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Abstract

Abstract
Introduction: Aromatase Inhibitors (AI) are the gold-standard treatment of
postmenopausal breast cancer. They inhibit the conversion of androgens
to estrone by CYP19 thereby blocking ligand-dependent activation of the
estrogen receptor (ER).

Research from our lab has identified the

homeobox protein, HOXC11, as an indicator of poor response to
endocrine therapy and metastases development [1].

We aim to

investigate the role of the HOXC11 target gene prosaposin (PSAP) in
aromatase inhibitor resistance and assess the impact of PSAP and
androgen receptor (AR) on clinical outcome.
Methods: RNA-sequencing was performed to identify HOXC11 target
genes in endocrine-resistant breast cancer. Molecular biology techniques
were used to validate these findings. Statistical analysis (STATA10) was
used to ascertain the impact of these genes on survival rates in a cohort of
breast cancer patients (n = 488).
Results: PSAP was shown to be the most significant target gene
regulated by HOXC11. PSAP up-regulates AR protein expression. Downregulation of AR reduced cell proliferation and motility in AI resistant cells.
Treatment with a recombinant PSAP protein (rhPSAP) increased cell
migration and invasion. Survival analysis of breast cancer patients (n =
488) showed that the intensity of AR IHC staining (> score 1) was found to
inversely associate with recurrence (**p<0.001) but this association was
lost when stratified to patients expressing strong intensity AR IHC staining
(score 3). BEZ235, a PI3K/mTOR inhbitor has potential in inhibiting AI
resistant cells with high AR expression.
Conclusion: HOXC11 up-regulates PSAP which promotes AR expression
in AI resistance.

This elucidates a novel mechanism enabling tumour

utilisation of androgens for cell proliferation.

AR expression is usually

associated with good survival in breast cancer; however, in the AI treated
population this is not the case. Thus, AR antagonists could have efficacy
in treating refractory disease either alone or in combination with
PI3K/mTOR inhibitors with serum secreted PSAP as potential indicator for
the development of endocrine resistance and as a predictor of poor DFS.
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1.1 Brief history of breast cancer
The ancient Egyptians first reported breast cancer over 3500 years ago. It
was described as ‘bulging tumours’ of the breast which had limited
medical treatment [2]. Over the centuries many different theories were
proposed on the cause and mechanisms of breast cancer formation.
These have ranged from the excess of black bile, lack of breastfeeding,
lymphatic formation of tumours, repeated trauma and was even thought to
be an infectious disease if more than one family member was affected by
breast cancer in a household [3].
With regard to cancer survival, it was a Hippocratic and Galenic belief that
there is no point in treatment as the disease was inevitably incurable [3].
This belief continued on into the 19th century until William Morton
developed anesthesia in 1846. Forty years later, it led to the first radical
mastectomy performed by William Stewart Halsted from Johns Hopkins
University who believed that cancer could be successfully treated if the
tumour was removed with clear margins of normal adjacent tissue. This
was the mainstay for breast cancer treatment for almost a century [4].
1.1.1 Breast cancer statistics

Worldwide Incidence and Mortality of Cancers in Women
60

Rates (%)

50
Incidence

40

Mortality

30
20
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Breast

Colorectum

Lung

Cervix

Stomach

Other
cancers

Cancer Type

Figure 1.1: Statistics of cancer incidence and mortality in women
worldwide.
Breast cancer has the highest incidence and mortality rates among
women compared to other types of cancer [5], [6].

30

General Introduction
Breast cancer has the highest incidence and mortality rate among all
cancers in women worldwide (as seen in Figure 1.1) [5], [6]. The majority
of breast cancer patients are diagnosed within the age range of 50-65 with
the median age of 61. These patients fall into the postmenopausal group
while only about 20% of breast cancers are in the premenopausal group of
patients [7]. In the latest update of worldwide statistics by the International
Agency for Research on Cancer, GLOBOCAN 2012, around 1.67 million
breast cancer cases (25% of all cancers) were diagnosed worldwide in
2012 with a mortality toll of over 500,000 cases [8]. Approximately 10% of
women in United Kingdom (U.K.) and Ireland are at risk of breast cancer
based on an incidence rate of more than 55,000 cases and a mortality rate
of about 12,300 cases (22% of the total diagnosed) in 2012 [9],[10]. In
2014 alone, the number of estimated new cases of breast cancer in United
States (U.S.) is almost 250,000 cases (29% of all cancers) with estimated
deaths from cancer of about 40,000 cases (26% of all cancers) in females
[11]. In Ireland, breast cancer has an incidence of around 2,883 cases per
year with mortality in 711 cases per year (calculated between 2011-2013).
It is the most common cancer diagnosed (highest incidence in the 50-64
age group) and the second most common cause of invasive cancer death
among women in Ireland [12].
In light of these statistics, breast cancer screening has become more
prevalent in Ireland and worldwide as the prevention or early diagnosis is
a key aspect in the management of breast cancer. With the introduction of
mammographic screening, the mortality rates have dropped by 20% due
to early detection and treatment. The age range of mammography
screening in Ireland was previously between 50-64 years old [13].
However, this has recently been extended to include women ages 50-69
with screening mammograms performed every two years [14]. A similar
age range is also used as a screening guideline in other European
countries, which varies between the ages of 50-69 [15]. This age range
differs worldwide due to the varying distribution of demographic and risk
factors. For instance, in the U.K., the breast cancer screening age range
is wider as it is offered to women between 47-73 years of age, at 3 year
intervals [16]. In the U.S., the breast cancer screening guideline has been
31

PhD Thesis – Azlena Ali Beegan
amended from women being screened annually above the age of 40
(based on the American Cancer Society guidelines) to currently screening
women between the ages 50-74 at 2 year intervals as per the U.S.
Preventative Service Task Force recommendations [17]. Despite these
varying breast cancer screening guidelines, the main aim is for prevention
and early diagnosis as breast cancer is a major issue that needs to be
addressed. Regardless of current treatment options available for breast
cancer, these worrying statistics imply the need for new breast cancer
treatments to prevent and overcome resistance in breast cancer in order
to prolong cancer free survival in patients.
1.1.2 Breast cancer epidemiology and risk factors
Breast cancer may be caused by factors that are modifiable via lifestyle
changes and those that are fixed and unalterable. Among the factors that
cannot be modified include gender, age, age at menarche and
menopause, ethnic background, inherited genetic mutations, previous
history of breast cancer, family history of breast cancer and high levels of
endogenous hormones such as estrogen and testosterone which may be
linked to certain other diseases [18], [19] (listed in Table 1.1). Females
have the highest risk of developing breast cancer and this is followed by
the increased age of the woman as breast cancers occur largely in the
postmenopausal group [18], [19] .

Those women with early age of

menarche and late onset of menopause also carry a higher risk, as the
exposure to reproductive hormones is longer in this group. This risk is
similar to patients who have long-term exposure to exogenous hormones
such as the oral contraceptive pill (OCP) and the hormone replacement
therapy (HRT) with the difference being age of menarche and menopause
as a non-modifiable risk factor [19].
Another important group of risk factors are a family history of breast
cancer, previous history of breast cancer and inherited genetic mutations.
The risk increases substantially with the number of relatives affected by
breast cancer especially those with first-degree relative associations [18].
The inherited genetic mutations such as the Breast cancer type 1
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susceptibility protein (BRCA1) and Breast cancer type 2 susceptibility
protein (BRCA2) mutations account for about 10% of breast cancers with
BRCA1 posing a higher risk for developing breast cancer when compared
to BRCA2 mutation [18]. Although these risks are non-modifiable, it is
important that the patient and clinician are aware of these risks and that
certain measures may be taken to avoid increasing the risk or worsening
of the outcome. Patients must be made aware of preventative measures
such as early detection of breast cancer via regular breast examinations
and mammographic screening as well as avoiding the addition of
unnecessary risk factors that can be modified [18], [19].
Modifiable risks include age at first pregnancy, smoking, obesity,
breastfeeding history, use of hormone therapies such as HRT, and OCP,
and excess alcohol consumption [18], [19] (listed in Table 1.1). Women
who have never given birth or were at a late age during their first
pregnancy (above the age of 30) are at a higher risk of breast cancer.
This rationale is believed to be due to the maturing and rapid proliferation
of breast cells that occur during pregnancy as it is preparing the breasts
for lactation. This process cuases the breast cells to be well differentiated.
However, despite having children, women who have their first child at a
later age, are still in the higher risk group as the duration between the
menarche and pregnancy may lead to deoxyribonucleic acid (DNA)
mutations. Other studies have reported that women who have an early
pregnancy with their first child and have more than one child within a short
duration between each pregnancy have a lower risk of breast cancer [19].
Breastfeeding is another important factor that may be modified as advice
may be given to pregnant women to promote its benefits. Although a
woman may be multiparous, their risk of breast cancer may still be present
if they do not practice breastfeeding post-partum [18], [19].
Lifestyle factors such as obesity, alcohol consumption, lack of exercise
and smoking may also contribute to breast cancer risk. These factors may
be related to the imbalance in endogenous hormones. Women who are
obese and those with high daily alcohol intake are exposed to higher
levels of unbound serum estrogen, in contrast to women who have an
active lifestyle, who have less available estrogen for binding. This is a
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particularly important modifiable risk in premenopausal women [19].
Similarly, the imbalance of hormones can also be caused by oral hormone
therapy such as the use of OCP and HRT in premenopausal and
postmenopausal

women.

Some

scholars

postulate

that

in

postmenopausal women, the use of combined HRT and existing high
intrinsic levels of postmenopausal estrogen and androgen hormones may
contribute to the increased duration of excess hormone exposure; hence,
may increase the risk of hormone-dependent cancers [19], [20]. However,
some say that the estrogen-only HRT does not increase breast cancer risk
[21], [22]. Other experts say that in premenopausal women, OCP may
predispose them to developing breast cancer especially if they have preexisting non-modifiable risks factors and are exposed to other modifiable
risks in addition to their OCP use [18], [19]. When at all possible, risk
factors that can be modified should be altered or avoided in certain women
who are deemed high risk for breast cancer.
Table 1.1: Modifiable and non-modifiable risk factors associated with
breast cancer.
Although there are risks in breast cancer that can be modified, there are
still a large number of risks that cannot be controlled. Reducing the
modifiable factors will aid in reducing the unnecessary risk of breast
cancer [18], [19]. (BRCA1/2: Breast cancer type 1/2 susceptibility protein;
OCP: Oral contraceptive pill; HRT: Hormone replacement therapy).

NON-MODIFIABLE

MODIFIABLE

Female gender; Age

Age at first pregnancy

Age at menarche / Age at menopause

Nulliparity

Ethnic background

Smoking

Inherited genetic mutations (e.g. BRCA1,

Obesity

BRCA2)

Breastfeeding history

Past history of breast cancer

OCP

Family history of breast cancer

HRT

High levels endogenous hormones (e.g.

Excess alcohol consumption

estrogen, testosterone)
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1.2 Breast cancer classification
1.2.1 Tumour type
Breast cancer can be classified into different subtypes based on hormone
receptor positivity, grade and stage. This gives clinicians an overview of
the clinicopathological markers that may give an indication of the overall
prognosis [23]. The most common type of breast cancer is invasive ductal
carcinoma (IDC). This accounts for up to 80% of breast cancers [24]. It
affects the breast ducts and spreads into adjacent adipose tissue of the
breast [24]. Another less common type of breast cancer is invasive lobular
carcinoma (ILC). The lobules of the breast are affected and the tumour is
not confined to this as it can also spread. Both IDC and ILC types of
cancers can eventually metastasise via the blood or lymph systems [24].
Pre-malignant tumours that also arise from the milk system of the breast
are ductal carcinoma in situ (DCIS) and lobular carcinoma in situ (LCIS).
Unlike, IDC and ILC type tumours, DCIS and LCIS have not yet
progressed into adjacent tissue and may not have the potential to do so,
although, some of these tumours may also eventually progress into an
invasive subtype [23]. Some of the other less common subtypes of breast
cancer are medullary, adenoid cystic, acinic cell, tubular, invasive
cribiform, apocrine, inflammatory breast cancer, Paget’s disease of the
nipple, phyllodes tumour and angiosarcoma [25], [26].
1.2.2 Tumour receptor status
Classification of the types of breast cancer can also be specified into
molecular classes based on protein expression or via gene expression
subsets. There are four intrinsic subtypes of breast cancer consisting of
luminal A, luminal B, human epidermal growth factor receptor 2 (HER2)enriched and basal-like tumours [27], [28], [29]. These intrinsic subtypes
were classified using the immunohistochemical (IHC) receptor status (e.g.
estrogen receptor (ER), progesterone receptor (PR), HER2) and the
Prediction Analysis of Microarray of 50 gene expression classifier
(PAM50) to create the intrisic subtype models of breast cancer
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(summarised in Table 1.2) [29], [30], [31]. Another group identified that a
similar phenotype to basal-like tumours is the triple negative breast cancer
subtype which is ER, PR and HER2 negative [29], [32]. Triple negative
tumours

are

further

divided

into

basal-like

(BL1

and

BL2),

immunomodulatory, mesenchymal, mesenchymal stem–like, and luminal
androgen receptor (LAR) subtype [33].
The luminal tumours are composed of two groups, which are luminal A
and luminal B tumours. These are the most common types of tumours
(~60% of total breast cancers) and are ER positive with or without tumour
expression of PR or HER2 [27], [28]. The patients with the luminal tumour
types tend to have better prognosis and are more sensitive to hormone
therapy. The luminal A tumours are less aggressive and has a lower
tumour grade compared to luminal B [27], [28], [29] (summarised in Table
1.2). Another tumour type with good patient survival rates are the normaltype tumours which are the least common type of breast cancer [27], [28],
[34].
The last two intrinsic subtypes of breast cancer are the HER2-enriched
and basal-like tumours. These tumours have poorer prognosis and are far
more aggressive than the luminal-types [27], [28]. Most of the HER2enriched tumours have no expression of ER and PR and tend to occur
more frequently in premenopausal women, often as a more advanced
tumour phenotype [27], [28]. Monoclonal antibody therapy targeting HER2
(trastuzumab) has been shown to be effective as an adjuvant treatment for
these patients (unless there is co-occuring ER protein expression which
would appropriate a treatment combination with hormonal therapy) [27],
[28], [34] (summarised in Table 1.2). The basal-like including the triple
negative tumours are ER, PR, and HER2 negative [27], [28].

They

comprise of the most aggressive tumours with poor disease free survival
(DFS) and high patient mortality rates due to the nature of the tumour and
limited treatment options [27], [28], [34] (summarised in Table 1.2). Some
genetic mutations may also play a role in the aggressive nature of the
HER2 and basal-like tumours such as p53 and BRCA1 mutations [34].
Another subtype of breast cancer is the triple negative/AR positive or LAR
subtypes, also known as apocrine tumours [33].
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carried out on the LAR subtypes in attempt to find a suitable treatment
option such as the use of an AR antagonist [33].
A large genomic and transcriptomic study of 2000 breast cancers
identified ten integrative clustering subtypes of breast cancer [35]. These
integrative clusters were identified from groups of genetic mutations
observed in a cohort of ER positive tumours from a group of 2000 patient
samples [35]. The same research group is currently developing a method
to translate these subtypes into the clinical setting including detection via
IHC techniques, as well as developing gene expression and mutation
profiles, to create a more patient-tailored treatment of breast cancer [35].
Table 1.2: Intrinsic subtypes (PAM50 gene set) of breast cancers and
recommended therapies.
The intrinsic subtypes can be categorised by incidence rates and receptor
status (ER, PR or HER2-enriched) as well as the basal-like tumours [36],
[37]. This can determine the appropriate targeted treatments that are
suitable for breast cancer patients [34], [36], [37].

(HER2: Human

epidermal growth factor receptor 2; ER: Estrogen receptor; PR:
Progesterone receptor; Ki-67: Antigen Ki67 proliferation marker; (+):
Positive; (-): Negative). (Table adapted from Kato et al., 2014 [37] and
Goldhirsch et al., 2011 [36]).
Clinicopathological
criteria

Subtype
Luminal A
HER2 (-)
Luminal B
HER2 (+)

•
•
•
•
•
•
•
•
•

ER and/or PR (+)
HER2 (-)
Ki-67 low
ER and/or PR (+)
HER2 (-)
Ki-67 high
ER and/or PR (+)
HER2 (+)
Ki-67 high/low

Recommended
Therapies
Endocrine therapy
Endocrine +/- Cytotoxic
therapy
Endocrine + Anti-HER2 +
Cytotoxic therapy

HER2-enriched

• HER2 (+)
• ER and PR (-)

Anti-HER2 + Cytotoxic
therapy

Triple negative

• ER and PR (-)
• HER2 (-)

Cytotoxic therapy
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1.2.3 Tumour grade
The aggressiveness of a tumour is also classified based on the grade of
the tumour.

Breast cancer can be divided into three overall grades

calculated based on the observed appearance of nuclear pleomorphism,
tubule formation and mitotic count of the cells [36]. The total from each
category is added up to give a score of 3-9 corresponding to the overall
grade of 1,2 or 3 following the scoring system [36]. The lowest grade is
grade 1 and the cells in this category are well differentiated with slow
tumour proliferation. Grade 3 is the group of cells with poorest
differentiation and has the worst prognosis compared to the other two
grades along with a higher potential for tumour progression and
metastases. Grade 2 tumours are moderately differentiated with poorer
prognosis compared to Grade 1 [36]. Tumour grades can help aid in the
decision of best treatment options [36].
1.2.4 Tumour stage (TNM Classification)
While tumour grading is focused on the cell division rate, staging of a
tumour gives a broader description of the overall tumour and its extent at
local and distant sites [37]. The recommended staging system by the
American Joint Committee on Cancer (AJCC) is the TNM Classification of
Malignant Tumours (TNM), which comprises of a scoring system based on
primary tumour size, regional lymph node involvement and distant site
involvement or metastases that is then divided into different levels of
tumour involvement respectively [37].
In relation to breast cancer, the tumour size (T) is divided into TX
(inadequate information available), T0 (no tumour identified), Tis (in situ
tumour) or T1-T4 based on the increasing size of the tumour and the
involvement of adjacent tissue at the local site of the primary tumour
respectively [37], [38]. Nodal involvement (N) is limited to the regional
lymph nodes to which the primary breast tumour is adjacent to and the
lymphatic system it drains into. This includes the axilla, internal mammary
and supraclavicular lymph nodes [37], [38]. It is divided into NX
(inadequate information available), N0 (no nodal involvement) or N1-N3
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depending on the extent of nodal involvement [37], [38]. Finally, the last
category taken into consideration for staging is distant site involvement or
metastases (M) [37], [38]. This includes the spread of the tumour beyond
its primary site to other sites including distant lymph nodes and distant
organs. It is divided into M0 (no distant spread of tumour) or M1 [37], [38].
The most common metastatic organ sites for breast cancer are bone, lung
and liver. It can also metastasise to the gastrointestinal system, ovaries
and brain [39]. The TNM classification is then categorised into broader
stages from 0-IV [39] (summarised in Table 1.3).
The importance of determining the classification of breast cancer is to give
a better understanding of the progression of the tumour, patient prognosis
and to determine the most appropriate treatment. This will allow for a more
patient-tailored treatment that will be more beneficial to patient survival
[39].
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Table 1.3: Staging system by the American Joint Committee on
Cancer (AJCC), the TNM Classification of Malignant Tumours (TNM)
for breast cancers.
TNM staging system for breast cancer is based on a scoring system
depending on the primary breast tumour size, regional lymph node
involvement and distant site involvement or metastases which is further
divided into different levels of tumour involvement respectively [37], [38],
[39].

(*T1 includes T1mi; T: Tumour, N: Node; M: Metastases; mi:

Micrometastases; Tis: Carcinoma in situ). (Table adapted from AJCC 7th
Edition Staging Posters, 2009 [38]).

Anatomic stage/Prognostic groups
Stage 0

Tis

N0

M0

Stage IA

T1*

N0

M0

T0

N1mi

M0

T1*

N1mi

M0

T0

N1

M0

T1*

N1

M0

T2

N0

M0

T2

N1

M0

T3

N0

M0

T0

N2

M0

T1*

N2

M0

T2

N2

M0

T3

N1

M0

T3

N2

M0

T4

N0

M0

T4

N1

M0

T4

N2

M0

Stage IIIC

Any T

N3

M0

Stage IV

Any T

Any N

M1

Stage IB

Stage IIA

Stage IIB

Stage IIIA

Stage IIIB
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1.3 Tumour progression and metastasis
Although surgical treatment was the best practice at the start of the 19th
century, patients were still succumbing to recurrent cancer as well as
metastatic spread to other organs.

Cancer progression was a special

interest of Stephen Paget, an English surgeon, who hypothesised that a
primary cancer cell can spread like ‘seeds’ through the blood stream to
other distant sites in the body; hence, introducing the concept of
metastases [4]. This led to the realisation that perhaps the theory of solely
excising the primary tumour and surrounding tissues without further
adjuvant treatment is inadequate and further research was warranted into
discovering the various mechanisms by which breast cancer can adapt
and spread [4].
To tailor a specific treatment, the degree of aggressiveness and metastatic
potential of a tumour must be understood. Tumour cells originate from
healthy cells that are intrinsically altered or from acquired resistance
causing accelerated cell proliferation with no apoptotic feedback [39], [40].
These abnormal tumour cells then proceed to invade surrounding
structures such as tissue, the circulatory system and lymphatic vessels
[39]. Metastasis occurs in breast cancer when tumour cells disseminate
from the primary tumour via adjacent vessels or lymph systems into
distant tissues and successfully forms secondary tumour deposits [39],
[40]. This metastatic process is described in a review of breast cancer
metastatic models and markers published by Weiglt et al. where they
describe models of metastatic mechanism [39].
As discussed previously, clinicopathological factors have been established
to play an important role in patient prognosis and treatment [38]. However,
the role of the molecular factors involved in breast cancer progression are
now being extensively researched and further elucidated to identify
various pathways and genes that have potential as targets for more
personalised treatments [39].
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1.3.1 Clonal expansion
The models of mechanisms of metastasis include the ‘traditional model of
metastatic cascade’, ‘spontaneous metastases’, ‘dynamic heterogeneity’,
‘clonal dominance’ and the ‘genometastasis hypothesis’ [39].

The

‘traditional model of metastatic cascade’ introduced the theory of
metastases based on in vivo mice experiments, whereby the potential for
metastases occurs only in a variant of cells in the primary tumour at an
advanced tumour stage and only those mutated cells were able to
disseminate [41]. The ‘spontaneous metastases assays’ suggested that
every cell in a tumour as a group has metastatic potential instead of the
individual cells themselves [42].

Another model is the ‘dynamic

heterogeneity’ theory, whereby the tumour has a higher chance to
metastasise depending on the number and rate of cells that have
accelerated abnormal proliferation [43].

The ‘clonal dominance’ theory

hypothesised that a number of cells may have the potential for
metastases. However, instead of the individual cells proliferating at an
advanced rate and disseminating, the entire group of cells that make up
the tumour is affected by the abnormal progression and converts into more
aggressive metastatic phenotypes [44]. The ‘genometastasis hypothesis’
described how tumour cells DNA spread to distant organs along with
specific breast oncogenes via the blood stream [45].
There are also other studies supporting the theories of metastasis in
breast cancer from clonal expansion. Among them is the gene expression
profiling model which identified that specific cells in early tumourigenesis
may have the potential to metastasise and were prone to poorer prognosis
[39], [46]. Another profiling test was able to distinguish poor prognostic
cells and identify their preferred metastatic site [47]. Furthermore, another
finding was that perhaps the breast cancer stem cells were responsible for
the accelerated tumourigenesis [39].
The breast stem cell theory led to the integrative metastatic model that is
also based on gene expression profiling [46]. From this study 70 genes
were identified to be associated with metastatic potential [46], [48]. This
method of identifying tumours with metastatic potential was patented and
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marketed

as

MammaPrint

(Agendia,

Irvine,

California,

U.S.

and

Amsterdam, The Netherlands), which is a test that can be applied to fresh
frozen tumour samples to explore gene profiles of the 70 gene signature
associated with poor prognosis and metastases [49], [50]. This test is able
to determine patients who are at low-risk or high-risk of developing distant
metastases and those that may benefit from adjuvant chemotherapy [48].
Another method of gene-expression profiling that has been widely used is
Oncotype DX (Genomic Health, Redwood City, California, U.S.) which
differs

from

MammaPrint

(Agendia,

Irvine,

California,

U.S.

and

Amsterdam, The Netherlands) as it looks at the expression profile of 21
genes from the Ribonucleic acid (RNA) obtained from paraffin embedded
breast cancer tissue [51], [52]. This test is suitable for patients with early
stage breast cancer that are lymph node negative and hormone-receptor
positive [51], [52]. A recurrence score is generated based on the genes
expressed and categorises the patients into low, intermediate and high
risk groups that may have a risk of recurrence within 10 years [51], [52]. It
also allows clinicians to determine patients who may benefit from adjuvant
chemotherapy [53], [54], [55].
1.3.2 Epithelial-mesenchymal transition (EMT)
A review conducted by Cowin and Welch gave an overview of a number of
molecular mechanisms that may play a role in elucidating the intrinsic
cellular

processes

associated

with

tumuorigenesis

[40].

Some

researchers believed that epithelial-mesenchymal transition (EMT) is
responsible for the altered phenotype of specific cells leading to abnormal
growth of cells prone to migration [40]. Although it was thought that this
theory was too general, the discovery that the loss or suppression of a
tumour suppressor protein (the E-cadherin gene) by repressor genes such
as Snail and TWIST, may be responsible for the aggressive breast cancer
tumour phenotype [40], [56]. Subsequent studies, have investigated other
genes related to cadherin such as amplified in breast cancer 1 (AIB1),
signal transducer and activator of transcription (STAT) and epidermal
growth factor receptor (EGFR) [40], [57]. They postulated that perhaps
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tumourigenesis was more likely due to cadherin modulation rather than
suppression [40], [57].

Research into up-regulation of N-cadherin

accompanying fibroblast growth factor receptor 2 (FGFR2) signalling has
also been explored in relation to cell migration [40], [58], [59].
1.3.3 Cell junction disruption
A number of other factors were discovered to be responsible for
accelerated cell motility and distant metastases [60]. Integrins were found
to be strong promoters of cell migration by disrupting factors controlling
cell-cell adhesion, making the tumour cells more motile and promoting
distant dissemination [61].

The association between the extracellular

matrix and the actin cytoskeleton formed by integrins allows the cell to
develop into a more motile structure by breaking bonds between cell
adhesions and junctions and allowing the cells to migrate [61].

The

interaction between integrins and cell growth factors supports the concept
of chemotaxis, whereby it allows the cell to become more aggressive and
metastasise [40].

These cell signalling networks such as the protein

tyrosine kinases (PTKs) and G-coupled protein receptors (GPRs) may
activate downstream signalling pathways and cause phosphorylation of
proteins that affect normal cell adhesion, organisation and induce cell
migratory properties [60], [61].

1.4 Breast cancer surgical advancements
The Romans considered that breast cancer could be cured by removing
the tumour via surgical excision of visible tumour and its extensions [62].
In the 16th century, Ambroise Paré, realised the significance of axillary
lymph nodes in the spread of breast cancer and advised that it should be
removed along with the breast tumour tissue [63].

In the early 18th

century, the recognition that a more localised surgical approach was
feasible in the surgical excision of breast tumours led to the early method
of breast conserving surgery [64]. This was first advocated by a French
surgeon, Jean Louis Petit, whereby he removed the affected breast tissue
that contained tumour with clear margins and preserved the rest of the
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breast while also removing any other part of the chest wall that may have
tumour including affected axillary lymph nodes [64].
In 1882, an American surgeon, William Halsted, performed the first radical
mastectomy [65]. His surgical technique involved the removal of the entire
breast that contains the tumour, complete axillary lymph node dissection
and removal of the pectoralis muscle and fascia. He then covered the
defect with a skin graft harvested from the patient’s thigh [65]. At the time,
this was considered a successful surgery despite the aggressive manner
in which the breast tumour was removed even in patients who had early
disease without axillary node involvement [65].

In 1977, Cushman

Haagensen, reviewed the procedures described in Halsted’s technique as
well as the patient outcomes [66]. He decided that although the radical
mastectomy was a successful procedure, this extensive surgery may not
be indicated in all types of breast cancer. He suggested that the surgeons
should review each patient as an individual case and determine the extent
of the tumour using the TNM Classification instead of performing a radical
mastectomy for every case [66]. This led to the belief that perhaps a more
breast-conserving surgery for breast cancer may be achieved in certain
cases [66].
Throughout the 20th century, a number of surgical techniques were
explored in the treatment of breast cancer. This ranged from the extended
radical mastectomy, simple mastectomy, modified radical mastectomy and
finally to the more breast conserving methods [67], [68], [69].

Breast

surgeons were starting to see no added benefit in relation to patient
survival rates with radical surgery specifically in early breast cancer. Also,
with the discovery of radiation therapy, more breast conserving surgery
was possible in certain patients [69]. Lumpectomy or wide local excision
of the breast lump is a more conservative type of breast surgery that has
been widely used especially in earlier stages of breast cancer [70], [71].
Results from trials conducted in the late 1990s showed that there was no
added benefit from complete mastectomy in such patients [70], [71]. This
was in part due to newer detection techniques such as mammography and
ultrasonography with or without biopsy of tumour [72]. These imaging
modalities allowed for earlier detection and better classification of the
45

PhD Thesis – Azlena Ali Beegan
extent of disease in breast cancer patients; hence, the most suitable type
of breast surgery was able to be determined, preventing unnecessary
morbidity in a number of early stage breast cancer patients [72]. Despite
all the advancements in surgery, it was important to establish which types
of breast cancer are more invasive and have metastatic potential; hence,
surgery is insufficient and further investigation into neoadjuvant and
adjuvant therapies was necessitated.

1.5 Breast cancer non-surgical therapies and systemic
treatments
In the 19th century, the realisation that breast cancer surgery has its
limitations also led to research into other treatment modalities. The
discoveries of other supporting treatments were developed to overcome
these limitations.

Although surgery was still the mainstay, first-line

treatment in the majority of breast cancer cases [71], adjuvant therapy
such as radiotherapy, chemotherapy and hormonal treatments have also
evolved to a more patient-tailored therapy [73].
1.5.1 Radiotherapy
In 1899, just a year after radium was discovered by Madame Curie,
radiation therapy was successfully utilised in the treatment of cancer and
even as a single modality in certain cancers [74]. Due to this finding, it
has been well documented that radiation therapy is very useful in aiding to
cure various types of cancers either as an adjuvant or palliative modality.
Some cancers such as cervical and prostate carcinomas may be treated
solely with radiation therapy [74].

However, breast carcinoma is not

traditionally treated with radiotherapy alone. Most cases involve a form of
surgical resection initially prior to irradiation [75].
Radiotherapy works by causing cell destruction with ionising radiation and
preventing repair of tumour cells. It is usually aimed at the bulk of the
tumour cells to minimise destruction to surrounding normal cells [76].
Radiation beams can be applied directly through the skin surface targeted
to the tumour location or via an internal route for certain cancers. In the
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instance of breast cancer, the external beam radiotherapy is most
commonly used [75]. The type of radiation given in breast cancer is using
photons, which consists of gamma rays and x-rays. The radiation beam is
angled at two tangential fields targeted to the tumour of the breast and/or
axillary lymph node metastases [77].

With more advancement in

technology, a more targeted view of the tumour is possible with the
availability of various imaging modalities such as CT-scan guided
radiotherapy or stereotactic CT radiation technique, whereby the radiation
beam is focused on the bulk of the tumour with little impact on healthy
surrounding tissues and organs [75].
The radiotherapy doses are usually fractionised in a course of interval
treatments over a number of weeks either as an adjuvant or neoadjuvant
therapy. Adjuvant radiotherapy is performed after surgical intervention to
destroy residual tumour cells [75], [77]. In certain types of breast cancers,
neoadjuvant radiotherapy is applied to reduce the size of the tumour prior
to surgery to assist in complete margin-free tumour resection and
facilitates a more localised area of excision [75], [77].

The traditional

treatment regimen is comprised of total high dose radiation in a larger
number of fractions over a long period of time [78]. However, recent trials
results from the U.K. have shown that a total lower dose of radiation
therapy is just as effective if given in shorter intervals over a reduced
period of time [79]. The usual daily dose of radiotherapy was given for 5
days in a week and repeated weekly over 25 fractions resulting in a high
dose of 50 Grey over a course of 5 weeks [78].

This conventional

radiotherapy scheme was compared to a course of radiation therapy with
a lower dose and shorter duration of treatment which was a total of 40
Grey dose in 15 fraction intervals over a 3 week period [79]. This regimen
was analysed in the Standardisation of Breast Radiotherapy A and B
(START-A and START-B) trials that was published in 2013 by Haviland et
al., which had concluded that a treatment regimen with lower dose
radiotherapy over a shorter course duration was just as effective in
preventing tumour recurrence [79]. This is now an established treatment
course used in practice by radiation oncologists in U.K. and a number of
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European countries; however, the traditional method is still preferred by
clinicians in the U.S. [79], [80].
The constant aim in the advancements of radiotherapy is to ensure
minimal exposure of healthy cells and tissue to radiation by reducing the
dose and duration of treatment and developing more focused techniques
of targeting the tumour [75]. Other aims also include ensuring appropriate
patient selection especially taking into account other pre-existing comorbidities to minimise the side effects of radiation therapy [77]. By
combining radiotherapy with other suitable modalities clinicians strive to
provide good prognostic outcomes alongside the best possible patient
quality of life post disease and treatment [75], [77].
1.5.2 Chemotherapy
Following on from the discovery of radiotherapy and the understanding of
its limitations, chemotherapy was later introduced in the treatment of
breast cancer. It was a method first used to treat infectious disease, which
later led to the treatment of cancer due to its cytotoxic properties [81]. The
first cancer case to be treated with chemotherapy was a patient with
lymphoma in the 1940s using a component of nitrogen mustard [82]. The
reason this specific component was investigated initially as a potential
therapy in cancer was due to the observation of scientists during World
War I, whereby the soldiers who had increased contact with mustard gas
showed signs of diminished cell function in the lymphatic system and bone
marrow [82].

This was further explored over the years leading to the

discovery of various other chemotherapeutic drugs such as anti-folates,
methotrexate and thiotepa to treat other cancers, especially childhood
leukemia in the early 20th century [81], [82].
In 1957, Charles Heidelberger developed a new chemotherapeutic agent,
5-fluorouracil, which is a pyrimidine analog classed as an antimetabolite
[83]. It works by inhibiting the synthesis of the pyrimidine thymidine which
is a building block in DNA synthesis, leading to cell death [83]. This drug
was used to treat a number of tumours originating from organs such as
colon cancer and is still a current drug used in practice by oncologists [81].
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While single agent chemotherapy was found to be useful to destroy cancer
cells and allow remission from disease for patients, the remission was only
temporary as patients inevitably returned with recurrent tumours [82]. This
limitation guided the notion that perhaps more than one agent was needed
to successfully treat a type of cancer and allow prolonged cancer free
survival [81].

Hence, a combination chemotherapy regimen was

developed in the 1960s consisting of Nitrogen mustard, vincristine,
procarbazine and prednisone (MOPP) regimen, which was successful in
treating Hodgkins Lymphoma resulting in prolonged remission rates [81],
[82].
The advancements in breast surgery leading towards a less radical
approach made clinicians more open to the idea of chemotherapy not only
as an advanced cancer treatment but a potential adjuvant treatment to
surgery [81].

