODRIGUEZ, J. A,, HELGUERA, G. &
PENICHET, M. L. (2006b) The transferrin receptor part I: Biology and
targeting with cytotoxic antibodies for the treatment of cancer. Clinical

Immunology, 121, 144-158.

DENG, X., GAO, F. & MAY, W. S., JR. (2003) Bcl2 retards G1/S cell cycle
transition by regulating intracellular ROS. Blood, 102, 3179-318S5.

DIMITRIADOU, E., DOLNICAR, S. & WEINGESSEL, A. (2002) An
examination of indexes for determining the number of clusters in binary

data sets. Psychometrika, 67, 137-159.

DING, L., YAN, J., ZHU, J., ZHONG, H,, LU, Q., WANG, Z., HUANG, C. &
YE, Q. (2003) Ligand-independent activation of estrogen receptor
{alpha} by XBP-1. Nucl. Acids Res., 31, 5266-5274.

DOLLED-FILHART, M., RYDEN, L., CREGGER, M., JIRSTROM, K.,
HARIGOPAL, M., CAMP, R. L. & RIMM, D. L. (2006) Classification
of breast cancer using genetic algorithms and tissue microarrays.

Clinical Cancer Research, 12, 6459-6468.

DOWLATI, A., LOO, M., BURY, T., FILLET, G. & BEGUIN, Y. (1997)
Soluble and cell-associated transferrin receptor in lung cancer. British

Journal of Cancer, 75, 1802-1806.

DOWSETT, M., COOKE, T., ELLIS, I., GULLICK, W. J., GUSTERSON, B,
MALLON, E. & WALKER, R. (2000) Assessment of HER2 status in
breast cancer: why, when and how? European Journal of Cancer, 36,
170-176.

346



DYDENSBORG, A. B., ROSE, A. A. N, WILSON, B. J., GROTE, D.,
PAQUET, M., GIGUERE, V., SIEGEL, P. M. & BOUCHARD, M.
(2009) GATAS3 inhibits breast cancer growth and pulmonary breast
cancer metastasis. Oncogene, 28, 2634-2642.

EFSTATHIOU, J. A., NODA, M., ROWAN, A., DIXON, C., CHINERY, R.,
JAWHARI, A., HATTORI, T., WRIGHT, N. A,, BODMER, W. F. &
PIGNATELLI, M. (1998) Intestinal trefoil factor controls the
expression of the adenomatous polyposis coli-catenin and the E-
cadherin-catenin complexes in human colon carcinoma cells.
Proceedings of the National Academy of Sciences of the United States
of America, 95,3122-3127.

EGAMI, K., MUROHARA, T., SHIMADA, T., SASAKI, K.-I., SHINTANI,
S., SUGAYA, T., ISHII, M., AKAG]I, T., IKEDA, H., MATSUISHI, T.
& IMAIZUMI, T. (2003) Role of host angiotensin II type 1 receptor in
tumor angiogenesis and growth. The Journal of Clinical Investigation,
112, 67-75.

EL MESSAOUDI, S., FABBRIZIO, E., RODRIGUEZ, C., CHUCHANA, P,
FAUQUIER, L., CHENG, D. H., THEILLET, C.,, VANDEL, L.,
BEDFORD, M. T. & SARDET, C. (2006) Coactivator-associated
arginine methyltransferase 1 (CARMI) is a positive regulator of the
Cyclin E1 gene. Proceedings of the National Academy of Sciences of
the United States of America, 103, 13351-13356.

ELLIS, I. O., GALEA, M., BROUGHTON, N., LOCKER, A., BLAMEY, R.
W. & ELSTON, C. W. (1992) Pathological Prognostic Factors in
Breast-Cancer .2. Histological Type - Relationship with Survival in a
Large Study with Long-Term Follow-Up. Histopathology, 20, 479-489.

ELSHEIKH, S. E., GREEN, A. R,, RAKHA, E. A., POWE, D. G., AHMED,
R. A., COLLINS, H. M., SORIA, D., GARIBALDI, J. M., PAISIHI, C.
E., AMMAR, A. A, GRAINGE, M. J, BALL, G. R,
ABDELGHANY, M. K., MARTINEZ-POMARES, L., HEERY, D. M.
& ELLIS, 1. O. (2009) Global Histone Modifications in Breast Cancer
Correlate with Tumor Phenotypes, Prognostic Factors, and Patient
Outcome. Cancer Research, 69, 3802-3809,

ELSTON, C. W. & ELLIS, L. O. (1991) Pathological Prognostic Factors in
Breast-Cancer .1. the Value of Histological Grade in Breast-Cancer -
Experience from a Large Study with Long-Term Follow-Up.
Histopathology, 19, 403-410.

347



ESSERMAN, L. J., OZANNE, E. M., DOWSETT, M. & SLINGERLAND, J.
M. (2005) Tamoxifen may prevent both ER+ and ER- breast cancers
and select for ER- carcinogenesis: an alternative hypothesis. Breast
Cancer Research, 7, R1153-R1158.

FANG, S. H,, CHEN, Y. & WEIGEL, R. J. (2009) GATA-3 as a Marker of
Hormone Response in Breast Cancer. Journal of Surgical Research,
157, 290-295.

FANG, Y., YAN, J., DING, L., LIU, Y., ZHU, J.,, HUANG, C., ZHAO, H.,
LU, Q., ZHANG, X., YANG, X. & YE, Q. (2004) XBP-1 increases
ER[alpha] transcriptional activity through regulation of large-scale
chromatin unfolding. Biochemical and Biophysical Research
Communications, 323, 269-274.

FINLIN, B. S., GAU, C. L., MURPHY, G. A,, SHAO, H. P., KIMEL, T.,
SEITZ, R. S., CHIU, Y. F.,, BOTSTEIN, D., BROWN, P. O,
TAMANQOI, F., ANDRES, D. A. & PEROU, C. M. (2001) RERG is a
novel ras-related, estrogen-regulated and growth-inhibitory gene in
breast cancer. Journal of Biological Chemistry, 276, 42259-42267.

FITZGIBBONS, P. L., HENSON, D. E. & HUTTER, R. V. P. (1998) Benign
breast changes and the risk for subsequent breast cancer - An update of
the 1985 consensus statement. Archives of Pathology & Laboratory
Medicine, 122, 1053-1055.

FOEKENS, J. A,, VAN PUTTEN, W. L., PORTENGEN, 1., DE KONING, H.
Y., THIRION, B., ALEXIEVA- FIGUSCH, J. & KLIIN, J. G. (1993)
Prognostic value of PS2 and cathepsin D in 710 human primary breast
tumors: multivariate analysis. J Clin Oncol, 11, 899-908.

FOLTZ, G, RYU, G. Y., YOON, J. G., NELSON, T., FAHEY, J., FRAKES,
A, LEE, H,, FIELD, L., ZANDER, K., SIBENALLER, Z., RYKEN, T.
C., VIBHAKAR, R., HOOD, L. & MADAN, A. (2006) Genome-wide
analysis of epigenetic silencing identifies BEX1 and BEX2 as candidate
tumor suppressor genes in malignant glioma. Cancer Research, 66,
6665-6674.

FORD, D., EASTON, D. F., STRATTON, M., NAROD, S., GOLDGAR, D.,
DEVILEE, P., BISHOP, D. T., WEBER, B., LENOIR, G., CHANG-
CLAUDE, J.,, SOBOL, H., TEARE, M. D., STRUEWING, J,
ARASON, A, SCHERNECK, S., PETO, J, REBBECK, T. R,
TONIN, P., NEUHAUSEN, S., BARKARDOTTIR, R., EYFJORD, J,
LYNCH, H., PONDER, B. A. J.,, GAYTHER, S. A, BIRCH, J. M,,
LINDBLOM, A., STOPPA-LYONNET, D., BIGNON, Y., BORG, A,,

348



HAMANN, U., HAITES, N., SCOTT, R. J.,, MAUGARD, C. M. &
VASEN, H. (1998) Genetic heterogeneity and penetrance analysis of
the BRCA1 and BRCA2 genes in breast cancer families. American
Journal of Human Genetics, 62, 676-689.

FRASOR, J., DANES, J. M., KOMM, B., CHANG, K. C. N, LYTTLE, C. R.
& KATZENELLENBOGEN, B. S. (2003) Profiling of estrogen up- and
down-regulated gene expression in human breast cancer cells: Insights
into gene networks and pathways underlying estrogenic control of
proliferation and cell phenotype. Endocrinology, 144,4562-4574.

FRIETZE, S., LUPIEN, M., SILVER, P. A. & BROWN, M. (2008) CARM1
Regulates Estrogen-Stimulated Breast Cancer Growth through Up-
regulation of E2F1. Cancer Res, 68, 301-306.

GALEA, M. H., BLAMEY, R. W, ELSTON, C. E. & ELLIS, I. O. (1992) The
Nottingham Prognostic Index in Primary Breast-Cancer. Breast Cancer
Research and Treatment, 22, 207-219.

GASPARRI, F., WANG, N., SKOG, S., GALVANI, A. & ERIKSSON, S.
(2009) Thymidine kinase 1 expression defines an activated G1 state of
the cell cycle as revealed with site-specific antibodies and
ArrayScan(TM) assays. European Journal of Cell Biology, 88, 779-
785.

GILLETT, C. E., SPRINGALL, R. J., BARNES, D. M. & HANBY, A. M.
(2000) Multiple tissue core arrays in histopathology research: a
validation study. Journal of Pathology, 192, 549-553.

GOLDHIRSCH, A., WOOD, W. C., GELBER, R. D,, COATES, A. S,
THURLIMANN, B., SENN, H. J. & PANEL, M. (2007) Progress and
promise: highlights of the international expert consensus on the primary
therapy of early breast cancer 2007. Ann Oncol, 18, 1133-1144.

GRECO, S., MUSCELLA, A., ELIA, M,, SALVATORE, P., STORELLI, C.,
MAZZOTTA, A, MANCA, C. & MARSIGLIANTE, S. (2003)
Angiotensin II activates extracellular signal regulated kinases via
protein kinase C and epidermal growth factor receptor in breast cancer
cells. Journal of Cellular Physiology, 196, 370-377.

GREIDER, C., CHATTOPADHYAY, A., PARKHURST, C. & YANG, E.
(2002) BCL-x(L) and BCL2 delay Myc-induced cell cycle entry
through elevation of p27 and inhibition of G1 cyclin-dependent kinases.
Oncogene, 21, 7765-7775.

349



GRUVBERGER, S., RINGNER, M., CHEN, Y., PANAVALLY, S., SAAL, L.
H., BORG, A., FERNO, M., PETERSON, C. & MELTZER, P. S.
(2001) Estrogen Receptor Status in Breast Cancer Is Associated with
Remarkably Distinct Gene Expression Patterns. Cancer Res, 61, 5979-
5984.

GUAN, H,, SUN, Y. H,, ZAN, Q., XU, M. Q,, LI, Y., ZHOU, J., HE, E.,
ERIKSSON, S., WEN, W. & SKOG, S. (2009) Thymidine kinase 1
expression in atypical ductal hyperplasia significantly differs from
usual ductal hyperplasia and ductal carcinoma in situ: A useful tool in
tumor therapy management. Molecular Medicine Reports, 2, 923-929.

GUO, S. & SONENSHEIN, G. E. (2004) Forkhead Box Transcription Factor
FOXO03a Regulates Estrogen Receptor Alpha Expression and Is
Repressed by the Her-2/newPhosphatidylinositol 3-Kinase/Akt
Signaling Pathway. Mol. Cell. Biol., 24, 8681-8690.

GUSTERSON, B., ROSS, D., HEATH, V. & STEIN, T. (2005) Basal
cytokeratins and their relationship to the cellular origin and functional
classification of breast cancer. Breast Cancer Research, 7,143 - 148.

HABASHY, H., POWE, D., STAKA, C.,, RAKHA, E., BALL, G., GREEN,
A., ALESKANDARANY, M., PAISH, E., DOUGLAS MACMILLAN,
R., NICHOLSON, R., ELLIS, I. & GEE, J. (2010) Transferrin receptor
(CD71) is a marker of poor prognosis in breast cancer and can predict
response to tamoxifen. Breast Cancer Research and Treatment, 119,
283-293.

HALLEK, M., WANDERS, L., STROHMEYER, S. & EMMERICH, B.
(1992) Thymidine kinase: a tumor marker with prognostic value for
non-Hodgkin's lymphoma and a broad range of potential clinical
applications. Annals of Hematology, 65, 1-5.

HAN, S., PARK, K., BAE, B. N,, KIM, K. H,, KIM, H. J., KIM, Y. D. & KIM,
H. Y. (2003) Prognostic implication of cyclin E expression and its
relationship with cyclin D1 and p27Kipl expression on tissue
microarrays of node negative breast cancer. Journal of Surgical
Oncology, 83,241-247.

HAN, W,, HAN, M. R,, KANG, J. J,, BAE, J. Y, LEE, J. H,, BAE, Y. J, LEE,
J. E., SHIN, H. J.,, HWANG, K. T., HWANG, S. E., KIM, S. W. &
NOH, D. Y. (2006) Genomic alterations identified by array
comparative genomic hybridization as prognostic markers in
tamoxifen-treated estrogen receptor-positive breast cancer. Bmc
Cancer, 6.

350



HE, Q., FORNANDER, T., JOHANSSON, H., JOHANSSON, U,, HU, G. Z,,
RUTQVIST, L. E. & SKOG, S. (2006) Thymidine kinase 1 in serum
predicts increased risk of distant or loco-regional recurrence following
surgery in patients with early breast cancer. Anticancer Research, 26,
4753-4759.

HENRY, J. A., PIGGOTT, N. H.,, MALLICK, U. K., NICHOLSON, S,
FARNDON, J. R., WESTLEY, B. R. & MAY, F. E. B. (1991) Pnr-2
Ps2 Immunohistochemical Staining in Breast-Cancer - Correlation with
Prognostic Factors and Endocrine Response. British Journal of Cancer,
63, 615-622.

HETZ, C., LEE, A. H., GONZALEZ-ROMERO, D, THIELEN, P,
CASTILLA, J., SOTO, C. & GLIMCHER, L. H. (2008) Unfolded
protein response transcription factor XBP-1 does not influence prion
replication or pathogenesis. Proceedings of the National Academy of
Sciences of the United States of America, 105,757-762.

HOADLEY, K., WEIGMAN, V. FAN, C, SAWYER, L, HE, X,
TROESTER, M., SARTOR, C., RIEGER-HOUSE, T., BERNARD, P.,
CAREY, L. & PEROU, C. (2007) EGFR associated expression profiles
vary with breast tumor subtype. BMC Genomics, 8, 258.

HOLMQVIST, P. H., BELIKOV, S., ZARET, K. S. & WRANGE, O. (2005)
FoxAl binding to the MMTV LTR modulates chromatin structure and
transcription. Experimental Cell Research, 304, 593-603.

HONG, H., KAO, C,, JENG, M.-H., EBLE, J. N., KOCH, M. O., GARDNER,
T. A., ZHANG, S,, LI, L., PAN, C.-X,, HU, Z.,, MACLENNAN, G. T.
& CHENG, L. (2004) Aberrant expression of CARM1, a transcriptional
coactivator of androgen receptor, in the development of prostate
carcinoma and androgen-independent status. Cancer, 101, 83-89.

HORWITZT, K. B, DYE, W. W,, HARRELL, J. C., KABOS, P. &
SARTORIUS, C. A. (2008) Rare steroid receptor-negative basal-like
tumorigenic cells in luminal subtype human breast cancer xenografts.
Proceedings of the National Academy of Sciences of the United States
of America, 105, 5774-5779.

HU, M. C. T., LEE, D.-F., XIA, W., GOLFMAN, L. S., OU-YANG, F,,
YANG, J.-Y., ZOU, Y., BAO, S.,, HANADA, N., SASO, H.,
KOBAYASHI, R. & HUNG, M.-C. (2004) I[kappa]B Kinase Promotes
Tumorigenesis through Inhibition of Forkhead FOXO3a. Cell, 117,
225-237.

351



HU, Z., FAN, C., OH, D. S., MARRON, J. S., HE, X., QAQISH, B. F,,
LIVASY, C., CAREY, L. A., REYNOLDS, E. & DRESSLER, L.
(2006) The molecular portraits of breast tumors are conserved across
microarray platforms. BMC Genomics, 7, 96.

HUANG, D. C. S., OREILLY, L. A., STRASSER, A. & CORY, S. (1997) The
anti-apoptosis function of Bcl-2 can be genetically separated from its
inhibitory effect on cell cycle entry. EMBO J, 16, 4628-4638.

HUANG, H. & TINDALL, D. J. (2007) Dynamic FoxO transcription factors. J
Cell Sci, 120, 2479-2487.

HUGH, J., HANSON, J., CHEANG, M. C. U,, NIELSEN, T. 0., PEROU, C.
M., DUMONTET, C., REED, J., KRAJEWSKA, M., TREILLEUX, I.,
RUPIN, M., MAGHERINI, E., MACKEY, J.,, MARTIN, M. &
VOGEL, C. (2009) Breast Cancer Subtypes and Response to Docetaxel
in Node-Positive Breast Cancer: Use of an Immunohistochemical
Definition in the BCIRG 001 Trial. J Clin Oncol, 27, 1168-1176.

IHEMELANDU, C., LEFFALL, L., DEWITTY, R., NAAB, T., MEZGHEBE,
H., MAKAMBI, K., ADAMS-CAMPBELL, L. & FREDERICK, W,
(2007) Molecular breast cancer subtypes in premenopausal and
postmenopausal African-American women: age-specific prevalence and
survival. J Surg Res, 143,109 - 118.

IHEMELANDU, C. U, DEWITTY, R. L. LEFFALL, L. D,
SURYANARAYANA, S. M. & FREDERICK, W. A. (2009) Clinical
Significance of p53 and bcl-2 Protein Coexpression Phenotypes in
Molecular Breast Cancer Subtypes of Pre-menopausal and Post-
menopausal African-American Women. American Surgeon, 75, 776-

784.

INOUE, T., CAVANAUGH, P. G.,, STECK, P. A, BRUNNER, N. &
NICOLSON, G. L. (1993) Differences in Transferrin Response and
Numbers of Transferrin Receptors in Rat and Human Mammary-
Carcinoma Lines of Different Metastatic Potentials. Journal of Cellular
Physiology, 156,212-217.

IOACHIM, E., TSANOU, E. BRIASOULIS, E., BATSIS, C,
KARAVASILIS, V., CHARCHANTI, A. PAVLIDIS, N. &
AGNANTIS, N. J. (2003) Clinicopathological study of the expression
of hsp27, pS2, cathepsin D and metallothionein in primary invasive
breast cancer. Breast, 12, 111-119.