This was due to the high relapse rate of patients post-

surgery which suggested that residual circulating cancer cells may still be
present and an added chemotoxic drug could be of benefit to these
patients to ensure complete response post-surgery [81]. The initial study
in the combination chemotherapy agents cyclophosphamide, methotrexate
and 5-fluorouracil (CMF) regimen was administered in advanced breast
cancer patients [84].

This resulted in a clinically significant tumour

regression in 68% of the patients in the study [84]. The pioneering clinical
trial of this combination chemotherapy in the adjuvant therapy setting in
breast cancer was conducted in Italy using the chemotherapy agents
cyclophosphamide, methotrexate and 5-fluorouracil (CMF) regimen given
in 5 cycles to patients post-breast cancer resection which yielded very
good response rates [85].

This clinical trial along with two other

successive trials was followed up with a median of 28.5 years from the first
trial [86]. Based on the results obtained, the authors found that adjuvant
CMF regimen was effective in significantly reducing the relative risk of
relapse and death [86]. Trials looking at the effects of taxanes (e.g.
paclitaxel and docetaxel) were shown to give further benefit if patients
were to be given this in addition to the initial anthracycline combination
regimen in non-metastatic breast cancer [87].
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Multiple trials have been conducted to assess the efficacy of various
chemotherapy combination treatments and the subcategory of breast
cancer patients that would benefit most from adjuvant chemotherapy. This
was analysed in a meta-analysis by the Early Breast Cancer Trialists'
Collaborative Group (EBCTCG) which reviewed the long-term outcome
across 123 randomised trials [88]. The analysis showed that CMF and 4
cycles of Adriamycin (doxorubicin) and cyclophosphamide (4AC) had
similar outcomes in the reduction of recurrence and mortality rates [88].
They also found that some regimens with more chemotherapy agents
such as 4AC plus 4 weeks of taxane have further reduction in breast
cancer mortality rates compared to 4AC alone [88]. The meta-analysis
concluded that as it stands the ER status, differentiation and the other
tumour parameters that were available did not have much effect on the
proportional risk reductions with either of the taxane or anthracycline
regimens [88]. With these treatments, they found around 30% of reduction
on the 10-year breast cancer mortality independent of the ER status,
differentiation, and the other tumour parameters and this is depending on
the absolute risk without chemotherapy especially in the ER positive
cohort [88].

Information regarding nodal status, tumour diameter and

differentiation may be of benefit to aid in the decision for chemotherapy as
they are useful in the prediction of absolute risk without chemotherapy
[88].
The role of anthracycline and taxane therapies were also trialled in
metastatic breast cancer (MBC) patients and was found to be useful as a
palliative therapy [81], [87].
1.5.3 Monoclonal antibody therapies
Subsequent to the discovery of combination chemotherapy agents,
another drug targeting the HER2 cell membrane receptor was developed.
Trastuzumab (Herceptin), a monoclonal antibody, was investigated as an
adjuvant therapy in HER2 positive breast cancer in clinical trials in
metastatic breast cancer patients [89], [90]. Multiple trials were done with
combination treatments including a monoclonal antibody and various
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cytotoxic chemotherapy agents [91]. Trastuzumab allowed for a better
targeted adjuvant therapy in combination with chemotherapy that was not
molecularly specific [91]. Slamon et al. reported on a phase III clinical trial
that

investigated

the

effects

of

either

chemotherapy

alone

or

chemotherapy plus trastuzumab treatment in metastatic breast cancer
patients with overexpressed HER2 tumours who had not previously
received chemotherapy [92]. The chemotherapy used consisted of an
anthracycline (doxorubicin) plus cyclophosphamide in patients who were
not on anthracycline previously.

Patients who had received adjuvant

anthracycline postoperatively were given paclitaxel [92]. Results from the
trial showed that trastuzumab plus chemotherapy combination therapy
was effective in reducing the relative risk of death by around 20% and
increased

time

to

disease

progression

in

patients

with

HER2

overexpressing tumours [92]. The most successful combination therapy
as an adjuvant therapy for early stage HER2 positive tumours to prolong
cancer free survival was the combination of the anthracycline (AC)
regimen with the taxane, docetaxel, and following this a 1-year treatment
with the monoclonal antibody trastuzumab [93], [94].
Trastuzumab unfortunately may pose a cardiac risk and was reported in a
clinical trial which found that metastatic breast cancer patients with
overexpressed

HER2

tumours

who

received

the

anthracycline,

cyclophosphamide and trastuzumab combination treatment had a higher
risk of cardiac dysfuntion (New York Heart Association class III or IV)
compared to those who received only chemotherapy alone. They found
that older age was the only baseline attributing risk factor associated with
cardiac dysfunction [92]. However, since its benefit is well documented in
HER2 type breast cancers, it is still recommended in this cohort of patients
but strict monitoring is warranted with the treatment being stopped if there
is any sign of cardiotoxicity [94]. Similar improved overall survival (OS)
rates were also seen in the trial with advanced or MBC patients who were
given these combination therapies. However, these results were mostly
limited to the taxane and trastuzumab combination as the risk of cardiac
events with the other chemotherapy agents outweighed the benefits in
these patients [93].
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Due to the increased cardiotoxicity risk of MBC patients treated with
cytotoxic chemotherapy and trastuzumab combination, another drug
therapy was sought after; hence, the development of a HER2 targeted
tyrosine kinase inhibitor, lapatanib [95]. The combination of trastuzumab
and lapatanib therapy was used in a clinical trial looking at the progression
free survival (PFS) and OS of MBC patients who had relapsed despite
previous chemotherapy and trastuzumab therapy [95]. This study showed
that by inhibiting the HER2 mechanism, the combination of these two
drugs was able to increase OS rates significantly by 4.5 months [95].
Following this, the dual therapy for HER2-enriched breast cancers was
also used in a neoadjuvant and adjuvant clinical trial called the
Neoadjuvant Lapatinib and/or Trastuzumab Treatment Optimisation
(NeoALTTO) and Adjuvant Lapatinib and/or Trastuzumab Treatment
Optimisation (ALTTO) phase III Trials [96], [97].

The NeoALTTO trial

found that the dual therapy with lapatanib and trastuzumab was
significantly effective in improving pathological complete response (pCR)
rates when given neoadjuvantly [96].

It was concluded that the dual

inhibition with lapatanib and trastuzumab as well as the chemotherapy
paclitaxel given neoadjuvantly was more effective than the single HER2
targeting agent [96].

A more recent trial, the U.K. EPHOS-B trial

(CRUK/08/002), investigated the effects of lapatinib and/or tratuzumab
being given to HER2 positive primary breast cancer patients neoadjuvantly
without chemotherapy [98]. Reported results from the first part of the trial
showed that in the lapatinib alone arm (11 days preoperatively), more than
half the patients (67%) had around 30% or more decrease in cell
proliferation (based on immunohistochemical detection of Ki-67 in tissue
samples) [98]. This trial is still ongoing and the second part of the trial
reporting on the combination arm results has yet to be released (Clinical
trial identifier (clinicaltrials.gov): NCT01104571) [98].
The NeoALTTO trial was followed on with an adjuvant study, the ALTTO
clinical trial that had the invasive DFS rates as the primary end-point [97].
The trial looked at whether there was added benefit in the adjuvant
treatment combinations with trastuzumab and/or lapatanib, trastuzumab
followed by lapatinib or either therapy alone post chemotherapy with either
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an anthracycline followed by taxane or with a non-anthracycline, platinumcontaining regimen in HER2 positive early breast cancer [97]. Halfway
through the trial, the lapatanib only arm had to be halted due to the
significant decrease in pathological response from the patients on this
single treatment arm [97]. Nevertheless, the trial still continued with the
other 3 arms. The DFS rates in the median follow-up of 4.5 years were
similar across the 3 arms [97].

Compared to the treatment with

trastuzumab alone, both the combination arms of lapatanib and
trastuzumab were associated with less risk of DFS events including
recurrence and death; however, this was not statistically significant [97].
Furthermore, the combination treatment was also associated with
increased risk of side effects (diarrhoea and skin rash) compared to
trastuzumab alone [97]. The current results showed that there were no
added benefit of adjuvant treatment post chemotherapy with the
combination of trastuzumab and lapatanib compared with trastuzumab
alone [97]. Interestingly, the researchers also reported that the rate of
congestive heart failure was less than 1%, despite the use of anthracycline
chemotherapy, which was contradicting previous trials that showed a
higher risk of cardiotoxicity in MBC patients with adjuvant anthracycline
chemotherapy and trastuzumab [97]. The ALTTO trial is still ongoing with
further follow-up (Clinical trial identifier (clinicaltrials.gov): NCT00490139)
[97].
Newer therapies targeting HER2 positive breast cancer include the
monoclonal

antibody,

pertuzumab,

and

the

monoclonal

antibody

(trastuzumab) plus cytotoxic agent (emtansine) combination, adotrastuzumab emtansine (T-DM1) [99], [100].

Pertuzumab differs from

trastuzumab as it binds to a different epitope and prevents HER2 from
dimerising with other ligand-activated HER receptors [101], [99]. The two
anti-HER2 therapies were found to be more effective when used in
combination compared to either therapy given alone [100].
The CLEOPATRA trial evaluated the effects of pertuzumab combination
with trastuzumab and docetaxal in the treatment of HER2 positive
metastatic breast cancer patients [102].

The results showed that the

combination treatment with pertuzumab had a median OS to 56.5 months
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which was 15.7 months longer OS than the control group receiving a
placebo with both groups having similar safety profiles [102].
The trastuzumab plus emtansine anti-HER2 therapy, T-DM1, was
evaluated in the MARIANNE trial [103].

This trial compared between

trastuzumab plus taxane, T-DM1 plus pertuzumab or T-DM1 treatment
alone in HER2 positive unresectable locally advanced breast cancer as a
first-line therapy [103].

Results showed that both treatment arms with

TDM-1 alone or in combination with pertuzumab did not show significant
increased PFS when compared to the trastuzumab plus taxane arm [103].
Another trial, the phase III KRISTINE trial, evaluated the effects of
neoadjuvant followed by adjuvant treatment with T-DM1 plus pertuzumab
(TDM1+P) or taxane (docetaxel) plus carboplatin plus trastuzumab
(Herceptin) plus pertuzumab (TCH+P) in patients with HER2 positive early
breast cancer [104]. Results showed that the TCH+P treatment group had
better pCR rates when compared to the TDM1+P group. TCH+P group
also had a higher rate of breast-conserving surgery, while the TDM1+P
group had a better safety profile [104].
Systemic therapies such as chemotherapy and monoclonal antibodies are
successful in the treatment of some types of breast cancer; however, there
is still a need for more targeted neoadjuvant and adjuvant therapies. The
next section will discuss the evolution of endocrine therapy in hormone
positive breast cancer patients.
1.5.4 Endocrine Therapy
George Beatson first reported the utility of hormone therapy in 1878, when
he noticed that by removing the ovaries of from rabbits, milk production
from the breast was inhibited which led to the belief that the ovaries played
a role in breast function [3], [105]. He supported his theory further when
he performed oophorectomies in advanced breast cancer patients and
found that they had better disease prognosis [3], [105]. In the 1940s, this
theory formed the basis of the discovery that estrogenic and androgenic
hormones may play a role in breast cancer progression [106], [107], [108],
[109].
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Many researchers believed that breast cancer might also be due to
hormonal imbalance, specifically the excess amount of estrogen hormone
signalling in these cancers. In light of this, some surgeons performed
prophylactic bilateral oophorectomies and bilateral adrenalectomies as
adjuvant treatment post mastectomy for breast cancer [4], [105], [110].
Awareness of breast cancer and clinical research into breast cancer
became a growing interest as doctors realised the importance of early
detection contributing to a better response to treatment [4]. This led to the
need to evaluate the various treatment options and to determine the best
treatment combination for the specific types of breast cancer [4]. With all
the ongoing and emerging new research into finding the best treatments
for breast cancer, the ultimate aim is now focused on prolonging the
duration of DFS and ensuring a good quality of life is maintained as best
possible.
1.5.4.1 Estrogen Therapy
In 1942, Badger et al. reported that although most previous papers stated
that estrogen promoted breast cancer progression, it can also act in a
paradoxical manner, whereby synthetic estrogen compounds may cause
inhibitory effects in certain circumstances [111]. The paper discussed how
the aim of adjuvant therapies in cancer is not only to inhibit tumour activity
but also to diminish the pre-existing cancer altogether with as little residual
effect on normal cells as possible [111]. Following these findings, clinical
trials, beginning with Haddow et al. in 1944, were carried out to determine
the effects of a synthetic estrogen such as diethylstilbestrol (DES) on
advanced breast cancer, which have similar properties to carcinogenic
hydrocarbons due to its structure [112].

The trial consisted of 14

advanced breast cancer patients who were treated with DES over a
number of 4 weeks – 6 months. Of these patients, the treatment was
successful in 5 of the patients where the breast tumour growth was found
to be altered with reduced cell proliferation (seen on histology from the
tumour biopsy) [112]. Patients also reported reduced pain and increase in
appetite.

In some patients there were side effects reported such as
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nausea, uterine bleeding, areola pigmentation, and lower limb oedema
[112]. Subsequently, George Binnie carried out another trial using DES in
4 advanced breast cancer patients with the added modality of radiation
therapy [113]. He reported that the combination treatment was beneficial
in most of the patients with one patient showing regression of the tumuor
with DES treatment alone. Similar side effects to the previous trial were
reported; however, it was found to be self-limiting [113].
In 1946, Nathanson et al. carried out a trial evaluating the effects of DES
treatment in advanced breast cancer patients [114]. It was reported that
the cancer inhibitory effects of high dose DES was only temporary and
was only favourable to older breast cancer patients, whereas in younger
patients it could promote disease progression. Despite the success of high
dose estrogen as treatment for postmenopausal breast cancer, no
mechanism was established [114]. The authors were not able to explain
why a number of patients were not responding to therapy and the side
effects of such treatments were also unfavourable [114]. Research by
Lippman et al. explored the response of several breast cancer cell lines to
the treatment with estrogen and SERMs in vitro [115]. The MCF-7 breast
cancer cell line was found to be stimulated with estradiol treatment (even
at low concentrations) and inhibited by tamoxifen treatment [115]. They
also discovered that in the MCF7 cell line, after 36 hours of inhibition with
tamoxifen, estradiol treatment caused the inhibitory effects of tamoxifen to
be reversed [115].

The authors also investigated the effects of

physiological and high dose estradiol treatment across the cells lines that
were ER positive and negative.

They discovered that at physiological

levels, only the ER positive MCF7 cell line was significantly stimulated
[115]. However, in the presence of high dose estradiol treatment, all four
cell lines irrespective of their ER status, exhibited inhibitory effects. The
authors concluded that high dose estradiol may be lethal and have nonspecific inhibition of the cells without involvement of ER [115].
In the 21st century, the utilisation of estradiol treatment in breast cancer
has been re-explored as a potential therapy. One study investigated the
use high dose estradiol as a treatment in ER positive postmenopausal
breast cancer and proposed a mechanism in which the endogenous low
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levels of estrogen during menopause may facilitate the inhibitory effects of
high dose estradiol on tumour growth [104]. This theory was established
based on experiments performed in long-term estrogen deprived (LTED)
breast cancer cells, whereby estrogen activation led to Fas-mediated
inhibition of tumour proliferation and apoptosis of these cells [104].
Further research was carried out in vivo by other researchers to
investigate the effects of physiological estradiol in athymic mice that have
been transplanted with tamoxifen stimulated breast tumours [116]. Their
results showed that physiologic estradiol treatment caused tumour
regression in tamoxifen resistant tumours and after this initial regression,
the estrogen stimulated growth of the tumours were once again
responsive to tamoxifen [116]. They concluded that in the clinical setting,
instead of retreating patients who have become resistant to tamoxifen with
second-line

antiestrogens

or

aromatase

inhibitor

(AI)

therapy,

consideration should be given to treating these advanced breast cancer
patients with estrogen instead as it may cause the tumour to become
responsive to tamoxifen treatment again [116].
Another study evaluated the clinical effects of high dose DES treatment in
postmenopausal women with advanced breast cancer who have become
resistant to other endocrine therapies and found that antitumour effects
were present in some of the patients [117]. They concluded that high
dose estrogen therapy may be useful as an alternative to chemotherapy in
a subset of advanced breast cancer patients [117]. Following this, Ellis et
al. evaluated the effects of low dose and high dose estradiol in the
treatment of acquired AI resistant advanced breast cancer to see if low
dose estradiol was a viable therapy [118]. A phase II randomised trial was
carried out and patients were given aither a 6 mg or 30 mg dose of oral
estradiol which was taken daily for 24 weeks [118]. The primary endpoint, which was the clinical benefit rate (CBR) at 24 weeks, was based on
the response to treatment plus stable disease [118]. The CBR of the low
dose estradiol group and high dose estradiol group was 29% and 28%
respectively with a lower serious adverse event rate and improved quality
of life in the low dose estradiol cohort [118]. A phase II trial was done
more recently by Zucchini et al. which evaluated low-dose estradiol
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treatment in postmenopausal breast cancer patients with acquired AI
resistance [119]. A CBR of 26% was reported which is similar to the 29%
CBR of the low dose estradiol cohort from the earlier trial carried out by
Ellis et al. [118], [119]. The theory behind these findings was reviewed by
Jordan et al [120]. Based on a number of previous clinical and laboratory
research findings, they concluded that the long-term estrogen deprivation
from acquired endocrine therapy resistance may play a role in the
response to treatment with estrogen causing regression of the cancer cells
depending on the size of the tumour [120]. The Women’s Health Initiative
(WHI) trials investigated the effects of treatment with combinations of
hormone replacement therapy (HRT) given to predominantly healthy
postmenopausal women to determine the benefits and risks of taking HRT
for chronic disease prevention [121], [122].

These included the

conjugated equine estrogens (CEE) with medroxyprogesterone acetate
(MPA) group or CEE use in patients with previous hysterectomy versus
placebo respectively [121], [122]. The studies were initially conducted to
assess a number of variables including risk differences for various health
outcomes; however, a more recent report gave an overwiew of benefits
versus risks during the treatment period and at the post-treatment followup [123]. They concluded that the CEE plus MPA group had an increased
risk for breast cancer and myocardial infarctions while the CEE plus
hysterectomy group had a significant reduction in the incidence of breast
cancer in the younger age group [123]. The findings seen with the CEE
plus hysterectomy group may be explained by the previous in vitro study
which investigated the effects of high-dose estrogen therapy on long-term
estrogen deprived (LTED) breast cancer cells [104]. The authors from the
study had proposed that in the clinical setting, tumour growth may be
inhibited when given high dose estradiol due to its effect on the
endogenous low levels of estrogen during menopause [104]. Despite a
better benefit versus risk ratio for the CEE plus hysterectomy group, the
report on the overview of the health measures from the trials concluded
that both regimens (CEE plus MPA and CEE plus hysterectomy) were not
suitable to be used as chronic disease prevention measures even in
women with early menopause but may be indicated to control
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unfavourable moderate-to-severe menopausal symptoms in this group
[123]. Subsequently, the analysis of the combination HRT, estrogen plus
MPA, versus the estrogen only HRT, has shown that it is the MPA that is
associated with increased breast cancer risk, whereas estrogen only HRT
can reduce breast cancer risk in postmenopausal women [21].
1.5.4.2 Androgen therapy
In the early 1900s, some researchers also looked at the utilisation of male
sex hormones as a potential hormonal therapy in breast cancer. Multiple
studies carried out during that period of time used testosterone propionate
as the androgen hormone treatment [107], [108], [109].

Results from

these studies showed that in some advanced breast cancer patients,
testosterone therapy caused tumour regression and improvements in
symptoms such as bone pain [107], [108], [109].

A trial was also

performed to compare the effects of estrogen versus androgen therapy
and the combination treatment of estrogen and androgen therapy in
advanced breast cancer [124].

Estrogen therapy was found to be

marginally superior to androgen therapy in these patients, whereby there
was only around a 10% difference in reduced regression rates [124].
However, the combination therapy was found to be more effective in
prolonging survival in advanced breast cancer patients which may be
explained by the opposing effects of estrogens and androgens in
hormonal regulation of the breast cancer cell microenvironment and
tumour growth [125].
It has been previously established that certain combinations of HRT may
pose a breast cancer risk in postmenopausal women [123]. In 2004, a
study looked at the potential for combination treatment with androgens in
postmenopausal women using HRT [126].

The outcome of this study

showed that with the addition of testosterone therapy to HRT (estrogen
and progestin preparations), there is a reduced rate of breast cancer
incidence comparable to that of women not on HRT [126]. In contrast,
another study published around the same time opposed the finding that
testosterone had a protective effect on breast cancer incidence in
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postmenopausal patients on HRT [127]. This study compared between
non-HRT users to women using the HRT combination formulation of
esterified

estrogens

and

methyltestosterone

(Estratest;

Solvay

Pharmaceuticals, Brussels, Belgium), estrogen only preparations and
estrogen/progestin preparations [127]. The study findings indicated that
there was in fact, more than double the risk of breast cancer incidence in
the testosterone and estrogen formulation group as compared to the
estrogen only group [127].
Despite the potential benefits of these hormonal treatments in breast
cancer, the contradicting trial results precluded estrogen and androgen
therapy as an effective treatment of breast cancer [114], [127]. In addition,
these types of hormonal treatments had adverse side effects, which made
them unfavourable [114], [127]. Side effects ranged from gastrointestinal
(GI)

disturbances,

hirsutism,

cerebrovascular

events,

myocardial

infarctions, fluid overload and hypercalcaemia which was potentially life
threatening particularly in the postmenopausal age group [114], [127].
The response to treatment by these hormone therapies was also
temporary as a number of patients still went on to develop recurrent
tumours or metastases [114], [127]. Due to the unfavourable outcomes
from the use of these drugs, the treatment was limited to advanced breast
cancer patients as more of a palliative measure [114], [127], [128].
Therefore, further research was necessary to develop a more suitable and
tolerated hormonal therapy for breast cancer [128], [129], [130].

1.6 Nuclear Hormone Receptors
It is estimated that around 50% of premenopausal breast cancers and
around 75% of postmenopausal breast cancers are ERα positive [131].
ER has two isoforms, ERα and ERβ, which are responsible for gene
transcription and are part of the nuclear receptor (NR) family [132]. They
belong to the Class I NRs which also includes glucocorticoid (GR),
mineralocorticoid (MR), PR and androgen receptor (AR) steroid receptors
[132].
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The generic structure of an NR includes an A and B region (N-terminal
domain), C region (DNA binding domain (DBD)), the D region (hinge
domain), E region (ligand-binding domain (LBD)) and F region (C-terminal
domain) [133]. The A and B region with the variable N-terminal domain
has the activator function-1 (AF-1) domain which functions ligand
independently and is important for transactivation of transcription [134].
The C region, DBD, is a highly conserved domain containing two zinc
fingers that binds to hormone response elements (HRE) [134]. The D
region, hinge region, is involved with nuclear localisation and connects the
DBD with the LBD [133], [134]. The E region, LBD, contributes to the
dimerisation interface of the receptor and contains coactivator interaction
[135]. The binding of NRs to coactivators in this domain is mediated by
the ligand-dependent activator protein-2 (AF-2) [135]. The F region (Cterminal domain) is highly variable in sequence between various NRs
[134] (illustrated in Figure 1.2). NRs are classified into type I (endocrine
receptors), type II (adopted receptors), and type III (orphan receptors)
[133].
The NR chemical structures allow for it to bind with specific ligands which
may act as gene modulators by activating the some of the receptor’s
target genes [136]. The subset of genes activated can determine how the
cells behave either as an agonist, partial agonist, or antagonist [136]. This
gene selectivity is especially important in the development of drug therapy
[136]. In the treatment of breast cancer, the main receptors that may play
a role are ER, PR and AR steroid receptors [136].
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Figure 1.2: Generic structure of nuclear receptors
Diagram representing the generic structure of NRs includes an A and B
region (N-terminal domain) with the ligand independent AF-1, C region
(DBD), the D region (hinge domain), E region (LBD) with the liganddependent AF-2 and F region (C-terminal domain) [133].

The NR

chemical structures allow for it to bind with specific ligands which may act
as gene modulators by recruiting coactivators to replace corepressors and
activating the some of the receptor’s target genes [136]. (NR: Nuclear
receptor; AF-1: Activator function-1; AF-2: Activator function-1; DBD: DNA
binding domain; DNA: Deoxyribonucleic acid; LBD: Ligand-binding
domain; NLS: Nuclear localisation sequence). (Figure referenced from
Chiang; 2013 [133]).
ERα and ERβ are involved in estrogen signalling but both may not be
activated at the same time as they may act in functionally different
mechanisms [137]. It has been shown that selective estrogen receptor
modulators (SERMs) such as tamoxifen can successfully inhibit the
actions of ERα in breast cancer proliferation [138], [139].

Some

researchers have elucidated that ERα and ERβ may in fact be acting in
opposing manners and the balance between the two receptors may be the
key to overcome resistance [140].
A number of pathways have been identified for ER binding and regulation
in the breast [137] (illustrated in Figure 1.3). The direct ligand-binding of
estrogen to ER and consequently to estrogen response elements (EREs)
results in a complex which allows it to bind with ribonucleic acid (RNA)
polymerase II transcription initiation complex and coactivator proteins
resulting in target gene regulation [132]. The indirect activation of ER
results in its binding to ERE via other transcription factors (TFs) such as
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specificity protein 1 (SP1), activator protein 1 (AP1) and nuclear factor-κB
(NF-κB) [141]. Some of these transcription factors play an important role
in the development of resistance in SERMs and AI therapy [141]. ER can
also initiate non-genomic activation via second messenger (SM) signaling
[137].

In this mechanism, estrogen may bind to membrane receptors,

cytoplasmic receptors of ER or other receptors. Signalling pathways are
then activated by SMs in a non-genomic manner without gene
transcription [137]. Ligand-independent signalling involving growth factors
or G-coupled protein receptors (GPRs) can activate downstream pathways
such as phosphatidylinositol 3-kinase/Protein kinase B (PI3K/Akt) or rasraf mitogen activated protein kinase (MAPK) which then causes
phosphorylation of ER and DNA-binding leading to gene transcription
[142].
Research into the mechanism of breast cancer growth led to the discovery
of anti-estrogen therapy as a potential treatment of breast cancer, as
studies have shown that breast cancer growth was due to excess estrogen
production [131]. It was thought that since surgical reduction of estrogen
synthesis via oophorectomy was possible, that perhaps SERMs may
successfully treat breast cancer [139]. However, some of the initial antiestrogen drugs were also later discovered to be more effective as a fertility
treatment in premenopausal women as they were able to induce ovulation
[143].
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Figure 1.3: Molecular pathways involving ER in the breast.
The molecular pathways in the breast include the direct ligand-binding to
ER and ER binding to EREs for gene regulation; indirect binding of ER to
DNA via other TFs; non-genomic activation with SMs; or ER activation via
cross-talk with the ligand-independent pathways and phosphorylation of
ER [137]. (ER: Estrogen receptor; GF: Growth factor; TF: Transcription
factor; SM: Second messenger; p-ER: Phosphorylated-ER). (Figure
referenced from Heldring et al.; 2007 [137]).
1.6.1 Non-steroidal anti-estrogens
Selective estrogen receptor modulators (SERMs) are compounds that
competitively bind to ER (Note: for the rest of the thesis, ER is considered
to be ERα, unless stated otherwise) and may have selective agonistic and
antagonistic behaviour depending on the site of action [144]. A SERM
modifies the receptor binding capabilities [144], [145]. In certain tissues it
may stimulate co-regulatory proteins for transcriptional action of estrogen
target genes.
preventing

In other tissues it may act in an opposing manner by

binding

of

co-repressor
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antagonistic effects towards estrogen [144], [145]. Anti-estrogenic affects
are usually seen in the breast and endometrium.

SERMs have been

around since the mid-1900s with their use varying from fertility treatments,
treatments of ER positive breast cancer, and in the management of
osteoporosis [144], [145].
The use of SERMs as a fertility drug was in the form of clomiphene which
is still in use at the present time in premenopausal women unable to
conceive [143]. It acts in an estrogen antagonistic manner in the brain,
which has an effect on the hormones responsible for inducing ovulation
and increasing circulatory estrogens [145]. This in turn, may increase the
risk of cancer on the cervix and endometrium due to the higher estrogen
levels [145], [146]. Clomiphene was also initially trialled as a potential
treatment for MBC; however, the risk of side effects was higher than its
benefit; hence, it was not indicated as an effective drug in breast cancer
treatment [147].
1.6.1.1 Tamoxifen
Further research led to the development of a non-steroidal SERM,
tamoxifen, discovered in 1962 by Arthur Walpole and Dora Richardson in
the U.K. which was initially approved as an oral contraceptive drug [139].
However, it was later determined that its actions in humans as an ER
inhibitor made it more effective as a treatment for breast cancer [139]. 10
years after its discovery, tamoxifen was clinically approved for hormone
positive breast cancer [139]. Tamoxifen is a triphenylethylene type of drug
[148]. It is metabolised in the liver to its active metabolite 4hydroxytamoxifen (4-OHT) which has a much higher affinity to ERα
binding compared to tamoxifen [149]. 4-OHT has 178% affinity to ERα
compared to estradiol while tamoxifen is only 7% higher affinity to ERα
compared to estradiol [150]. 4-OHT binds to the LBD of ERα and inhibits
ERα AF-2 activity by causing conformational shift of helix 12 [151], [152].
Helix 12 residues which form an essential part of the AF-2 surface, causes
AF-2 to be incomplete when 4-OHT is bound to ERα and this conformation
of helix 12 inhibits coactivator binding [151], [152].
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agonistic and antagonistic properties [138], [145], [153]. It antagonises
estrogen action in certain tissues such as the breast tissue by
competitively binding to ER and blocking estrogen binding in ER positive
breast cancers, thereby reducing tumour proliferation [144], [145].

In

contrast, it has an opposite effect on other parts of the body such as the
uterus, heart and bone where it displays estrogen agonistic properties
[138], [144]. This may be the reason responsible for some of its side
effects such as atrophic vaginitis, hot flushes, thromboembolic events,
cataracts and increased risk for endometrial cancer [138], [144]. Figure 1.4
illustrates an overview of the mechanism of action of tamoxifen in the
disruption of estrogen signalling pathway in breast cancer [154].

The

majority of breast cancers, about 75%, express ER; hence, it warrants
further research as a potential drug target [155].

l

l

Figure 1.4: A model of estrogen signalling pathways in breast cancer
pre- and post-tamoxifen treatment.
The estrogen signalling pathway is disrupted by tamoxifen treatment in
breast cancer [154].

17β-estradiol (E2) binds to estrogen receptor in

breast cancer and promotes cell proliferation.

However, tamoxifen

competitively binds to ER preventing E2 binding; thus, inhibiting
tumourigenesis [154]. (E2: 17β-estradiol; ERE: estrogen response
element; ER: estrogen receptor; TAM: tamoxifen).
Wakeling et al.; 2000 [154]).
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Tamoxifen was first used to treat breast cancer in 1973 in U.K. and since
then it has been the adjuvant therapy of choice for premenopausal ER
positive breast cancer [139]. Research into the application of tamoxifen in
rat mammary tumours led to the establishment of important guidelines.
These include the increased efficacy of tamoxifen in ER positive tumours
especially if given as an adjuvant therapy for a longer duration of
treatment [156]. Initially it was thought that tamoxifen should only be used
for a year as adjuvant therapy postoperatively in the treatment of early
breast cancer; however, this was further investigated and was found that a
5-year adjuvant tamoxifen therapy postoperatively was far more effective
with improved 10-year survival rates post-cessation of tamoxifen treatment
in ER positive early breast cancers [139], [157], [158].

The updated

findings from the National Surgical Adjuvant Breast and Bowel Project B14 (NSABP B-14) randomised trial showed that continued use of
tamoxifen after 5 years of therapy in patients with ER positive breast
cancer and negative axillary lymph nodes showed no additional benefit on
DFS with the prolonged use of tamoxifen therapy after 5 years of
treatment [159] (summarised in Table 1.4). Furthermore, the side effects
of tamoxifen such as endometrial cancer, thrombosis and hot flashes as
well as resistance to therapy seen in vivo were only a major concern after
the 5-year therapy as the benefit of treatment versus risk of side effects
ratio was reduced with prolonged use [139], [159], [160]. A more recent
trial, The Adjuvant Tamoxifen: Longer Against Shorter (ATLAS) trial
published in 2013, evaluated the effects of tamoxifen treatment in a cohort
of breast cancer patients given an extended 5 years treatment duration
post the initial 5-year treatment [161].

The effects of the extended

treatment on mortality and DFS were recorded. The trial confirmed that a
prolonged 10-year treatment with tamoxifen in breast cancers with positive
ER expression was more successful in prolonging DFS as well as
reducing mortality rates due to disease as compared to the standard 5year tamoxifen treatment [161] (summarised in Table 1.4 and 1.6).
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Table 1.4: Clinical trials investigating the extended treatment with
tamoxifen in breast cancer patients.
A number of clinical trials have been carried out to determine the efficacy
of extended tamoxifen treatment in various subsets of breast cancer
patients including: Scottish adjuvant tamoxifen trial [162]; NSABP B-14:
National Surgical Adjuvant Breast and Bowel Project B-14 [159]; ECOG
E4181+E5181: Eastern Cooperative Oncology Group adjuvant trials
(E4181 for postmenopausal patients and E5181 for premenopausal
patients) [163]; aTTom: Adjuvant Tamoxifen–To Offer More? [164];
ATLAS: Adjuvant Tamoxifen: Longer Against Shorter [161].