352



IVSHINA, A. V., GEORGE, J.,, SENKO, 0., MOW, B, PUTTI, T. C,
SMEDS, J., LINDAHL, T., PAWITAN, Y., HALL, P., NORDGREN,
H., WONG, J. E. L., LIU, E. T., BERGH, J., KUZNETSOV, V. A. &
MILLER, L. D. (2006) Genetic Reclassification of Histologic Grade
Delineates New Clinical Subtypes of Breast Cancer. Cancer Res, 66,
10292-10301.

JAIN, A. K., MURTY, M. N. & FLYNN, P. J. (1999) Data clustering: a
review. ACM Comput. Surv., 31, 264-323.

JANSEN, M., FOEKENS, J. A., VAN STAVEREN, 1. L., DIRKZWAGER-
KIEL, M. M., RITSTIER, K., LOOK, M. P., MEIJER-VAN GELDER,
M. E,, SIEUWERTS, A. M., PORTENGEN, H., DORSSERS, L. C. J.,
KLIN, J. G. M. & BERNS, E. (2005) Molecular classification of
tamoxifen-resistant breast carcinomas by gene expression profiling.
Journal of Clinical Oncology, 23, 732-740.

JEFFREY, S. S., FERO, M. J., BORRESEN-DALE, A.-L. & BOTSTEIN, D.
(2002) Expression Array Technology in the Diagnosis and Treatment of

Breast Cancer. Mol. Interv., 2, 101-109.

JESS, T. J., BELHAM, C. M., THOMSON, F. J., SCOTT, P. H., PLEVIN, R.
J. & GOULD, G. W. (1996) Phosphatidylinositol 3'-kinase, but not p70
ribosomal S6 kinase, is involved in membrane protein recycling:
Wortmannin inhibits glucose transport and downregulates cell-surface
transferrin receptor numbers independently of any effect on fluid-phase
endocytosis in fibroblasts. Cellular Signalling, 8,297-304.

JONES, D. T., TROWBRIDGE, I. S. & HARRIS, A. L. (2006) Effects of
transferrin receptor blockade on cancer cell proliferation and hypoxia-
inducible factor function and their differential regulation by ascorbate.
Cancer Research, 66,2749-2756.

KAKINO, S., SASAKI, K., KUROSE, A. & ITO, H. (1996) Intracellular
localization of cyclin Bl during the cell cycle in glioma cells.
Cytometry, 24, 49-54.

KALLIONIEMI, O. P., WAGNER, U., KONONEN, J. & SAUTER, G. (2001)
Tissue microarray technology for high-throughput molecular profiling
of cancer. Human Molecular Genetics, 10, 657-662.

KAWAMOTO, H., KOIZUMI, H. & UCHIKOSHI, T. (1997) Expression of
the G2-M checkpoint regulators cyclin Bl and Cdc2 in nonmalignant
and malignant human breast lesions - Immunocytochemical and

353



quantitative image analyses. American Journal of Pathology, 150, 15-
23.

KELLY, M. J. & LEVIN, E. R. (2001) Rapid actions of plasma membrane
estrogen receptors. Trends in Endocrinology and Metabolism, 12, 152-
156.

KEY, T. J., VERKASALOQ, P. K. & BANKS, E. (2001) Epidemiology of
breast cancer. The Lancet Oncology, 2, 133-140.

KLIN, J. G. M,, BERNS, E., MARTENS, J., JANSEN, M., ATKINS, D,
FOEKENS, J. A. & WANG, Y. (2005) Gene expression profiles and
molecular classification to predict distant metastasis and tamoxifen-
resistant breast cancer. Breast Cancer Research, 7,S1-S2.

KLINGE, C. M. (2001) Estrogen receptor interaction with estrogen response
elements. Nucl. Acids Res., 29,2905-2919.

KLINGE, C. M., JERNIGAN, S. C., MATTINGLY, K. A., RISINGER, K. E.
& ZHANG, J. (2004) Estrogen response element-dependent regulation
of transcriptional activation of estrogen receptors {alpha} and {beta} by
coactivators and corepressors. J Mol Endocrinol, 33, 387-410.

KNOWLDEN, J. M., HUTCHESON, I. R., JONES, H. E., MADDEN, T.,
GEE, J. M. W,, HARPER, M. E., BARROW, D., WAKELING, A. E.
& NICHOLSON, R. L. (2003) Elevated Levels of Epidermal Growth
Factor Receptor/c-erbB2 Heterodimers Mediate an Autocrine Growth
Regulatory Pathway in Tamoxifen-Resistant MCF-7  Cells.
Endocrinology, 144, 1032-1044.

KO, L. J. & ENGEL, J. D. (1993) DNA-binding specificities of the GATA
transcription factor family. Mol. Cell. Biol., 13, 4011-4022.

KOH, W. P., YUAN, J. M,, VAN DEN BERG, D, LEE, H. P. & YU, M. C.
(2005) Polymorphisms in angiotensin II type 1 receptor and angiotensin
I-converting enzyme genes and breast cancer risk among Chinese
women in Singapore. Carcinogenesis, 26, 459-464.

KOK, M,, LINN, S. C., VAN LAAR, R. K., JANSEN, M., VAN DEN BERG,
T. M., DELAHAYE, L., GLAS, A. M., PETERSE, J. L.,
HAUPTMANN, M,, FOEKENS, J. A., KLIJN, J. G. M., WESSELS, L.
F. A, VAN'T VEER, L. J. & BERNS, E. (2009) Comparison of gene
expression profiles predicting progression in breast cancer patients

354



treated with tamoxifen. Breast Cancer Research and Treatment, 113,
275-283.

KONONEN, J., BUBENDORF, L., KALLIONIEMI, A., BARLUND, M.,
SCHRAML, P., LEIGHTON, S., TORHORST, J., MIHATSCH, M. J,,
SAUTER, G. & KALLIONIEMI, O. P. (1998) Tissue microarrays for

high-throughput molecular profiling of tumor specimens. Nature
Medicine, 4, 844-847.

KOPS, G. J. P. L., DANSEN, T. B., POLDERMAN, P. E., SAARLOOS, I,
WIRTZ, K. W. A, COFFER, P. J.,, HUANG, T.-T., BOS, J. L.,
MEDEMA, R. H. & BURGERING, B. M. T. (2002) Forkhead
transcription factor FOXO3a protects quiescent cells from oxidative
stress. Nature, 419, 316-321,

KOUROS-MEHR, H., BECHIS, S. K., SLORACH, E. M., LITTLEPAGE, L.
E., EGEBLAD, M., EWALD, A.J, PAL S. Y., HO, I. C. & WERB, Z.
(2008) GATA-3 links tumor differentiation and dissemination in a
luminal breast cancer model. Cancer Cell, 13, 141-152,

KOUROS-MEHR, H., SLORACH, E. M., STERNLICHT, M. D. & WERB, Z.
(2006) GATA-3 maintains the differentiation of the luminal cell fate in
the mammary gland. Cell, 127, 1041-1055.

KROL, J., FRANCIS, R. E., ALBERGARIA, A, SUNTERS, A,
POLYCHRONIS, A., COOMBES, R. C. & LAM, E. W. F. (2007) The
transcription factor FOXO03a is a crucial cellular target of gefitinib
(Iressa) in breast cancer cells. Molecular Cancer Therapeutics, 6, 3169-
3179.

KUHLING, H., ALM, P., OLSSON, H., FERNO, M., BALDETORP, B.,
PARWARESCH, R. & RUDOLPH, P. (2003) Expression of cyclins E,
A, and B, and prognosis in lymph node-negative breast cancer. The
Journal of pathology, 199, 424-431.

LACROIX, M. & LECLERCQ, G. (2004) About GATA3, HINF3A, and XBP1,
three genes co-expressed with the oestrogen receptor-alpha gene (ESRI)
in breast cancer. Molecular and Cellular Endocrinology, 219, 1-7.

LADD, A, VASQUEZ, A. SIEMES, C., YAZDANPANAH, M,
COEBERGH, J.,, HOFMAN, A., STRICKER, B. & VAN DUIIN, C.
(2007) Differential Roles of Angiotensinogen and Angiotensin

Receptor type 1 Polymorphisms in Breast Cancer Risk. Breast Cancer
Research and Treatment, 101, 299-304.

355



LAGANIERE, J., DEBLOIS, G., LEFEBVRE, C., BATAILLE, A. R,
ROBERT, F. & GIGUERE, V. (2005) Location analysis of estrogen
receptor alpha target promoters reveals that FOXAI defines a domain
of the estrogen response. Proceedings of the National Academy of
Sciences of the United States of America, 102, 11651-11656.

LANCASHIRE, L. J., POWE, D. G, REIS, J. S.,, RAKHA, E., LEMETRE, C,,
WEIGELT, B., ABDEL-FATAH, T. M., GREEN, A. R., MUKTA, R,
BLAMEY, R., PAISH, E. C, REES, R. C, ELLIS, I. O. & BALL, G.
R. (2010) A validated gene expression profile for detecting clinical
outcome in breast cancer using artificial neural networks. Breast
Cancer Research and Treatment, 120, 83-93.

LEE, Y. H, KOH, S. S., ZHANG, X., CHENG, X. D. & STALLCUP, M. R.
(2002) Synergy among nuclear receptor coactivators: Selective
requirement for protein methyltransferase and acetyltransferase
activities. Molecular and Cellular Biology, 22,3621-3632.

LEO, C. & CHEN, J. D. (2000) The SRC family of nuclear receptor
coactivators. Gene, 245, 1-11.

LEVACK, P. A,, FORREST, A. P. M,, MILLER, E. P., CAMERON, D. A,
ANDERSON, E. D., LEONARD, R. C. F., CHETTY, U., MCINTYRE,
M. & MILLER, W. R. (1999) MIB-1 in relation to tumour response and
survival in patients with breast cancer treated with primary systemic
therapy. The Breast, 8, 77-83.

LEVIN, E. R. (2002) Cellular functions of plasma membrane estrogen
receptors. Steroids, 67,471-475.

LIM, E., VAILLANT, F., WU, D., FORREST, N. C,, PAL, B., HART, A. H,
ASSELIN-LABAT, M.-L., GYORKI, D. E., WARD, T., PARTANEN,
A., FELEPPA, F., HUSCHTSCHA, L. I., THORNE, H. J,, FOX, S. B.,
YAN, M., FRENCH, J. D, BROWN, M. A, SMYTH, G. K,,
VISVADER, J. E. & LINDEMAN, G. J. (2009) Aberrant luminal
progenitors as the candidate target population for basal tumor
development in BRCA1 mutation carriers. Nat Med, 15, 907-913.

LIN, L., MILLER, C. T., CONTRERAS, J. I, PRESCOTT, M. S,
DAGENAIS, S. L., WU, R,, YEE, J., ORRINGER, M. B., MISEK, D.
E., HANASH, S. M., GLOVER, T. W. & BEER, D. G. (2002) The
hepatocyte nuclear factor 3 alpha gene, HNF3 alpha (FOXAI), on
chromosome band 14q13 is amplified and overexpressed in esophageal
and lung adenocarcinomas. Cancer Research, 62, 5273-5279.

356



LINETTE, G. P, LI, Y., ROTH, K. & KORSMEYER, S. J. (1996) Cross talk
between cell death and cell cycle progression: BCL-2 regulates NFAT-
mediated activation. Proceedings of the National Academy of Sciences
of the United States of America, 93, 9545-9552.

LIU, Y. N,, LEE, W. W., WANG, C. Y., CHAO, T. H., CHEN, Y. & CHEN, J.
H. (2005) Regulatory mechanisms controlling human E-cadherin gene
expression. Oncogene, 24, 8277-8290.

LIVASY, C., KARACA, G., NANDA, R., TRETIAKOVA, M., OLOPADE,
O., MOORE, D. & PEROU, C. (2006) Phenotypic evaluation of the
basal-like subtype of invasive breast carcinoma. Mod Pathol, 19, 264 -
271.

LOI, S., HAIBE-KAINS, B., DESMEDT, C., LALLEMAND, F., TUTT, A.
M., GILLET, C., ELLIS, P., HARRIS, A., BERGH, J., FOEKENS, J.
A., KLIJN, J. G. M., LARSIMONT, D., BUYSE, M., BONTEMPI, G.,
DELORENZI, M., PICCART, M. J. & SOTIRIOU, C. (2007)
Definition of Clinically Distinct Molecular Subtypes in Estrogen
Receptor-Positive Breast Carcinomas Through Genomic Grade. J Clin
Oncol, 25, 1239-1246.

MA, H., HONG, H., HUANG, S. M., IRVINE, R. A., WEBB, P.,, KUSHNER,
P. J., COETZEE, G. A. & STALLCUP, M. R. (1999) Multiple signal
input and output domains of the 160-kilodalton nuclear receptor
coactivator proteins. Molecular and Cellular Biology, 19,6164-6173.

MADDIKA, S., ANDE, S. R.,, PANIGRAHI, S., PARANJOTHY, T.,
WEGLARCZYK, K., ZUSE, A., ESHRAGHI, M., MANDA, K. D,
WIECHEC, E. & LOS, M. (2007) Cell survival, cell death and cell
cycle pathways are interconnected: Implications for cancer therapy.
Drug Resistance Updates, 10, 13-29,

MARCHIO, C., NATRAJAN, R., SHIU, K., LAMBROS, M., RODRIGUEZ-
PINILLA, S., TAN, D., LORD, C., HUNGERMANN, D., FENWICK,
K., TAMBER, N., MACKAY, A., PALACIOS, J, SAPINO, A,
BUERGER, H., ASHWORTH, A. & REIS-FILHO, J. (2008) The
genomic profile of HER2-amplified breast cancers: the influence of ER
status. The Journal of pathology, 216,399-407.

MAY, F. E. B. & WESTLEY, B. R. (1997) Trefoil proteins: Their role in
normal and malignant cells. Journal of Pathology, 183, 4-7.

357



MAZEL, S., BURTRUM, D. & PETRIE, H. T. (1996) Regulation of cell
division cycle progression by bcl-2 expression: A potential mechanism
for inhibition of programmed cell death. Journal of Experimental
Medicine, 183, 2219-2226.

MCCARTY, K. S., MILLER, L. S, COX, E. B, KONRATH, J. &
MCCARTY, K. S. (1985) Estrogen-Receptor Analyses - Correlation of
Biochemical and Immunohistochemical Methods Using Monoclonal
Antireceptor Antibodies. Archives of Pathology <& Laboratory
Medicine, 109, 716-721.

MEHRA, R., VARAMBALLY, S., DING, L., SHEN, R. L., SABEL, M. S,
GHOSH, D., CHINNAIYAN, A. M. & KLEER, C. G. (2005)
Identification of GATAS3 as a breast cancer prognostic marker by global
gene expression meta-analysis. Cancer Research, 65, 11259-11264.

MIAO, F., LI, S., CHAVEZ, V., LANTING, L. & NATARAJAN, R. (2006)
Coactivator-Associated  Arginine  Methyltransferase-l  Enhances
Nuclear Factor-{kappa}B-Mediated Gene Transcription through
Methylation of Histone H3 at Arginine 17. Mol Endocrinol, 20, 1562-
1573.

MIYAMOTO, K., ARAKI, K. Y., NAKA, K., ARAI, F., TAKUBO, K.,
YAMAZAKI, S., MATSUOKA, S., MIYAMOTO, T., ITO, K,
OHMURA, M., CHEN, C.,, HOSOKAWA, K., NAKAUCHI, H.,,
NAKAYAMA, K. NAKAYAMA, K. 1, HARADA, M,
MOTOYAMA, N, SUDA, T. & HIRAO, A. (2007) Foxo3a Is
Essential for Maintenance of the Hematopoietic Stem Cell Pool. Cell
Stem Cell, 1, 101-112.

MOCH, H., KONONEN, J., KALLIONIEMI, O.-P. & SAUTER, G. (2001)
Tissue Microarrays: What Will They Bring to Molecular and Anatomic
Pathology? Advances in Anatomic Pathology, 8, 14-20.

MONTI, S., TAMAYO, P., MESIROV, J. & GOLUB, T. (2003) Consensus
Clustering: A Resampling-Based Method for Class Discovery and
Visualization of Gene Expression Microarray Data. Mach. Learn., 52,
91-118.

MUCCI, N. R, AKDAS, G., MANELY, S. & RUBIN, M. A. (2000)
Neuroendocrine expression in metastatic prostate cancer: Evaluation of
high throughput tissue microarrays to detect heterogeneous protein
expression. Human Pathology, 31, 406-414.

358



MUNCH-PETERSEN, B., CLOOS, L., JENSEN, H. K. & TYRSTED, G.
(1995) Human thymidine kinase 1. Regulation in normal and malignant
cells. Advances in Enzyme Regulation, 35, 69-72.

MURPHY, L. C. & WATSON, P. (2002) Steroid receptors in human breast
tumorigenesis and breast cancer progression. Biomedecine &
Pharmacotherapy, 56, 65-77.

MYATT, S. S. & LAM, E. W. F. (2007) The emerging roles of forkhead box
(Fox) proteins in cancer. Nat Rev Cancer, 7, 847-859.

NADERI, A., TESCHENDORFF, A. E., BARBOSA-MORAIS, N. L.,
PINDER, S. E., GREEN, A. R,, POWE, D. G., ROBERTSON, J. F. R,,
APARICIO, S., ELLIS, I. O., BRENTON, J. D. & CALDAS, C. (2006)
A gene-expression signature to predict survival in breast cancer across
independent data sets. Oncogene, 26, 1507-1516.

NADERI, A., TESCHENDOREFF, A. E., BEIGEL, J., CARIATI, M,, ELLIS, L.
0., BRENTON, J. D. & CALDAS, C. (2007) BEX2 is overexpressed in
a subset of primary breast cancers and mediates nerve growth
factor/nuclear factor-kappa B inhibition of apoptosis in breast cancer
cell lines. Cancer Research, 67, 6725-6736.

NAGPAL, J. K, NAIR, S., CHAKRAVARTY, D., RAJHANS, R,
POTHANA, S., BRANN, D. W.,, TEKMAL, R. R. & VADLAMUDI,
R. K. (2008) Growth factor regulation of estrogen receptor coregulator
PELP! functions via protein kinase A pathway. Molecular Cancer
Research, 6,851-861.

NAIR, S. & VADLAMUDI, R. K. (2007) Emerging significance of ER-
coregulator PELP1/MNAR in cancer. Histology and Histopathology,
22, 91-96.

NAIR, S. S., MISHRA, S. K., YANG, Z., BALASENTHIL, S., KUMAR, R. &
VADLAMUDI, R. K. (2004) Potential Role of a Novel Transcriptional
Coactivator PELP1 in Histone H1 Displacement in Cancer Cells.
Cancer Res, 64, 6416-6423.

NATRAJAN, R., LAMBROS, M. B. K., GEYER, F. C.,, MARCHIO, C., TAN,
D. S. P, VATCHEVA, R,, SHIU, K. K., HUNGERMANN, D.,
RODRIGUEZ-PINILLA, S. M., PALACIOS, J., ASHWORTH, A,,
BUERGER, H. & REIS-FILHO, J. S. (2009) Loss of 16q in High
Grade Breast Cancer is Associated with Estrogen Receptor Status:

359



Evidence for Progression in Tumors with a Luminal Phenotype? Genes
Chromosomes & Cancer, 48, 351-365.