(Yes/No:

Improvement or no improvement in DFS/mortality/OS rates with extended
therapy; HR: Hormone receptor; DFS: Disease free survival; OS: Overall
survival; TAM: Tamoxifen; ER: Estrogen receptor; PR: Progesterone
receptor; CI: Confidence interval; p: p-value). (Table adapted from SantaMaria et al.; 2015; [165]).
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Clinical Trial

Scottish
adjuvant
tamoxifen trial
[162]

NSABP B-14
[159]

ECOG

[163]

(E4181+E5181)

aTTom

ATLAS

[164]

[161]

Number of
patients (n) / HR
and nodal status

Treatment
duration

DFS and Mortality

OS

• 169 (control) /
173 (TAM)
• ER: 72 (>19
fmol/mg) and
132 (<20
fmol/mg); ER
status unknown
in 135
• Node positive &
negative

5 years initial adjuvant
TAM therapy followed
by extended TAM vs
no treatment with
follow-up to a total of
15 years

No; trend favouring
control
DFS: Hazard ratio =
1.36 (95% CI, 0.951.95; p = 0.12)

No; trend
favouring
control

• 570 (control)/
583 (TAM)
• ER / PR positive
• Node negative

5 years initial adjuvant
TAM therapy followed
by extended TAM vs
placebo with follow-up
to a total of 12 years

No; trend favouring
control
82% control vs
78% TAM DFS;
p = 0.03

No
94% control vs
91% TAM OS;
p = 0.08)

• 93 (control) /
100 (TAM)
• ER: 140
(positive) and 53
(negative)
• Node positive

5 years initial adjuvant
TAM therapy followed
by extended TAM vs
no treatment with
follow-up to a total of
10 years

Yes; in ER positive
cohort
Overall cohort: 73%
control vs 85% TAM
DFS; p = 0.1.
ER positive only:
67% control vs 84%
TAM DFS; p = 0.014

No
Overall cohort:
89% control vs
86%TAM OS; p
= 0.52.
ER positive only:
89% control vs
86% TAM OS; p
= 0.52

• 6953 total
• 2755 ER positive
• Node unknown

5 years initial adjuvant
TAM therapy followed
by extended TAM vs
no treatment with
follow-up to a total of
10 years

Yes
24% control vs 21%
TAM mortality; p =
0.06.
Overall response rate
= 0.88 (95% CI, 0.771.01; p = 0.05)

No
35% control vs
34% TAM overall
mortality; p = 0.2.
Response rate =
0.94 (95% Cl,
0.85-1.03; p =
0.2)

• 3418 (control) /
3428 (TAM)
• ER: 6846
positive
• Node positive &
negative

5 years initial adjuvant
TAM therapy followed
by extended TAM vs
no treatment with
follow-up to a total of
10 years

Yes

Yes
21% control vs
19% TAM overall
mortality;
p = 0.01

12% control vs 10%
TAM mortality; p = 0.01)

OS: Hazard
ratio = 1.32
(95% C l , 0 . 9 3 1.88; p = 0.12)

The discovery of tamoxifen transformed the treatment of ER positive
breast cancers; however, its success did not come without associated
risks. The main side effects of tamoxifen include menopausal symptoms
such as night sweats, hot flashes, and vaginal mucosa effects such as
irritation and discharge [166]. This is due to its dual estrogenic properties,
mainly the estrogen agonistic properties that have an effect on certain
tissues such as the uterus and heart. It has an association with uterine
cancer incidence particularly if tamoxifen is used for a prolonged number
of years (more than the 5-year recommended therapy duration) [167].
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However, its benefit in preventing breast cancer progression outweighs its
risk for development of endometrial cancer [167]. Tamoxifen may also
have a negative effect on the vascular system of the heart and central
nervous system. These effects are mainly in the form of blood clots such
as cerebrovascular events, deep vein thrombosis and pulmonary
embolism [167]. The adverse effects of tamoxifen were seen to occur
mostly in the postmenopausal group, which further supported its
substantial treatment benefits versus risk in the premenopausal breast
cancer population [167].
The estrogen agonistic effects of tamoxifen may have some protective
effects on the skeletal system. It can prevent osteoporosis and reduce
pathological fractures by inhibiting osteoclast causing bone loss [168],
[169]. This was mostly evident in the postmenopausal group as there was
conflicting evidence in regards to this finding in premenopausal women
who took tamoxifen post chemotherapy as part of their breast cancer
treatment [168], [169]. In this group of patients, increased loss of bone
mass was found in patients who did not have early menopause post
adjuvant treatment [168], [169].
Although tamoxifen may also be used as a treatment in postmenopausal
breast cancer, its mechanism of action is more targeted in patients who
had functioning ovaries [168], [169].

Postmenopausal breast cancer

growth is stimulated by adrenal androgens that are converted into estrone
in the breast adipose tissue; hence, targeting the aromatase enzyme
(CYP19) provides an alternative to SERMs [156].

Efficacy of CYP19

inhibition was confirmed in trials comparing the utility of tamoxifen versus
AI therapy in postmenopausal women with early breast cancer. The trials
showed that AI therapy was superior as adjuvant therapy in the
postmenopausal group with better DFS and reduced risk of distant
recurrence compared to tamoxifen [156], [170], [171], [172].

70

General Introduction
1.6.1.2 Raloxifene
Raloxifene is another form of non-steroidal SERM. It is both an estrogen
antagonist and agonist depending on the area of action. In the breast and
endometrium, it antagonises estrogen while its effect on the bone and lipid
profile is as an estrogen agonist [145]. In 1997, raloxifene was initially
approved as a drug to prevent osteoporosis in postmenopausal women
[145].

Two years later, it was also approved for the treatment of

osteoporosis in this group of patients [145], [173]. Further research into
the drug led to other potential benefits that it may provide especially in the
postmenopausal group of patients as its effects on the premenopausal
population may be limited due to its teratogenic properties in the in vivo
studies [145].
A number of clinical trials have been conducted to investigate both the
estrogen agonist and antagonistic effects of raloxifene in postmenopausal
women. The primary endpoint of the Multiple Outcomes of Raloxifene
Evaluation (MORE) trial confirmed that raloxifene was successful in the
prevention of osteoporosis in postmenopausal women [174].

The

secondary endpoint looked at its estrogen antagonistic properties, which
showed that there was a significantly reduced incidence of hormone
receptor (HR) positive invasive breast cancer in postmenopausal women
[174]. Another trial looked at the cardiovascular risk of raloxifene showed
that there was no significant increased risk of cardiovascular or
cerebrovascular events in postmenopausal women and there was reduced
incidence of invasive breast cancer with this drug [175]. However, there
was an increased risk of lethal cerebrovascular events and venous
thromboembolic events [175].
1.6.2 SERMs as preventative measure in patients with high risk of
developing breast cancer
The NSABP Study of Tamoxifen And Raloxifene (STAR) trial, compared
between the effects of the two SERMs in reducing the incidence of breast
cancer in postmenopausal women at a high risk of developing the disease
[176]. Initially it was found that raloxifene was as effective as tamoxifen in
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reducing both invasive and non-invasive breast cancer incidence in
postmenopausal women with less risk of developing life-threatening side
effects [176].

This led to the Food and Drug Administration (FDA)

approval of raloxifene in 2007 for the prevention of invasive breast cancer
in postmenopausal women with high risk of osteoporosis [177]. However,
updated findings from further follow-up showed that raloxifene is less
effective than tamoxifen in reducing the risk of invasive breast cancer with
an effectiveness rate of around 76% compared to that of tamoxifen [178].
Raloxifene was only able to reduce the risk of invasive breast cancer by
38% compared to placebo while tamoxifen reduced the risk by 50% [178].
Furthermore, raloxifene therapy reduced the incidence of breast cancer in
postmenopausal women with less adverse effects (thromboembolic
events, uterine cancers and osteoporotic fractures) compared to tamoxifen
[178].

Nevertheless, these side effects were less prominent in

premenopausal women treated with tamoxifen; hence, its continued use in
this group of patients [178]. The final results from the trial concluded that
postmenopausal women who have not had previous hysterectomy and
have a high risk of developing HR positive invasive breast cancer with risk
of osteoporosis, may benefit from raloxifene instead of tamoxifen as a
choice of preventative drug for breast cancer [178].
The main side effects of raloxifene is leg cramps and hot flashes, while its
adverse effects were thromboembolic events and fatal strokes [145].
Raloxifene was still found to be effective as a preventative medication for
ER positive breast cancer patients with high risk of osteoporosis, while
tamoxifen was effective as a treatment for invasive and non-invasive ER
positive breast cancer in both premenopausal and postmenopausal
women [145], [177], [179]. The National Institute for health and Clinical
Excellence (NICE) Guidelines updated on June 2013 states that in
postmenopausal women with high risk of developing breast cancer,
tamoxifen or raloxifene therapy may be given for a total of 5 years as a
preventative measure, although these drugs are not licensed in the U.K.
for that purpose.

However, these drugs are contraindicated in those

women who are at high risk of uterine cancer or thromboembolic disorders
as the side effects of these drugs would further increase that risk [180].
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1.6.3 Steroidal anti-estrogens
1.6.3.1 Fulvestrant
Selective estrogen receptor down-regulators (SERDs) such as fulvestrant
(compound name ICI 182,780) is a steroidal anti-estrogen, which is
considered a complete anti-estrogen drug with no partial estrogen agonist
properties [181]. It was discovered in 1991 and was initially proposed as a
potential treatment in MBC. It has anti-estrogenic properties more potent
than tamoxifen without the estrogen agonist side effects such as increased
risk of endometrial cancer, thromboembolic events and menopausal
symptoms [181].

It functions by binding to ER and preventing ligand-

binding to ER as well as down-regulation of the receptor [181].
Pre-clinical data of fulvestrant showed that its complete anti-estrogen
properties made it effective in reducing the proliferation of tamoxifen
sensitive (MCF7 cells) and tamoxifen resistant cell lines as well as in
xenograft models [182]. This led to further phase III clinical trials using
fulvestrant in advanced breast cancer.

These patients were of the

postmenopausal breast cancer population who had previously received an
endocrine

therapy

such

as

tamoxifen

and

experienced

progression with resistance to therapy [182], [183].

disease

The use of the

steroidal SERD, fulvestrant, in these women was compared with a nonsteroidal AI, anastrozole, which was the approved treatment for advanced
breast cancer. Both treatments were found to be well tolerated and had
similar patient survival outcomes [182], [183]. Clinical trials also compared
between fulvestrant (SERD) and tamoxifen (SERM) in postmenopausal
women who had no previous endocrine treatment for advanced breast
cancer and found that there was no significant difference in the time to
progression (TTP) rates [183], [184].

Both drugs have similar clinical

benefits in advanced breast cancer as a first-line treatment [183], [184].
Another trial called the Evaluation of Falsodex versus Exemestane Clinical
Trial (EFECT) compared the effects of the combination treatment with
fulvestrant and a steroidal AI, exemestane, given to postmenopausal
advanced breast cancer patients who had recurrence while on non-
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steroidal AI therapy [185] (summarised in Table 1.5). The results from this
trial showed that fulvestrant was again as effective as exemestane and
had similar TTP rates in this group of advanced breast cancer patients
[185], [186]. These results indicate that fulvestrant might be beneficial as
a treatment in advanced breast cancer prior to, or as an alternative to,
chemotherapy [183]. The main side effects of fulvestrant were found to be
GI disturbances, joint disorders, injection site reactions and hot flashes
[186]. The injection site reactions were mostly due to pain at the injection
site but this was not related to the dosage of fulvestrant used; hence, it
was most likely due to the operator-dependent injection technique that
caused the pain [186].
Another trial carried out by the Southwest Oncology Group (SWOG)
evaluated the combination therapy of fulvestrant and anastrozole versus
anastrozole alone or sequential anastrozole and fulvestrant for the
treatment of HR positive metastatic breast cancer [187]. The trial showed
that the combination of fulvestrant and anastrozole had longer PFS rates
compared to anastrozole alone [187] (summarised in Table 1.5).
The Study of Faslodex vs Exemestane with/without Arimidex (SoFEA)
phase III trial investigated the effects of Fulvestrant plus anastrozole or
placebo versus exemestane alone given to postmenopausal breast cancer
patients with HR positive (ER/PR or both) who have progressed after
adjuvant non-steroidal AI therapy [188] (summarised in Table 1.5). The
trial concluded that the combination treatment of fulvestrant and
anastrozole was not superior to fulvestrant or exemestane therapy alone
in prolonging PFS [188].
A phase III trial first started in 2012 called the Fulvestrant and
AnastrozoLe COmpared in hormonal therapy Naïve advanced breast
cancer (FALCON) trial is also looking at the use of fulvestrant in
comparison with anastrozole in postmenopausal HR positive advanced
breast cancer (Clinical trial identifier (clinicaltrials.gov): NCT01602380)
[189], [190] (summarised in Table 1.5). However, the cohort of patients
chosen was different from the previous trial with similar drugs as these
patients have not received previous endocrine treatment prior to tumour
progression [189], [190]. The trial has met its primary endpoint in 2016
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and fulvestrant was found to be more effective in extending PFS [183],
[189], [190], [191].
The FDA approved fulvestrant as a treatment for postmenopausal women
with HR positive advanced breast cancer who had recurrence post
endocrine therapy in 2010 [186]. However, in 2011, the NICE Guidlines in
the U.K. does not recommend fulvestrant as a treatment of advanced
breast cancer in postmenopausal women who were either endocrine
treatment naïve or previously failed on endocrine treatment [192]. The
reason for this was because although fulvestrant had similar efficacy in
clinical trials as the non-steroidal AIs in advanced breast cancer treatment,
its indication was still uncertain compared to the more extensively
researched and accepted alternatives such as the non-steroidal AIs [192].
Also, AIs are more cost effective due to their inexpensive administration
methods; fulvestrant is injected intramuscularly, whereas non-steroidal AIs
are administered orally [192].

However, this guideline may be re-

evaluated following the results of the FALCON trial (Clinical trial identifier
(clinicaltrials.gov): NCT01602380) [189], [190], [191].

Despite the

effectiveness of SERMs and SERDs, another class of drugs have proven
more effective in treating breast cancer in postmenopausal women with
primary and advanced disease; specifically, the aromatase inhibitors.
Table 1.5: Clinical trials investigating the treatment of HR positive
breast cancer patients with fulvestrant alone or in combination with
other endocrine therapies.
A number of clinical trials have been carried out to determine the efficacy
of fulvestrant treatment alone or in combination with other endocrine
therapies in various subsets of breast cancer patients including: EFECT:
Evaluation of Falsodex versus Exemestane Clinical Trial [185]; SWOG:
Southwest Oncology Group [187]; SoFEA: Study of Faslodex vs
Exemestane with/without Arimidex [188]; FALCON: Fulvestrant and
AnastrozoLe COmpared in hormonal therapy Naïve advanced breast
cancer [190]; FACT: Fulvestrant and Anastrozole Combination Trial [193].
(CI: Confidence interval; TTP: Time to progression; HR: Hormone
receptor; DFS: Disease free survival; PFS: Progression free survival; OS:
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Overall

survival;

TAM:

Tamoxifen;

ER:

Estrogen

receptor;

PR:

Progesterone receptor; CBR: Clinical benefit rate; p: p-value; od: Once
daily, IM: Intramuscular administration; PO: Oral administration; MBC:
Metastatic breast cancer; GnRH: Gonadotropin-releasing hormone).
Clinical Trial

•
•
EFECT

[185]

•

•

[187]

SWOG

•

•
•

•
soFEA

[188]

•
•

FALCON

[190]

(Clinical trial
identifier
(clinicaltrials.gov):
NCT01602380)

•
•

•
•
•

FACT

[193]

•

Endocrine Therapy (n) /
Dose

Patient cohort
(n)

Fulvestrant (351) vs
Exemestane (342)
Fulvestrant (loading dose
regimen starting with 500
mg IM on day 0; 250 mg on
days 14 and 28; 250 mg
every 28 days thereafter)
Exemestane (25 mg PO od)

Postmenopaus
al; HR positive;
advanced
breast cancer

Fulvestrant vs Exemestane:
Median TTP 3.7 months in both
groups (Hazard ratio = 0.963;
95% CI, 0.819 to 1.133;
p=0.6531).
Overall response rate (7.4% v
6.7%; p = 0.736)
CBR (32.2% v 31.5%;
p=0.853)

Fulvestrant + Anastrozole
(348) vs Anastrozole only
(341)
Fulvestrant (loading dose of
500 mg IM on day 1; 250 mg
on days 14 and 28; 250 mg
every 28 days thereafter)
Anastrozole (1 mg PO od)

Postmenopaus
al; HR positive;
MBC

Median PFS was 15.0 months
(95% CI, 13.2 to 18.4) in
combination therapy; 13.5
months (95% CI, 12.1 to 15.1)
in anastrozole alone
Combination therapy vs
anastrozole alone PFS at 3
years was 25% and 16%

Fulvestrant + Anastrozole
(241) vs Fulvestrant +
Placebo (230) vs
Exemestane (247)
Fulvestrant (loading dose
regimen starting with 500
mg IM on day 1; 250 mg
dose on days 15 and 29;
250 mg every 28 days
thereafter)
Anastrozole (1 mg PO od)
Exemestane (25 mg PO od)

Postmenopaus
al; HR positive;
MBC

Median PFS was 4.4 months
(95% CI, 3.4 to 5.4) for
fulvestrant + anastrozole; 4.8
months (95% CI, 3.6 to 5.5) for
fulvestrant + placebo; 3.4
months (95% CI, 3.0 to 4.6) for
exemestane alone
Median duration CBR was 13·0
months (8.9-18.9) for
fulvestrant + anastrozole; 13·0
months (8.3-17.5) for
fulvestrant + placebo; 13·0
months (9.3-21.7) for
exemestane alone

Fulvestrant (230) vs
Anastrozole (232)
Fulvestrant (dose regimen of
500 mg IM on days 0, 14,
28; 500mg every 28 days
thereafter)
Anastrozole (1 mg PO od)

Postmenopaus
al; HR positive;
locally
advanced/MBC
; endocrine
treatment
naiive

Median PFS was 16.6 months
for fulvestrant; 13.8 months for
anastrozole (Hazard ratio =
0.797; 95% CI, 0.637-0.999;
p=0.0486).

Fulvestrant + Anastrozole
(256) vs Anastrozole (254)
Fulvestrant (loading dose
regimen starting with 500
mg IM on day 1; 250 mg
dose on days 15 and 29;
250 mg every 28 days
thereafter)
Anastrozole (1 mg PO od)

Postmenopaus
al /
Premenopausal
(receiving a
GnRH agonist);
HR positive;
locally
advanced/MBC

Median TTP was 10.8 months
fulvestrant + anastrozole group;
10.2 months for anastrozole alone
(Hazard ratio = 0.99; 95% CI, 0.81 to
1.20; p = 0.91)
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1.7 Aromatase Inhibitors: The non-steroidal and steroidal
AIs
In premenopausal women, estrogen is mainly produced by the ovaries and
is the main source of estrogen for hormone-dependent breast cancer.
However, in postmenopausal women, the ovaries are no longer functional
and estrogen synthesis occurs in other extra-gonadal sites such as breast
adipose tissue, blood vessels, bone and brain tissue [194]. Simpson et al.
described how circulating estrogen levels may not be the sole cause for
tumour progression in postmenopausal women and in men as the levels of
endogenous estrogen in the tissue is higher than the circulating plasma
levels [194].

This mechanism is further supported by the action of

aromatase inhibitors which inhibits estrogen synthesis in mammary
adipose tissue [194].
such

as

Precursor steroids secreted from adrenal cortex

androstenedione,

dehydroepiandrosterone

(DHEA),

and

dehydroepiandrosterone sulfate (DHEAS) are converted into estrone (E1)
by the aromatase enzyme (CYP19) in the breast, whilst aromatisation of
testosterone generates 17β-estradiol (E2) [195].

Since the ovarian

function is diminished in postmenopausal women, previous studies have
shown that there are much higher levels of circulating androstenedione as
compared to testosterone with much higher affinity of the former to the
aromatase enzyme [196].

Thus, androgens play a crucial role in

maintaining the estrogen environment in postmenopausal women and may
be responsible for tumour progression [195]. As the majority of breast
tumours are hormone-dependent, it was initially advocated that surgical
and endocrine treatment could be useful in eliminating estrogen synthesis
from gonadal and extra-gonadal sources [197].

Previous studies

established that women with breast cancer and lymph node involvement,
may benefit from mastectomy with prophylactic oophorectomy in
premenopausal women [198], [199], [200], [201]; while prophylactic
adrenalectomy was performed as adjuvant therapy in postmenopausal
women either alone or sequentially after oopherectomy as it was able to
prolong DFS [202], [203], [204], [205].
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success, these procedures had high morbidity rates; hence, their use was
limited as palliative measures in advanced breast cancer patients [197].
Aromatase Inhibitor (AI) therapy is currently approved as the adjuvant
treatment for postmenopausal breast cancer [206].

Aminoglutethimide

(AG) was the first-generation aromatase inhibitor used in breast cancer in
1967 [130]. It was initially developed for use as an anticonvulsant [207],
[208]. However, due to its unexpected side effects as an anticonvulsant,
mainly virilisation due to ovarian disruption and inhibition of some adrenal
cortex enzymes, it had warranted further research into its potential use as
a treatment for advanced breast cancer instead [207], [208]. Previous
studies showed that AG was a useful AI in postmenopausal breast cancer
causing inhibition of estrone synthesis without affecting levels of
androstenedione but use was limited due to the high percentage of
patients developing toxicity [130], [209], [210]. The second-generation AI,
formestane, was then developed in 1982 by Angela Brodie and was
administered via the parenteral route [4], [211].

It showed a relative

amount of effectiveness in estrogen suppression especially in those who
have developed resistance to tamoxifen but orally its effect was not as
prominent even in high doses. Nevertheless, despite its effectiveness via
the parenteral route of administration, it was still not the treatment of
choice [4], [211]. Megestrol acetate, a progestin, was also initially
indicated as treatment for advanced breast cancer patients who had
previously failed on tamoxifen therapy as it had no significant differences
in TTP rates when compared to AIs; however, megestrol acetate had
higher toxicity in relation to weight gain, dyspnoea and peripheral oedema
compared to AIs [212]. This was later replaced by the third-generation AIs
as they had better efficacy, good patient survival rates and were better
tolerated by the patients [213], [214]. The third-generation AIs consists of
the steroidal, exemestane, as well as the non-steroidals, letrozole and
anastrozole [196]. These have shown to be far superior than previous
generations of AIs which were exhibiting <90% inhibition of estrogen
synthesis via aromatase inhibition. The third generation of AIs have a
higher efficacy with inhibition of estrogen synthesis >98% [196].
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1.7.1 Non-steroidal AIs
1.7.1.1 Anastrozole and Letrozole
Anastrozole was first approved for treatment of breast cancer in
postmenopausal women with HR positive MBC in 1995 while letrozole was
later approved in 1997 for postmenopausal women with invasive breast
cancer post tamoxifen treatment [4], [215]. In 2005, both non-steroidal AIs
were approved for adjuvant treatment of HR positive primary breast
cancer in postmenopausal women [215]. These drugs are reversible nonsteroidal aromatase inhibitors, which selectively bind to the aromatase
enzyme and inhibit the synthesis of E1 [216].

Both anastrozole and

letrozole are type II AIs that are orally administered (PO) at 1 mg and 2.5
mg optimal dosage respectively. They are absorbed in the GI tract and
letrozole has a shorter time to maximum inhibition of estrogen which is
within 4 days as compared to the longer duration of a week to inhibition
with the use of anastrozole [217].
Several trials have been conducted to compare between the effectiveness
of the non-steroidal AIs versus other breast cancer hormonal treatments.
The first trials conducted in the 1990s compared between third generation
AIs and megestrol acetate [213], [214], [215], [218], [219]. These drugs
were evaluated as a second-line treatment option post failure of tamoxifen
in HR positive advanced breast cancer, finding in favour of AI therapy as it
prolonged survival time and TTP as well as decreased risk of treatment
failure compared to megestrol acetate [213], [214], [215], [218], [219]. It
was then thought that due to its mechanism of action, postmenopausal
women might benefit from AIs as a first-line treatment in advanced breast
cancer [215]. Multi-centre trials were carried out and all showed that both
the non-steroidal AIs were more effective in increasing patient DFS longer
than tamoxifen [215]. This led to the approval of these non-steroidal AIs to
be used as the first-line hormonal therapy of choice in postmenopausal
patients with advanced breast cancer instead of tamoxifen [215], [217].
Once it was established that the non-steroidal AIs had better patient
outcomes in postmenopausal advanced breast cancer compared to
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tamoxifen, researchers and clinicians were then interested in looking at its
benefits as an adjuvant treatment of primary breast cancer in
postmenopausal women.

This led to trials such as the Arimidex,

Tamoxifen Alone or in Combination (ATAC) Trial, Breast International
Group 1-98 (BIG 1-98) Trial (Clinical trial identifier (clinicaltrials.gov):
NCT00004205), Randomised Trial of Letrozole Following Tamoxifen as
Extended Adjuvant Therapy in Receptor-Positive Breast Cancer (NCIC
CTG MA. 17), and Austrian Breast and Colorectal Study Group Trial 6a
(ABCSG Trial 6a) [215].
The ATAC trial compared anastrozole or tamoxifen treatment alone versus
the combination of the two treatments in postmenopausal women to
determine which was superior as an adjuvant treatment for early HR
positive invasive breast cancer [170], [171], [215]. The initial follow-up
after 5 years showed that the anastrozole treated group had a reduced
risk of recurrence by about 2.7% and in 10 years this risk had diminished
by 4.3% when compared to the tamoxifen treated group [170], [171], [215]
(summarised in Table 1.6). The combination group of anastrozole and
tamoxifen treatment was removed later in the trial, as there was no
additional benefit from the combination group compared to tamoxifen
treatment alone [170], [171]. Following this, another trial called the BIG 198 trial, similarly looked at the comparison between letrozole and
tamoxifen as adjuvant treatment in postmenopausal HR positive, early
invasive

breast

cancer

(Clinical

trial

identifier

(clinicaltrials.gov):

NCT00004205) [220], [221], [222] (summarised in Table 1.6). The trial had
a number of arms, whereby either letrozole or tamoxifen treatment alone
was given for 5 years as a sequential treatment regimen, e.g. letrozole for
first 2 years and then 3 years of tamoxifen or tamoxifen for 2 years and
then 3 years of letrozole treatment. The trial was run over a total of 5
years [220], [221], [222].

The results from the trial showed letrozole

treatment alone was more effective than tamoxifen, moreover, it was also
more effective in prolonging DFS than the sequential regimen of tamoxifen
followed by letrozole treatment [215], [220], [221].

The sequential

letrozole followed by tamoxifen treatment group showed similar results to
the letrozole alone group. This meant that if the patient did not tolerate
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letrozole due to its side effects after a couple of years, it was possible to
switch to tamoxifen for the rest of the duration of hormonal treatment to
complete the 5-year treatment regimen [215], [220], [221].
The sequential letrozole and tamoxifen treatment was also evaluated in
the Randomised Trial of Letrozole Following Tamoxifen as Extended
Adjuvant Therapy in Receptor-Positive Breast Cancer trial (NCIC CTG
MA.17) [223].

In this trial, postmenopausal HR positive breast cancer

patients were given 5 years of adjuvant tamoxifen treatment followed by
placebo or letrozole treatment for a further 5 years [223]. The DFS and
OS rates were superior in the letrozole treatment group compared to
placebo with a 42% lower risk of recurrence [215], [224] (summarised in
Table 1.6).

The MA.17 extension trial was recently completed.

The

extension of adjuvant AI therapy (letrozole) to 10 years increased PFS and
reduced the incidence of contralateral breast cancer [223]. This sequential
treatment for AI and tamoxifen was also trialled with anastrozole in the
NCIC CTG MA.17 Trial [223].

The ABCSG Trial 6a looked at the

sequential treatment of 5-year adjuvant tamoxifen treatment followed by
either anastrozole or no treatment for an additional 3 years [225]
(summarised in Table 1.6). This trial was an extension from the ABCSG
Trial 6 which was initially performed to compare between adjuvant
tamoxifen treatment alone versus adjuvant tamoxifen in combination with
the AI, aminoglutethimide, for a total of 5 years. Those patients who were
disease free post the ABCSG Trial 6 were eligible to continue in the
ABCSG Trial 6a [225]. Results from the extension trial showed that there
were much better results with a 38% reduced risk of recurrence in the
sequential tamoxifen and anastrozole treatment group compared to the
sequential tamoxifen and placebo treatment group [225]. The National
Surgical Adjuvant Breast and Bowel Project B-42 (NSABP B-42) trial is
investigating the effects on DFS when adjuvant letrozole is given to
postmenopausal women who have ER positive and/or PR positive tumors
who have previously completed 5 years of hormonal therapy [226]
(summarised in Table 1.6). This trial is still ongoing but recent reports
showed that the extended treatment with 5 yrs adjuvant letrozole did not
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demonstarte a statistical significant improvement in DFS (Clinical trial
identifier (clinicaltrials.gov): NCT00382070) [226].
Apart from the SERM, tamoxifen, there were also trials looking at the
comparison between the use of AIs and the SERD, fulvestrant, namely the
Fulvestrant and Anastrozole Combination Trial (FACT) [193] (summarised
in Table 1.5).

This trial was compared between the combination

treatments of fulvestrant and anastrozole versus anastrozole alone after
endocrine therapy failure in postmenopausal women with HR positive
breast cancer [193]. Results from this trial were not as promising, as the
combination treatment group had no significant benefit compared to the
anastrozole alone group based on the primary endpoint of TTP [193].
Some trials and retrospective studies have tried to determine the type of
AI that had better efficacy when given as an adjuvant therapy in breast
cancer [227]. The recent results of the Femara Versus Anastrozole Clinical
Evaluation (FACE) trial has shown that there were no significant
differences in DFS between the two non-steroidal AIs in postmenopausal
women with HR positive, node positive, early breast cancer [228]. This
trial is similar to the previous study comparing between the efficacy of
letrozole and anastrozole as an adjuvant treatment of HR positive
postmenopausal breast cancer which concluded that both drugs have
have similar outcomes on DFS and OS [229]. There is a trial still ongoing
looking at the efficacy and differences among the steroidal and nonsteroidal AIs as a neoadjuvant treatment option in postmenopausal
women with stage II or stage III ER positive breast cancer. (Clinical trial
identifier (clinicaltrials.gov): NCT00265759) [230].
Similar to tamoxifen, the AI treated patient populations in these trials have
side effects related to menopausal symptoms such as hot flashes and joint
pain [231], [232].

In contrast to tamoxifen, there was a higher risk of

hypercholesterolaemia, osteoporosis, fractures due to bone loss and
cardiovascular events such as myocardial infarction but less risk of uterine
cancers and thromboembolism in the AI treated patients [231], [232].
Results from a number of these trials support the added benefits of AIs
either as a primary adjuvant treatment or as a sequential treatment with
tamoxifen in the HR positive postmenopausal breast cancer population.
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The

current

adjuvant

endocrine

treatment

recommendation

for

postmenopausal early stage HR positive breast cancer is: either 5 years of
AI therapy as a monotherapy; or sequentially starting with tamoxifen for 23 years followed by an AI up to 5 years with a combined treatment of 7 to
8 years; or sequentially starting with 5 years of tamoxifen followed by a
further 5 years of AI therapy; or 10 years of tamoxifen treatment as a
monotherapy [206], [233].
1.7.2 Steroidal AIs
1.7.2.1 Exemestane
Exemestane is a steroidal AI that was approved for adjuvant treatment in
HR positive primary breast cancer patients in 2005 [4]. Its mechanism of
action is slightly different from the non-steroidal AIs, as it is a type I AI
which selectively binds to the aromatase enzyme irreversibly and causes
degradation

of

the

enzyme

which

allows

it

to

compete

with

androstenedione for binding to the aromatase enzyme [216], [234].
Exemestane has a minor potential to bind to AR (0.02% affinity) due to its
steroidal structure. However, its metabolite, 17-hydroexemestane, has a
hundred times the affinity for AR compared to dihydrotestosterone [216],
[234].

Its optimal dose is 25 mg and has maximum inhibition of the

enzyme by 7 days of treatment [216], [217]. A number of trials compared
exemestane with SERMs and other AIs. Exemestane was found to be
more effective with fewer side effects than megestrol acetate when given
to postmenopausal women with advanced breast cancer who had
previously failed on adjuvant tamoxifen treatment [216]. In the metastatic
setting, it was also found to have better efficacy than tamoxifen in the
phase III European Organisation for Research and Treatment of Cancer
(EORTC) trial [235], [236].

The Intergroup Exemestane Study (IES)

investigated the efficacy of adjuvant exemestane in the treatment of
postmenopausal primary breast cancer [215], [237]. The arms of the trial
consists of either tamoxifen treatment alone for 5 years or sequential
treatment with tamoxifen for 2-3 years followed by exemestane for a total
of 5 years. Results showed that the sequential treatment with tamoxifen
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and exemestane group had better DFS compared to tamoxifen treatment
alone [215], [237] (summarised in Table 1.6). The Tamoxifen Exemestane
Adjuvant Multinational (TEAM) trial also evaluated similar treatment arms
of patients; however, sequential treatment with tamoxifen and exemestane
was not found to be significantly superior to tamoxifen alone when given
as an adjuvant therapy [238], [239]. Following this, the NSABP B-33 trial
looked at the DFS rates of sequential treatment with 5-year adjuvant
tamoxifen treatment followed by either exemestane or placebo for a further
5 years, which again resulted in favour of the exemestane treatment group
[215], [240]. Exemestane has also been trialled as a preventative drug for
breast cancer in postmenopausal women with moderate breast cancer
risk. The NCIC CTG Mammary Prevention.3 (MAP.3) trial showed that
compared to placebo, exemestane reduced the incidence of invasive
breast cancer by 65% as well as reducing the risk of precursor lesions
[239], [241].

Both the steroidal and non-steroidal AIs have also been

evaluated as a neoadjuvant treatment of breast cancer yielding promising
results including reduced tumour sizes leading to better surgical outcomes
with breast conserving surgery [242]. Comparison between exemestane
and anastrozole as an adjuvant treatment of postmenopausal HR positive
breast cancer showed that neither was more effective than the other in
improving DFS [243]. The incidence of side effects were also very similar
especially the menopausal symptoms, except for osteoporosis which was
more prevalent in the anastrozole group [243].
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Table 1.6: Clinical trials investigating the treatment of breast cancer
patients with either tamoxifen or an AI alone or as a combination
therapy.
A number of clinical trials have been carried out to determine the efficacy
of tamoxifen and AI treatment either alone or in combination therapies in
various subsets of breast cancer patients including: aTTom: Adjuvant
Tamoxifen–To Offer More? [164]; ATLAS: Adjuvant Tamoxifen: Longer
Against Shorter [161]; BIG 1-98: Breast International Group 1-98 [220],
[221], [222]; ATAC: Arimidex, Tamoxifen Alone or in Combination [170],
[171]; IES: Intergroup Exemestane Study [237]; NCIC CTG MA.17:
Randomised Trial of Letrozole Following Tamoxifen as Extended Adjuvant
Therapy in Receptor-Positive Breast Cancer trial [223], [224]; DATA:
Different Durations of Adjuvant Anastrozole Therapy After 2 to 3 Years
Tamoxifen Therapy in Breast Cancer [244]; ABCSG Trial 6a: Austrian
Breast and Colorectal Study Group Trial 6a [225]; NSABP B-42: National
Surgical Adjuvant Breast and Bowel Project B-42 [226]. (CI: Confidence
interval; DFS: Disease free survival; AI: Aromatase inhibitor; TAM:
Tamoxifen; ER: Estrogen receptor; p: p-value). (Table adapted from
Cavalcante et al.; 2016; [245]).
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Endocrine
Therapy

Clinical Trial

aTTom

Treatment
duration/sequence

ER
positive
(n)

DFS / Risk of
recurrence

5 vs 10 years of
TAM

2755

80.8% vs 83.3%
Hazard ratio = 0.99 at
years 5-6; (95%CI,
0.86 -1.15).
Hazard ratio = 0.84 at
years 7-9; (95% Cl,
0.73-0.95).
Hazard ratio = 0.75 at
>9 years; (95%, Cl,
0.66-0.86; p = 0.003)

5 vs 10 years of
TAM

6846

79.2% vs 82.01%
Hazard ratio = 0.90 for
years 5-9
(95% Cl, 0.79-1.02).
Hazard ratio = 0.75 for
>9 years
(95% Cl, 0.62-0.90)

5 years TAM vs 5
years AI

6686

81.4% vs 84%
Hazard ratio = 0.81
(95% Cl, 0.70-0.93;
p = 0.003)

5 years TAM vs 5
years AI

7839

87.4% vs 89.4%
Hazard ratio = 0.83
(95% Cl, 0.71-0.96;
p = 0.013)

TAM 2-3 years
followed by TAM vs
Al for a total of 5
years

3853

86.8% vs 91.5%
Hazard ratio = 0.68
(95% Cl, 0.56-0.82;
P < 0.001)

TAM 5 years
followed by placebo
vs Al for 5 years

5048

91% vs 95%
91% (95% CI, 89 to
93) placebo;
95% (95% CI, 93 to
96) AI

1912

79.4% vs 83.1%
Hazard ratio = 0.79
(95% Cl, 0.62-1.02;
p = 0.07)

TAM 5 years
followed by placebo
vs Al for 3 years

852

AI had 38% reduced
risk of recurrence
Hazard ratio = 0.62
(95% CI, 0.40 to 0.96;
p = 0.031)
Risk of recurrence 10
years after surgery:
11.8% for placebo;
7.1% for AI

Endocrine therapy
for 5 years followed
by placebo vs Al for
5 years

3966

81.3% vs 84.7%
Hazard ratio = 0.85
(95% Cl, 0.73-0.999;
p = 0.048 where
significance
level was at 0.0418)

[164]

Tamoxifen

ATLAS

[161]

[220], [221], [222]

BIG – 198
(Clinical trial identifier
(clinicaltrials.gov):
NCT00004205)
Al
ATAC

[170], [171]

IES

[237]

NCIC CTG MA.17

[223], [224]

[244]

DATA
(Clinical trial identifier
(clinicaltrials.gov):
NCT00301457)

TAM 2-3 years
followed by 3 vs 6
years Al

Combinations

ABCSG Trial 6a

NSABP B – 42
(Clinical trial identifier
(clinicaltrials.gov):
NCT00382070)

[225]

[226]
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1.8 Androgen receptor antagonist
Some studies have looked into targeting AR in breast cancer as around
60-70% of all breast cancers express AR [246], [247]. They suggested
that perhaps AR may be playing an important role in the development of
breast cancer and may be a potential drug target [246], [247].

AR is

steroid nuclear receptor that is maintained in an inactive form by the heat
shock proteins chaperone complex in the cytoplasm until bound by its
ligand [136].

When binding occurs, AR is activated by rapid

homodimerisation and coregulators recruitment. AR is then translocated
to the nucleus and bind to the androgen response elements (AREs)
resulting in gene transcription [248].

The AR LBD, which has some

overlap with AF-2 domain is the binding site for androgens and antiandrogens [249]. Androgens are mostly produced in the ovaries in
premenopausal women and adrenal glands in postmenopausal women
[250]. Androgens are converted to estrogen by the aromatase, steroid
sulfatase (STS), estrogen sulfotransferase (EST) and 17β-hydroxysteroid
dehydrogenase enzymes [250], [251]. Estrone sulfates that are converted
to estrone by the sulfatase enzyme and then estradiol by 17βhydroxysteroid dehydrogenase is 100-500 times higher than the
conversion of androgens to estrone and estradiol by the aromatase
enzyme [250].

Some researchers are exploring the concept of STS

inhibition to overcome endocrine resistance [251].
In previous studies, it has been shown that elevated levels of estrogen and
androgens may be associated with increased risk of breast cancer and the
initial reason for this was due to the conversion of androgen to estrogen
causing

increased

circulating

estrogen

ligand

leading

to

tumour

progression [252]. Despite this, other studies have shown that perhaps
the stable balance between estrogen and androgens in the cell
microenvironment in a woman’s breast may be responsible for the normal
breast development due to the crosstalk between AR and ERα [253].
Thus, the imbalance between the levels of the hormones, for example,
caused by the use of hormonal treatments such as OCP and HRT, may
lead to the development of breast cancer [254]. This was investigated in a
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study where women were given either estrogen/progestin preparation
alone or in combination with testosterone versus no hormone treatment at
all [254].

Results showed that those who were on the combination

treatment and those with no hormone treatment had lower incidence of
breast cancer compared to the estrogen/progestin preparation alone group
[254]. This brought up the theory that perhaps the balance of estrogens
and androgens was maintained in the combination group [254]. In the
past, this was a rationale that led to the use of androgens as a treatment
for breast cancer. However, due to the realisation that androgens may be
converted into estrogen in the breast leading to further tumour
progression, as well as its unfavourable side effects, treatments such as
SERMs and AIs were favoured instead [255]. In other studies with ER
positive tumours, AR expression was found to play a ‘protective’ role as it
prolonged DFS which was possibly due to the competition between ER
and AR for ligand-binding; hence, preventing estrogen from causing
further tumour progression [256], [257], [258].
Although AR was found to be associated with better prognosis in certain
subtypes of breast cancer, some researchers believed that this was not
always the case [257], [258]. In ER positive tumours, AR expression was
associated with a better prognosis; however, in some studies this was not
seen in ER negative tumours such as in the triple negative breast cancer
(TNBC) cohort [259]. Some studies found that in TNBC patients with AR
positive tumours, there was an increased in overall mortality compared to
AR negative tumours as well as correlation with increased lymph node
metastases and association with higher tumour grade [259], [260]. In the
triple negative AR positive, apocrine breast cancers, it has been reported
that the cancer may be able to progress via other tumour proliferating
pathways by utilising AR [33], [261].

In support of this, a number of

studies have shown that high androgen and AR expression levels to be
associated with tumour proliferation in this tumour subtype [33], [261].
The imbalance of hormones have been a theory that has been supported
throughout the decades, whereby too much of a hormone may inevitably
be the cause of endocrine cancers such as in the cancers of the breast
and prostate [255].

This is especially important in postmenopausal
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women, whereby levels of endogenous estrogen production from the
ovaries fall and androgens become the main source of conversion to
estrogen which can play a role in the development of postmenopausal
breast cancer [262].
1.8.1 Bicalutamide and Enzalutamide
Bicalutamide and enzalutamide are non-steroidal AR antagonists
administered orally. Bicalutamide is a first-generation anti-androgen that
was approved in 1995 for use in metastatic prostate cancer and smaller
studies have investigated its value as a potential treatment in hirsutism
and ovarian cancer in women that have higher levels of endogenous
androgens [263]. It acts by binding to AR and preventing the binding of its
ligands and subsequent activation of AR target genes. It also degrades
AR when bound [264]. In 2012, Enzalutamide was approved for treatment
of metastatic prostate cancer [265].

It is a second-generation AR

antagonist and has a higher affinity for binding to AR compared to
bicalutamide. It prevents AR nuclear translocation and the activation of
AR target genes and coactivators [266].
The Phase II Trial, Bicalutamide in Patients with Androgen Receptor–
Positive, Estrogen Receptor–Negative Metastatic Breast Cancer, was
completed in 2013 [267]. These patients were given a 150 mg dose of
oral bicalutamide daily, which is three times the approved amount given as
treatment in metastatic prostate cancer. Among the total of 424 patients in
the trial, 12% were positive for AR; however, only 26 patients out of the
AR positive group were eligible for the trial and proceeded to have
treatment with bicalutamide. This group of eligible patients was in the
postmenopausal age group category [267]. Results from the trial showed
that there was 19% CBR among those patients who were eligible which
shows bicalutamide has potential for evaluation in further trials [267].
In pre-clinical studies, enzalutamide was found to be more effective than
bicalutamide as an anti-androgen in both ER positive and ER negative
breast cancers with AR positive expression [268]. It was found to not only
prevent AR-mediated action but to also prevent ER-mediated tumour
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progression [268]. This led to clinical trials using enzalutamide including
an ongoing phase II clinical trial investigating the efficacy of enzalutamide
in triple negative, AR positive breast cancers patients (Clinical trial
identifier

(clinicaltrials.gov):

NCT01889238)

[269].

In

the

trial,

enzalutamide is administered orally at a daily dose of 160 mg. It is a twostage study involving 118 patients with any level of AR positivity i.e. more
than 0% IHC staining; however, the primary endpoint looked at patients
who had more than 10% AR staining [269]. Initial results from the trial
showed that from the 26 eligible patients given enzalutamide, 35% had a
CBR of more than or equal to 24 weeks [269]. This allowed the trial to
continue on to the second stage and which was reported in 2015 [270]. Of
the 404 samples tested for AR, 79% had AR >0% IHC staining and 55%
had AR ≥10% IHC staining. The CBR and PFS rates were much higher in
the AR positive TNBC cohort [270]. Another ongoing phase II trial with
enzalutamide is investigating the combination therapy of enzalutamide
with the steroidal AI, exemestane, in ER or PR positive, HER2 negative
postmenopausal advanced breast cancer patients (Clinical trial identifier
(clinicaltrials.gov): NCT02007512) [271].

The primary and secondary

endpoints will determine the effects of the treatment on PFS and CBR as
well as the correlation with AR expression and enzalutamide effects [271].
A similar combination therapy trial with enzalutamide and exemestane is
also currently being carried out in postmenopausal primary breast cancer
patients with ER positive breast cancer and AR positive TNBC (Clinical
trial identifier (clinicaltrials.gov): NCT02676986) [272]. The treatment will
be given around 15-29 days prior to surgery or neoadjuvant therapy that
has been scheduled for the patients [272]. Enzalutamide treatment effects
will be assessed through tissue and blood samples collected from the
patients pre- and post-treatment. The primary endpoint will be based on
the Ki67 expression of the tissue samples collected to determine if
enzalutamide had any effect on tumour proliferation [272].
As with most endocrine therapies, side effects are usually present. In both
the bicalutamide and enzalutamide breast cancer trials to date, the side
effects were not life-threatening and quite similar between the two drugs
such as hot flashes, fatigue and GI disturbances [267], [269]. Following
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the results of these trials, the role of targeting AR in a subset of breast
cancers using AR antagonists shows therapeutic promise may contribute
to the advancement of breast cancer hormonal therapies [267], [269].
1.8.2 Selective androgen receptor modulator (SARM)
Selective androgen receptor modulators (SARMs) is a new type of drug
that differs from androgen therapy due to its selective anabolic effects and
high affinity for AR binding [273].

The 3-(4-Acetylamino-phenoxy)-2-

hydroxy-2-methyl-N-(4-nitro-3-trifluoromethyl-phenyl)-propionamide

(S-4)

is a model aryl propionamide SARM used in prostate cancer in vivo
studies [274].

A study has shown that S-4 has tissue-selective

pharmacologic activity as it was able to restore loss in lean body mass,
skeletal muscle strength and maintain bone mineral density with minimal
effect on the prostate of castration-induced male rats [274]. In in vivo
breast cancer studies using ovariectomised rats, S-4 treatment was also
shown to maintain bone mineral density and increase bone strength as
well as decrease body fat [275], [276]. A newer SARM, enobosarm (GTx024; GTx, Memphis, Tennessee, U.S.), binds to AR and causes
conformational changes leading to the selective effects of the SARM in
gene expression regulation of different tissues [277].

Some phase II

clinical trials using enobosarm given to healthy elderly men and
postmenopausal women as well as in patients with cancer have shown
that the enobosarm cohorts had improvements in physical function and
increase in lean body mass [278], [279]. They concluded that enobosarm
may be of use to prevent muscle wasting in patients with cancer without
the unwanted side effects such as virilisation [278], [279]. Another in vitro
study investigated the effects of SARMs in the triple negative, AR positive
breast cancer cell line, MDA-MB-231-AR [280]. In these cells, SARMs
were able to inhibit tumour proliferation and inhibit the paracrine factors
that promote metastasis [280]. The initial results from the proof of concept
phase II study of enobosarm in ER positive MBC patients showed that
enobosarm was well tolerated and the primary endpoint CBR was
achieved (clinicaltrials.gov): NCT01616758) [281].
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clinical trial evaluating the efficacy and safety of enobosarm in
postmenopausal women with ER or AR positive, HER2 negative,
metastatic or locally advanced breast cancer that have previously received
hormonal

treatment

is

currently

ongoing

(Clinical

trial

identifier

(clinicaltrials.gov): NCT02463032) [282].

1.9 Breast cancer resistance
As with most drug treatments, whether it is in the field of infectious disease
or cancer, resistance to therapy is always a major concern. Therefore,
therapies especially in the field of breast cancer are important because
even though the percentage of patients that may benefit from a specific
targeted therapy seems small, the actual number of patients affected
globally is significant [283].

With extensive research into specifying

subsets of patients who may benefit from tailored therapy, this may
prevent resistance to treatment and the unnecessary exposure of patients
to a specific therapy that may not provide them long-term benefit [283].
1.9.1 Resistance to SERMs
Extensive research is ongoing to overcome de novo and acquired
resistance to tamoxifen. Despite treatment, cancer cells are constantly
evolving to survive in any condition the cell may encounter. Therefore,
resistance may be inevitable in certain types of breast cancers [284].
Although ER is being targeted in ER positive tumours by tamoxifen, the
occurrence of metastases or recurrence in breast cancer suggests that
perhaps there are other mechanisms or pathways that may also play a
role in promoting this resistance [284]. Among the pathways of resistance,
the loss of ER expression and ER mutation has been shown to be one of
the main causes for de novo resistance to tamoxifen [284], [285]. The loss
of ER expression may be due to several mechanisms such as MAPKs
hyperactivation, hypoxia and overexpression of EGFR or HER2.
Epigenetic studies showed that the loss of ER expression may be due to
hypermethylation of the ER gene promoter [286].
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Acquired resistance was found to be associated with alterations in coregulatory proteins and cellular kinase or signal transduction pathways
after treatment with tamoxifen leading to tumour evolution [284], [285].
Growth factor receptor overexpression has been found to be associated
with endocrine resistance by crosstalk between ER in the membrane and
growth factor receptor signalling pathways [287], [288].

Growth factor

receptors such as insulin-like growth factor 1 receptor (IGF1R), EGFR and
HER2 can cause downstream activation of MAPK and PI3K/Akt signalling
pathways, which results in phosphorylation of ER and gene regulation.
This leads to cell proliferation and endocrine resistance [287], [288].
Some studies have investigated the potential for tumour progression to be
related to the dual properties tamoxifen has as both an antagonist and
partial agonist [289]. Ongoing research aims to achieve a more patienttailored therapy to overcome de novo resistance [289]. Other research
aims to prevent and overcome acquired resistance to tamoxifen by using
other compounds in combination or in place of this treatment [289].
1.9.2 Resistance to AI therapy
Similar to tamoxifen therapy, a large percentage of patients on AI therapy
(~30%-60%) will exhibit de novo or acquired resistance with local
recurrence of tumour or distant metastases. This is a major concern and
warrants further research to develop more patient-tailored first- and
second-line therapies to overcome this resistance [290]. Studies have
found that despite diminished estrogen synthesis with adjuvant AI therapy
in postmenopausal women, resistance was still an issue as ER may still
be active and functional in this setting [291]. An in vitro study using the
LTED human breast cancer cell model showed that by treating the cells
with tamoxifen after a period of estrogen deprivation, resistance occurs
due to cellular hypersensitivity to the stimulatory estrogenic properties of
tamoxifen [292].
Another model used to mimic the postmenopausal breast cancer is the
intramural aromatase model [293], [294]. The concept of this model is
thought be more physiological compared to the LTED models, whereby
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the aromatase enzyme was transfected into the endocrine sensitive, MCF7, breast cancer cells and cells were grown over a long period by using
estrogen-depleted growth medium [293], [294]. These cells were sensitive
to SERMs and SERDs and still expressed functional ER. However,
despite estrogen stimulation there was no increase in cell proliferation;
hence, did not show similar hypersensitivity to estrogen as in the LTED
models [293], [294]. An in vivo study by Angela Brodie’s group (Danijella
et al. 2005) was carried out in mice with ER positive, aromatase enzyme
transfected human breast cancer cells (MCF-7Ca) [295].

They

investigated the effects of inhibiting both estrogen synthesis and ER
function using a combination of an AI, letrozole, with an ER antagonist,
fulvestrant, as well as either drug treatment alone [295]. They observed
that the combined treatment approach was more effective than using
either drug alone. Also, they found that letrozole on its own was more
effective at inhibiting tumour growth compared with fulvestrant [295].
Furthermore, when the treatment was changed from letrozole alone to
tamoxifen treatment alone, there was no added advantage, which
suggests that tamoxifen may not be suitable as a second-line treatment
option after failed AI therapy. This also suggests that other factors may be
involved in promoting resistance [295].
Somatic mutations also may play a role in de novo resistance to AI
therapy [296].

Bioinformatic analysis has identified a number of gene

mutations in breast tumours prior to adjuvant AI therapy and these genes
may play a role in determining the response to AI therapy as some have
increased gene expression with AI treatment leading to resistance [296].
Among the mutated genes identified are GATA3, MAP3K1, PIK3CA and
TP53.

These genes have been found to also play a role in ligand-

independent pathway activation promoting AI resistance [296].
Acquired AI resistance occurs when the AI treatment given which was
initially effective, loses its efficacy and the tumour progresses or recurs.
This type of resistance is due to the cells’ ability to adapt to AI therapy and
activate resistant mechanisms to promote tumour growth [292], [294].
This has been shown via a number of mechanisms.

Similar to the

pathways observed in SERM resistance, AI resistance can be mediated
94

General Introduction
through ligand-independent pathways involving up-regulation of growth
factor signalling receptors in the cell membrane such as EGFR, IGF1R,
HER2 and FGFR that cross-talk with ER [292], [294].

This activates

downstream signalling of the MAPK pathways and the PI3K/Akt pathways,
leading to cell proliferation and activation of anti-apoptotic mechanisms
[292], [294]. Another acquired AI resistance mechanism is the estrogen
receptor 1 (ESR1) gene mutation. ESR1 has been shown to promote
resistance either via point mutation, amplification or translocation [297],
[298]. It causes ligand-independent activation of resistance pathways due
to mutation on the LBD [297], [298]. One study looked at the presence of
ESR1 mutation in a subset of ER positive and ER negative endocrine
treatment naïve patient breast tumour samples [299]. Of the 188 samples,
only 2 patients had the mutation and both were ER negative tumours
[299].

The ESR1 mutation mechanism was classified as an acquired

endocrine resistance as it was detected in metastatic tumour samples
from patients who had failed long-term endocrine treatment, but was
absent in their primary tumours [298], [300].
ER positive metastatic tumours have shown similar properties to cancer
stem cells (CSC) due to the presence of the cell population expressing
CD44+CD24- type cells [301]. These types of cells are able to self-repair
and increase tumour proliferation as they are associated with certain
processes such as anti-apoptotic proteins, increased DNA damage
responses and activation of resistance growth factor signalling pathways
[301]. CSC-like properties are able to cause acquired AI resistance in ER
positive tumours [301].

There is emerging research investigating the

tumour microenvironment of the patient as this may also play a role in
promoting resistance to endocrine therapy.

Tumour proliferation and

angiogenesis can be regulated by cancer-associated fibroblasts (CAFs)
[301],

[302].

Factors up-regulated by CAFs can lead to activation of

signalling pathways associated with AI resistance such as PI3K/Akt
pathway [301],

[302].

Extensive research is ongoing to target these

various pathways of AI resistance in order to overcome this inherent
problem of hormone therapy resistance [301], [302].
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1.10 The Homeobox genes and their relationship to
steroidal adaptability
The Homeobox (HOX) genes code for nuclear proteins, referred to as
homeo proteins, and are defined by the presence of a region within the
protein called a homeodomain [303], [304]. They act as transcription
factors by binding to specific DNA sequences and can regulate gene
expression of target genes [303], [304]. The primary function of homeo
proteins is during early embryogenesis where they play a role in body
development, patterning and segmentation [303], [304].

The family of

HOX genes that are members of the homeobox family have not only been
found in mammals but also in other species. These were first discovered
in the 1980s while scientists were looking at a developmental defect in the
fruit fly, Drosophila melanogaster, which was found to be due to a HOX
gene mutation [305]. In humans, HOX genes are formed in 4 sub-clusters
called HOXA, HOXB, HOXC and HOXD. These genes are responsible for
axial body formation (HOXA and HOXD) and limb development (HOXB
and HOXC) [306]. HOX genes comprise of 39 family members and their
expression in embryogenesis is observed in undifferentiated and
proliferative cells [307].

In embryogenesis, HOX genes play a role in

segmental identity determining antero-posterior axis in body patterning
[307]. In adults, HOX genes are normally involved in positional memory
and differentiation to maintain homeostasis of the body organs and tissues
[307].
Endocrine development in both embryogenesis and in adults has been
shown to be regulated by HOX genes.

In adults, the HOXA10 and

HOXA11 genes are responsible for the normal female reproductive
function and the deregulation of these genes can lead to disorders of the
endometrium causing conditions such as infertility [308]. The endocrine
regulation of HOX genes can be affected by ligands such as retinoic acid,
estrogen and vitamin D [308]. Retinoic acid regulates HOX genes in the
development of the central nervous system by anterior patterning during
embryogenesis but is not known to control adult HOX genes [308].
Estrogen regulation of HOX genes (HOXA9, HOXA10 and HOXA11) is
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important especially in the reproductive tract. These genes are involved in
the posterior patterning of embryo development [309].

Vitamin D has

been shown to interact with HOXA10 in both uterine and haematopoietic
regulation and its deficiency has effects on both systems [310]. However,
dysregulation of these HOX genes and its redistribution to parts of the
body that are not its normal environment can lead to carcinogenesis [307].
1.10.1 HOX genes in the development of cancer
It has been shown that the HOX genes gain of expression and aberrant
redeployment in primary tumours such as those of the breast, brain, bone
and lung may be due to it performing its normal activities away from its
usual site of activation; hence, promoting tumour development [304]. In a
review of HOX genes, Grier et al. have shown that multiple HOX genes
are overexpressed in tumours including acute myeloid leukemia (HOXA9),
cervical cancer (HOXA1), colorectal cancer (CRC) (HOXB8), lung cancer
(HOXA7, HOXA10), melanoma (HOXC10), prostate cancer (HOXC8,
HOXB13) and renal cancer (HOXB2) [311].
A study was published by Kanai et al. in Japan looking at expression of
HOX genes in CRC and hepatocellular carcinoma in frozen tissue samples
[312]. A number of HOX genes were detectable by qRT-PCR. When
compared to normal tissue, significantly higher levels of HOXA9, B3, B8
and B9 were seen in the CRC samples mainly in the left side of the colon
[312]. The same study also looked at hepatocellular carcinoma samples
and 28 HOX genes were higher in the tumour samples (HOXA3, A5, A6,
A7, A9, A10, A11, A13, B1, B6, B7, B8, B9, B13, C5, C6, C8, C9, C10,
C11, C12, C13, D1, D3, D4, D8, D9 and D10) [312]. Interestingly, the
HOXA3 and HOXD11 genes were significantly expressed in hepatic
metastases compared to those which did not metastasise [312]. Another
study looking specifically at HOXB7 expression in CRC samples showed
that there were higher levels of HOXB7 in tumour samples that were more
aggressive and associated with distant metastases [313]. In vitro and in
vivo studies showed that CRC cells and tumours were more proliferative
and migratory when there was overexpression of HOXB7 [313].
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The study of HOX genes have shown larger numbers of HOX genes are
responsible for the tumourigenesis of solid tumours such as that in the
lung, bladder, kidneys and brain [314].

In lung tumours, significantly

higher levels of HOXA5 and HOXA10 were found in squamous cell
carcinoma and adenocarcinoma tissue compared to normal lung tissue
[315]. The tumours of the urinary system also expressed higher levels of
HOX genes specifically HOXA11, HOXC11 and HOXD11 in renal cell
carcinoma (RCC) and transitional cell carcinoma (TCC) of the bladder with
an additional significance of HOXB13 gene expression also seen in TCC
of the bladder [316], [317], [318]. In brain tumours, HOXA9 and HOXA10
genes were associated with higher grade and poor prognosis [314].
1.10.2 HOX Genes In Endocrine Tumours
In endocrine tumours, HOX genes have been implicated especially in
parathyroid,

thyroid,

ovarian,

prostate

and

breast

tumours

[314]

(summarised in Table 1.7). Shen et al. have investigated the significance
of the misexpression of HOX genes in familial multiple endocrine
neoplasia type 1 (fMEN1) parathyroid tumours [319]. The MEN1 gene, a
tumour suppressor gene, is mutated in the fMEN1 parathyroid tumours.
The study elucidated that the loss of the protein, menin, that is regulated
by the MEN1 gene leads to deregulation of HOX genes [319]. 23 HOX
genes were found to be associated with fMEN1 parathyroid tumour with 9
being menin-dependent (HOXA6, HOXA10, HOXA11, HOXA13, HOXB6,
HOXB7, HOXC6, HOXC9 and HOXC10) [319]. In thyroid cancers, the
aggressive anaplastic thyroid cancer, had cells lines that expressed
HOXB1 and HOXB9 genes [320]. HOXB5, HOXB7, HOXB8 and HOXB13
are expressed in ovarian tumours with invasion properties and in
metastatic aspirates [321], [322].
The expression of HOX genes in prostate cancer and breast cancer
involves mainly the posterior (caudal) HOX genes specifically the HOXB
and HOXC family members [306]. These genes are involved in normal
limb formation in the embryonic development process [306]. However, in
tumours, it has been shown that the abnormal redeployment of such
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genes leads to the progression of the tumour causing it to be more
invasive in nature [306].

The HOXB13 gene is not only expressed

significantly in TCC of the bladder and ovarian cancer [316], [322] but also
in refractory prostate cancer, whereby higher expression of HOXB13 was
detected in the resistant cells when compared to the sensitive prostate
cancer cells [323]. Moreover, it was also noted that this gene was able to
enhance cell proliferation despite the low levels of androgens [323]. The
HOXB3 transcription factor was also found to be associated with a higher
Gleeson grade of prostate tumours and is associated with poor prognosis
[324].

Overexpression of two HOXC genes (HOXC6 and HOXC8) in

prostate cancer studies were found to promote tumour growth by inhibiting
apoptosis in cancer cells and increasing cell migratory capacity creating
potential for distant metastases [325], [326].
The estrogen HOX axis has also been associated with breast malignancy
in an ER-dependent manner [308], [327]. The HOX genes can activate
both tumour suppressor and oncogenes in cancers, which can determine
the tumour’s aggressiveness [308], [327]. In ER positive breast cancers
that are responsive to endocrine therapy, HOX genes such as HOXA5 and
HOXA10 promote tumour suppression due to up-regulation of the p53
suppressor gene. In more aggressive breast cancers, the loss of these
HOX genes causes tumour progression [308], [327]. Tamoxifen binds to
ER and up-regulates HOXA10 causing inhibition of tumourigenesis [308],
[327]. Another study looked at HOXA9 as a tumour suppressor gene and
found that its presence prevented tumour progression and it positively
modulated the levels of BRCA1 in breast cancer restricting tumourigenesis
[328].

A report by Mouw et al. investigated the relationship between

microRNAs (miRNA) and phosphatase and tensin homolog (PTEN) in
breast cancer progression [329]. They showed that high levels of miR-18a
was present in aggressive breast cancer phenotypes and this inhibited the
tumour suppressive actions of PTEN and HOXA9 [329].
Conversely, multiple studies have shown the oncogenic effects of HOX
genes in breast cancer. A number of HOX genes have been shown to be
associated with breast cancer progression [330].

Among them is

HOXB13, which also has significance in other solid tumours. Increased
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expression of HOXB13 in breast tumours causes tamoxifen resistance
through the suppression of ER and activation of mechanistic target of
rapamycin (mTOR) pathways causing cell proliferation and cancer
progression [331]. This is similarly seen in another study, which supported
the role of HOXB13 in endocrine resistance and its hypermethylation is
also related to poor disease outcome of invasive breast cancer [332].
In the SKBR3 breast cancer cells that have high expression of HER2,
HOXB7 gene expression was involved in stimulating genes to increase
tumour vascularisation and promote tumourigenesis [333].

Jin et al.

looked at HOXB7 in ER positive breast cancers (MCF-7 cells) [334]. It
was found that increased levels of HOXB7 were found in the cells after a
prolonged period of tamoxifen therapy. HOXB7 was also found to interact
with EGFR and activate growth factor signalling pathways [334].

The

breast tumours with high HOXB7 also exhibited unfavourable disease
prognosis [334].

The same research group recently identified a

mechanism involved in tamoxifen resistant breast cancer. HOXB7 and ER
were found to be cofactors involved in the expression of target genes
leading to tamoxifen resistance in breast cancer [335], [336]. The action
of the myelocytomatosis (MYC) transcription factor regulator gene in
breast cancer was responsible for inhibiting miR-196 (mature miRNA-196).
This resulted in the overexpression of HER2, ER target genes and HOXB7
leading to tamoxifen resistance and breast tumour proliferation [335],
[336].

Another recent study explored the target genes regulated by

HOXB7 and found that the knockdown of HOXB7 led to the up-regulation
of the tumor suppressor genes, DAP, SCGB1D4 and SCGB2A1, which
has been associated with good prognosis in other endocrine tumours
[337]. The target gene up-regulated with overexpression of HOXB7 was
the CTNND2 gene, which acts as an oncogene in prostate cancer [337].
This study concluded that suppression of a single HOX gene was not
sustainable as it requires cofactors and downstream pathway involvement
for tumourigenesis [337].
The HOXD3 gene was seen in HR negative breast cancers and its
expression was linked to poorer prognosis and more invasive subtypes
[338]. In a study by Zhang et al., overexpression of the HOXA1 gene in
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normal breast epithelial cells transformed the cells into cancerous cells
with invasive potential [339].

The overexpression of this gene also

inhibited the apoptotic effects of chemotherapeutics agents causing
resistance [339].

Two other HOX genes that promote breast tumour

invasiveness are the HOXB9 and HOXB5 genes [340], [341]. Increased
levels of HOXB9 increase the metastatic potential of breast tumours
especially towards distant lung metastases while HOXB5 expression in ER
positive breast tumours increases its aggressiveness and resistance to
endocrine therapy [340], [341]. A study conducted by Hur et al. analysed
all 39 human HOX genes and found that 11 of these genes (HOXA13,
HOXB2, HOXB4, HOXB5, HOXB6, HOXB7, HOXB9, HOXC9, HOXC13,
HOXD1, and HOXD8) were significantly overexpressed in malignant
breast cancer tissues [342].
Table 1.7: HOX genes in endocrine resistance.
HOX genes play an important role in a number of endocrine cancers
including breast cancer [308], [327], [328], [329], [331], [332], [333], [334],
[335], [336], [337], [338], [339], [340], [341], [342], [343], [344]; prostate
cancer [323], [324], [325], [326], [345]; fMEN1 parathyroid tumours [319];
anaplastic thyroid cancer [320]; ovarian cancer [321], [322]; and malignant
melanoma [346]. (HOX: Homeobox; fMEN1: Familial multiple endocrine
neoplasia type 1)
Endocrine tumours
Breast cancer

HOX genes
A1, A5, A9, A10, A13, B2, B4, B5,
B6, B7, B9, B13, C6, C9, C10,
C11, C13, D1, D3, D8

Prostate cancer

B3, B13, C4, C6, C8

fMEN1 parathyroid tumours

A6, A10, A11, A13, B6, B7, C6,
C9, C10

Anaplastic thyroid cancer

B1, B9

Ovarian cancer

B5, B7, B8, B13

Malignant melanoma

C13
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Gene profiling studies are ongoing to determine specific gene(s) that can
lead to tumour adaptability leading to resistance in endocrine therapy.
Research from our laboratory (lab) has previously explored a co-regulator,
p160 steroid receptor coactivator-1 (SRC-1), to establish its transcription
partners in breast cancer [1]. SRC-1 has a normal function to interact with
nuclear receptors but has also been shown to interact with transcription
factors and promote metastasis in endocrine treated breast cancers [347].
This led to the discovery of an SRC-1 transcription partner, the homeobox
protein, HOXC11, which was found to be associated with endocrine
therapy resistance in breast cancer irrespective of the tumour size, nodal
status or grade [1].
Endocrine therapy resistance, specifically AI resistance, is a growing
concern and despite efforts to find new treatment options, research is still
ongoing to develop more patient-tailored treatments.

Based on the

significant findings of HOX genes and its association with tumour
aggressiveness and potential for metastases in multiple organ cancers
[314], [330], this justifies the need for further research into HOX genes and
its target genes. Following the research done by McIlroy et al. [1], the
basis of this PhD research will explore the role of one specific HOX gene,
HOXC11, in breast cancer and its target genes to evaluate its association
with steroidal adaptability in endocrine resistant breast cancer. This thesis
aims to explore the mechanisms of AI resistance to determine specific
targets, effective drug treatments and a useful prognostic marker to
achieve a more personalised management for endocrine resistant breast
cancer patients.
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1.11 Hypothesis
Previous research has shown the association between SRC-1 and its
transcription partner, HOXC11, with endocrine resistance [1]. HOXC11
expression has been linked with poor prognosis and breast cancer
metastases [1].

In postmenopausal women on AI therapy, estrogen

synthesis is inhibited [194]. This may lead to an excess of surrounding
androgens that are not converted into estrogen leading to a more
androgenic cell microenvironment. In this thesis, we sought to investigate
the genes regulated by HOXC11 in AI resistance. It is postulated that in
the androgenic microenvironment of AI treated breast tumours, HOXC11
may utilise its target genes to activate signalling pathways leading to AI
resistance (illustrated in Figure 1.5).

By exploring these pathways of

resistance, potential therapeutic targets and prognostic markers that are
more specific and effective may be discovered.
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AI

Andro

CYP19

E2
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?
Figure 1.5: Diagram of hypothesised HOXC11 mediated AI resistance
in breast cancer.
Following AI inhibition of estrogen synthesis, it was hypothesised that
HOXC11 may utilise the androgenic microenvironment to up-regulate its
target genes which in turn activates signalling pathways leading to AI
resistance. (Andro: Androstenedione; HOXC11: Homeobox protein C11;
HRE: Hormone response element; AP1: Activator protein 1; CYP19:
Aromatase enzyme; AI: Aromatase inhibitor; PSAP: Prosaposin; E2: 17βestradiol).

1.12 General aims and objectives
•

To validate HOXC11 associated target genes that are involved in
resistance to endocrine therapy.

•

Determine functional significance of HOXC11 target genes to the
development of endocrine resistance.

•

Clinical studies to establish a potential prognostic marker and to
identify specific subsets of breast cancer patients who may
eventually become resistant to endocrine therapy and may benefit
from additional adjuvant therapy to prevent this disease recurrence.
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2. Materials and Methods
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2.1 Cell culture of breast cancer cells
2.1.1 Routine cell culture
The breast cancer cell lines used in this thesis were cultured using routine
cell culture under standard conditions. A laminar flow hood with air filter
was sterilised prior to performing cell culture. The cells were maintained in
flasks

(T-75cm2;

Sarstedt,

North

Rhine-Westphalia,

Nümbrecht,

Germany). To passage the cells, the maintenance media in the flasks was
removed and the cells were washed with 5 ml of phosphatase buffered
saline (PBS; Oxoid Limited, Basingstoke, Hampshire, England). Then 2
ml of 0.05% trypsin (v/v)/0.02% Ethylenediaminetetraacetic acid (EDTA)
(v/vv) solution (Sigma Aldrich, Darmstadt, Germany) was added to the
flasks and left to coat the cells for 3-4 minutes (min) in the incubator at
37°C under 5% CO2.

The flask was gently tapped to aid in the

detachment of cells off the surface of the flask after incubation. To
deactivate the trypsin, 8 ml of the appropriate cell culture media was
added to the flask. All the media and cells were pipetted and moved to a
15 ml conical tube (Greiner BioOne, Frickenhausen, Germany). The tubes
were placed in a centrifuge and spun at 1000 rpm for 3 min. Excess media
from the tubes was removed carefully without affecting the cell pellet. The
appropriate media was used to resuspend the cell pellet and the volume
differed based on the confluency of the flask prior to cell culture. Flasks
were routinely passaged once cells were ~70% confluent.
2.1.2 MCF7 cell line
MCF7 cells are endocrine sensitive cell lines acquired from American
Type Culture Collection (ATCC; Manassas, Virginia, U.S.). The MCF7
cells are defined as a luminal A breast cancer cell line that are ER/PR
positive and HER2 negative. Maintenance media for MCF7 is comprised
of

minimum essentials media (MEM) (Sigma Aldrich, Darmstadt,

Germany) with added 2 mmol/L L-glutamine (Sigma Aldrich, Darmstadt,
Germany), penicillin/ streptomycin and 10% fetal calf serum (FCS) (w/v)
(Sigma Aldrich, Darmstadt, Germany).
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2.1.3

MCF7-ARO cell line

MCF7-derived AI sensitive cells (MCF-ARO) were previously developed in
our lab by stable transfection of MCF7 with the open reading frame (ORF)
CYP19 aromatase gene (Invitrogen, Inchinnan Business Park, Paisley,
U.K.) cloned into a plasmid (pcDNA-DEST47).