NEMERE, I, PIETRAS, R. J. & BLACKMORE, P. F. (2003) Membrane
receptors for steroid hormones: Signal transduction and physiological
significance. Journal of Cellular Biochemistry, 88, 438-445.

NESSLING, M., RICHTER, K., SCHWAENEN, C., ROERIG, P., WROBEL,
G., WESSENDORF, S., FRITZ, B., BENTZ, M., SINN, H. P,
RADLWIMMER, B. & LICHTER, P. (2005) Candidate genes in breast
cancer revealed by microarray-based comparative genomic
hybridization of archived tissue. Cancer Research, 65, 439-447.

NICHOLSON, R. I. & GEE, J. M. W, (2000) Oestrogen and growth factor
cross-talk and endocrine insensitivity and acquired resistance in breast
cancer. British Journal of Cancer, 82, 501-513.

NICHOLSON, R. I., HUTCHESON, L. R., BRITTON, D., KNOWLDEN, J.
M., JONES, H. E., HARPER, M. E., HISCOX, S. E., BARROW, D. &
GEE, J. M. W. (2005) Growth factor signalling networks in breast
cancer and resistance to endocrine agents: new therapeutic strategies.
The Journal of Steroid Biochemistry and Molecular Biology, 93, 257-
262.

NICHOLSON, R. I, HUTCHESON, I. R.,, KNOWLDEN, J. M., JONES, H.
E., HARPER, M. E,, JORDAN, N., HISCOX, S. E., BARROW, D. &
GEE, J. M. W. (2004a) Nonendocrine pathways and endocrine
resistance: Observations with antiestrogens and signal transduction
inhibitors in combination. Clinical Cancer Research, 10, 346S-3548S.

NICHOLSON, R. L., STAKA, C., BOYNS, F., HUTCHESON, I. R. & GEE, J.
M. W. (2004b) Growth factor-driven mechanisms associated with
resistance to estrogen deprivation in breast cancer: new opportunities
for therapy. Endocrine-Related Cancer, 11, 623-641.

NIELSEN, T., HSU, F., JENSEN, K., CHEANG, M., KARACA, G., HU, Z.,
HERNANDEZ-BOUSSARD, T., LIVASY, C., COWAN, D,
DRESSLER, L., AKSLEN, L., RAGAZ, J., GOWN, A, GILKS, C.,
RIJN, M. & PEROU, C. (2004) Immunohistochemical and clinical
characterization of the basal-like subtype of invasive breast carcinoma.
Clin Cancer Res, 10,5367 - 5374.

OBERMANN, E. C., WENT, P., PEHRS, A. C., TZANKOV, A., WILD, P. J,,
PILERI, S., HOFSTAEDTER, F. & DIRNHOFER, S. (2005) Cyclin B1

360



expression is an independent prognostic marker for poor outcome in
diffuse large B-cell lymphoma. Oncology Reports, 14, 1461-1467.

OH, D. S, TROESTER, M. A,, USARY, L., HU, Z. Y., HE, X. P, FAN, C,,
WU, J. Y., CAREY, L. A. & PEROU, C. M. (2006) Estrogen-regulated
genes predict survival in hormone receptor-positive breast cancers.
Journal of Clinical Oncology, 24, 1656-1664.

OLSSON, H. (2000) Tumour biology of a breast cancer at least partly reflects
the biology of the tissue/epithelial cell of origin at the time of initiation
-- a hypothesis. The Journal of Steroid Biochemistry and Molecular
Biology, 74, 345-350.

ONATE, S. A., BOONYARATANAKORNKIT, V., SPENCER, T. E., TSAI,
S. Y., TSAIL, M.-J., EDWARDS, D. P. & OMALLEY, B. W. (1998)
The Steroid Receptor Coactivator-1 Contains Multiple Receptor
Interacting and Activation Domains That Cooperatively Enhance the
Activation Function 1 (AF1) and AF2 Domains of Steroid Receptors. J.
Biol. Chem., 273,12101-12108.

OREILLY, L. A., HUANG, D. C. S. & STRASSER, A. (1996) The cell death
inhibitor Bcl-2 and its homologues influence control of cell cycle entry.
Embo Journal, 15, 6979-6990.

OSBORNE, C. K. (1998) Steroid hormone receptors in breast cancer
management. Breast Cancer Research and Treatment, 51,227-238.

PAIK, S., SHAK, S., TANG, G., KIM, C., BAKER, J., CRONIN, M,,
BAEHNER, F. L., WALKER, M. G.,, WATSON, D, PARK, T,
HILLER, W., FISHER, E. R., WICKERHAM, D. L., BRYANT, J. &
WOLMARK, N. (2004) A Multigene Assay to Predict Recurrence of
Tamoxifen-Treated, Node-Negative Breast Cancer. N Engl J Med, 351,
2817-2826.

PARIKH, P., PALAZZO, J. P., ROSE, L. J., DASKALAKIS, C. & WEIGEL,
R. J. (2005) GATA-3 Expression as a Predictor of Hormone Response
in Breast Cancer. Journal of the American College of Surgeons, 200,
705-710.

PENG, J. L., WU, S., ZHAO, X. P., WANG, M,, L1, W. H,, SHEN, X,, LIU, J.,
LEI, P, ZHU, H. F. & SHEN, G. X. (2007) Downregulation of
transferrin receptor surface expression by intracellular antibody.
Biochemical and Biophysical Research Communications, 354, 864-871.

361



PEROU, C., SORLIE, T., EISEN, M., RUUN, M,, JEFFREY, S., REES, C,,
POLLACK, J., ROSS, D., JOHNSEN, H., AKSLEN, L., FLUGE, O,
PERGAMENSCHIKOV, A., WILLIAMS, C., ZHU, S., LONNING, P.,
BORRESEN-DALE, A., BROWN, P. & BOTSTEIN, D. (2000)
Molecular portraits of human breast tumours. Nature, 406, 747 - 752.

PIETENPOL, J. A., PAPADOPOULOS, N., MARKOWITZ, S., WILLSON, J.
K. V., KINZLER, K. W. & VOGELSTEIN, B. (1994) Paradoxical
Inhibition of Solid Tumor Cell Growth by bcl2. Cancer Res, 54, 3714-
3717.

PINDER, S., ELLIS, 1., GALEA, M., OROUKE, S., BLAMEY, R. &
ELSTON, C. (1994) Pathological prognostic factors in breast cancer.
III. Vascular invasion: relationship with recurrence and survival in a
large study with long-term follow-up. Histopathology, 24, 41-47.

PONKA, P. & LOK, C. N. (1999) The transferrin receptor: role in health and
disease. The International Journal of Biochemistry & Cell Biology, 31,
1111-1137.

PORTER, P. L., BARLOW, W. E.,, YEH, I. T,, LIN, M. G,, YUAN, X. P. P,,
DONATO, E., SLEDGE, G. W., SHAPIRO, C. L., INGLE, J. N,,
HASKELL, C. M., ALBAIN, K. S., ROBERTS, J. M., LIVINGSTON,
R. B. & HAYES, D. F. (2006) p27(Kip1) and cyclin E expression and
breast cancer survival after treatment with adjuvant chemotherapy.
Journal of the National Cancer Institute, 98, 1723-1731.

POULSOM, R.,, HANBY, A. M. LALANI, E.-N.,, HAUSER, F,,
HOFFMANN, W. & STAMP, G. W. H. (1997) Intestinal trefoil factor
(TFF 3) and pS2 (TFF 1), but not spasmolytic polypeptide (TFF 2)
mRNAs are co-expressed in normal, hyperplastic, and neoplastic
human breast epithelium. The Journal of pathology, 183, 30-38.

PUSZTAI L., MAZOUNI, C., ANDERSON, K., WU, Y. & SYMMANS, W.
F. (2006) Molecular classification of breast cancer: Limitations and
potential. Oncologist, 11, 868-877.

PUTTI, T. C., ABD EL-REHIM, D. M., RAKHA, E. A,, PAISH, C. E., LEE,
A. H. S., PINDER, S. E. & ELLIS, I. O. (2005) Estrogen receptor-
negative breast carcinomas: a review of morphology and
immunophenotypical analysis. Modern Pathology, 18, 26-35.

RAJHANS, R., NAIR, H. B.,, NAIR, S. S., CORTEZ, V., IKUKO, K,
KIRMA, N. B,, ZHOU, D., HOLDEN, A. E,, BRANN, D. W., CHEN,

362



S., TEKMAL, R. R. & VADLAMUDI, R. K. (2008) Modulation of in
situ estrogen synthesis by proline-, glutamic acid-, and leucine-rich
protein-1: Potential estrogen receptor autocrine signaling loop in breast
cancer cells. Molecular Endocrinology, 22, 649-664.

RAJHANS, R,, NAIR, S., HOLDEN, A. H.,, KUMAR, R., TEKMAL, R. R. &
VADLAMUDI, R. K. (2007) Oncogenic potential of the nuclear
receptor coregulator proline-, glutamic acid-, leucine-rich protein
1/modulator of the nongenomic actions of the estrogen receptor. Cancer
Research, 67, 5505-5512.

RAKHA, E. EL-REHIM, D., PAISH, C., GREEN, A, LEE, A,
ROBERTSON, J.,, BLAMEY, R.,, MACMILLAN, D. & ELLIS, L
(2006) Basal phenotype identifies a poor prognostic subgroup of breast
cancer of clinical importance. Eur J Cancer, 42,3149 - 3156.