An antibiotic Geneticin

(G418; Invitrogen, Inchinnan Business Park, Paisley, U.K.) was then used
to isolate MCF7 cells that overexpressed the aromatase gene. These
cells were used to mimic AI sensitive breast cancer cells that can be found
in postmenopausal women as the conversion of androgens to estrogen is
catalysed by the aromatase enzyme. They are ER/PR positive and HER2
negative. The media used for the MCF7-ARO cells is the phenol red freeMEM (PRF-MEM) (Sigma Aldrich, Darmstadt, Germany) containing 10%
(w/v)

charcoal

dextran

stripped-FCS

(CDS-FCS;

Sigma

Aldrich,

Darmstadt, Germany), penicillin/streptomycin, L-glutamine (Sigma Aldrich,
Darmstadt, Germany) and G418 (200 µg/ml). The reason the media is
charcoal dextran stripped is to remove any steroids which could
compromise the accuracy of results.
The MCF7-ARO cell line was developed to be used as an endocrine
sensitive parental cell line for the AI resistant cell lines. However, we
observed that over time the MCF7-ARO cell line was exhibiting a less
endocrine sensitive phenotype similar to an MCF7-ARO long term
estrogen deprived (LTEDaro) type cells that may have become estrogen
independent. This was later discovered during some of the experiments in
the thesis where the MCF7-ARO cells were not exhibiting appropriate
endocrine sensitive responses. These cells have been cultured long-term
in media that is stripped (CDS-FCS); hence, the lack of steroids may have
shifted the endocrine sensitivity of the cells to a more estrogen
independent phenotype with acquired resistance to AI.

These findings

are similar to results observed in a study by Masri et al. [348]. The group
found that the LTEDaro cells have shifted towards estrogen independence
[348].

Also cells resistant to a specific AI such as the letrozole or

anastrozole resistant cell lines, have unique gene expression signatures
which differ from the LTEDaro cell line; hence, even though the LTEDaro
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model has acquired resistance, it alone is not enough as cell line model for
acquired AI resistance [348].

Due to this observation, the majority of

experiments with AI resistant cells used the MCF7 cells as the endocrine
sensitive cell line model instead of the MCF7-ARO cell line.

Figure 2.1: Representative figure showing a trend shifting from
estrogen dependence to estrogen independence in a panel of cell
lines.
In a study done by Masri et al., endocrine sensitive cell lines such as the
MCF7-ARO cells can acquire resistance if cultured in an estrogen
deprived environment for a long period of time to become the LTEDaro
cell phenotype that are estrogen-independent [348]. Although the
LTEDaro cells may have acquired resistance, they are still not considered
accurate as a model of AI resistance as they do not express similar gene
signatures as the specific AI resistant cell lines [348]. (Figure adapted
from Masri et al., 2010; [333]).
2.1.4 LY2 cell line
LY2 cells are tamoxifen resistant cell lines that were developed by Dr
Robert Clarke (Department of Oncology, Georgetown, DC, U.S.) and
given as a gift to our lab. The LY2 cells are luminal B breast cancer cell
lines that are ER positive and PR/HER2 negative.

The maintenance

media for these cells is PRF-MEM (Sigma Aldrich, Darmstadt, Germany)
containing 10% CDS-FCS (Sigma Aldrich, Darmstadt, Germany),
penicillin/streptomycin, L-glutamine (Sigma Aldrich, Darmstadt, Germany)
and cultured in 10-8 M 4-OHT (Sigma Aldrich, Darmstadt, Germany).
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2.1.5 LetR cell line
MCF7-ARO derived letrozole resistant cells (LetR) were created by >3
months long-term treatment of MCF7-ARO cells with letrozole (Novartis,
Basel, Switzerland) to create an AI resistant cell line that was ER positive
and PR/HER2 negative. The maintenance media for these cells are PRFMEM (Sigma Aldrich, Darmstadt, Germany) containing 10% CDS-FCS
(Sigma Aldrich, Darmstadt, Germany), penicillin/streptomycin, L-glutamine
(Sigma Aldrich, Darmstadt, Germany), G418 (200 µg/ml) and cultured in
androstenedione (10-7 M; Sigma Aldrich, Darmstadt, Germany) and
letrozole (10-6 M; Novartis, Basel, Switzerland).
Letrozole has previously been shown to be more superior in estrogen
suppression compared to anastrozole [349], [350]; however, both
therapies have similar DFS rates in postmenopausal women with HR
positive, node positive early breast cancer [206], [207]. The resistant cell
models for letrozole and anstrozole has previously also shown similar
gene expression profiles, which suggests that they have associated
mechanisms of resistance [351]. LetR cells were previously used by our
lab to show the interaction between HOXC11 and SRC-1 as a novel
pathway of resistance [1]. Therefore, in this thesis, LetR cells were used
in most of the experiments as the primary AI resistant cell line model.
2.1.6 ANAR cell line
MCF7-ARO derived anastrozole resistant cells (ANAR) were created by
>3 months long-term treatment of MCF7-ARO cells with anastrozole
(AstraZeneca, Macclesfield, U.K.) to create an AI resistant cell line that
was ER positive and PR/HER2 negative.

The maintenance media for

these cells are PRF-MEM (Sigma Aldrich, Darmstadt, Germany)
containing 10% CDS-FCS (Sigma Aldrich, Darmstadt, Germany),
penicillin/streptomycin, L-glutamine (Sigma Aldrich, Darmstadt, Germany),
G418 (200 µg/ml) and cultured in androstenedione (10-7 M; Sigma Aldrich,
Darmstadt,

Germany)

and

anastrozole

(10-6 M;

Novartis,

Basel,

Switzerland). The LY2, LetR and ANAR cell lines were created to mimic
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endocrine resistant cell lines exposed to prolonged hormonal therapy.
These cells were routinely checked to confirm endocrine resistance.
2.1.7 MDA-MB-453 cell line
MDA-MB-453 cells were acquired from ATCC (Manassas, Virginia, U.S.).
The MDA-MB-453 cells are apocrine breast cancer cell lines that are
ER/PR/HER2 negative and AR positive.

The maintenance media for

MDA-MB-453 is in the Dulbecco’s modified Eagle’s medium (DMEM,
Gibco-BRL; Invitrogen, Carlsbad, California, U.S.) with added 2 mmol/L Lglutamine (Sigma Aldrich, Darmstadt, Germany), penicillin/ streptomycin
and 10% FCS (w/v) (Sigma Aldrich, Darmstadt, Germany).
2.1.8 SKBR3 cell line
SKBR3 cells were acquired from the ATCC (Manassas, Virginia, U.S.).
The SKBR3 cells are HER2 overexpressing breast cancer cell lines that
are ER/PR negative and HER2 positive.

The maintenance media for

SKBR3 is the Roswell Park Memorial Institute (RPMI) 1640 media (Sigma
Aldrich, Darmstadt, Germany) with added penicillin/ streptomycin and 10%
FCS (w/v) (Sigma Aldrich, Darmstadt, Germany).
2.1.9 ZR75-1 cell line
ZR75-1 cells were acquired from the ATCC (Manassas, Virginia, U.S.).
The ZR75-1 cells are luminal B breast cancer cell lines that are ER/PR/AR
positive and HER2 negative. The maintenance media for ZR75-1 is the
RPMI 1640 media (Sigma Aldrich, Darmstadt, Germany) with added Lglutamine (Sigma Aldrich, Darmstadt, Germany), penicillin/ streptomycin
and 10% FCS (w/v) (Sigma Aldrich, Darmstadt, Germany).
2.1.10 Cell counting
Cell counting was performed using a haemocytometer (Neubauer; Sigma
Aldrich, Darmstadt, Germany). Cells were extracted from the flasks using
trypsin and then centrifuged to form a pellet.
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resuspended in media and 50 µl of the cell suspension was added to 50 µl
of trypan blue exclusion dye (Sigma Aldrich, Darmstadt, Germany). Each
chamber of the haemocytometer was loaded with 10 µl of this mix with an
overlying coverslip. The cells were viewed under a microscope. Cell were
counted in both grids and averaged. Then the number of averaged cells
was multiplied by 104. This gave the number of cells per ml of the cell
suspension.

The number of cells and volume needed for the specific

experiment was calculated and cells were seeded in the culture vessel.
2.1.11 Endocrine cell treatments
Cell lines in experiments that required endocrine treatments were initially
grown to a confluence of about 70% and then split into separate flasks for
the various treatments (summarised in Table 2.1). The cells were steroid
depleted (SD) by culturing them in PRF-MEM (Sigma Aldrich, Darmstadt,
Germany) containing 10% (w/v) CDS-FCS (Sigma Aldrich, Darmstadt,
Germany) media for 72 hours (h) prior to the experiment being performed.
Table 2.1: The list of endocrine treatments used.
Treatment
Estrogen

Concentration
10-8 M

RNA-12 h; ChIP-45 min

Androstenedione 10-7 M (RNA and ChIP)
Tamoxifen

Duration of treatment

RNA-12 h; ChIP-50 min; Cell

10-6 M (Cell motility)

motility-24 h

10-7 M

Chromatin
immunoprecipitation (ChIP)45 min;

Bicalutamide

1 µM

MTS-2, 3, 4, 5 days; Colony
forming- 4, 8, 12 days

Vehicle

0.01% (v/v)

MTS-2, 3, 4, 5 days; Colony

(dimethyl

forming- 4, 8, 12 days

sulfoxide-DMSO)
Vehicle (Ethanol)

0.01% (v/v)

RNA-12 h; ChIP-50 min; Cell
motility-24 h

111

PhD Thesis – Azlena Ali Beegan
2.1.12 Recombinant prosaposin (rhPSAP) treatment
Cell were treated in vitro with rhPSAP protein (Abnova, Taipei City,
Taiwan)

once

reconstituted

with

storage

buffer

(50

mM

Tris(hydroxymethyl)aminomethane hydrochloride (Tris-HCI) and 10 mM
reduced Glutathione, pH = 8.0). Stock concentration was 100 ng/µl. Cells
were in different conditions for the separate experiments (summarised in
Table 2.2).

The working concentration of rhPSAP added to most

experiments was 10 ng/ml (diluted with storage buffer). Some cells were
SD while others were not.
Table 2.2: List of rhPSAP concentration and duration of treatment in
various experiments.
Assay

MTS (Cell

rhPSAP

Duration of

concentration (ng/ml)

treatment (h)

0, 0.1, 1, 5, 10 (not SD)

72

Vehicle (5 nM Tris-

0, 6, 24

proliferation)
Migration

HCI), 0.1, 1, 10 (not
SD)
Transwell invasion

Vehicle (5 nM Tris-HCI) 48; 60 (if
or 10 (SD)

transfected)

Protein extraction

10 (SD)

24

RNA extraction

Vehicle (5 nM Tris-

24

HCI), 0.1, 1, 10 (SD)

2.1.13 Bicalutamide treatment
Bicalutamide is an androgen receptor antagonist treatment used in
metastatic prostate cancer patients [352]. Bicalutamide has also been
utilised in breast cancer, primarily in LAR subtypes, and was found to be
effective in reducing cell growth [33]. LetR and ANAR cell lines were
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treated with bicalutamide (CDX; Sigma Aldrich, Darmstadt, Germany).
Stock concentration was 10 mM (molecular weight 430.37 g; prepared
with 10 mg CDX in 2.324 ml DMSO). Working concentration used for
MTS and colony forming assays was 1 µM.
2.1.14 BEZ235 treatment
BEZ235 is a PI3K/mTOR inhibitor that has been previously utilised in
prostate cancer studies and breast cancer studies to target signalling
pathways associated with AR ([33], [353]).

Stock of BEZ235 (NVP-

BEZ235; Selleck Chemicals, Munich, Germany) was a 10 mM
concentration (prepared in DMSO). For the EC50 experiment, cells were
treated

with

BEZ235

(NVP-BEZ235;

Selleck

Chemicals,

Munich,

Germany) for 48 h at working concentrations of 0.0001, 0.001, 0.01, 1 µM.

2.2 Nucleic Acid Biochemistry
2.2.1 RNA extraction
RNeasy Kit (Qiagen, Hilden, Germany) was used to extract RNA from cell
pellets prepared accordingly (with treatments/transfection) to the specific
experiment. 10 µl of β-mercaptoethanol (β-ME; Sigma Aldrich, Darmstadt,
Germany) per 1 ml of RLT buffer was prepared. 350 µl of RLT buffer
mixed with 1% (v/v) β-mercaptoethanol (β-ME; Sigma Aldrich, Darmstadt,
Germany) was added to each pellet and mixed with a 24-gauge needle
(Becton Dickinson (BD) Bioscience, Oxford, U.K.) and a 2 ml syringe
(Becton Dickinson (BD) Bioscience, Oxford, U.K.). Then 350 µl of 70%
ethanol (cold) was added and mixed gently with a pipette. 700 µl of each
sample were transferred to labelled RNeasy mini columns (Qiagen,
Hilden, Germany) and collection tubes (Qiagen, Hilden, Germany) and
centrifuged at 10000 rpm for 20 seconds (s) at room temperature (RT).
Flow through from the collection tube was poured out and the column was
washed with 350 µl of RW1 buffer and centrifuged at 10000 rpm for 20 s at
RT. 20 µl of DNase was added to 140 µl of buffer RDD. Flow through
was poured out and 80 µl of the RDD-DNase mixture was added to the
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column and incubate at RT for 15 min. Then it was washed again with
350 µl of RW1 buffer and centrifuged at 10000 rpm for 20 s at RT. Flow
through was poured out and the column was washed with 500 µl of RPE
buffer (with added ethanol) and centrifuged at 10000 rpm for 20 s at RT
(this step was performed twice). Flow through was poured out and the
column was re-centrifuged at 10000 rpm for 1 min at RT to remove excess
residue. The collection tube was discarded and the column was inserted
into a fresh labelled eppendorf and 30 µl of nuclease free H2O was added
to the column then centrifuged at 10000 rpm for 1 min. The column was
discarded and the eppendorfs were placed on ice.

Sample RNA

concentration was quantified using a NanoDrop 2000c spectrophotometer
(Life Technologies, Thermo Fisher Scientific, Warrington, U.K.). Samples
were kept in an -80°C freezer until the experiment was performed.
2.2.2 RNA extraction from mammalian tissue
RNA extraction was also performed on snap frozen primary breast cancer
tissue samples (n=61) collected from Beaumont Hospital, Dublin 9, Ireland
(clinicopathological details summarised in Table 8.6 in Appendix A). All
patients provided written consent and ethical approval was sought and
granted by the appropriate Research (Medical Ethics) Committees at
Beaumont and Waterford Regional Hospital (Ireland) and are enrolled in
the ICORG 09 – 07 trial; Clinical trial identifier (clinicaltrials.gov):
NCT01840293 [354]. This study started in 2013 and is still ongoing. It is a
retrospective study investigating breast cancer proteomics and molecular
heterogeneity of primary and recurrent/metastatic breast tumours,
focusing on the expression of ER, PR and HER2, novel serum biomarkers
as well as S100 protein [354]. Tissue samples collected include fresh
frozen (FF) and formalin fixed paraffin embedded tissue (FFPE). It was
collected

at

the

time

of

surgery/biopsy

recurrent/metastatic tumour tissue [354].

of

a

primary

or

a

Serum samples were also

collected pre-neoadjuvant treatment (if applicable), pre- and postoperatively of primary and recurrent/metastatic breast cancer (if
recurrent/metastatic diagnosis and no biopsy/surgery required then the
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study serum samples were taken prior to starting the treatment) [354].
Serum samples were collected at follow-up visits for 5 years for primary
cases and for up to 2 years from recurrent/metastatic cases. Clinical data
was collected during biological sampling [354]. For the purpose of this
thesis, the samples and data used from this ongoing trial were from the
bank of samples that have already been collected previously.
The sections of the snap frozen tissue samples were stored in -80°C
freezer until the experiment was performed. The TRIzol reagent protocol
(Invitrogen, Inchinnan Business Park, Paisley, U.K.) for RNA extraction
from mammalian tissue was used. Under a fume hood, the snap frozen
tissue sample (<30 mg) was placed on a petri dish on top of ice and 1 ml
of TRIzol reagent was added to the sample.
homogenised to cause cell lysis.

The sample was

The homogenised samples were

transferred to a clean eppendorf and left in TRIzol for 5 min at RT. Then
0.2 ml of chloroform was added to every ml of TRIzol used. The mixture
was then vortexed for 15 s and incubated at RT for 3 min. Samples were
then centrifuged at 12000 rcf in 4°C temperature for 5 min. The colourless
upper aqueous layer was transferred to a fresh eppendorf. 350 µl of 70%
ethanol was added to the cleared lysate and pipette mixed. 700 µl of the
mixture was added to an RNeasy mini column (Qiagen, Hilden, Germany)
and collection tube (Qiagen, Hilden, Germany). This was centrifuged at
8000 rcf for 15 s at RT. Flow through from the collection tube was poured
out and the column was washed with 700 µl of RW1 buffer and centrifuged
at 8000 rcf for 15 s at RT. The RNeasy mini column was transferred to a
new collection tube and was washed with 500 µl of RPE buffer (with added
ethanol) and centrifuged at 8000 rcf for 15 s at RT (this step was
performed twice except the second time it was centrifuged for 2 min). The
collection tube was discarded and the column was inserted into a fresh
labelled eppendorf and 30 µl of nuclease free H2O was added to the
column. Then after letting it sit for 1 min, it was centrifuged at 8000 rcf for
1 min at RT. The column was discarded and the eppendorfs were placed
on ice.

Sample RNA concentration was quantified using a NanoDrop

2000c spectrophotometer (Life Technologies, Thermo Fisher Scientific,
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Warrington, U.K.). Samples were kept in an -80°C freezer until they were
needed for the experiment.
2.2.3 Reverse Transcription PCR (RT-PCR)
Complementary DNA (cDNA) synthesis was performed using the
Superscript III First Strand Synthesis System for RT-PCR (Life
Technologies, Thermo Fisher Scientific, Warrington, U.K.). Nuclease free
water was added to 1 µg RNA calculated from the NanoDrop results to
make up 8 µl volume in a Polymerase Chain Reaction (PCR) eppendorf
for each sample and placed on ice. 1 µl of OligodT and 1 µl of 10 mM
DNTP was added to the eppendorfs to make up a total volume of 10 µl.
The samples were heated to 65°C for 5 min. Then they were transferred
to an ice bucket. Samples were centrifuged gently for a 5 s on a table-top
centrifuge and replaced on ice. The Superscript III First Strand Synthesis
System for RT-PCR (Life technologies, Thermo Fisher Scientific,
Warrington, U.K.) mastermix was prepared (mastermix reagents and
volumes listed in Table 2.3). 10 µl of the mastermix was added to each
sample making the total volume per sample 20 µl.

Samples were

centrifuged gently for a 5 s on a table-top centrifuge and then heated to
50°C for 50 min, followed by 85°C for 5 min. Prepared cDNA was stored
at -20°C in a freezer until the experiment was performed.
Table 2.3: RT-PCR Superscript III mastermix composition.
Superscript III mastermix

Sample volume (µl)

10X RT Buffer

2

25 mM Magnesium Chloride

4

(MgCl2)
0.1 M DTT

2

Superscript III

1

RNase Out

1
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2.2.4

Polymerase chain reaction (PCR)

The semi-quantitative real time PCR (qRT-PCR) was used to detect and
quantify specific DNA sequences in the samples by measuring the amount
of amplified DNA template throughout the reaction. The PCR products
were detected by using SYBR Green (Qiagen, Hilden, Germany)
fluorescent dye (mastermix reagents and volumes listed in Table 2.4)
carried

out

on

the

LightCycler

2.0

(Roche

Diagnostics,

Basel,

Switzerland). PCR was done via a thermal cycling reaction repeated for a
number of cycles (thermal cycling protocol is shown in Table 2.5).
18 µl of the mastermix was added to 2 µl of each sample template DNA in
thestandard 20 µl LightCycler capillaries (Roche Diagnostics, Basel,
Switzerland). The primers used in this thesis for mRNA are listed in Table
2.6. The primer used for the ChIP experiments was the PSAP primer
(Sequence(5’-3’)-Forward:GTTGGGATTACAGGCGTCAG;
Reverse: GGGGAGGAGTGAGGAAGAA) (Sigma Aldrich, Darmstadt,
Germany). A calibrator sample, standard sample (serial dilutions of the
neat sample 1:10, 1:100, 1:1000 or 1:10000) and non-targeting control
sample (nuclease free water) were also prepared. A standard curve was
created using the neat cDNA samples at serial dilutions of 1:10, 1:100,
1:1000 and 1:10000.

A separate β-actin

(Sigma Aldrich, Darmstadt,

Germany) mix was used to create a reference curve. The expression level
data of the target genes were collected and the comparative CT (ΔΔCT)
values were analysed to determine relative expression levels.
Table 2.4: Mastermix for SYBR green qRT-PCR.
Reagent

Volume (µl)

SYBR Green

10

Forward primer

0.5

Reverse primer

0.5

Nuclease free water

7
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Table 2.5 PCR thermo cycles.
Analysis

Cycles

Segment

Temp ˚C

Hold Time

95˚C

15 min

94˚C

10 seconds

Mode
Denaturation
None

1
Amplification

Quantification

40

Denaturation

(s)
Annealing

61˚C

20 s

Extension

72˚C

20 s

Denaturation

95˚C

0s

Annealing

65˚C

15 s

Extension

95˚C

0s

40˚C

30 s

Melting Curves
Melting cycles

1

Cooling
None

1

Table 2.6: Primers used in the mRNA qRT-PCR experiments (Sigma
Aldrich, Darmstadt, Germany).
Primer
HOXC11
PSAP
IFIT1
HSP90
AR

Direction

Sequence (5’-3’)

Forward (F)

AACACAAATCCCAGCTCGTC

Reverse (R)

AAAAACTCTCGCTCCAGTTCC

F

TGATGCACATGCAACCCAAGGA

R

TTGGAGGCCACTTTGGCGGG

F

GCCCAGACTTACCTGGACAA

R

GGTTTTCAGGGTCCACTTCA

F

CTGGCATCTGATGGTGTCTG

R

ATCAACTGGGCAATTTCTGC

F

AGCGACTTCACCGCACCTGA

R

CAGTCTCCAAACGCATGTCCCCG
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2.3 Transfections
2.3.1 Small interfering RNA
The mechanism of the small interfering RNA (siRNA) was discovered in
1998 [355]. The research group in U.S. investigated the function of RNA
interference (RNAi) in cells to alter endogenous gene function.

They

found that in vivo double-stranded RNA (dsRNA) had better interference
than single-stranded RNA. This dsRNA is processed to siRNA which are
21-25 bp fragments of dsRNA with dinucleotide 3’ overhangs [355]. The
guide strand of the siRNA forms into the RNA induced silencing complex
(RISC) which cleaves the target mRNA. Target specificity to RISC was
done by siRNA by base pairing the target mRNA and the guide strand
[355].

This discovery led to the creation of siRNA molecules used in

transfection experiments to mediate RNA interference and investigate the
transient silencing of gene expressions in cell lines and its effects on the
expression and functionality of target genes [355].
2.3.2 Transient Transfection
The siRNA targets used in cell lines in this thesis that underwent transient
transfections were siRNA-HOXC11 (LY2, LetR and ANAR) and siRNA-AR
(LetR) (types of siRNA and concentrations listed in Table 2.7).
Table 2.7: siRNA molecules
siRNA

Source

Final
concentration
(nM)

siRNA-HOXC11

Qiagen(Hilden,

30

Germany)
siRNA-AR

Dharmacon(Lafayette,

50 (mRNA, MTS);

Colorado,United States)

100 (Cell motility)

Scrambled

Ambion(Thermo Fisher,

40

Control siRNA

Warrington, U.K.)
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Flasks of the appropriate cells were grown to 60-70% confluency. 2.5 x
105 cells per well were seeded into sterile 6-well tissue culture plates
(Greiner BioOne, Frickenhausen, Germany) in media containing no
penicillin/streptomycin and left to settle for 24 h in the incubator at 37°C in
5% (v/v) CO2. Once the cells have settled the media was removed and
replaced with 1.5 ml Reduced Serum Medium modification of MEM (OPTIMEM) (Invitrogen, Inchinnan Business Park, Paisley, U.K.) and kept in the
incubator while the transfection solution was being prepared. The desired
siRNA was diluted to a total volume of 250 µl in OPTI-MEM.
Lipofectamine® 2000 transfection reagent (Invitrogen, Inchinnan Business
Park, Paisley, U.K.) was used to facilitate the transport of the siRNA into
the cells. 5 µl of Lipofectamine® 2000 (Invitrogen, Inchinnan Business
Park, Paisley, U.K.) was added to 245 µl OPTI-MEM reduced serum
medium (Invitrogen, Inchinnan Business Park, Paisley, U.K.). This mixture
was left at RT for 5 min. siRNA and Lipofectamine® 2000 (Invitrogen,
Inchinnan Business Park, Paisley, U.K.) were mixed together gently and
left at RT for 15 min. 500 µl of the transfection mixture was added to each
well accordingly and the plate was rocked gently. The plate was then
returned to the incubator and left for 72 h with the transfection reagents
(reagents used are listed in Table 2.8).
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Table 2.8: Reagents used for siRNA transient and reverse
transfections.
Wells

Cell plating

6 (transfection)

24 (reverse

96 (reverse

transfection)

transfection)

1.5 ml

50 µl

50 µl

2.5 x 105

1 x 104

500

Lipofectamine 5 µl

0.25 µl

0.25 µl

OPTI-MEM for

245 µl

249.75 µl

249.75 µl

siRNA

30 nM/3 µl

50 nM/2 µl

100 nm/4 µl

working

(siRNA-

(siRNA-AR);

(siRNA-AR);

concentration

HOXC11);

scrambled

scrambled

50 nM/2 µl

control

control

(siRNA-AR);

40 nM/1 µl

40 nM/1 µl

volume
Number of
cells

Lipofectamine

scrambled
control
40 nM/1 µl
OPTI-MEM for

247 µl (siRNA-

248 µl (siRNA-

246 µl (siRNA-

siRNA

HOXC11); 248

AR); scrambled

AR); scrambled

µl (siRNA-AR);

control 249 µl

control 249 µl

scrambled
control 249µl
Final

2 ml (500 µl is

500 µl (450 µl is

100 µl (50 µl is

transfection

transfection

transfection

transfection

volume per

reagent)

reagent)

reagent)

well
After the 72 h incubation, the transfection mixture was removed and cells
were pelleted (the duration of transfection is listed in Table 2.9). The
appropriate experiment was then carried out using cells with the knockeddown target genes.
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Table 2.9: siRNA transfection duration for the various experiments.
Assay

Duration of transfection (h)

RNA for knockdown validation

72

MTS

72

Cell motility

72

Transwell Invasion

60

2.3.3 Reverse transient transfection
The difference between a regular transfection to a reverse transfection
technique is that the cells are not placed in the wells of the tissue culture
plates initially. Instead, the transfection reagent mixture is inserted into
the wells prior to addition of the cells. This method was performed for the
cell motility assay and MTS assay with siRNA-AR transfection and
transwell invasion assay with siRNA-HOXC11 transfection.

In this

method, the cells were left in their flasks and the media was changed to
penicillin/streptomycin-free media and left to settle for 24 h in the incubator
at 37°C in 5% (v/v) CO2. Cells were then pelleted, resuspended in PRFMEM media and counted.

The cells with/without added treatments

(specified in the specific experiments) were placed in eppendorfs.
Transfection reagent preparation was done following the method in
Section 2.3.2. However, instead of placing the reagent on top of the cells,
the reagents were placed into the prepared wells of the tissue culture
plates first and then the cells were added on top. The duration of
transfection for the various experiments is listed in Table 2.9. The rest of
the experiment was continued following the method for the specific
experiments (reagents used are listed in Table 2.8).
2.3.4 Transient overexpression transfection
Transfection technique can also be used to overexpress a specific gene.
A premade vector construct for HOXC11 gene (pCMV.SPORT-HOXC11;
Life technologies, Thermo Fisher Scientific, Warrington, U.K.) was
transiently transfected into the endocrine sensitive MCF7 cell line. The
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transfection method to over express a gene is similar to the regular
transfection method in Section 2.3.2 using a 6-well plate. An empty vector
was used as control (2 µg).

Duration of transfection was 72 h.

(Experiment was performed courtesy of Dr Marie McIlroy).

2.4 PSAP Promoter
2.4.1 Analysis of the PSAP promoter
MatInspector (Genomatix.de) is a software tool that identifies putative
transcription factor binding sites to find matches within specific DNA
sequences by exploring a large library of matrix descriptions [356], [357].
It allows for the best matches to be identified as it has a quality-based
filtering system. It was first created in 1995 [356] but an improved version
was created in 2005 [357].
Using the Matinspector program (http://www.genomatix.de) the proximal
promoter region of PSAP (-1000) was analysed. PSAP promoter analysis
had identified an adjacent ERE (-172 to -150) and an overlapping
HOXC11 binding site (-169 to -153).

2.5 Protein biochemistry
2.5.1 Protein extraction
Protein is extracted from cells to perform experiments such as western
blot.

Some experiments required total protein lysates, while some

required separated nuclear and cytoplasmic protein fractions.
For both types of protein extraction, cells were prepared under certain
conditions at confluency of around 60-70% in flasks depending on the
specific experiments (normal media, steroid depleted, endocrine treatment
or drug treatment).

After the required incubation period, cells were

subsequently pelleted with the media removed and placed on ice.
For experiments using total protein lysates, 10 µl of protease inhibitor (PI;
Sigma Aldrich, Darmstadt, Germany) was diluted in 1 ml of radioimmunoprecipitation assay buffer (RIPA) lysis buffer. Approximately 80 µl
of this mixture was used to resuspend each cell pellet with a pipette. This
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mix was then placed back on ice and vortexed for 10 s, every 10 min for 3
cycles (with incubation on ice between each cycle). After this 30 min
repeat cycle, the cells were centrifuged at 13000 rpm for 20 min at 4°C.
Once completed, the overlying supernatant (total protein lysate) was
transferred to a new eppendorf and kept in the -20°C freezer.
In experiments using separated nuclear and cytoplasmic protein lysates,
the NE-PER™ Nuclear and Cytoplasmic Extraction Kit (Thermo Fisher
Scientific, Inchinnan Business Park, Paisley, U.K.) was used. Based on
the size of the pellets (packed cell volume; PCV), the appropriate amount
of cytoplasmic extraction reagent I (CER I) was added to PI and inserted
into each tube containing the cell pellets to resuspend the pellets (volumes
listed in Table 2.10). Then, the contents were transferred to a 1.5 ml
eppendorf and vigourously vortexed at the highest setting for 15 s. The
eppendorfs were then placed on ice to incubate for 10 min.
Following this, ice cold cytoplasmic extraction reagent II (CER II) was
added to each eppendorf (volumes listed in Table 2.10). The eppendorfs
were vortexed for 5 s on the highest setting and incubated on ice for 1
min. Again, the eppendorfs were vortexed for 5 s on the highest setting
and centrifuged for 5 min at maximum speed of 14000 rpm at 4°C. The
supernatant (cytoplasmic protein fraction) was carefully transferred into a
fresh pre-chilled eppendorf without disturbing the cell pellet and left on ice.
The insoluble pellet at the bottom of the eppendorf was resuspended with
ice-cold nuclear extraction reagent (NER) plus PI (volumes listed in Table
2.10). The eppendorfs were vortexed on the highest setting for 15 s and
incubated on ice for 10 min. This was repeated at intervals of 10 min for a
total of four times (40 min). The final vortex of the tubes was for 15 s and
then centrifuged at a maximum speed of 14000 rpm for 10 min at 4°C.
The supernatant (nuclear protein fraction) was placed in a fresh pre-chilled
eppendorf and kept on ice. This was followed by protein quantification.
The nuclear and cytoplasmic protein fractions were stored in the -80°C
freezer after protein quantification until the western blot experiment was
performed.
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Table 2.10: NE-PER™ nuclear and cytoplasmic extraction reagents
and volumes based on the PCV of the cell pellet.
PCV (µl)

CER I + PI (µl)

CER II (µl)

NER + PI (µl)

10

100 + 1

5.5

40 + 0.4

20

200 + 2

11

80 + 0.8

50

500 + 5

27.5

200 + 2

100

1000 + 10

55

400 + 4

2.5.2 Protein quantification (BCA assay)
Protein quantification was performed using a bicinchoninic acid (BCA)
assay (Pierce; Waltham, Massachusetts, USA). The lysate samples from
Section 2.5.1 were placed on ice.

A standard mixture was made up

following dilution concentrations listed in Table 2.11.
Table 2.11: Standard dilution concentrations.
Stock (Albumin;

dH2O (µl)

µl)

Concentration
(µg/ml)

A

0

100

0

B

10

90

200

C

20

80

400

D

30

70

600

E

40

60

800

F

50

50

1000

G

60

40

1200

H

70

30

1400

A 1:20 dilution of protein lysate and dH2O was also prepared (3 µl sample
in 57 µl dH2O). In duplicates, 25 µl of each standard and sample was
added to the wells of a 96-well plate (Greiner BioOne, Frickenhausen,
Germany).

Using the BCA assay (Pierce; Waltham, Massachusetts,

USA), 1 part of reagent B (4% (w/v) copper sulfate pentahydrate solution)
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was added to 49 parts of reagent A (bicinchoninic acid and tartrate in
alkaline carbonate buffer). A pipette was used to transfer 200 µl of this
reagent mixture to each well containing samples and standards. The plate
was tapped briefly to mix and incubated at 37°C for 30 min. Using a
Wallac spectrophotometer (Perkin Elmer, Waltham, Massachusetts, U.S.),
the absorbance was read at 560 nm.

A linear regression curve was

created to obtain an equation to calculate the volume of protein lysate
needed for the desired concentration to perform a western blot.

BCA Assay Std Curve
2
1.8
1.6
1.4
1.2
1
0.8
0.6
0.4
0.2
0

y = 0.0012x + 0.2131

0

200

400

600

800

1000

1200

1400

1600

Figure 2.2: Example of a BCA assay standard curve with the equation
included.
2.5.3 Western Blotting
The concept of western blotting is to isolate specific proteins from cell
lysates by using antibodies. The calculated volume of samples (using the
equation from Section 2.5.2) with the desired concentration of cell lysates
(prepared in Section 2.5.1) were pipetted into an eppendorf containing 6X
loading buffer and then boiled at 95°C in a heating block for 5 min to
denature the protein and then was gently vortexed. Samples that were
prepared in advance were kept in the -20°C freezer. Otherwise, they were
kept on ice until the experiment was performed.
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Protein electrophoresis is a process to separate proteins following their
molecular weight.

This is done using a Sodium dodecyl sulfate-

polyacrylamide gel electrophoresis (SDS-PAGE) and results are reflected
on a nitrocellulose membrane. Gels for this electrophoresis experiment
were made on the day of use or in advance and kept in a 4°C fridge.
ATTO gel cast plates (ATTO; Tokyo, Japan) were used to set up the
acrylamide

and

bisacrylamide

combination

gels

(Sigma

Aldrich,

Darmstadt, Germany). The gels are also comprised of other reagents and
volumes listed in Table 2.12.
Table

2.12:

Running/resolving

and

stacking

SDS-PAGE

gel

composition and volume.
10% (v/v)

5% (v/v)

Running/Resolving

Stacking gel

gel (ml)

(ml)

6.7

0.83

1.5M Tris pH 8.8

5

0

1.0M Tris pH 6.8

0

0.63

dH2O

7.9

3.4

10% (w/v) SDS

0.2

0.05

10% (w/v) ammonium

0.2

0.05

0.008

0.005

20

5

30% (w/v) acrylamide mix

persulphate (APS)
Tetramethylethylenediamine
(TEMED)
Total Volume

Following the composition from Table 2.12, the running gel was made and
poured into the gap between the plates. This was left to set at RT for
about 30 min with a thin layer of isopropanol (Sigma Aldrich, Darmstadt,
Germany) overlying to allow for even distribution of the running gel. The
isopropanol was then removed with Whatman filter paper (Sigma Aldrich,
Darmstadt, Germany) and the stacking gel was prepared and placed on
top of the running gel, followed by insertion of a 1.5 mm 10-well comb to
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create wells for the insertion of the samples. Once set, the comb was
removed and the plates were set up in an ATTO electrophoresis rig
(ATTO; Tokyo, Japan) filled with 1X running buffer (composition listed in
Table 8.2 in Appendix A).

A 10 µl Multi-Colour Broad Range Protein

Ladder (Fermentas, Waltham, Massachusetts, U.S.) which corresponds to
the various levels of molecular weights was added, followed by, the
loading of the prepared samples in the wells. A constant voltage of 110
volts (V) was applied to the rig and the gels ran for approximately 3 h or
until the sample dye reached the bottom of the rig.
Wet transfer method using the Bio-Rad MiniTrans wet transfer system
(Bio-Rad, Hertfordshire, U.K.) was used to transfer the proteins onto a
nitrocellulose membrane. The wet transfer gel rig comprises of a number
of layers, which include a sponge, two Whatman filter papers (Sigma
Aldrich, Darmstadt, Germany), nitrocellulose, the gel, another two
Whatman filter papers (Sigma Aldrich, Darmstadt, Germany) and another
sponge. These layers were presoaked in chilled 1X wet transfer buffer
(composition listed in Table 8.2 in Appendix A) and arranged on the
posterior side of the gel cassette which was then closed and put into the
electrode module. The module was placed in the transfer buffer tank and
filled to the top with cold transfer buffer to prevent over-heating. Transfer
voltage was set at 90 V to run over 90 min.
After the transfer of proteins to the nitrocellulose membrane was
completed, the membrane was removed and placed in a Ponceau S red
solution (Sigma Aldrich, Darmstadt, Germany) to confirm protein transfer
visually. This was then washed off with water and the membrane was
blocked in either 5% (w/v) non-fat dry milk (Marvel, U.K.) in Tris buffered
saline (TBS) containing 0.1% Tween (TBS-T; Sigma Aldrich, Darmstadt,
Germany) or in 5% (w/v) bovine serum albumin (BSA) (Sigma Aldrich,
Darmstadt, Germany) in TBS containing 0.1% Tween (TBS-T; Sigma
Aldrich, Darmstadt, Germany) and was rocked for 1 h on a rocker. When
this was completed, the membrane was put into a 50 ml tube containing
the appropriate primary antibody (AR, phosphorylated-AKT (p-AKT) and
AKT) diluted in BSA 5% with TBS-T (Sigma Aldrich, Darmstadt, Germany)

128

Materials and Methods
or milk 5% with TBS-T (β-Actin) and left on a roller at 4°C for 24 h (primary
antibodies listed in Table 2.13).
After the incubation period, the membrane was washed with 1X TBS-T
(Sigma Aldrich, Darmstadt, Germany) (composition listed in Table 8.2 in
Appendix A) for 10 min (x3).

Then the membrane was placed into

horseradish peroxidase (HRP)-conjugated secondary antibody made in
either BSA 5% TBS-T or milk 5% TBS-T (secondary antibodies listed in
Table 2.13) and left for 1 h rolling at RT. Next the membranes were
washed as previously.
To develop the membrane and view the bands of the desired proteins by
detection of HRP activity, an enhanced chemiluminescence substrate
(ECL; Pierce, Waltham, Massachusetts, U.S.) was diluted with a peroxide
solution in a ratio of 1:1 and added to the membrane in a thin layer. After
1 min, the membrane was placed into an x-ray cassette and exposed to xray film (Fuji, Tokyo, Japan) in the dark room. The film was the placed
into a developing solution (Kodak, New York, U.S.) for 2 min, followed by
fixer solution (Kodak, New York, U.S.) for 2 min and then washed in water
to process the film. It was left to air dry for 10 min and bands were
observed. The film was labelled appropriately following the guide for
ladder bands to determine the molecular weight corresponding to the
bands and the film was scanned.
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Table 2.13: Antibodies used in Western Blotting
Protein

Source

Size

Primary

(kilo

antibody

Concentration

Secondary
antibody

dalton-

concentration

kDa)
AR

Santa Cruz

110

Rabbit

1:200 (SC)/

1:4000

Biotechnologie

polyclonal

1:1000 (CS)

(SC/CS)

s (SC; Dallas,

(SC)/

Texas,

Rabbit

U.S.)/Cell

monoclonal

Signalling (CS;

(CS)

1:1000

1:1000

1:2000

1:2000

1:5000

1:5000

Danvers,
Massachusetts
, U.S.)
p-AKT

CS

60

Rabbit
polyclonal

AKT

CS

60

Mouse
monoclonal

β-Actin

Sigma Aldrich
(Darmstad,

42

Mouse
monoclonal

Germany)

2.5.4 Chromatin Immunoprecipitation (ChIP)
Chromatin immunoprecipitation (ChIP) assays were used to elucidate the
interaction between specific proteins and DNA in the genome.
Formaldehyde was used to crosslink protein and DNA. The cells were
then lysed and chromatin sheared to DNA fragments of approximately 500
bp.

The cross-linked protein and DNA was immunoprecipitated with

specific antibodies to the desired protein. PCR was then used to detect
specific target DNA regions after DNA purification.

The target gene

promoter of interest in this thesis was PSAP and the ChIP assay was used
to determine the recruitment of HOXC11 and AR to the PSAP promoter
under steroid treatment conditions.
Cell lines used in the ChIP analysis were the LY2 and LetR cells. HOXC11
ChIP to the PSAP promoter was performed in the LetR and LY2 cells
under steroid treatments (LetR-androstenedione and estrogen; LY2130
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estrogen and tamoxifen) and vehicle. The AR ChIP to the PSAP promoter
was performed in the LetR cells treated with androstenedione or vehicle.
Cells were grown in T75 flasks that were steroid depleted for 72 h until
confluent.

On day 1 of the ChIP experiment, Dynabeads (Protein A-

10001D; Thermo Fisher Scientific, Warrington, U.K.) were prepared prior
to cell treatment (Dynabeads were prepared when the cells were at 48 h
SD).

The Dynabeads were used to isolate target proteins and their

genomic regions.

The Dynabeads stock was vortexed and 50 µl was

added to a 2 ml round-bottomed eppendorf placed in a rack inserted into a
magnetic stand (Dynal® MPC™, Magnetic Particle Concentrator;
Invitrogen, Inchinnan Business Park, Paisley, U.K.) on ice. BSA/PBS (5
mg BSA/1 ml PBS) mixture was prepared and 1 ml was inserted into each
eppendorf and mixed by flipping the rack. Then the rack was replaced into
the magnetic stand and the eppendorfs were left to sit until the
supernatant was clear, then it was discarded.

This wash cycle was

repeated three times. The beads were then resuspended in 350 µl of the
BSA/PBS mix and the appropriate antibodies were added to each
eppendorf (antibodies listed in Table 2.14). The eppendorfs were tapped
to mix and then placed on a rotator overnight at 4°C.
Table 2.14: Antibodies used for ChIP analysis
Antibody
HOXC11

Source

Antibody concentration

Santa Cruz

6 µg

Biotechnologies (SC;
Dallas, Texas,
United States)
Mouse IgG

SC

6 µg

AR

SC

3 µg

Rabbit IgG

SC

3 µg

On day 2 of ChIP, the cells that had been SD for 72 h were treated
accordingly (listed in Table 2.1). After the treatment time was completed,
the cell medium was removed from the flasks and replaced with 10 ml of
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1% (w/v) formaldehyde solution (Sigma Aldrich, Darmstadt, Germany).
The

1%

formaldehyde

solution

was

prepared

by

adding

37%

formaldehyde stock to serum free media and warmed to 37°C. The flasks
were incubated with the formaldehyde for not more than 10 min to allow
for crosslinking to occur. To quench the reaction, 1 M glycine (Sigma
Aldrich, Darmstadt, Germany) at a 1:10 dilution to the 1% (w/v)
formaldehyde solution was added to the flasks for 5 min at RT (Glycine 1
ml in T75 flask with 10 ml formaldehyde). The media mixture was then
discarded and the flasks were washed with ice cold PBS twice. The flasks
were placed on ice and 500 µl of PBS and PI (Sigma Aldrich, Darmstadt,
Germany) mixture was added (one tablet of PI dissolved in 10 ml ice cold
PBS).

The cells were then scraped off and transferred to a 2 ml

eppendorf. The samples were centrifuged at 8000 rpm for 3 min at 4°C.
The supernatant was then discarded and the pellet was resuspended in
500 µl PBS/PI mixture. The centrifuge step was repeated. The final pellet
was either stored in an -80°C freezer for later use or was used
immediately by proceeding to the sonication step.
Shearing of the cross-linked DNA was performed using a Sonifier 250
sonicator (Branson, Danbury, CT, USA).

Lysis of the cell pellets was

performed using three lysis buffers (Lysis buffer (LB) 1, 2 and 3)
(composition listed in Table 8.3 in Appendix A). One tablet of PI was
dissolved in 10 ml of each of the three LB. 1 ml of LB1/PI mix was added
to each eppendorf to resuspend the cell pellets. Then this was put on a
rotator at 4°C for 10 min. The samples were then centrifuged at 2000 rcf
at 4°C for 5 min. The supernatant was discarded and the resuspension of
the cell pellets were repeated with 1 ml LB2/PI mix and the mix was
rotated at 4°C for 5 min. Again the samples were centrifuged at 2000 rcf
at 4°C for 5 min. The supernatant was discarded and the cell pellet was
resuspended in 600 µl of LB3/PI mixture and was transferred to a 15 ml
tube and put in ice. The sonicator was set at 90% duty cycle and output
control 4.

The sonicator probe was inserted into each tube that was

surrounded by ice. Sonication times for both LetR and LY2 cells lines
were 10 s sonication with 2 min intervals for a total of 9 cycles. Next, 60 µl
of 10% (w/v) Triton X-100 (Sigma Aldrich, Darmstadt, Germany) was
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added to each sonicated lysates and transferred back into a 2 ml roundbottomed eppendorf. Samples were centrifuged at 20000 rcf at 4°C for 10
min and the supernatant was moved to a fresh 2 ml round-bottomed
eppendorf. DNA quantification was performed using the Nanodrop 2000c
spectrophotometer

(Life

Technologies,

Thermo

Fisher

Scientific,

Warrington, U.K.) to calculate the volume of the supernatant needed for
200 µg of DNA. The samples were diluted to a 1 ml total with LB3/PI mix
and a final concentration of 1% (v/v) Triton X-100. Input controls (50 µl)
from the samples were stored at -80°C. The previously prepared antibody
complexed Dynabeads were retrieved and placed in the magnetic stand to
allow for the Dynabeads to attach to the magnets.

The beads were

washed three times in the BSA/PBS mix and then resuspended in 200 µl
of BSA/PBS which was added to each ChIP sample and left to rotate
overnight at 4°C.
Day 3 preparation involved preparing the RIPA buffer and elution buffer
(composition listed in Table 8.3 in Appendix A). The samples were placed
in a magnetic stand to capture the Dynabeads and the supernatant was
discarded.

The beads were resuspended in 1 ml of RIPA buffer and

gently inverted to mix and then replaced in the magnetic stand and the
supernatant was removed. This wash cycle was repeated six times. The
beads were captured a final time and the supernatant was discarded. 1 ml
of 1X Tris-EDTA (TE) buffer was added to the beads and mixed gently.
Then the beads were captured and the supernatant was removed. The
eppendorfs were centrifuged at 3000 rpm for 3 min at RT. A micropipette
was carefully used to remove any excess buffer. 200 µl of the elution
buffer was added into the immunoprecipitated DNA samples and into the
input samples (from the -80°C freezer) and were vortexed. A water bath
preheated to 65°C was used to reverse the cross-link of the DNA.
Samples and inputs were placed in the water bath for a maximum duration
of 16 h.
On day 4, post the reverse cross-linking process in the water bath, the
eppendorfs were vortexed and placed in a magnetic stand. 200 µl of the
supernatant from the ChIP samples were put into a fresh eppendorf and
the magnetic beads were discarded. 150 µl of Proteinase K mixture
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(containing 1X TE buffer, Proteinase K 20 mg/ml and Glycogen 10 mg/ml)
(composition listed in Table 8.3 in Appendix A) was added to each sample,
vortexed gently and incubated at 37°C for 2 h. To extract the DNA, 300 µl
of phenol chloroform:isoamyl alcohol (24:1) (Sigma Aldrich, Darmstadt,
Germany) was added to each sample and mixed briefly until an emulsion
formed. Then the samples were centrifuged at 12000 rcf for 5 min at RT.
The upper aqueous phase was transferred to a fresh 1.5 ml eppendorf.
700 µl of 100% (v/v) molecular grade ethanol (ice cold) was added to the
samples and mixed by vortexing and then incubated at -80°C for 1 h.
After a 1 h incubation, the eppendorfs were centrifuged at 14000 rpm for
20 min at 4°C.

The supernatant was discarded and the pellets were

washed with 500 µl of ice cold 70% (v/v) ethanol and re-centrifuged at
14000 rpm for 5 min at 4°C. The final supernatant was discarded and the
DNA pellet was left to dry in RT for 15 min.

Once the ethanol had

evaporated and the pellets are dry, the samples were resuspended in 20
µl of nuclease-free water and kept in the -20°C freezer.
To assess the recruitment of the proteins (antibodies listed in Table 2.14)
to the target gene PSAP, specific PSAP primers were created to amplify
the DNA −581 to −116 of the PSAP proximal promoter and analysed by
semi-quantitative SYBR Green PCR (method in Section 2.2.4).

This

segment of the promoter harbours a HOXC11 binding site and a HRE.
The

PSAP

proximal

promoter

primers

were:

Forward:CCCGCTACTACAATGGGCTA;

and

Reverse:GGGGAGGAGTGAGGAAGAAC. Distal non-promoter control
primers

were:

Forward:TGGTGAGGTTGTATCCACGA;

Reverse:CCACTCATGCAATGACCGTA

(Sigma

Aldrich,

and

Darmstadt,

Germany).

2.6 Functional cell assays
2.6.1 Cell proliferation (MTS) assay
The cell proliferation (MTS) assays were used as a colorimetric method to
determine the effects of certain treatments such as bicalutamide, rhPSAP
and EC50, to quantify cell growth/cell viability of AI resistant cells as well
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as the impact of AR knockdown (KD) on these cells. The MTS tetrazolium
compound reduction by viable cells creates a coloured fromazon product
that can be visualised in the cell media. The cell lines used in these
experiments were the LetR, ANAR, MCF7 and ZR75-1 cells. For the MTS
assays with bicalutamide and rhPSAP with or without AR KD, cells were
seeded in a 24-well tissue culture plate (Greiner BioOne, Frickenhausen,
Germany) at a density of either 1 x 104 (LetR with AR KD) or 5 x 103 (LetR
and ANAR with bicalutamide treatment; LetR with rhPSAP treatment).
The cells for the LetR with AR KD experiment were placed in media with
no penicillin/streptomycin for 24 h and were seeded in the 24-well plate on
top of the transfection solution (reverse transfection protocol in Section
2.3.3) and then left in the incubator at 37°C and 5% CO2 for 72 h. The
LetR and ANAR cells for the experiment with bicalutamide treatment
(described in Section 2.1.13; summarised in Table 2.1) were steroid
depleted for 72 h and then seeded in the 24-well plates and left to
incubate for 2, 3, 4 and 5 days. Finally, the LetR cells with increasing
doses of rhPSAP treatment (described in Section 2.1.12; summarised in
Table 2.2) were not SD and were seeded in the 24-well plates and left to
incubate for 72 h. The EC50 experiment was prepared slightly differently
as cells were seeded in 96-well plates (described in Section 2.6.6) (EC50
experiment was performed courtesy of Dr Laura Creevey).
After incubation, 200 µl (24-well plate) or 20 µl (96-well plate) of the MTS
reagent (Sigma Aldrich, Darmstadt, Germany) (composition listed in Table
8.4 in Appendix A) was added to the wells and the plates were wrapped in
foil and placed in the incubator at 37°C and 5% CO2 for 1-4 h until the
mixture turned into a brown colour. The plates were then read at the
absorbance level of 495 nm using a Wallac spectrophotometer (Perkin
Elmer, Waltham, Massachusetts, U.S.).
2.6.2 Colony forming assay
The colony forming assay was performed to investigate the impact on cell
growth of LetR cells treated with bicalutamide (described in Section
2.1.13; summarised in Table 2.1). Non-SD LetR cells were seeded in a 6-
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well tissue culture plate (Greiner BioOne, Frickenhausen, Germany) at a
density of 500 cells per well in 2 ml of LetR media. The plates were kept
in the incubator at 37°C and 5% CO2 for 24 h. After 24 h, the cells were
treated accordingly with either vehicle (DMSO 0.01% (v/v); listed in Table
2.1) or bicalutamide (described in Section 2.1.13; summarised in Table
2.1) and left to grow in the incubator over a period of 4, 8 and 12 days.
The change of media and re-treatment of cells with bicalutamide occurred
at every 48 h interval. Once the desired incubation period was achieved
(summarised in Table 2.1), the cell media is removed and washed with 1
ml PBS.

The plates were then fixed with 1 ml of a fixing solution

comprising of acetic acid and methanol at a 1:7 dilution (Thermo Fisher
Scientific, Inchinnan Business Park, Paisley, U.K.) and left to incubate in
the fume hood for 5 min. After 5 min, the fixing solution was removed and
1 ml of 0.5% crystal violet solution (Cruinn, Dublin 12, Ireland) was added
to the cells and left in RT for 1-2 h. Finally, the wells were washed with
dH2O and left to air dry in RT. Once dried, the plates were sealed with
parafilm and scanned to visualise the colonies formed.
2.6.3 Cell migration assay
Cell migration assays are used to determine the mobility of a cell and its
ability to react to stimulus. Using 6-well tissue culture plates (Greiner
BioOne, Frickenhausen, Germany), LetR and MCF7 cells were plated on
top of uncoated glass microscope slides that were cleaned with 100%
ethanol prior to cell insertion. 3 x 105 LetR cells and 2.5 x 105 MCF7 cells
in 2 ml of their own growth medium were plated per well. The cells were
left to sit overnight in the incubator at 37°C in 5% CO2. After 24 h, the cell
monolayers were wounded aseptically using a 20-200 µl yellow pipette tip.
The wound was made along the longest length of the cell monolayer on all
slides simultaneously. Following this, the cells were treated with rhPSAP
(summarised in Table 2.2). Three slides were allocated to each treatment
group. At each timepoint, five images were photographed along the length
of the scratch using cellSens imaging software (Olympus Life Science
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Solutions, Tokyo, Japan) and five measurements were taken from each
image and recorded.
2.6.4 Cell motility assay
Cell motility assays are functional assays performed to assess the mobility
of a cell and its indirect potential in invasion and metastases. It gives an
insight into the aggressiveness of a cell. The cell motility assay performed
in this thesis was utilised to investigate the cell motility of LetR cells when
AR was knocked-down in the presence or absence of androstenedione
treatment.
Collagen (Cellomics® Kit; Thermo Fisher Scientific, Warrington, U.K.) was
prepared by adding 0.02 M acetic acid to lyophilised collagen powder into
a 96-well plate and incubated in the laminar flow hood for 1 h at RT. After
1 h, excess collagen was aspirated and wells were washed with 100 µl of
PBS.

Blue fluorescent microspheres (Cellomics® Kit; Thermo Fisher

Scientific, Warrington, U.K.) were prepared per kit instructions. 75 µl of
the beads were transferred to each well of the coated 96-well plate. The
plate was wrapped in aluminium foil and incubated for 1 h at 37°C in 5%
CO2. After incubation, the plates were washed five times with 200 µl of 1X
wash buffer. The last wash was left in the wells and placed in the
incubator until ready for cells insertion.

For the first cell motility

experiment, the LetR cells had undergone reverse transient transfection,
so the transfection reagent mixture was added to the plates prior to
insertion of the cells (treatments summarized in Table 2.1).

Reverse

transient transfection method is described in Section 2.3.3 (reagents listed
in Table 2.8). The plate was then left in the incubator for the desired
duration for transfection as listed in Table 2.9.
For fixing and staining of the cells, the fixing solution was prepared and
placed in the 37°C incubator. Fixing solution was made up with 900 µl of
37% stock of formaldehyde diluted in 5.1 ml of PBS to make a final
concentration of 5.5% fixing solution. 200 µl of fixing solution was added
to the wells (without removing existing media) and incubated in the fume
hood for 1h. Then, the fixing solution was aspirated and the plates were
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washed three times with 1X wash buffer. After the last wash, the buffer
was removed and 100 µl of 1X permeabilisation buffer (Cellomics® Kit;
Thermo Fisher Scientific, Warrington, U.K.) was added before the plate
was incubated at RT for 15 min. This was then aspirated and 100 µl of
staining solution (27.5 µl Rhodamine Phallodin (Cellomics® Kit; Thermo
Fisher Scientific, Warrington, U.K.) diluted in 5.5 ml of wash buffer) was
added to the wells and left to incubate at RT for 30 min. After this time
period, the plates were aspirated and washed three times with 100 µl of
wash buffer. Finally, after the last wash, the wells were filled with 200 µl of
wash buffer and sealed with parafilm. The plates were then visualised and
images were taken from an inverted microscope. The areas of cell-tracked
movements were measured using cellSens imaging software (Olympus
Life Science Solutions, Tokyo, Japan) and recorded.
2.6.5 Transwell invasion assay
Similar to cell migration and cell motility assays, cell invasion assays are
used to evaluate the aggressiveness of a cell. In this thesis, the objective
of the transwell invasion assay was to see the response of the AI resistant
cells towards a chemoattractant in the presence or absence of rhPSAP
and/or AR KD.
The 24-well Biocoat matrigel invasion chambers (Corning, New York,
U.S.) were prepared by aseptically rehydrating the matrigel well and
inserts with 0.5 ml of media in each compartment and incubating at 37°C
in 5% CO2 for 2 h. Following this, the media was removed and 5 x 104/500
µl of LetR or MCF7 cells (with or without prior transient transfection with
siRNA-HOXC11 summarised in Table 2.8) were seeded in serum-free
medium into the upper chamber of the insert while 10% serum medium
was added as a chemoattractant to the lower chamber. Treatment with
rhPSAP (10 ng/ml) and vehicle (5 nM Tris-HCL) were added to the upper
chambers of the insert. The plates were incubated at 37°C in 5% CO2 for
48 h (no transfection) or 60 h (if transfected with siRNA-HOXC11). After
the incubation period, the inserts were washed twice with PBS and cells
from the upper chamber on the top part were gently removed with a cotton
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tip (Johnson & Johnson, Ireland). Cells on the bottom part of the upper
chamber were fixed with methanol for 10 min and then stained with 0.5%
crystal violet (Cruinn, Dublin 12, Ireland) to view the cells that had
successfully invaded across the membrane. dH2O was used to wash the
inserts twice. Using the cellSens imaging software (Olympus Life Science
Solutions, Tokyo, Japan), the invaded cells were analysed and Image J
software was used to quantify the results with a minimum of five views per
well. (Experiment was performed in collaboration with Dr Marie McIlroy).
2.6.6 EC50
The EC50 experiment was performed to determine the effectiveness of
BEZ235, a PI3K/mTOR inhibitor (NVP-BEZ235; Selleck Chemicals,
Munich, Germany), in inhibiting cell function by investigating the
concentration of drug needed to inhibit the cell viability by half or 50%.
MCF7, LetR and ZR75-1 cells were counted and seeded at 3 x 103 cells in
50 µl media per well in a 96-well plate and treated with BEZ235 (described
in Section 2.1.14) for 48 h in an incubator at 37°C in 5% CO2. The rest of
the experiment followed the MTS protocol in Section 2.6.1 (Experiment
performed courtesy of Dr Laura Creevey).

2.7 Clinical Samples
2.7.1 PSAP ELISA (enzyme-linked immunosorbent assay)
A commercially available PSAP ELISA (Cusabio, Stratech, Suffolk, U.K.)
was used to detect and quantify the PSAP protein specifically (Sensitivity:
0.312 ng/ml). Precoated on the assay plates are antibodies specific to
PSAP which will bind to the HRP conjugated antibody specific for PSAP
that has been added to the standards and the samples. After the series of
washes, a colour reaction is developed and the intensity is based on the
quantity of PSAP in the samples.
Initially we investigated the protein expression of PSAP in untreated
conditioned medium in vitro from a panel of five breast cancer cell lines
(MCF7, LY2, MCF7-ARO, LetR and ANAR). The cell lines were cultured
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and placed in T-75 flasks to grow in their normal media. The media was
then collected and placed into 15 ml tubes and centrifuged at 1000 rpm for
3 min in RT to remove any cell debris. The supernatant was transferred to
a fresh tube and stored in the -80°C freezer until the ELISA was
performed.
The set of samples used with PSAP ELISA were clinical samples. In the
initial clinical ELISA experiment, only 18 serum samples were available
(clinicopathological details summarised in Table 8.7 in Appendix A);
however, this was expanded to 34 serum samples (clinicopathological
details summarised in Table 8.8 in Appendix A) after obtaining samples
from endocrine treated postmenopausal breast cancer patients who are
currently enrolled in the clinical trial ICORG 09 – 07 trial; Clinical trial
identifier (clinicaltrials.gov): NCT01840293 [354] (Trial described in
Section 2.2.2). Patients undergoing surgical resection of a primary breast
tumour had 7 ml of their preoperative bloods collected in non-heparinised
tubes. This sample was left at RT for approximately 30 min to clot. Once
clotted, the samples were separated by centrifuging them at 2000 rcf for
10 min in 4 °C. Serum was collected in fresh 0.5 ml aliquots/cryovials and
stored in the -80 °C freezer until the ELISA experiment was performed.
Data such as receptor status, tumour grade, nodal status, and endocrine
therapy were collected from these patients to correlate with the sample
results.
Once the appropriate samples and working standards were prepared
(either the conditioned media or the serum samples),100 µl of either a
standard (in duplicates) or sample was added to each well with a well left
empty. 50 µl of HRP conjugate was then added to each well except the
blank well. The plate was mixed and incubated at 37°C for 1 h. After
incubation, each well was aspirated and washed for 10 s with 200 µl ddh20
using a multi-channel pipette for a total of three times. Care was taken to
ensure that the washes were aspirated at each step to ensure accurate
results. After the final wash, the fluid was aspirated and the plate was
blotted against paper towels. 50 µl each of Substrate A and Substrate B
(PSAP ELISA Kit; Cusabio, Stratech, Suffolk, U.K.) was added to each
well and mixed. The plate was incubated at 37°C for 15 min in a dark
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incubator. 50 µl of stop solution was then added to each well and the
plate was mixed by gentle tapping.

A microplate reader (Wallac

spectrophotometer; Perkin Elmer, Waltham, Massachusetts, U.S.) was
then used to analyse the samples at 450 nm.

A standard curve was

created with the data obtained.
2.7.2

Tissue Microarray (TMA) construction

TMAs are cores (0.8 mm diameter) of patient breast tumour samples
embedded in paraffin wax. Previously in our lab, TMAs were constructed
from breast tumour samples (with informed consent and ethical approval
obtained) collected from St.Vincent’s Hospital, Dublin (cohort from 19871999) and Beaumont Hospital, Dublin (cohort from 2000-2008). Patients
received either tamoxifen 20 mg/day for 5 years or Arimidex (anastrozole;
AstraZeneca, Wilmington, Delaware, U.S.) 1 mg/day for 5 years which
were discontinued when patients had tumour recurrence while on
endocrine therapy.
In this thesis the cohort of TMA used was constructed from paraffinembedded tumour samples obtained from Beaumont Hospital, Dublin 9,
Ireland (Total n = 508). The patients were only considered eligible if they
had full follow-up data; therefore, the number of eligible patient samples
reduced from n = 508 to n= 488 as 20 patients had missing information.
(clinicopathological details summarised in Table 8.9 in Appendix A).
A more recent set of TMA was constructed for Beaumont Hospital patients
from the years 2008-2014. These patients received either tamoxifen 20
mg/day for 5 years, Arimidex (anastrozole; AstraZeneca, Wilmington,
Delaware, U.S.) 1 mg/day for 5 years or Femara (letrozole; Novartis,
Basel, Switzerland) 2.5 mg/day for 5 years, which were discontinued when
patients

had

tumour

recurrence

while

on

endocrine

therapy.

Retrospective data and samples were collected from all patients including
information pertaining to age, surgery date, tumor receptor status,
TNM/Grade, nodal involvement, endocrine therapy type and duration,
neo/adjuvant chemotherapy and/or radiotherapy and follow-up/recurrence
information. (Note: Although the construction of this TMA was not ready to
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be utilised in this thesis, I was directly involved in the data collection and
TMA construction for this newer cohort of patients).
TMA paraffin blocks were made by using a paraffin 65°C embedding
system. It consists of 3 plates, one heating, one cooling and one constant
warm temperature for the paraffin wax at 57°C. Hot wax was poured into
the system and a cassette was placed with added wax. This was then
placed on the cold plate to solidify and then trimmed and flattened with a
microtome. After the paraffin blocks were ready, the TMA arrayer was
used to insert the core tumour samples. The block was mounted and fixed
with screws in the far left position of the arrayer. The pins were mounted
into place carefully without over tightening and the lamp was fixed through
the block for better visualisation of the cores.

Each block can

accommodate around 17 columns and 12 rows of cores. The pins were
mounted in the desired location. The blue pin was used to extract the core
from the donor tumour block and the red pin was used to make a hole in
the recipient TMA block. A hole was made with the red pin at position ‘0’
for the first core. Then, the blue pin was used to extract a core samples
from the donor tumour block and placed into the recipient TMA block in the
prepared hole. A space of 1 mm was made between each core and the
gaps were 2 mm in width. Once the TMA was completed, the blocks were
placed in the
When the TMA was completed, it was incubated at 60°C for approximately
8 min. A glass slide was then placed onto the block to flatten it and a cold
plate was used to remove the plate to prevent any paraffin or cores from
adhering to it.
2.7.3 Immunohistochemistry (IHC)
IHC was used to determine if specific proteins were expressed in sections
of breast cancer tissue samples from breast cancer patients in the 20002008 TMA cohort of Beaumont Hospital (described in Section 2.7.2).
Proteins investigated in this thesis were the HOXC11, AR and p-AKT.
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The DAKO staining kit (DAKO; Agilent, Glostrup, Denmark) was used for
IHC. The TMA blocks were sectioned (5 µm) and baked in an oven at
65°C for 6 h.
The slides were de-paraffinised with a xylene bath for 3 min (x 2) and then
rehydrated with 100% IMS for 3 min (x 2), followed by 70% IMS bath for 3
min. The slides were washed with PBS for 5 min (x 2).
For the HOXC11 and AR IHC, EDTA solution was prepared (composition
listed in Table 8.5 in Appendix A) for antigen retrieval and the solution was
preheated in a microwave for 4 min on medium power. The slides were
inserted in the solution and heated in the microwave for a further 20 min
on medium power and then removed to cool on the bench for 20 min. For
the p-AKT staining protocol, sodium citrate buffer (pH 6) (composition
listed in Table 8.5 in Appendix A) was prepared and the slides were
heated in the microwave with the buffer for 7 min on high power and then
removed to the bench to be cooled for 30 min. The slides were washed
with TBS-T for 5 min (x 2) and the tissue specimen was traced around with
a waterproof marker to ensure the staining solution stayed within the
prescribed area of the tissue specimen.
A DAKO (DAKO; Agilent, Glostrup, Denmark) staining kit was used. The
specimen was carefully wiped around to remove excess buffer.
Peroxidase block was added to the specimen and incubated for 5 min.
Then, the slides were rinsed once with dH2O on a rocker for 5 min.
Primary antibody and negative control reagents were prepared.

The

dilution buffer (composition listed in Table 8.5 in Appendix A) was used to
dilute the antibodies for the required concentrations.

The primary

antibodies were diluted and incubated (summarised in Table 2.15). The
IgG negative control used for these antibodies were the mouse IgG
negative control (diluted to 2 µg/ml for HOXC11) and rabbit IgG negative
control (diluted to 2 µg/ml for p-AKT and 3 µg/ml for AR) (Note: The
pathology lab in Beaumont Hospital kindly performed the AR staining of
the TMA. I was involved in the AR primary antibody optimisation and TMA
calling). The slides were wiped again to remove excess buffer and the
appropriate diluted primary antibody or negative control reagents were
added to the specimen and incubated (summarised in Table 2.15).
143

PhD Thesis – Azlena Ali Beegan
Table 2.15: Primary antibody optimal concentration and incubation
period for IHC.
Target protein

Primary

Concentration

antibody
HOXC11 (Santa

Mouse

Cruz

monoclonal

Incubation
period

2 µg/ml

1 h in 37°C

Rabbit polyclonal

3 µg/ml

1 h in 37°C

Rabbit polyclonal

2 µg/ml

24 h in 4°C

Biotechnologies;
Dallas, Texas,
U.S.)
AR (Novocastra,
Leica
Biosystems,
Newcastle, U.K.)
p-AKT (Cell
Signalling;
Danvers,
Massachusetts,
U.S.)

Following the incubation period, the slides were washed in TBS-T for 5
min (x 2) and then the excess buffer was wiped. Appropriate peroxidase
labelled polymer (either anti-mouse of anti-rabbit DAKO kit) was added to
each specimen and incubated for 30 min and rinsed in TBS-T wash for 5
min (x 2).

Again, the slides were wiped.

One drop of liquid 3,3'-

Diaminobenzidine tetrahydrochloride (DAB) plus added to 1 ml of DAB
substrate buffer was prepared. The DAB substrate-chromogen buffer was
added to the specimen and incubated for approximately 5 min until brown.
The slides were then washed with dH2O on the rocker for 5 min. One drop
of the Hematoxylin (Sigma Aldrich, Darmstadt, Germany) counterstain was
added to the tumour samples and left for 4 min. Slides were rinsed in
dH2O under slow running tap water for 5 min, followed by a PBS wash for
5 min.
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The slides were dehydrated in a 70% IMS bath for 3 min (x 1) and 100%
IMS for 3 min (x 2). Xylene bath then ensued for 3 min (x 2). After the
baths, the slides were left to dry in the fume hood in RT. Once dried, the
slides were mounted with distyrene (a polystyrene), a plasticizer (tricresyl
phosphate) and xylene mixture (DPX) mounting solution (Sigma Aldrich,
Darmstadt, Germany) and a cover slip and allowed to dry at RT.
The IHC slides were visualised the cellSens imaging software (Olympus
Life Science Solutions, Tokyo, Japan). The scoring systems used were
Allred scoring system (score 0-5 for proportion of staining and 0-3 for
intensity of staining, totalled to a score range of 0 or 2-8) for HOXC11 and
p-AKT staining and modified Allred scoring system (score from 0-3 for
weak, intermediate and strong intensity staining) for AR staining.