RAKHA, E. A, EL-SAYED, M. E., GREEN, A. R,, PAISH, E. C., POWE, D.
G., GEE, J., NICHOLSON, R. I, LEE, A. H. S., ROBERTSON, J. F.
R. & ELLIS, I. O. (2007) Biologic and clinical characteristics of breast
cancer with single hormone receptor-positive phenotype. Journal of
Clinical Oncology, 25,4772-4778.

RAKHA, E. A., ELSHEIKH, S. E., ALESKANDARANY, M. A, HABASHI,
H. 0., GREEN, A. R, POWE, D. G., EL-SAYED, M. E.,
BENHASOUNA, A., BRUNET, J. S., AKSLEN, L. A,, EVANS, A. ],
BLAMEY, R, REIS, J. S., FOULKES, W. D. & ELLIS, I. O. (2009)
Triple-Negative Breast Cancer: Distinguishing between Basal and
Nonbasal Subtypes. Clinical Cancer Research, 15,2302-2310.

RAMASWAMY, S., NAKAMURA, N., VAZQUEZ, F., BATT, D. B,
PERERA, S., ROBERTS, T. M. & SELLERS, W. R. (1999) Regulation
of G1 progression by the PTEN tumor suppressor protein is linked to
inhibition of the phosphatidylinositol 3-kinase/Akt pathway.
Proceedings of the National Academy of Sciences of the United States
of America, 96,2110-2115.

REIS-FILHO, J. S., MILANEZI, F., SIMPSON, P., FULFORD, L. G,
STEELE, D., NESLAND, J., PEREIRA, E., LAKHANI, S. R. &
SCHMITT, F. (2005) Are metaplastic breast carcinomas basal-like
tumours? Modern Pathology, 18, 48A-48A.

REIS, J. S. & LAKHANI, S. R. (2003) The diagnosis and management of pre-
invasive breast disease - Genetic alterations in pre-invasive lesions.
Breast Cancer Research, 5,313-319.

363



RHODES, D. R., ATEEQ, B., CAO, Q., TOMLINS, S. A., MEHRA, R,,
LAXMAN, B.,, KALYANA-SUNDARAM, S, LONIGRO, R. J.,
HELGESON, B. E., BHOJANI, M. S., REHEMTULLA, A., KLEER,
C. G, HAYES, D. F,, LUCAS, P. C.,, VARAMBALLY, S. &
CHINNAIYAN, A. M. (2009) AGTRI1 overexpression defines a subset
of breast cancer and confers sensitivity to losartan, an AGTRI
antagonist. Proceedings of the National Academy of Sciences of the
United States of America, 106, 10284-10289.

RIBIERAS, S., TOMASETTO, C. & RIO, M.-C. (1998) The pS2/TFF1 trefoil
factor, from basic research to clinical applications. Biochimica et
Biophysica Acta (BBA) - Reviews on Cancer, 1378, F61-F77.

ROMERO-RAMIREZ, L., CAO, H., NELSON, D., HAMMOND, E., LEE, A.-
H., YOSHIDA, H., MORI, K., GLIMCHER, L. H., DENKO, N. C,,
GIACCIA, A.J,, LE, Q.-T. & KOONG, A. C. (2004) XBP1 Is Essential
for Survival under Hypoxic Conditions and Is Required for Tumor
Growth. Cancer Res, 64, 5943-59417.

ROSEN, D. G., YANG, G., CAL K. Q., BAST, R. C., GERSHENSON, D. M.,
SILVA, E. G. & LIU, J. (2005) Subcellular Localization of p27kip1
Expression Predicts Poor Prognosis in Human Ovarian Cancer. Clinical
Cancer Research, 11, 632-637.

ROUZIER, R., PEROU, C. M., SYMMANS, W. F, IBRAHIM, N,
CRISTOFANILLI, M., ANDERSON, K., HESS, K. R., STEC, J,,
AYERS, M., WAGNER, P., MORANDI, P., FAN, C., RABIUL, I,
ROSS, J. S., HORTOBAGYI, G. N. & PUSZTAI, L. (2005) Breast
Cancer Molecular Subtypes Respond Differently to Preoperative
Chemotherapy. Clin Cancer Res, 11, 5678-5685.

RYSCHICH, E., HUSZTY, G., KNAEBEL, H. P., HARTEL, M., BUCHLER,
M. W. & SCHMIDT, J. (2004) Transferrin receptor is a marker of
malignant phenotype in human pancreatic cancer and in neuroendocrine
carcinoma of the pancreas. European Journal of Cancer, 40, 1418-
1422,

RZYMSKI, T. & HARRIS, A. L. (2007) The unfolded protein response and
integrated stress response to anoxia. Clinical Cancer Research, 13,

2537-2540.

SCHAIRER, C., LUBIN, J., TROISI, R., STURGEON, S., BRINTON, L. &
HOOVER, R. (2000) Menopausal Estrogen and Estrogen-Progestin
Replacement Therapy and Breast Cancer Risk. JA4MA, 283, 485-491.

364



SCHARDT, J. A.,, WEBER, D.,, EYHOLZER, M., MUELLER, B. U. &
PABST, T. (2009) Activation of the Unfolded Protein Response Is
Associated with Favorable Prognosis in Acute Myeloid Leukemia.
Clinical Cancer Research, 15,3834-3841.

SCHIFF, R., MASSARWEH, S., SHOU, J., BHARWANI, L., ARPINO, G.,
RIMAWI, M. & OSBORNE, C. (2005) Advanced concepts in estrogen
receptor biology and breast cancer endocrine resistance: implicated role
of growth factor signaling and estrogen receptor coregulators. Cancer
Chemotherapy and Pharmacology, 56, 10-20.

SCHURTER, B. T., KOH, S. S., CHEN, D., BUNICK, G. J.,, HARP, J. M,,
HANSON, B. L., HENSCHEN-EDMAN, A., MACKAY, D. R,
STALLCUP, M. R. & ASWAD, D. W. (2001) Methylation of Histone
H3 by Coactivator-Associated  Arginine  Methyltransferase
14€ Biochemistry, 40, 5747-5756.

SCRIVEN, P., COULSON, S., HAINES, R., BALASUBRAMANIAN, S.,
CROSS, S. & WYLD, L. (2009) Activation and clinical significance of
the unfolded protein response in breast cancer. British Journal of
Cancer, 101, 1692-1698.

SMYTH, G. K. (2004) Linear models and empirical bayes methods for
assessing differential expression in microarray experiments. Stat Appl
Genet Mol Biol, 3, Article3.

SORIA, D., GARIBALDI, J. M., AMBROG]I, F., GREEN, A. R., POWE, D.,
RAKHA, E., DOUGLAS MACMILLAN, R., BLAMEY, R. W,
BALL, G., LISBOA, P. J. G,, ETCHELLS, T. A., BORACCHI, P,
BIGANZOLL, E. & ELLIS, 1. O. (2010) A methodology to identify
consensus  classes from clustering algorithms applied to
immunohistochemical data from breast cancer patients. Computers in
Biology and Medicine, 40, 318-330.

SORLIE, T., PEROU, C., TIBSHIRANI, R., AAS, T. GEISLER, S,
JOHNSEN, H., HASTIE, T., EISEN, M., RIUUN, M., JEFFREY, S.,
THORSEN, T., QUIST, H., MATESE, J., BROWN, P., BOTSTEIN,
D., EYSTEIN LONNING, P. & BORRESEN-DALE, A. (2001) Gene
expression patterns of breast carcinomas distinguish tumor subclasses
with clinical implications. Proc Natl Acad Sci USA, 98, 10869 - 10874.

SORLIE, T., TIBSHIRANI, R., PARKER, J., HASTIE, T., MARRON, J.,
NOBEL, A., DENG, S., JOHNSEN, H., PESICH, R., GEISLER, S.,
DEMETER, J, PEROU, C., LONNING, P., BROWN, P,
BORRESEN-DALE, A. & BOTSTEIN, D. (2003) Repeated

365



observation of breast tumor subtypes in independent gene expression
data sets. Proc Natl Acad Sci USA, 100, 8418 - 8423.

SORLIE, T., WANG, Y. L., XIAOQ, C. L., JOHNSEN, H., NAUME, B,
SAMAHA, R. R. & BORRESEN-DALE, A. L. (2006) Distinct
molecular mechanisms underlying clinically relevant subtypes of breast
cancer: gene expression analyses across three different platforms. Bmc
Genomics, 7.

SOTIRIOU, C., NEO, S. Y., MCSHANE, L. M., KORN, E. L., LONG, P. M,,
JAZAERI, A., MARTIAT, P, FOX, S. B., HARRIS, A. L. & LIU, E.
T. (2003) Breast cancer classification and prognosis based on gene
expression profiles from a population-based study. Proceedings of the
National Academy of Sciences of the United States of America, 100,
10393-10398.

SOTIRIOU, C., WIRAPATI, P, LOI, S., HARRIS, A, FOX, S., SMEDS, J.,
NORDGREN, H., FARMER, P., PRAZ, V., HAIBE-KAINS, B,
DESMEDT, C., LARSIMONT, D., CARDOSO, F., PETERSE, H.,
NUYTEN, D., BUYSE, M., VAN DE VUJVER, M. J., BERGH, J.,
PICCART, M. & DELORENZI, M. (2006) Gene Expression Profiling
in Breast Cancer: Understanding the Molecular Basis of Histologic
Grade To Improve Prognosis. J. Natl. Cancer Inst., 98,262-272.