The

images were captured and scores were obtained from two independent
observers.
2.7.4 Kaplan-Meier Analysis
Kaplan-Meier analysis was used to determine the DFS for breast cancer
patients following the presence of specific parameters such as certain
mRNA and IHC protein expression.

Using an online algorithm,

BreastMark [358], mRNA transcripts expression can be evaluated in
cohorts of breast cancer patients and the impact on disease progression
can be determined.

In endocrine treated breast cancer datasets, the

meta-analysis of high/low expression levels of PSAP and/or AR mRNA
were determined to see its effects on patient survival.

Kaplan-Meier

analysis was also used to evaluate the DFS rates of the TMA dataset of
breast cancer patients from Beaumont Hospital (Described in Section
2.7.2 and 2.7.3) (n = 488; clinicopathological details summarised in Table
8.9 in Appendix A) based on the IHC expression of AR and p-AKT.
2.7.5 Statistical analysis
Most of the statistical analyses were generated using the Graphpad Prism
software (some analysis was done in Microsoft Excel). Fisher’s exact
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Test was used for univariate analysis for categorical variables to give a pvalue. P-value of <0.05 was considered significant. Repeated measures
of one-way analysis of variance (ANOVA) for treatments over time and the
unpaired, two-tailed Student t-test was used to compare means to
determine the significance in quantitative data. Correlation between
variables were evaluated using the Spearman’s rank coefficient.
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3. Validation of HOXC11 target gene
expression in endocrine resistant
breast cancer
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3.1 Introduction
The HOXC gene cluster, which plays a role in embryonic limb formation, is
found to be redeployed in adult malignancies [359]. Up-regulation of the
HOXC8 gene has been associated with metastatic prostate cancer with an
expression pattern found in the metastatic but not in the benign cells [360].
Furthermore, silencing of the HOXC6 gene in prostate cancer cells
induced an increase in apoptosis of the cancer cells indicating that
HOXC6 gene pays a role in cell proliferation and tumour progression
[325]. Another study from U.K. analysed all 39 HOX genes and found that
the HOXC gene cluster had significant levels of expression in the prostate
tumour cell lines and tissue samples compared to normal prostate cell
lines and tissue [345].

Their results showed that the genes most

differentially regulated in the tumour cells and samples were the HOXC4
and HOXC6 genes [345].

Another HOXC gene found to be strongly

associated with human malignancy is the HOXC13 gene which may play a
role in the metastatic development of melanoma due to its high expression
in malignant melanoma tissue samples [346].
In breast cancer, HOXC genes were also expressed at higher levels in
cancer versus normal tissues. One study showed that large intervening
noncoding RNAs (lincRNAs) may play a part in breast cancer progression
leading to metastasis and a more aggressive breast cancer phenotype
[343]. Using HOX tiling arrays, they discovered a set of HOX lincRNAs on
the HOXC gene locus that are overexpressed in both primary and
metastatic samples. Among the genes in this set are HOXC11, HOXC10,
HOXC13 and HOTAIR [343]. HOTAIR binds to the polycomb repressor
complex 2 (PRC2) which is responsible for cell fate and tumourigenesis
and its dysregulation can lead to breast cancer metastasis [343].
The HOXC6 gene, which was previously found to be associated with
tumour progression in prostate cancer, was recently found to contribute to
tumour proliferation of ER positive breast cancer cells induced by E2 and
bisphenol-A (BPA) [344]. A study looking at a number of HOX genes in
human cancers showed that the HOXC13 gene was significantly
overexpressed in breast cancer and undetected in normal samples [361].

148

Chapter 3
Another study investigated the role of HOXC10 in breast cancer and its
association with AI resistance [362]. Here they showed that endocrine
sensitive breast cancer cell lines with high estrogen expression inhibited
HOXC10 expression with continued tumour progression. However, in the
LTED models of AI resistance, where estrogen is deprived for a long
period of time, HOXC10 expression was increased [362]. This was further
supported with IHC findings from clinical breast cancer samples. In the in
vivo setting, initial estrogen withdrawal from mice implanted with MCF-7
tumours that had suppressed HOXC10 expression showed a reduction of
tumour growth. However, after a period of time, the estrogen deprived
tumour began to proliferate again which confirmed the acquired endocrine
resistance theory that may be due to HOXC10 epigenetic reprogramming
[362]. This opens the possibility of the posterior HOXC genes having an
important role to play in the steroidal adaptability of endocrine resistant
breast cancers [362].
Another HOXC gene is the HOXC11 transcription factor [363]. It is
involved in embryogenesis in the development of the hindlimbs, posterior
neural tube, reproductive systems, prevertebrae, cortical region of the
kidneys and dorsal root ganglia [363]. There has been limited research
involving HOXC11 in breast cancer, specifically, in endocrine resistance.
In RCC studies, increased tumour progression was observed in the RCC
cell lines with overexpression of HOXC11 as well as clinical association of
HOXC11 with poor DFS in RCC [364]. HOXC11 was also significantly
expressed in bladder carcinoma [365].
As HOXC11 has been shown to be associated with endocrine resistance
in breast cancer, further investigation is warranted to identify the target
genes it regulates in endocrine resistant breast cancer to further elucidate
novel mechanisms of resistance [1].
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3.2 Preliminary Findings
3.2.1 HOXC11 was silenced using siRNA in endocrine resistant LY2
breast cancer cell line cultured in the presence of tamoxifen
Bioinformatic analysis of RNA-sequencing (RNA-seq) data identified
genes regulated by HOXC11 in endocrine resistant breast cancer cells
(LY2) with the top three target genes identified as Prosaposin (PSAP),
Interferon-induced protein with tetratricopeptide repeats 1 (IFIT1) and heat
shock protein 90 (HSP90) [366].

Four independent biological libraries

were prepared for each sample to facilitate expression detection and
variance estimation. Short reads of 36 bp in length were aligned to human
reference genome (UCSC, hg18) using the splice-aware aligner Tophat
[367], [368] allowing up to 50 multiple mapping locations and no more than
two mismatches across each read. Differential expression genes were
detected by using the Cufflinks/Cuffdiff program (v v1.0.2) [369].
Expression levels of 1,920 genes have shown to be significantly changed
after HOXC11 was knocked-down in endocrine resistant breast cancer
cells, including 977 down-regulations and 943 up-regulations. Over 65% of
these genes are protein-coding genes. The analysis of this data resulted in
the identification of 711 genes putatively regulated by HOXC11 [366].
Genes differentially regulated by HOXC11 were then screened to identify
those genes harbouring a HOXC11 binding motif in the proximal promoter
region, which yielded a list of 27 unique gene identifiers (Figure 3.1;
subset of the unique gene identifiers dataset is listed in Table 8.1 in
Appendix A). The list of genes was ranked by reads >50, log fold-change
and p-value which resulted in the top three differentially expressed genes:
PSAP, IFIT1 and HSP90AA1 [366] (Samples preparation for the
bioinformatics analysis and image courtesy of Dr Marie McIlroy and Dr
Damian McCartan; Bioinformatics analysis courtesy of Dr Peadar O’Gaora
and Dr Yuan Hao). (Full dataset available on GEO DATASET Series
GSE71139:
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE71139).
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Figure 3.1: RNA-sequencing analysis of endocrine resistant cells
yielded target genes regulated by HOXC11.
RNA-seq was performed on mRNA from endocrine resistant breast cancer
cells (LY2) in which HOXC11 had been silenced [366]. This resulted in
1,920 hits (cutoff > = 0.95), corresponding to 1,243 Entrez gene ids.
TFFind, a motif mapping program, was used to search for the HOXC11
motif (consensus sequence:GTCGTAAA) in all annotated human genes
from UCSC (26,648 sequences). The analysis of this data resulted in the
identification of 711 genes putatively regulated by HOXC11 [366].
Merging of these two data sets yielded a total of 27 genes which were
then ranked by p-value; PSAP, IFIT1 and HSP90AA1. The list of genes
was ranked by magnitude of Fragments per Kilobase of transcript per
Million (FPKM) mapped reads which resulted in prosaposin (PSAP) being
identified as the top ranked gene exhibiting differential expression when
HOXC11 is knocked-down (subset of the unique gene identifiers dataset is
listed in Table 8.1 in Appendix A). The results from the experiments are
representative of n = 4 [366] (Samples preparation for the bioinformatics
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analysis and image courtesy of Dr Marie McIlroy and Dr Damian
McCartan; Bioinformatics analysis courtesy of Dr Peadar O’Gaora and Dr
Yuan Hao).
Based on the above findings of the bioinformatics analysis, the following
chapter will validate the target genes regulated by HOXC11 and explore
the effect of HOXC11 expression and target gene involvement in
endocrine resistant breast cancer cells.

3.3 Chapter 3 aims and objectives
•

Validate RNA-seq data to confirm HOXC11 regulation of PSAP,
IFIT1 and HSP90 in tamoxifen resistant cells

•

Confirm that HOXC11 is recruited to the PSAP promoter in
endocrine resistant breast cancer cell lines and is steroid
responsive

•

Evaluate endogenous levels of PSAP mRNA in breast cancer cell
lines and modulations when treated with steroids
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3.4 Results
3.4.1 Validation of the top HOXC11 target gene, PSAP, in tamoxifen
resistant cell line
The preliminary findings of the RNA-seq bioinformatic analysis showed
that 27 genes were harbouring a HOX motif in the proximal promoter and
was regulated by HOXC11 [366].

Among these, the top three target

genes regulated by HOXC11 were selected for further validation of the
RNA-seq analysis [366].

HOXC11 was transiently KD in tamoxifen

resistant (LY2) cells using transfection with siRNA-HOXC11. qRT-PCR
was used to determine mRNA levels of the three target genes PSAP,
IFIT1 and HSP90.

This resulted in a concomitant decrease of PSAP

mRNA validating HOXC11 regulation of this gene; however, significance
was not achieved for the other target genes (HOXC11 mRNA *p = 0.0058;
PSAP mRNA *p = 0.0019; IFIT1 p = 0.2170 (NS); HSP90 p = 0.1386 (NS))
(Figure 3.2).
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Figure 3.2: The top putative target gene, PSAP, regulated by HOXC11
was validated in the LY2 cell line.
LY2 cells were transfected with either a scrambled siRNA non-targeting
negative control or with siRNA-HOXC11 using Lipofectamine 2000
according to manufacturer’s instructions (Invitrogen, Inchinnan Business
Park, Paisley, U.K.).

After 72 h of transfection, cells were pelleted

followed by RNA and cDNA synthesis. qRT-PCR was used to determine
mRNA levels of the three target genes PSAP, IFIT1 and HSP90.

A:

Results confirmed successful knockdown of HOXC11 (*p = 0.0058).
B,C,D: Results showed a concomitant decrease of mRNA from PSAP
mRNA target gene validating HOXC11 regulation of this gene; however,
significance was not achieved for the other target genes (PSAP mRNA *p
= 0.0019; IFIT1 p = 0.2170 (NS); HSP90 p = 0.1386 (NS)). The results
from the experiments A-D are representative of n = 3. Error bars from AD are representative of mean ± Standard error of the mean (SEM) of three
separate experiments. NS (not significant), *p < 0.05, **p < 0.001, ***p <
0.0001.
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3.4.2 Analysis of the PSAP promoter shows recruitment of HOXC11
to its binding site on the promoter in the tamoxifen resistant cell line
Previous prostate cancer studies have confirmed the presence of an ARE
(-242 to -237) within the PSAP promoter [370].

In this analysis, the

promoter region was observed to also contain an adjacent ERE (-172 to 150) and an overlapping HOXC11 binding site (-169 to -153) (Figure
3.3A).
To validate HOXC11 recruitment to the PSAP promoter, a ChIP analysis
was performed on the LY2 cells. Recruitment of HOXC11 to the PSAP
promoter (-581 to -116) was confirmed under unstimulated cell conditions.
Recruitment was found to be enhanced in the presence of tamoxifen
treatment approaching statistical significance (p = 0.0635 (NS)) (Figure
3.3B).
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Figure 3.3: PSAP promoter analysis shows HOXC11 binding site
overlapping with an ERE site. ChIP displays recruitment of HOXC11
to the PSAP promoter in the LY2 cell line.
A: The proximal promoter region of PSAP (-1000) was analysed by
Matinspector

program

(http://www.genomatix.de).

PSAP

promoter

analysis identified an adjacent ERE (-172 to -150) and an overlapping
HOXC11 binding site (-169 to -153). B: ChIP experiments were carried
out in the LY2 cells with either vehicle or tamoxifen (10-7 M) treatments.
ChIP DNA was analysed with PSAP ChIP specific primers to amplify the
site that harbours a HOXC11 binding motif on the DNA −581 to -116 of the
PSAP transcriptional start site. Under unstimulated conditions, HOXC11
was found to be recruited to the PSAP promoter and this recruitment was
enhanced in the tamoxifen treated sample approaching statistical
significance (p = 0.0635 (NS)).

The results from experiment B are

representative of n = 3. Error bars in B are representative of mean ± SEM
of three separate experiments. NS (not significant), *p < 0.05, **p < 0.001,
***p < 0.0001.
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3.4.3 Endogenous

levels

of

HOXC11

and

PSAP

mRNA

are

significantly increased in AI resistant breast cancer cell lines
The observation that HOXC11 is recruited to the PSAP promoter in the
LY2, tamoxifen resistant cell line, prompted the investigation of these
genes in other endocrine resistant breast cancer cells. The cell lines used
were AI resistant cells which include the LetR and ANAR cell lines. qRTPCR was used to determine mRNA levels of HOXC11 and PSAP in the AI
sensitive, MCF7-ARO, cell line and the AI resistant, LetR and ANAR cell
lines. Significantly higher levels of endogenous HOXC11 and PSAP were
observed in both the AI resistant cell lines versus the AI sensitive cell line
(For HOXC11-LetR *p = 0.0191 and ANAR *p = 0.0085 relative to MCF7ARO; For PSAP-LetR *p = 0.0255 and ANAR *p = 0.0158 relative to
MCF7-ARO) (Figure 3.4A and B). Furthermore, there was a significantly
greater expression of endogenous HOXC11 and PSAP mRNA in the LetR
cell line specifically (HOXC11 *p = 0.0191 and PSAP *p = 0.0255) (Figure
3.4A and B).
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Figure 3.4: AI resistant cell lines showed significantly greater mRNA
expression of endogenous HOXC11 and PSAP in comparison to AI
sensitive cell line.
AI sensitive (MCF7-ARO) and AI resistant (LetR and ANAR) cells were
pelleted and RNA extraction and cDNA synthesis were performed. qRTPCR was used to determine endogenous mRNA levels of HOXC11 and
PSAP in these cells. A. Significantly higher HOXC11 mRNA and B. PSAP
mRNA were observed in both the AI resistant cell lines versus the AI
sensitive cell line with greater expression of both transcripts in the LetR
cell line (For HOXC11-LetR *p = 0.0191 and ANAR *p = 0.0085 relative to
MCF7-ARO; For PSAP-LetR *p = 0.0255 and ANAR *p = 0.0158 relative
to MCF7-ARO).

The results from the experiments A and B are

representative of n = 3. Error bars in A and B are representative of mean
± SEM of three separate experiments. NS (not significant), *p < 0.05, **p
< 0.001, ***p < 0.0001.
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3.4.4 PSAP mRNA is significantly down-regulated when HOXC11 is
knocked-down in AI resistant breast cancer cell lines
Due to the high endogenous levels of HOXC11 and PSAP seen in the AI
resistant LetR and ANAR breast cancer cells (Figure 3.4), HOXC11 was
transiently knocked-down in both cell lines by transient transfection
method with siRNA-HOXC11. qRT-PCR results showed significant downregulation of HOXC11 mRNA levels in both AI resistant cell lines (LetR *p
= 0.0059; ANAR **p = 0.0007). There was a significant down-regulation of
PSAP seen in the LetR cells when HOXC11 was knocked-down; however,
this was not depicted in the ANAR cells (LetR *p = 0.0011; ANAR p =
0.0977 (NS)) (Figure 3.5A-D). Combined data of PSAP mRNA expression
levels when HOXC11 was knocked down in endocrine resistant cell lines
showed that PSAP is down-regulated significantly in the LetR and LY2
cells. Furthermore, endogenous levels of PSAP are much higher in the AI
resistant cell lines compared to the tamoxifen resistant cell line (Figure 8.1
in Appendix A).
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Figure 3.5: Silencing of HOXC11 shows significant
reduction of PSAP

mRNA expression in LetR cell line.
HOXC11 was knocked-down in LetR and ANAR cell lines by transient
transfection with siRNA (siRNA-HOXC11). qRT-PCR was used to
determine mRNA levels of HOXC11 and PSAP. A: Results confirmed
successful knockdown of HOXC11 in LetR cells (*p = 0.0059). B: There
was a significant decrease of PSAP mRNA in LetR cells with greater
down-regulation of PSAP in the LetR cells versus ANAR cells when
HOXC11 was knocked-down (*p = 0.0011).

C: Results confirmed

successful knockdown of HOXC11 in ANAR cells (**p = 0.0007).

D:

Similarly, a trend towards a reduction in PSAP mRNA was observed in the
ANAR cells; however, it was not statistically significant (p = 0.0977 (NS)).
The results from the experiments A-D are representative of n = 3. Error
bars in A-D are representative of mean ± SEM of three separate
experiments. NS (not significant), *p < 0.05, **p < 0.001, ***p < 0.0001.
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3.4.5 Recruitment of HOXC11 to the PSAP promoter is confirmed in
the AI resistant cells
To examine HOXC11 recruitment to the PSAP promoter, a ChIP analysis
was performed on the LY2 and LetR cells in the presence of steroids
(estrogen and androstenedione). Recruitment of HOXC11 to the PSAP
promoter was confirmed under unstimulated cell conditions in both cell
lines. Also, in both cell lines, treatment of the cells with estrogen caused
significant reduction in HOXC11 recruitment to the PSAP promoter (LetR
**p = 0.0002; LY2 *p = 0.0353). In the LetR cells, HOXC11 recruitment
was noted in the presence of androstenedione; however, this was not
statistically significant (p = 0.3484 (NS)) (Figure 3.6).
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Figure 3.6: Endocrine resistant breast cancer cell lines show altered
recruitment of HOXC11 to the PSAP promoter in the presence of
steroids.
ChIP was carried out in LY2 and LetR cells under unstimulated conditions
and with steroid treatments. LY2 cells were treated with either vehicle or
estrogen (10-8M) treatments.

LetR cells were treated with vehicle,

estrogen (10-8M) or androstenedione (10-7M). ChIP DNA was analysed
with PSAP ChIP specific primers to amplify the site that harbours a
HOXC11 binding motif within the proximal promoter (−581 to -116). Under
unstimulated conditions, HOXC11 was found to be recruited to the PSAP
promoter in LY2 and LetR cell lines. There was a significant reduction in
HOXC11 recruitment to the PSAP promoter in the presence of estrogen
treatment in both cell lines (LetR **p = 0.0002; LY2 *p = 0.0353).
Treatment of the LetR cells with androstenedione also shows recruitment
of HOXC11 to PSAP promoter; however, this was not statistically
significant (p = 0.3484 (NS)).

The results from the experiments are

representative of n = 3. Error bars are representative of mean ± SEM of
three separate experiments. NS (not significant), *p < 0.05, **p < 0.001,
***p < 0.0001.
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3.4.6 PSAP expression is increased in AI resistant breast cancer
cells in the presence of steroids
qRT-PCR was performed to determine the effects of steroids on the PSAP
mRNA in AI sensitive (MCF7-ARO) and AI resistant (LetR and ANAR)
breast cancer cell lines. In the MCF7-ARO cells, treatment with estrogen
reduced PSAP mRNA levels trending towards statistical significance (p =
0.0778 (NS)) (Figure 3.7A) suggesting that estrogen treatment may play a
role in inhibition of PSAP. Conversely, PSAP expression is maintained or
enhanced in AI resistant cells in the presence of estrogen and androgen,
statistically significant in the ANAR cells (LetR-estrogen p = 0.8933 (NS),
LetR-androgen p = 0.9867 (NS); ANAR-estrogen p* = 0.0301, ANARandrogen p = 0.3378 (NS)) (Figure 3.7B and C).
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Figure 3.7: PSAP mRNA levels are reduced in AI sensitive cells
treated with estrogen. Maintained or increased expression of PSAP
mRNA was observed in AI resistant cells treated with estrogen and
androstenedione.
MCF-ARO cells were treated with either vehicle or estrogen (10-8M), while,
LetR and ANAR cells were treated with either vehicle, estrogen (10-8M) or
androstenedione (10-7M) for a duration of 12 h. qRT-PCR was used to
determine PSAP mRNA levels in these cells. A: Reduced levels of PSAP
mRNA were observed in the MCF7-ARO cells treated with estrogen when
compared to vehicle approaching statistical significance (p = 0.0778 (NS)).
B, C: Maintained or increased expression of PSAP mRNA was detected in
the AI resistant cells treated with estrogen and androstenedione,
statistically significant in the ANAR cells (LetR-estrogen p = 0.8933 (NS),
LetR-androgen p = 0.9867 (NS); ANAR-estrogen *p = 0.0301, ANARandrogen p = 0.3378 (NS)). The results from the experiments A-C are
representative of n = 3. Error bars in A-C are representative of mean ±
SEM of three separate experiments. NS (not significant), *p < 0.05, **p <
0.001, ***p < 0.0001.
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3.5 Discussion
HOXC11 is a homeobox transcription factor that is involved in normal
growth and development [363]. Its normal function in embryogenesis is in
the development of the hindlimbs, posterior neural tube, reproductive
systems, prevertebrae, cortical region of the kidneys and dorsal root
ganglia [363].

However, as seen with many other HOX genes, the

aberrant redeployment of HOX genes can play a role in tumour
development [314], [330].
In the tumours of the urinary system, HOXC11 expression was
investigated in RCC cell lines, patient tumour samples from both snap
frozen and paraffin embedded samples [364].

The overexpression of

HOXC11 in the RCC cell lines resulted in increased tumour progression
[364].

Patient cohort samples supported this finding with increased

expression of HOXC11 in the RCC tumour tissue compared to normal
renal tissue. Significantly higher HOXC11 expression was also associated
with poor patient outcome [364]. HOXC11 expression was also present in
urothelial tumours where it was linked to HOTAIR which is a long
noncoding RNAs (lncRNA) expressed from the caudal region of the HOXC
gene cluster and may affect HOXC11 transcriptional target gene
regulation [365].

Both factors were significantly expressed in bladder

carcinoma [365].
SRC-1 and HOXC11 interaction can also facilitate suppression of gene
targets CD24 and PAWR in breast cancer furthering disease progression
and metastasis [371]. In another study, Makiyama et al. investigated an
array of HOX genes from snap frozen samples of normal and cancerous
breast tissue [372]. They demonstrated that HOX genes were expressed
in the breast in normal and cancerous conditions. The non-cancerous
tissue expressed higher levels of HOX genes from clusters A and D [372].
HOXA and HOXD genes were originally responsible for the development
of the axial region (cervical and thoracic) in embryogenesis which is
bordering the location of the breast [372]. However, in the breast tumour
cohort, the HOXC11 gene was found to be inappropriately expressed in
breast cancer [372].

In this chapter, the endogenous cell levels of
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HOXC11 (LetR *p = 0.0191 and ANAR *p = 0.0085) and PSAP (LetR *p =
0.0255 and ANAR *p = 0.0158) (Figure 3.4) are significantly increased in
AI resistant breast cancer cell lines which suggests that there is aberrant
redeployment of HOXC11 in these cells.

These findings support the

conclusions from Makiyama’s group [372].
There has been limited research involving HOXC11 in breast cancer,
specifically, in endocrine resistance. Preliminary work undertaken in our
lab aimed to explore the target genes regulated by HOXC11, which was
performed by bioinformatic analysis from an RNA-seq of endocrine
resistant cells [366] (Figure 3.1). HOXC11 was silenced in endocrine
resistant breast cancer cells and the differentially expressed genes
merged with transcription factor mapping to identify genes that have a
HOXC11 binding motif in their proximal promoter region. When cut-offs
were applied, a list of 27 unique gene identifiers surfaced with the top
three target genes being PSAP, IFIT1 and HSP90 [366] (Figure 3.1). The
majority of this chapter focused on PSAP, the top most target gene
regulated by HOXC11, to elucidate its potential role in the development of
endocrine resistance in breast cancer. PSAP was validated as a HOXC11
target gene after statistically significant down-regulatoin of PSAP mRNA
when HOXC11 was KD in both tamoxifen resistant (*p = 0.0019) (Figure
3.2B) and letrozole resistant cell lines (*p = 0.0011) (Figure 3.5B). Both
IFIT1 (p = 0.2170 (NS)) and HSP90 (HSP90 p = 0.1386 (NS)) had no
significant change when HOXC11 was KD in the tamoxifen resistant cells
(Figure 3.2C and D).
The normal function of PSAP is as a lysosomal protein and a secretory
protein [373]. It acts as a precursor of four sphingolipid activator proteins
(saposins A-D) and is involved in lysosomal sphingolipid hydrolysis [373].
It is predominantly found in the brain cerebral grey matter during growth
and development and plays an important role in this respect [373].
Deficiency of the saposins that PSAP is a precursor for, can lead to a
number of neurological disorders caused by lysosomal storage disorders
such as a variant of metachromatic leukodystrophy (saposin B deficiency),
Gaucher disease with cerebral involvement (saposin A and C deficiency)
and Niemann-Pick disease type C and D (saposin D deficiency) [374].
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The high concentration of PSAP in undifferentiated embryonic human
progenitor

cells

suggests

its

significance

in

neuropathological

development in early development [375]. It also has a protective influence
with pro-survival properties in mature neuronal cells preventing apoptotic
neuronal cell death in injured neurons [375]. The absence or abnormal
PSAP expression involved in neurotrophic function in early development
can lead to severe neurological impairment that may not be compatible
with life [376]. The anti-apoptotic properties of PSAP may be an important
factor in determining its role in AI resistant breast cancer.
The second target gene regulated by HOXC11 in the RNA-seq experiment
was IFIT1 [366] (Figure 3.1). IFIT1 or p58 is a protein that interferes with
the interferon (IFN) inducible protein enzymatic activity, protein kinase R
(PKR) [377]. PKR is involved in host response to viral infections induced
by IFN [377]. PKR has properties such as regulation of protein and gene
expression in eukaryotic cells.

It has also been shown that the gene

encoding for PKR may act as a tumour suppressor [378]. IFIT1 was found
to inhibit the function of PKR affecting cell cycle regulation. It was found to
have oncogenic potential by increasing cell proliferation when PKR was
down-regulated in the NIH 3T3 mice embryonic fibroblast cells [378]. In
breast cancer, IFIT1 was found to be part of a group of genes alongside
signal transducers and activators of transcription 1 (STAT1) and
interferon-stimulated gene 15 (ISG15) called IFN-related DNA damage
resistance signature (IRDS) [379].

This group of genes, if present in

breast cancer, was found to prevent DNA damage and promote prosurvival of the cancer cells causing resistance to chemotherapy and
radiotherapy [379]. However, not much is known regarding the effects of
IFIT1 in hormone therapy resistance. In this thesis, IFIT1 was not found to
be significantly down-regulated when HOXC11 was KD (Figure 3.2C).
HSP90 was another target gene found to be regulated by HOXC11 in the
RNA-seq analysis [366] (Figure 3.1). The heat shock proteins (HSPs) are
a group of proteins that act as molecular chaperones that preserve the
protein-folding environment and chromatin gene regulation [380]. It is a
molecular chaperone to a variety of proteins such as transcription factors
and steroid hormone receptors [381]. HSPs function by promoting survival
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of organisms by altering its response to specific situations in order for
adaptation to occur especially in extreme stress conditions [382].
Whitesell et al., showed the significance of HSP90 in promoting endocrine
resistant breast cancer [383]. The adaptive function of HSP90 to stressors
allows it to protect breast cancer cells from the inhibitory effects of
hormonal treatments [383].

Their findings showed that treatment of

acquired endocrine resistant cells with a combination of prolonged low
dose HSP90 inhibitor and the existing hormonal treatment (tamoxifen and
fulvestrant) resulted in improved response compared to hormonal
treatment alone [383].

Another study investigated the use of HSP90

inhibitor in AI resistant breast cancer cells and found that it was successful
in inhibiting tumour progression of the cells [384]. The combination of an
AI and HSP90 inhibitor was also able to prevent cell proliferation in MCF7ARO cells [384]. Similar to IFIT1, HSP90 was also not significantly downregulated when HOXC11 was KD (Figure 3.2D).
ChIP experiments in the LY2 and LetR breast cancer cells further
confirmed the validation of PSAP via the recruitment of HOXC11 to the
PSAP promoter across the two cells lines with enhancement approaching
statistical significance in the LY2 cells in the prescence of tamoxifen (p =
0.0635 (NS)) (Figure 3.3 and 3.6).

It was observed that HOXC11

recruitment to PSAP may be influenced by the steroid microenvironment.
Recruitment of HOXC11 to the PSAP promoter was reduced significantly
in the presence of estrogen in both the tamoxifen resistant (*p = 0.0353)
and AI resistant (**p = 0.0002) cell lines (Figure 3.6).

A possible

explanation for this is HOXC genes are suppressed in the presence of
estrogen [362]; hence, the lack of HOXC11 recruitment when these cells
were treated with estrogen.

Furthermore, HOXC11 recruitment to the

PSAP promoter in AI resistant cells was enhanced when treated with
androgens (enhancement of recruitment was NS from vehicle) compared
to estrogen treatment (Figure 3.6). This may be a result of excess
unopposed circulating androgens in a cell where estrogen is inhibited.
Therefore, when more androgens are introduced, prolonged disruption of
estrogen signalling occurs and the cells become more resistant,
stimulating up-regulation of PSAP by HOXC11.
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Figure 3.8: Model of breast cancer molecular mechanism in AI
resistance.
In breast cancers with resistance to endocrine treatment, the recruitment
of HOXC11 to the PSAP promoter is enhanced when there is dysfunction
of

the

normal

estrogen

signalling

pathway

[366].

(Andro:

Androstenedione; HOXC11: Homeobox protein C11; HRE: Hormone
response element; CYP19: Aromatase enzyme; PSAP: Prosaposin; AI:
aromatase inhibitor; E2: 17β-estradiol).
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4. Relationship between HOXC11,
PSAP and AR is associated with
endocrine resistance in breast cancer
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4.1 Introduction
Apart from its neurotrophic properties, PSAP is known to be involved in
the development of the male reproductive system and it is present in
secretory fluids such as breast milk, seminal fluid and cerebrospinal fluid
(CSF) in mice [385]. This secretory property of PSAP is also similarly
seen in human bodily fluids [386]. In prostate cancer studies PSAP has
been shown to be associated with the activation of AR [387]. It was also
found to act in a tumour promoting capacity in prostate cancer and is
linked with the development of a more aggressive phenotype and
metastasic spread [387]. As seen in prostate cancer studies, PSAP can
also play a negative role in breast cancer.

PSAP was found to be

associated with tamoxifen resistance and poor DFS in breast cancer [388].
For years, targeting estrogen signalling has been the main focus for the
treatment of hormone-dependent breast cancers [111].

However,

approximately 75% of breast cancers also express AR, which includes a
proportion of the triple negative tumours [18], [111]. With regards to the
role of androgen signalling and breast cancer survival there is conflicting
evidence.

A number of studies report that AR expression is a good

indicator of survival in ER positive tumours [256], [389]. One potential
mechanism is that AR and ER would have to compete for DNA binding
thereby preventing effective ER signalling in breast cancer [256], [389].
Other studies have focused on ER negative tumours in which AR has also
been reported to be an indicator of good outcome; however, the
mechanism of action was poorly understood [390]. Previous research into
MBC has shown the effectiveness of androgen therapy using testosterone
propionate and fluoxymesterone which was found to oppose excess
estrogens [391]. In support of this, other studies demonstrated that the
combination therapy of androgens and SERMs were superior to SERMs
alone [392].

This led to the hypothesis that perhaps androgens were

utilising AR for an anti-proliferative effect in ER positive tumours with
circulating estrogens [393].
Another

study

showed

that

the

combination

of

tamoxifen

and

fluoxymesterone was effective in prolonging DFS in postmenopausal
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women with metastatic breast cancer only if the ER levels were high,
otherwise there was no added advantage of the combination treatment
[394]. The addition of fluoxymesterone causes the circulating estrogens
and androgens to compete for ligand-binding thereby inhibiting proproliferative gene transcription [392], [393]. The androgen drug,
fluoxymesterone, although effective to a certain extent with lesser side
effects was still an unfavourable hormonal treatment option due to its
irreversible masculinising side effects (e.g. virilisation). Unfortunately as a
therapy it was very poorly tolerated by patients and its use is now limited
to only a subset of postmenopausal MBC patients [391].
A review by Hickey et al. stated that AR expression plays a dual role in the
DFS of breast cancer patients depending on ER status [395].

It

is

postulated that AR positivity in a subgroup of breast cancer patients may
exert a tumour promoting role [395]. Elliot et al. have reported that in
postmenopausal patients on AI therapy, androstenedione levels were
found to be significantly elevated and may contribute to resistance with
this therapy [396]. It is well established that the excess of estrogen in ER
positive postmenopausal breast cancer may be due to excess adrenal
androgens converting into estrogen. The effects of tamoxifen and AIs
inhibit this estrogen excess; however, the unconverted androgen excess is
still uninhibited [397]. A research group in Italy proposed the use of antiandrogen therapy for breast cancer patients with AR positive tumours with
high and even in low levels of androgens as it had been shown before that
steroid hormones can stimulate the increase in their receptor levels [397],
[398]. They suggested the need to assess the levels of androgens as well
as tumour receptor status in postmenopausal breast cancer patients to
identify more appropriate treatment options [397], [398]. Rudolf Kaaks’
group in Germany, performed a case-control study using a previous cohort
of patients from the European Prospective Investigation into Cancer and
Nutrition (EPIC) trial, investigating the implication of high estrogen and
androgen serum levels in postmenopausal women [399].

From their

cohort of postmenopausal women serum samples, 554 women had
eventually developed invasive breast cancer. Matched with 821 control
patient samples, they found that higher levels of serum estrogens and
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androgens can increase the risk of postmenopausal breast cancer
especially in the ER positive cohort [399]. They postulated that this may
be due to the conversion of androgens into estrogen leading to excess
estrogen increasing postmenopausal breast cancer risk [399]. In their
previous study, they noted that increased serum levels of androgens in
premenopausal women was also linked to breast cancer risk [400].
However, in contrast to postmenopausal women, androgens are not the
main source of estrogen in premenopausal women as the ovaries are still
functioning [399], [400].

These studies support the hypothesis in this

thesis, whereby excess androgens in postmenopausal breast cancer,
especially in patients on AI therapy, may play a role in directly promoting
tumourigenesis by utilising other pathways and receptors such as AR.
HOXC11 has been shown to play a significant part in promoting endocrine
resistance and metastases in breast cancer [1]. However, no previous
study has been carried out to investigate the role of HOXC11 target genes
in breast cancer. The up-regulation of PSAP in tamoxifen resistance has
been reported previously; however, not much is known about its role in
other endocrine resistant breast cancer settings, specifically in AI
resistance [373, 388].