SPEISER, P., STOLZLECHNER, J., HAIDER, K., HEINZL, H., JAKESZ, R.,
PECHERSTORFER, M., ROSEN, H., SEVELDA, P. & ZEILLIGER,
R. (1994) PS2 PROTEIN STATUS FAILS TO BE AN
INDEPENDENT PROGNOSTIC FACTOR IN AN AVERAGE
BREAST-CANCER POPULATION. Anticancer Research, 14, 2125-
2130.

STAHL, M., DUKERS, P. F., KOPS, G. J. P. L., LENS, S. M. A,, COFFER, P.
J., BURGERING, B. M. T. & MEDEMA, R. H. (2002) The Forkhead
Transcription Factor FoxO Regulates Transcription of p27Kipl and
Bim in Response to IL-2. J Immunol, 168, 5024-5031.

STALLCUP, M. R., KIM, J. H,, TEYSSIER, C., LEE, Y.-H,, MA, H. &
CHEN, D. (2003) The roles of protein-protein interactions and protein
methylation in transcriptional activation by nuclear receptors and their
coactivators. The Journal of Steroid Biochemistry and Molecular
Biology, 85, 139-145.

STUART-HARRIS, R., CALDAS, C., PINDER, S. E. & PHAROAH, P.
(2008) Proliferation markers and survival in early breast cancer: A

366



systematic review and meta-analysis of 85 studies in 32,825 patients.
The Breast, 17, 323-334.

SUN, C.F,, WU, T. L., TSAO, K. C. & WU, J. T. (2001) Development of two
ELISA for estrogen and progesterone receptor with sufficient
sensitivity for fine needle aspirate and core biopsy. Journal of Clinical
Laboratory Analysis, 15, 138-143,

SUNTERS, A., FERNANDEZ DE MATTOS, S., STAHL, M., BROSENS, J.
J., ZOUMPOULIDOU, G., SAUNDERS, C. A, COFFER, P. J,
MEDEMA, R. H., COOMBES, R. C. & LAM, E. W. F. (2003) FoxO3a
Transcriptional Regulation of Bim Controls Apoptosis in Paclitaxel-
treated Breast Cancer Cell Lines. J Biol. Chem., 278, 49795-49805.

SUTHERLAND, R., DELIA, D., SCHNEIDER, C., NEWMAN, R,
KEMSHEAD, J. & GREAVES, M. (1981) Ubiquitous Cell-Surface
Glycoprotein on Tumor Cells is Proliferation-Associated Receptor for
Transferrin. Proceedings of the National Academy of Sciences, 78,
4515-4519.

TAKENO, S., NOGUCHI, T., KIKUCHI, R., UCHIDA, Y., YOKOYAMA, S.
& MULLER, W. (2002) Prognostic value of cyclin B1 in patients with
esophageal squamous cell carcinoma. Cancer, 94, 2874-2881.

TAYLOR, W. R. & STARK, G. R. (2001) Regulation of the G2/M transition
by p53. Oncogene, 20, 1803-1815.

THORAT, M. A., MARCHIO, C.,, MORIMIYA, A, SAVAGE, K,
NAKSHATRI, H., REIS-FILHO, J. S. & BADVE, S. (2008) Forkhead
box Al expression in breast cancer is associated with luminal subtype
and good prognosis. J Clin Pathol, 61, 327-332.

TIBSHIRANI, R., HASTIE, T., NARASIMHAN, B. & CHU, G. (2002)
Diagnosis of multiple cancer types by shrunken centroids of gene
expression. Proceedings of the National Academy of Sciences of the
United States of America, 99, 6567-6572.

TOMODA, K., KUBOTA, Y. & KATO, J.-Y. (1999) Degradation of the
cyclin-dependent-kinase inhibitor p27Kipl is instigated by Jabl.
Nature, 398, 160-165.

TONIK, S. E., SHINDELMAN, J. E. & SUSSMAN, H. H. (1986) Transferrin
Receptor Is Inversely Correlated with Estrogen-Receptor in Breast-
Cancer. Breast Cancer Research and Treatment, 7, 71-76.

367



TOTHOVA, Z., KOLLIPARA, R., HUNTLY, B. J., LEE, B. H,
CASTRILLON, D. H., CULLEN, D. E.,, MCDOWELL, E. P., LAZO-
KALLANIAN, S., WILLIAMS, 1. R., SEARS, C., ARMSTRONG, S.
A, PASSEGUE', E., DEPINHO, R. A. & GILLILAND, D. G. (2007)
FoxOs Are Critical Mediators of Hematopoietic Stem Cell Resistance
to Physiologic Oxidative Stress. Cell, 128, 325-339.

TRAUB, F., MENGEL, M., LUCK, H. J, KREIPE, H. H. & VON
WASIELEWSKI, R. (2006) Prognostic impact of Skp2 and p27 in
human breast cancer. Breast Cancer Research and Treatment, 99, 185-
191.

TROYANSKAYA, O., CANTOR, M., SHERLOCK, G., BROWN, P.,
HASTIE, T., TIBSHIRANI, R., BOTSTEIN, D. & ALTMAN, R. B.
(2001) Missing value estimation methods for DNA microarrays.
Bioinformatics, 17, 520-525.

TRUCHET, I, JOZAN, S., GUERRIN, M., MAZZOLINI, L., VIDAL, S. &
VALETTE, A. (2000) Interconnections between E2-Dependent
Regulation of Cell Cycle Progression and Apoptosis in MCF-7 Tumors
Growing on Nude Mice. Experimental Cell Research, 254, 241-248,

TSAIL K.-L., SUN, Y.-J.,, HUANG, C.-Y., YANG, J.-Y., HUNG, M.-C. &
HSIAO, C.-D. (2007) Crystal structure of the human FOXO3a-
DBD/DNA complex suggests the effects of post-translational
modification. Nucl. Acids Res., 35, 6984-6994.

TSUTSUI, S., OHNO, S., MURAKAM]I, S., KATAOKA, A., KINOSHITA, J.
& HACHITANDA, Y. (2002) EGFR, c-erbB2 and p53 protein in the
primary lesions and paired metastatic regional lymph nodes in breast
cancer. European Journal of Surgical Oncology, 28, 383-387.

USARY, J.,, LLACA, V., KARACA, G., PRESSWALA, S., KARACA, M.,
HE, X., LANGEROD, A., KARESEN, R,, OH, D. S., DRESSLER, L.
G., LONNING, P. E.,, STRAUSBERG, R. L., CHANOCK, S.,
BORRESEN-DALE, A.-L. & PEROU, C. M. (2004) Mutation of
GATA3 in human breast tumors. Oncogene, 23, 7669-7678.

VADLAMUDI, R. K., WANG, R. A,, MAZUMDAR, A., KIM, Y., SHIN, J.,
SAHIN, A. & KUMAR, R. (2001) Molecular cloning and
characterization of PELP1, a novel human coregulator of estrogen
receptor alpha. Journal of Biological Chemistry, 276, 38272-38279.

368



VAIL, M. E,, CHAISSON, M. L., THOMPSON, J. & FAUSTO, N. (2002)
Bcl-2 expression delays hepatocyte cell cycle progression during liver
regeneration. Oncogene, 21, 1548-1555.

VAIRO, G., SOOS, T. J., UPTON, T. M., ZALVIDE, J., DECAPRIO, J. A,,
EWEN, M. E,, KOFF, A. & ADAMS, J. M. (2000) Bcl-2 retards cell
cycle entry through p27(Kipl), pRB relative p130, and altered E2F
regulation. Molecular and Cellular Biology, 20, 4745-4753.

VAN'T VEER, L. J, DAl H. Y., VAN DE VUUVER, M. J, HE, Y. D. D,,
HART, A. A. M,, MAO, M,, PETERSE, H. L., VAN DER KOOY, K.,
MARTON, M. J, WITTEVEEN, A. T., SCHREIBER, G. J,
KERKHOVEN, R. M., ROBERTS, C., LINSLEY, P. S., BERNARDS,
R. & FRIEND, S. H. (2002) Gene expression profiling predicts clinical
outcome of breast cancer. Nature, 415, 530-536.

VARA, J. A. F., CASADO, E., DE CASTRO, J., CEJAS, P., BELDA-
INIESTA, C. & GONZALEZ-BARON, M. (2004) PI3K/Akt signalling
pathway and cancer. Cancer Treatment Reviews, 30, 193-204.

VILAR, M., MURILLO-CARRETERO, M., MIRA, H., MAGNUSSON, K.,
BESSET, V. & IBANEZ, C. F. (2006) Bex1, a novel interactor of the
p75 neurotrophin receptor, links neurotrophin signaling to the cell
cycle. Embo Journal, 25, 1219-1230.

VODUC, D., CHEANG, M. & NIELSEN, T. (2008) GATA-3 expression in
breast cancer has a strong association with estrogen receptor but lacks
independent prognostic value. Cancer Epidemiology Biomarkers &
Prevention, 17,365-373.

WANG, Z. C,, LIN, M., WEI, L.-J,, LI, C., MIRON, A., LODEIRO, G.,
HARRIS, L., RAMASWAMY, S., TANENBAUM, D. M,
MEYERSON, M., IGLEHART, J. D. & RICHARDSON, A. (2004)
Loss of Heterozygosity and Its Correlation with Expression Profiles in
Subclasses of Invasive Breast Cancers. Cancer Res, 64, 64-71.

WEBSTER, L. R, LEE, S.-F., RINGLAND, C., MOREY, A. L., HANBY, A.
M., MORGAN, G., BYTH, K., MOTE, P. A,, PROVAN, P. J,, ELLIS,
I. 0., GREEN, A. R., LAMOURY, G., RAVDIN, P.,, CLARKE, C. L.,
WARD, R. L., BALLEINE, R. L. & HAWKINS, N. J. (2008) Poor-
Prognosis Estrogen Receptor-Positive Breast Cancer Identified by
Histopathologic Subclassification. Clin Cancer Res, 14, 6625-6633.

369



WELIN, M., KOSINSKA, U., MIKKELSEN, N. E., CARNROT, C., ZHU, C.
Y., WANG, L. Y., ERIKSSON, S., MUNCH-PETERSEN, B. &
EKLUND, H. (2004) Structures of thymidine kinase 1 of human and
mycoplasmic origin. Proceedings of the National Academy of Sciences
of the United States of America, 101, 17970-17975.

WEST, M., BLANCHETTE, C., DRESSMAN, H., HUANG, E., ISHIDA, S.,
SPANG, R., ZUZAN, H., OLSON, J. A., JR, MARKS, J. R. &
NEVINS, J. R. (2001) Predicting the clinical status of human breast
cancer by using gene expression profiles. PNAS, 98, 11462-11467.

WILLIAMSON, E. A,, WOLF, L., OKELLY, J., BOSE, S., TANOSAKI, S. &
KOEFFLER, H. P. (2006) BRCA1 and FOXAI proteins coregulate the
expression of the cell cycle-dependent kinase inhibitor p27(Kipl).
Oncogene, 25, 1391-1399.

WILSON, C. A. & DERING, J. (2004) Recent translational research:
microarray expression profiling of breast cancer - beyond classification
and prognostic markers? Breast Cancer Research, 6, 192-200.

WILSON, K. S., ROBERTS, H., LEEK, R., HARRIS, A. L. & GERADTS, J.
(2002) Differential Gene Expression Patterns in HER2/neu-Positive and
-Negative Breast Cancer Cell Lines and Tissues. Am J Pathol, 161,
1171-1185.

WINTERS, Z. E.,, HUNT, N. C.,, BRADBURN, M. J, ROYDS, J. A,
TURLEY, H., HARRIS, A. L. & NORBURY, C. J. (2001) Subcellular
localisation of cyclin B, Cdc2 and p21WAF1/CIP1 in breast cancer:
association with prognosis. European Journal of Cancer, 37, 2405-
2412,

WOLF, I, BOSE, S., WILLIAMSON, E. A, MILLER, C. W., KARLAN, B.
Y. & KOEFFLER, H. P. (2007) FOXA1: Growth inhibitor and a
favorable prognostic factor in human breast cancer. International
Journal of Cancer, 120, 1013-1022.

WRBA, F., RITZINGER, E., REINER, A. & HOLZNER, J. H. (1986)
Transferrin Receptor (Trfr) Expression in Breast-Carcinoma and Its
Possible Relationship to Prognosis - an Immunohistochemical Study.
Virchows Archiv a-Pathological Anatomy and Histopathology, 410, 69-
73.

YAMAGUCHI N, ITO, E., AZUMA, S., HONMA, R., YANAGISAWA, Y.,
NISHIKAWA, A., KAWAMURA, M., IMAI J.,, TATSUTA, K,

370



INOUE, J. 1., SEMBA, K. & WATANABE, S. (2008) FoxAl as a
lineage-specific oncogene in luminal type breast cancer. Biochemical
and Biophysical Research Communications, 365, 711-717.

YAN, W., CAO, Q. J,, ARENAS, R. B.,, BENTLEY, B. & SHAO, R. (2010)
GATA3 Inhibits Breast Cancer Metastasis through the Reversal of
Epithelial-Mesenchymal Transition. Journal of Biological Chemistry,
285, 14042-14051.

YANG, D. C,, JIANG, X. P., ELLIOTT, R. L. & HEAD, J. F. (2001a)
Inhibition of growth of human breast carcinoma cells by an antisense
oligonucleotide targeted to the transferrin receptor gene. Anticancer
Research, 21,1777-1787.

YANG, D. C.,, WANG, F., ELLIOTT, R. L. & HEAD, J. F. (2001b)
Expression of transferrin receptor and ferritin H-chain mRNA are
associated with clinical and histopathological prognostic indicators in
breast cancer. Anticancer Research, 21, 541-549.

YANG, J.-Y., ZONG, C. S., XIA, W., YAMAGUCHI, H., DING, Q., XIE, X,
LANG, J.-Y., LAI, C.-C., CHANG, C.-J., HUANG, W.-C., HUANG,
H., KUO, H.-P., LEE, D.-F., LI, L.-Y., LIEN, H.-C., CHENG, X.,
CHANG, K.-J., HSIAO, C.-D., TSAI, F.-I., TSAI C.-H., SAHIN, A.
A., MULLER, W. J., MILLS, G. B, YU, D., HORTOBAGY]I, G. N. &
HUNG, M.-C. (2008) ERK promotes tumorigenesis by inhibiting
FOXO03a via MDM2-mediated degradation. Nat Cell Biol, 10, 138-148.

YANG, J. Y. & HUNG, M. C. (2009) A New Fork for Clinical Application:
Targeting Forkhead Transcription Factors in Cancer. Clinical Cancer
Research, 15, 752-757.

YIO, X., ZHANG, J.-Y., BABYATSKY, M., CHEN, A, LIN, J, FAN, Q.-X,,
WERTHER, J. L. & ITZKOWITZ, S. (2005) Trefoil factor family-3 is
associated with aggressive behavior of colon cancer cells. Clinical and
Experimental Metastasis, 22, 157-165.

YOSHIDA, H., MATSUI, T., YAMAMOTO, A., OKADA, T. & MORI, K.
(2001) XBP1 mRNA Is Induced by ATF6 and Spliced by IREl in
Response to ER Stress to Produce a Highly Active Transcription
Factor. Cell, 107, 881-891.

YOSHIDA, T., TANAKA, S., MOGI, A., SHITARA, Y. & KUWANO, H.
(2004) The clinical significance of Cyclin Bl and Weel expression in
non-small-cell lung cancer. Ann Oncol, 15,252-256.

371



YOU, H, YAMAMOTO, K. & MAK, T. W. (2006) Regulation of
transactivation-independent proapoptotic activity of p53 by FOXO3a.
Proceedings of the National Academy of Sciences of the United States
of America, 103, 9051-9056.

YOULE, R. J. & STRASSER, A. (2008) The BCL-2 protein family: opposing
activities that mediate cell death. Nar Rev Mol Cell Biol, 9, 47-59.

YUAN, J, YAN, R.,, KRAMER, A., ECKERDT, F., ROLLER, M,
KAUFMANN, M. & STREBHARDT, K. (2004) Cyclin B1 depletion
inhibits proliferation and induces apoptosis in human tumor cells.
Oncogene, 23, 5843-5852.

ZHANG, F., LI, H., PENDLETON, A. R., ROBISON, J. G.,, MONSON, K. O.,
MURRAY, B. K. & ONEILL, K. L. (2001) Thymidine kinasec 1
immunoassay: A potential marker for breast cancer. Cancer Detection
and Prevention, 25, 8-15.

ZHIVOTOVSKY, B. & KROEMER, G. (2004) Apoptosis and genomic
instability. Nat Rev Mol Cell Biol, 5,752-762.

ZIMPFER, A., SCHONBERG, S., LUGLI, A., AGOSTINELLI, C., PILERI,
S. A, WENT, P. & DIRNHOFER, S. (2007) Construction and
validation of a bone marrow tissue microarray. Journal of Clinical
Pathology, 60, 57-61.

Z0U, Y., TSAIL, W.-B., CHENG, C.-]J., HSU, C., CHUNG, Y., LI, P.-C,, LIN,
S.-H. & HU, M. (2008) Forkhead box transcription factor FOXO3a
suppresses estrogen-dependent breast cancer cell proliferation and
tumorigenesis. Breast Cancer Research, 10, R21.

372



10 Appendix

373



Histogram

Frequency

3

o

FOXA1 HScore

374



6007

-
O
S 400
b=
o
o
[T

200

0 T =9 . (i J
100 200 300 400
GATA3 Hscore

375



Frequency

4007

300

2007

1007

—

100 200

TFF3 Hscore

376



Frequency

250

200

S

-
o
9

S

T T
100 200 300
TFF1 Hscore

377



Frequency

50077

400
300 |
200 M
100 i
: TCIM\JTM H
0 100 200 300

BEX1 Hscore

378



200
150
)
Q
=
S
g 100
m —
7/_\%
/| N
50 q
0 T ' T T T
0 100 200 300
CARM1 Hscore

379



Frequency

2507

2007

-
(o))
i

1007

50

100

-l
200
PELP1 Hscore

300

|
400

380



Frequency

500

400

g

N
(=4
T

100

P e |

100

]
200
CD71 Hscore

|
300

|
400

381



250

200
)
2 150 -
Q
-
o
o
% 100 a
N
50 / N
' ' L \\
0 T T I:'
100 200 300

AGTR1 Hscore

382



600

4007

Frequency

200

20 40 60 80 100

Nuclear FOX03a %

120

383



|
120

90

60

TK1 Percentage

2507

2007

|
o
w
~—

Aosuanbaiag

|
o
o
—

2

384



Frequency

600

400
200
0 I . r% ’ ] T
100 200 300 400

Cyclin B1 Hscore

385



=

400

3007

|
o
o

N
Aduanbaig

100

120

90

60

BCL2 %

30

386



—

200 300 400

p27 Hscore

100

/—

5007

4007

1007

387