This chapter aims to establish the association

between HOXC11, PSAP and their impact on AR expression and
activation in AI resistant breast cancer.

4.2 Chapter 4 aims and objectives
•

Determine the secretory levels of PSAP in the conditioned media in a
panel of breast cancer cell lines and patient serum samples

•

Explore the relationship between HOXC11 and PSAP transcripts in the
clinical setting

•

Evaluate the endogenous expression levels of AR in breast cancer cell
lines

•

Assess the association between HOXC11 and AR

•

Elucidate the functional role of AR in endocrine resistant breast cancer
cells

173

PhD Thesis – Azlena Ali Beegan

4.3 Results
4.3.1 PSAP is detectable in the conditioned medium of endocrine
resistant breast cancer cell lines
Secreted PSAP protein has previously been detected in bodily fluids,
conditioned medium of metastatic prostate cancer cells and breast cancer
cells [375], [387], [401], [402], [403].

An ELISA was performed to

determine the levels of PSAP protein secreted in the conditioned medium
of a panel of breast cancer cell lines in vitro. Significantly higher levels of
PSAP were found in the medium of the endocrine resistant breast cancer
cells compared to the endocrine sensitive breast cancer cells (LY2 relative
to MCF7 *p = 0.0479; LetR relative to MCF7-ARO *p = 0.0475; ANAR
relative to MCF7-ARO *p = 0.0493) (Figure 4.1).
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Figure 4.1: Significantly higher PSAP protein levels were detected in
the conditioned medium of the endocrine resistant cell lines
compared to the endocrine sensitive breast cancer cell lines.
A commercial ELISA was used to investigate levels of the PSAP protein in
the conditioned media from a panel of breast cancer cell lines. Results
showed significantly higher PSAP protein levels detectable in endocrine
resistant LY2, LetR and ANAR cell lines compared to their endocrine
sensitive parental cell line counterparts which are the MCF7 and MCF7ARO cell lines. (LY2 relative to MCF7 *p = 0.0479; LetR relative to MCF7ARO *p = 0.0475; ANAR relative to MCF7-ARO *p = 0.0493). The results
from the experiments are representative of n = 3.

Error bars are

representative of mean ± SEM of three separate experiments. NS (not
significant), *p < 0.05, **p < 0.001, ***p < 0.0001.
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4.3.2 Clinical data confirms a strong correlation between HOXC11
and PSAP expression. High expression of PSAP mRNA associates
with poor disease free survival
The impact of PSAP mRNA expression on outcome stratified by breast
cancer subtype was assessed using the Breastmark meta-analysis
software (http://glados.ucd.ie/BreastMark/index.html). Meta-analysis of
PSAP mRNA expression in endocrine treated breast cancer patients (n =
661) shows that high levels of expression is linked to poor endocrine
therapy response with a hazard ratio of 1.446 and *p-value of 0.031251
(Figure 4.2A). In order to evaluate the association between HOXC11 and
PSAP mRNA in a clinical cohort, qRT-PCR was used to evaluate
transcript levels in primary breast tumour samples (n = 51). There was a
strong correlation between HOXC11 and PSAP mRNA with the Spearman
r test of 0.7745 and ***p-value of <0.0001 (Figure 4.2B (i)). When the
recurrent and non-recurrent samples data were combined (n = 61), AR
and PSAP mRNA had strong correlation with HOXC11 mRNA (***p =
<0.0001) (Figure 4.2B (ii)). Furthermore, when the samples were isolated
to only recurrent samples (n = 10), AR and PSAP mRNA correlation was
significant (Spearman r = 0.8303; ***p = <0.0001) (Figure 4.2B (iii)).
To further support this correlation, primary tumour and serum samples
from a cohort of breast cancer patients were assessed (n = 18). HOXC11
protein was also found to be significantly associated with serum PSAP
with a *p-value of 0.05 (Figure 4.2C).

Furthermore, since PSAP is a

known AR agonist [387], AR protein expression was also evaluated in the
same cohort of breast tumour samples. It was found that 80% of patients
with detectable serum levels of PSAP also had strong intensity of AR IHC
expression (Figure 4.2C). (The samples used for Figure 4.2B and 4.2C
were collected from patients currently enrolled in a clinical trial ICORG 09
– 07 trial; Clinical trial identifier (clinicaltrials.gov): NCT01840293); See
section 2.2.2 for more details on the trial. Clinicopathological details for
Figure 4.2B and 4.2C are listed in Table 8.6 and 8.7 in Appendix A).
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A

PSAP mRNA associates with poor DFS in
endocrine treated breast cancer patients

B
Correlation between HOXC11 mRNA and
PSAP in primary breast cancer samples
(n=51)

(ii)

AR and PSAP mRNA correlation with
HOXC11 (n=61)

PSAP/AR mRNA

(i)

(iii)

Correlation between PSAP mRNA and
AR in recurrent breast cancer samples
(n=10)

Figure 4.2: High levels of PSAP mRNA is associated with poor DFS.
Strong correlations between HOXC11, PSAP and AR mRNA in
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primary and recurrent breast tumour samples. Detected levels of
serum PSAP is associated with high HOXC11 expression.
A:

Breastmark

meta-analysis

software

(http://glados.ucd.ie/BreastMark/index.html) was used to assess the
outcome of high PSAP mRNA expression in endocrine treated breast
cancer patients (n = 661). Kaplan-Meier survival curves were generated
from this data (Red line represents low PSAP mRNA; blue line represents
high PSAP mRNA). High levels of PSAP mRNA was shown to be an
indicator of poor DFS in the endocrine treated breast cancer population
(Hazard ratio = 1.446; *p = 0.031251). B. (i) RNA was extracted from
snap frozen breast tumour tissue samples (n = 61). HOXC11 and PSAP
mRNA expression in primary tumour tissue (n = 51) was found to be
strongly correlated (Spearman r = 0.7745; ***p = <0.0001). (ii) The
recurrent and non-recurrent samples (n = 61) had a strong AR and PSAP
mRNA correlation with HOXC11 mRNA (***p = <0.0001). (iii) Recurrent
samples (n = 10) showed significant AR and PSAP mRNA correlation
(Spearman r = 0.8303; ***p = <0.0001). Spearman r rank test was used
for statistical analysis for B. (The samples used for Figure 4.2B were
collected from patients currently enrolled in a clinical trial ICORG 09 – 07
trial; Clinical trial identifier (clinicaltrials.gov): NCT01840293); See section
2.2.2 for more details on the trial. Clinicopathological details for Figure
4.2B are listed in Table 8.6 in Appendix A).
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C

(i)

(ii)
HOXC11

IgG

AR

IgG

Unknown
HR status

C: (i) IHC staining of HOXC11 protein (Allred score 0 or 2-8) and AR
protein (Modified Allred score 0-3) was performed on paraffin embedded
breast cancer tissue samples (n = 18).

A commercial ELISA was

performed using serum samples from the same cohort of patients to detect
PSAP (sensitivity: 0.312 ng/ml; Range: 0.625 – 20 ng/ml). 28% of patients
had detectable levels of PSAP which significantly associated with higher
score (Allred score of 6-8) of HOXC11 protein expression (*p = 0.05). (ii)
Representative images of breast cancer specimens IHC stained for
HOXC11 and AR along with respective control IgG (magnification 200x).
Fisher’s exact test was used for statistical analysis for C. (Recur: patients
who had disease progression after treatment; Luminal A: ER +/- PR
positive, HER2 negative; Luminal B: ER +/- PR positive; HER2 positive.
HER2: ER/PR negative, HER2 positive; Triple-neg: ER/PR/HER2
negative; HR: Hormone receptor). NS (not significant), *p < 0.05, **p <
0.001, ***p < 0.0001. (The samples used for Figure 4.2C were collected
from patients currently enrolled in a clinical trial ICORG 09 – 07 trial;
Clinical trial identifier (clinicaltrials.gov): NCT01840293); See section 2.2.2
for more details on the trial. Clinicopathological details for Figure 4.2C are
listed in Table 8.7 in Appendix A).
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4.3.3 Significantly higher expression of endogenous AR mRNA and
protein in endocrine resistant breast cancer cell lines
PSAP is an AR agonist [387] and results from this chapter have shown
that there may be a clinical association between detectable serum PSAP
levels and strong intensity of AR IHC expression (Figure 4.2C).
Endogenous AR protein levels were determined in a panel of breast
cancer cell lines. Significantly higher levels of nuclear AR protein was
seen in the endocrine resistant, LY2 and LetR cells, compared to the
endocrine sensitive, MCF7 cell line (Section 2.1.3 explains the reason for
the choice of MCF7 being used as the endocrine sensitive cell line model
in this experiment instead of MCF7-ARO) (LetR relative to MCF7 *p =
0.0264; LY2 relative to MCF7 **p = 0.0009) (Figure 4.3A (i) and (ii)). In AI
resistant cells (especially in LetR cells), significantly higher levels of
endogenous AR mRNA is expressed compared to its parental, AI
sensitive, MCF7-ARO cell line (*p = 0.02) (Figure 4.3B).
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(i)

Relative expression levels of AR protein
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Basal AR mRNA levels
Normalised mRNA expression levels
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Figure 4.3: Endogenous AR protein and mRNA expression is higher
in the endocrine resistant cell lines compared to the endocrine
sensitive breast cancer cell lines.
A: (i) Western blotting for AR was carried out on a panel of cells including
MCF7 (endocrine sensitive), LetR (AI resistant), LY2 (tamoxifen resistant),
MDA-MB-453 positive control (apocrine; triple negative, AR positive) and
SKBR3 negative control (HER2 overexpressing) breast cancer cell lines.
(ii) Histogram representative of the western blot. The LetR and LY2 cell
lines had significantly higher endogenous levels of nuclear AR protein
compared to the MCF7 cell line (LetR relative to MCF7 *p = 0.0264; LY2
relative to MCF7 **p = 0.0009). B:

AI sensitive (MCF7-ARO) and AI

resistant (LetR and ANAR) cells were pelleted and RNA extraction and
cDNA synthesis were performed.

qRT-PCR was used to determine

endogenous mRNA levels of AR in these cells. Significantly higher AR
mRNA was observed in both the AI resistant cell lines (LetR *p = 0.02;
ANAR **p = 0.0009) versus the AI sensitive cell line with a greater
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expression of AR mRNA in the LetR cell line (*p = 0.02). The results from
the experiments A and B are representative of n = 3. Error bars for A and
B are representative of mean ± SEM of three separate experiments. NS
(not significant), *p < 0.05, **p < 0.001, ***p < 0.0001.
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4.3.4 HOXC11 modulates AR expression
The endocrine sensitive breast cancer cell line, MCF7, was transiently
transfected with HOXC11 (Section 2.1.3 explains the reason for the choice
of MCF7 being used as the endocrine sensitive cell line model in this
experiment instead of MCF7-ARO). The HOXC11 overexpressing MCF7
cells (pSPORT HOXC11) showed higher levels of AR in the nucleus
compared to the control experiment (p = 0.0185) (Figure 4.4A (i) and (ii)).
When HOXC11 is transiently KD in the AI resistant cells, AR mRNA
expression is reduced, significantly in the ANAR cells (LetR p = 0.1079
(NS), ANAR *p = 0.0232) (Figure 4.4B (i) and (ii)). Significance was not
observed in the LetR cells and this may be due to other factors that may
play a role in the regulation of AR in the LetR cells. Again this may be due
to subtle differences in the efficacy of the AIs that were used [349]. (Data
courtesy of Dr Marie McIlroy).
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Figure 4.4: AR nuclear translocation occurs in overexpressing
HOXC11 MCF7 cells. Silencing of HOXC11 in the AI resistant breast
cancer cell lines reduces AR mRNA expression.
A:

(i)

An increase of AR nuclear protein

was detected by

immunofluorecence in the HOXC11 overexpressing MCF7 cells (pSPORT
HOXC11) compared to the vector control (pSPORT empty vector) (*p =
0.0185).

(ii) Immunofluorescent images representing the higher

expression of nuclear AR observed in the pSPORT HOXC11. B: (i) and
(ii) HOXC11 was KD in LetR and ANAR cell lines by transient transfection
method with siRNA-HOXC11. qRT-PCR was used to determine mRNA
levels of HOXC11 and PSAP. Both AI resistant cells lines exhibited downregulation of AR expression with silencing of HOXC11; however, this was
only statistically significant in the ANAR cell line (LetR p = 0.1079 (NS);
ANAR *p = 0.0232). The results from the experiments A and B are
representative of n = 3. Error bars for A and B are representative of mean
± SEM of three separate experiments. NS (not significant), *p < 0.05, **p <
0.001, ***p < 0.0001. (Data courtesy of Dr Marie McIlroy).
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4.3.5 Knockdown of AR reduces cell motility in AI resistant breast
cancer cells
Metastatic prostate cancer studies have established that knockdown of AR
can lead to tumour suppression [404], [405]. An siRNA-AR pool was used
to transiently KD AR in LetR cells. qRT-PCR confirmed the knockdown of
AR in these cells (*p = <0.0001) (Figure 4.5A). An MTS assay was then
used to assess cell proliferation of LetR cells with siRNA-AR.

Cell

proliferation was not impacted by the knockdown of AR in LetR cells (p =
0.1408 (NS))

(Figure 4.5B).

Cell motility assay of the LetR cells

transfected with siRNA-AR were significantly reduced in the ligandinduced cell motility with the presence of androstenedione (*p = 0.0109)
but did not show any significant effect on cell motility in the absence of the
ligand (p = 0.0779 (NS)) and (Figure 4.5C).
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Figure 4.5: AR knockdown reduces ligand-dependent cell motility in
LetR breast cancer cells.
A: AR was KD in LetR cell lines and results confirmed down-regulation of
AR mRNA expression with silencing of AR. (***p = <0.0001). B: LetR cells
transfected with siRNA-AR did not have significant effect on cell
proliferation (p = 0.1408 (NS)). C: Cell motility assay was performed on
LetR cells with AR KD that were treated with either vehicle or
androstenedione and results (histogram) showed significant reduction in
ligand-dependent cell motility (*p = 0.0109); however, no significance was
observed in the absence of ligand (p = 0.0779 (NS)). Immunofluorescent
images are representative of the cell motility of each treatment group. The
results from the experiments A-C are representative of n = 3. Error bars
for A-C are representative of mean ± SEM of three separate experiments.
NS (not significant), *p < 0.05, **p < 0.001, ***p < 0.0001.
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4.3.6 Bicalutamide,

an

androgen

receptor

antagonist,

causes

significant reduction in cell proliferation of AI resistant breast cancer
cells
Bicalutamide has been shown to function as an AR antagonist in
metastatic prostate cancer and metastatic breast cancer studies [267],
[406]. Figure 4.5 showed that the knockdown of AR by an siRNA pool
resulted in the reduction of ligand-dependent cell motility in the LetR cell
line.

To further elucidate the role of AR, a chemical AR antagonist,

bicalutamide, was used to treat the AI resistant cells. MTS and colony
forming assays were then performed.

The findings from these

experiments showed a significant reduction in cell proliferation of LetR
cells treated with bicalutamide (**p = <0.001). However, significance was
not observed in the ANAR cells and this may be due to subtle resistance
in the efficacy of the AIs that were used, rendering the LetR cells to be
more subceptible to AR ablation [349]. (Figure 4.6A and B).
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Figure 4.6: AR knockdown by AR antagonist, bicalutamide, in LetR
cell line significantly decreases cell proliferation.
A: (i) and (ii) LetR and ANAR cells were treated with either a vehicle or
bicalutamide (1 µM). An MTS reagent was added after 2, 3, 4 and 5 days
correspondingly for each cell line and absorbance at 495 nm was
measured. The LetR cells treated with bicalutamide showed a significant
decrease in cell proliferation compared to vehicle (**p = <0.001).
However, significance was not observed in the ANAR cells. B: Colony
forming assays were prepared. LetR cells were seeded in 6-well plates
and treated with either vehicle or bicalutamide (1 µM). The plates were
incubated for a period of 4, 8 or 12 days accordingly and then the plates
were fixed and stained. Less cancer cell colonies were formed in the wells
with bicalutamide treated LetR cells compared to vehicle. The results from
the experiments A and B are representative of n = 3. Error bars for A and
B are representative of mean ± SEM of three separate experiments. NS
(not significant), *p < 0.05, **p < 0.001, ***p < 0.0001.
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4.4 Discussion
It has been established that PSAP is secreted in bodily fluids and is
detectable in the conditioned medium of metastatic prostate and breast
cancer cell lines [375], [387], [401], [402], [403]. In the breast, PSAP is
found in the milk serum. In normal breast tissue, PSAP secretion is at its
peak during the lactating stage of the breast post-partum and drastically
declines when there is cessation of breast feeding [401], [402].

The

results from this chapter confirm the presence of PSAP in the conditioned
medium of breast cancer cells in vitro. However, it was observed that in
this set of breast cancer cell lines, only the endocrine resistant cell lines
which include the LY2, LetR and ANAR cells secreted significant levels of
PSAP protein compared to their endocrine sensitive counterparts (LY2 *p
= 0.0479; LetR *p = 0.0475; ANAR *p = 0.0493) . The endocrine sensitive
MCF7 cell line exhibited barely detectable levels of PSAP protein (Figure
4.1).
PSAP mRNA expression in the breast tumour tissue is known to associate
with poor response of patients to tamoxifen therapy [388]. To assess the
clinical impact of PSAP expression, a meta-analysis was performed using
online software Breastmark (http://glados.ucd.ie/BreastMark/index.html
The analysis stratified the association of PSAP to poor DFS. Moreover,
elevated PSAP mRNA expression was significantly associated with poor
DFS in the endocrine treated patients (*p = 0.031251) (Figure 4.2A). To
further support these findings, HOXC11 and PSAP mRNA were quantified
in endocrine treated breast cancer patient tumour samples. A positive
correlation was reported between HOXC11 and PSAP transcripts in this
clinical cohort (Figure 4.2B). These findings suggests that PSAP may be
useful as a prognostic marker in breast cancer.
Koochekpour and colleagues have performed extensive research to
elucidate the role of PSAP as a tumour promoter in prostate cancer [407].
They evaluated the IHC staining score of PSAP in prostate tissue and
blood serum between healthy males who did not have prostate cancer and
those with primary or metastatic prostate cancer [407].

Their results

showed a significantly higher PSAP expression in both tissue and serum

189

PhD Thesis – Azlena Ali Beegan
of the metastatic prostate cancer cohort compared to the controls [407]. In
addition, the primary prostate cancer patient serum had lower levels of
PSAP even when compared to normal male samples. PSAP is readily
detectable in patient serum and higher levels are associated with the
aggressiveness of prostate tumours [407].
Breast cancer research has reported on the secretion of PSAP in breast
milk and conditioned medium in vitro [401], [402], [403]. It has not been
established yet if PSAP is also detectable in the blood serum of women
with breast cancer. One of the aims of this thesis was to evaluate PSAP
as a tumour prognostic marker in breast cancer as it has been shown to
be secreted and detectable in the serum samples of male patients in
prostate cancer studies [407]. To evaluate this, primary tumour and serum
samples were collected from a cohort of breast cancer patients to assess
HOXC11 IHC expression and PSAP serum levels (Figure 4.2C). There
was a significant association between detectable serum PSAP and high
IHC score of HOXC11 [1]. Furthermore, the highest level of serum PSAP
with correlating high HOXC11 IHC scores and strong intensity of AR IHC
expression was of a patient with a luminal B breast tumour who suffered a
recurrence while on AI therapy (Figure 4.2C).
Metastatic prostate cancer studies have reported the significance of PSAP
expression in LNCaP cells [408]. They found that PSAP up-regulated AR
protein and mRNA in these cells.

The use of the AR antagonist,

bicalutamide, and a PI3K inhibitor was able to inhibit cell tumourigenesis
[408]. Furthermore, pertussis toxin which is used as a GPR inhibitor was
also successful in inhibiting AR. This suggests that secreted PSAP may
be binding to GPR and activating downstream pathways to activate AR
[408]. They propose that not only is AR up-regulated in these cells by
PSAP, but also that PSAP may be activating AR via ligand-dependent
and ligand-independent pathways [408].
Epidemiological breast cancer studies have reported that the excess
androgens in postmenopausal women might increase breast cancer risk
and act as steroidal precursors [409]. In apocrine tumours, which are ER,
PR and HER2 negative but AR positive, AR signalling was found to occur
via both ligand-dependent and -independent pathways and was
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associated with poor prognosis due to lack of opposition from ER
signalling [410].

Increased AR expression was found to be a good

prognostic factor in ER positive breast cancers which was suggested
might be due to the opposition of AR to the increased ER activity; hence,
the

ability

to

maintain

cell

homeostasis

[411].

However,

in

postmenopausal women on AI therapy, the absence/dysregulation of ER
signaling may cause the unopposed AR to utilise its ligands and recruit
coactivators to adapt to its more androgenic environment resulting in
resistance to endocrine therapy [395].
Stanway et al. investigated the serum levels of androgens in
postmenopausal breast cancer patients on anastrozole and tamoxifen
therapy [412].

They showed that treatment with an AI only reduced

estrone sulphate serum concentrations; however, it did not have an effect
on androstenediol, androstenedione or testosterone levels.

They also

showed that DHEA and DHEAS concentrations were unaffected by either
endocrine treatment. They suggested that this may be due to the lack of
steroid sulfatase (STS) inhibition leading to levels of androstenediol being
unaffected by endocrine treatment [412]. Therefore, it is of interest to
determine whether AR may have a role in the development of resistance
to AI therapy.

Inhibition of the aromatase enzyme in postmenopausal

women with ER positive breast cancer will result in excess circulating
androgens that have no opposition from estrogens [252], [413], [414]
perhaps leading to the utilisation of AR to promote tumour progression and
endocrine resistance as androgens preferentially binds to AR over ER
[268], [415].
PSAP has a normal role in the prevention of cell apoptosis and is an
androgen receptor agonist [373], [370]; hence, it may explain its role in the
tumour progression of endocrine resistant breast cancer via the upregulation of AR. In vitro experiments were carried out to determine if
down-regulation of AR has an impact in AI resistant breast cancer cells.
Firstly, endogenous AR protein and mRNA levels were determined in a
panel of breast cancer cell lines.

AR was highly expressed in the

endocrine resistant cell lines compared to the endocrine sensitive cells
(Figure 4.3 A). PSAP expression in the conditioned medium of these cells
191

PhD Thesis – Azlena Ali Beegan
were also significantly high (Figure 4.1). In order to determine if the
knockdown of AR in AI resistant cells would have an impact on cell
viability as observed in metastatic prostate cancer studies [404], [405], an
siRNA-AR pool was used to transiently knocked-down AR in the AI
resistant, LetR, cells.

There was a significant reduction in ligand-

dependent cell motility (*p = 0.0109) of the LetR cells with AR KD (Figure
4.5C).

Interestingly, this opened up the possibility of AR acting as a

tumour promoting factor in AI resistant breast cancer cells. In this thesis,
the LetR cell line was used as the primary AI resistant cell model. Its has
been shown that letrozole was consistently 10–30 times more potent than
anastrozole in inhibiting intracellular aromatase in in vitro cells [416].
Letrozole inhibition of whole-body aromatisation has been shown to be
superior to anastrozole inhibition in breast cancer patients.

Letrozole

demonstartes >99.1% supression of aromatase compared to anastrozole
(97.3%) [349].
Bicalutamide is an AR antagonist drug currently being used clinically in the
treatment of metastatic prostate cancer [417].

Bicalutamide acts as a

chemical AR antagonist in metastatic prostate cancer cells by attaching to
a binding site on the AR protein and inhibiting its transcriptional activation
[418]. The AR antagonist then down-regulates and degrades nuclear AR
through cytoplasmic translocation [419]. Ni et al. evaluated the effects of
bicalutamide on MDA-MB-453 cells, an triple negative, AR positive cell line
[261]. Their results showed that bicalutamide was effective in inhibiting
cell proliferation and promoting cell death in MDA-MB-453 breast cancer
cells in vitro. Similar findings were also observed in the in vivo xenograft
mice implanted with MDA-MB-453 tumour cells, whereby testosterone
increased tumour growth while bicalutamide reduced the testosteroneinduced tumour proliferation [261].

Lehmann et al. exhibited similar

findings and further corroborates the effectiveness of bicalutamide as an
AR antagonist in the treatment of LAR subtypes of breast cancer which
includes the MDA-MB-453 cell line [33].

Their study showed that cell

death was increased in the LAR breast cancer cell subtype treated with
bicalutamide in vitro and in vivo xenograft models [33]. In this chapter, the
impact of bicalutamide on the cell growth of AI resistant cells was
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elucidated. Endogenous levels of AR protein and mRNA is significantly
expressed in the LetR cells (protein: p* = 0.0264 (Figure 4.3A); mRNA: p*
= 0.02; (Figure 4.3B)). Both MTS and colony forming assays confirmed
inhibition of LetR cell proliferation by bicalutamide (Figure 4.6A and 4.6B).
McIlroy et al. previously observed that HOXC11 is associated with poor
patient outcome [1]. Chapter 3 results confirmed that HOXC11 regulates
PSAP in endocrine treated breast cancer cells in vitro. To elucidate the
relationship between HOXC11 and AR, HOXC11 was overexpressed in
the endocrine sensitive breast cancer cell line, MCF7.

The HOXC11

overexpressing MCF7 cells (pSPORT_HOXC11) exhibited higher levels of
AR compared to the control study (Figure 4.4 A). Also AI resistant cells
lines exhibited reduced AR mRNA expression with the KD of HOXC11,
significantly in the ANAR cells (LetR p = 0.1079 (NS); ANAR *p = 0.0232)
(Figure 4.4 B).
Collectively, data from these previous chapters suggests that upregulation of AR by HOXC11 is modulated by the AR agonist, PSAP;
furthermore, AR plays a role in ligand-dependent cell migration in the
context of AI resistance (Table 4.1).
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Table 4.1: The association between HOXC11, PSAP and AR.
The table summarises the results from this chapter by showing the
association between HOXC11, PSAP and AR. These data indicate that
HOXC11 regulates its target gene PSAP, an androgen receptor agonist,
which subsequently up-regulates AR.

(§ McIlroy et al.; 2010 [1]).

(HOXC11: Homeobox protein C11; PSAP: Prosaposin; AR: Androgen
receptor; MCF7: Endocrine sensitive cell line; LY2: Tamoxifen resistant

High

Protein expression

Low

cell line; LetR: Letrozole resistant cell line).
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AR

in

driving tumour aggressiveness in
aromatase inhibitor resistant breast
cancer
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5.1 Introduction
Over the years, a number of studies have focused on the function of PSAP
in endocrine cancers, specifically its role in breast and prostate cancer
[373], [420].

In breast cancer, PSAP has been reported to be an

unfavourable prognostic indicator as its anti-apoptotic role prevents cancer
cell death and promotes tumour survival [373].

Conversely, it is also

reported to inhibit tumour metastases via stimulation of the p53 tumour
suppressor gene in weakly metastatic prostate and breast cancer cell lines
[421], suggesting its function may be cell/tissue context dependent.
Koochekpour and colleagues focused on the role of PSAP in prostate
cancer [420]. They detected high expression levels of PSAP in metastatic
prostate cancer cells indicative of a potential role in tumour progression.
The research group reported that PSAP is mostly expressed in poorly
differentiated cells such as metastatic prostate tumour cells, compared to
the lower levels found in the normal prostate epithelial cells or in low grade
prostate tumour cells [420].

The expression of PSAP was observed

mostly in the cytoplasm; however, their findings showed that PSAP may
be interacting with other proteins or transcription factors that chaperone it
to localise in the nucleus [407].
To date there is limited research into the molecular mechanisms of PSAP
in breast cancer especially in endocrine resistance with the majority of
studies focused on endocrine sensitive tumours. Wu et al. investigated
the function of PSAP in ER positive endocrine sensitive breast cancer
cells [373]. They showed that PSAP is associated with the up-regulation
of ERα expression and transcription activation in the ER positive MCF7
cells. Increased cell proliferation was also reported in response to PSAP
expression [373]. These findings suggested that PSAP may have utility as
a prognostic marker in the development of endocrine resistance [373].
A role in the up-regulation and activation of nuclear receptors is further
supported by data generated from prostate cancer studies. In metastatic
prostate cancer, PSAP was able to up-regulate AR and AR target genes in
addition to activating the signal transduction pathways such as the MAPK
and PI3K/Akt pathways [370]. PSAP was also noted to be up-regulated in
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the presence of testosterone [370].

We hypothesise that a similar

mechanism may also be occurring in the AI treated breast cancer patients
exhibiting a preponderance of unconverted androgens. Due to an excess
of circulating androgens, AR may be up-regulated by PSAP, promoting
androgen driven tumour promotion.
Analysis of ER ChIP-seq data generated by Hurtado et al., shows that ER
is recruited to an AP1 site in the distal promoter region of PSAP in
estrogen treated MCF7 cells; however, there is no recruitment to this site
by ER in the AI resistant LetR cells (Figure 5.1) [422]. These findings are
supportive of the results found by Wu et al., whereby PSAP may modulate
ER in endocrine sensitive cells [373]; however, it also opens the
possibility of the PSAP promoter in AI resistant cells falling under the
regulation of an alternate nuclear receptor such as AR.
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ER recruitment to PSAP promoter

§

MCF7 E

2

§

MCF7
Vehicle

LetR E

2

LetR Vehicle
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Figure 5.1: ER ChIP-seq data of ER recruitment to the PSAP promoter
in MCF7 and LetR cell lines.
Estrogen receptor is recruited to an AP1 site distal to the PSAP TSS in
endocrine sensitive but not in endocrine resistant cells [422]. (HOXC11:
Homeobox protein C11; HRE: Hormone response element; AP1: Activator
protein 1; ER: Estrogen receptor; PSAP: Prosaposin; E2: 17β-estradiol;
MCF7: Endocrine sensitive cell line; LetR: Letrozole resistant cell line).

Due to its secretory nature, PSAP protein can also be detected in the
serum using a commercial ELISA and in the prostate tumour TMA
samples using IHC [370], [407], [387]. Increasing levels of PSAP may be
an indication of the development of resistance to therapy perhaps by
inhibition of apoptotic pathways [370], [407], [387].
In this chapter, the role of PSAP as an androgen receptor agonist in
endocrine resistant breast cancer is investigated. The purpose of this
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study is to determine the ability of AI resistant cells in adapting to a more
androgenic environment, by utilising AR to increase tumour progression.

5.2 Chapter 5 aims and objectives
•

Examine the functional role of PSAP when expression is driven by
rhPSAP protein in AI resistant breast cancer cells in vitro

•

Investigate the association between PSAP and AR in AI resistance
to see if PSAP can also act as an AR agonist in this setting

•

Evaluate the significance of detectable serum PSAP in endocrine
treated breast cancer patient samples

•

Assess the association of PSAP and AR mRNA expression in
relation to survival rates in breast cancer patients

199

PhD Thesis – Azlena Ali Beegan

5.3 Results
5.3.1 Endocrine
significantly

resistant

increased

breast

with

cancer

rhPSAP

endocrine sensitive breast cancer cells.

cell

migration

is

treatment

compared

to

rhPSAP does not effect

LetR cell proliferation even in increasing doses.
PSAP overexpression using an rhPSAP protein in metastatic prostate
cancer cells has been shown to be associated with cell migration but not
with cell growth [423]. Functional assays were prepared to assess the cell
proliferation of AI resistant cells in the presence of rhPSAP protein treated
in increasing doses. The MTS assay performed showed that the addition
of rhPSAP treatment did not alter the cell proliferation rate up to a
maximum dose of 10 ng/ml rhPSAP concentration (Figure 5.2A).

To

assess if the addition of rhPSAP can affect cell migration in LetR cells, a
migration assay was prepared to assess the effects of an increasing dose
of rhPSAP concentrations on cell migration in MCF7 (Section 2.1.3
explains the reason for the choice of MCF7 being used as the endocrine
sensitive cell line model in this experiment instead of MCF7-ARO) and
LetR cell lines. Results showed that there was no significant increase in
migration in the MCF7 cells with rhPSAP treatment (Figure 5.2B (i)).
However, the LetR cells exhibited a significant increase in cell migration
when the cells were treated with 1 ng/ml of rhPSAP (*p = <0.05) and an
even more significant increase when treated with 10 ng/ml of rhPSAP (***p
= <0.0001)(Figure 5.2B (ii)).
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Figure 5.2: Recombinant PSAP (rhPSAP) treatment significantly
increases LetR cell migration with no significant effect on cell
proliferation.
A: MTS assay shows that the LetR cells treated with rhPSAP did not have
effect on cell proliferation at any of the concentrations used when
compared to vehicle.

B:

LetR and MCF7 cells were plated in 6-well

plates containing sterile microscope slides and incubated for 24 h. The
cell monolayer was disrupted and each well was treated accordingly with
either vehicle, 0.1, 1 or 10 ng/ml of rhPSAP. At intervals of 0, 6, and 24 h,
images were taken of the slides. The scratch gap size was measured as
percentage gap width.

(i)

Results showed that in the MCF7 cell

population, rhPSAP treatment had no significant impact on cell migration.
(ii) However, there was significant increase in cell migration of LetR cells
when treated with 1 ng/ml of rhPSAP (*p = <0.05) and when treated with
10 ng/ml (***p = <0.0001). The results from the experiments A and B are
representative of n = 3. Error bars for A and B are representative of mean
± SEM of three separate experiments. NS (not significant), *p < 0.05, **p <
0.001, ***p < 0.0001.
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5.3.2 rhPSAP treatment increases endocrine resistant breast cancer
cell invasion with no significant effect on endocrine sensitive breast
cancer cells. KD of HOXC11 significantly reduces the effect of PSAP
on cell invasion in endocrine resistant breast cancer cells
To further assess the impact of rhPSAP on breast cancer cell lines, a
transwell invasion assay was prepared to compare between the invasion
of endocrine resistant and sensitive breast cancer cell lines treated with
rhPSAP.

Unstimulated endocrine resistant breast cancer cells had

increased invasiveness compared to the endocrine sensitive counterparts.
LetR cells treated with rhPSAP became significantly invasive (*p = 0.0017)
while the invasion properties of the MCF7 treated rhPSAP cells were
unremarkable (p = 0.3603 (NS)) (Figure 5.3A (i)-(v)) (Section 2.1.3
explains the reason for the choice of MCF7 being used as the endocrine
sensitive cell line model in this experiment instead of MCF7-ARO).
PSAP is a HOXC11 putative target gene and has been shown to be
regulated by HOXC11 in endocrine resistant breast cancer cells in
Chapter 3 of this thesis. Knockdown of HOXC11 led to down-regulation of
PSAP mRNA in the LetR cell line (Figure 3.5B). In this chapter, treatment
of cells with a recombinant PSAP has shown a significant increase in cell
migration and invasion of the LetR cells (Figure 5.2B and 5.3A). Another
invasion assay was prepared to compare between LetR cells with and
without rhPSAP treatment when HOXC11 was knocked-down. Although
not shown in this section, Figure 3.5A had shown that silencing HOXC11
shows a significant reduction in HOXC11 and PSAP mRNA expression in
the LetR cell line. This confirmed the successful knockdown of HOXC11
with siHOXC11. Invasion of LetR cells was significantly reduced when
HOXC11 was knocked-down (***p = <0.0001). Of note, the decrease in
the invasion potential of the LetR cells with HOXC11 knocked-down
remained unaltered in the presence or absence of rhPSAP treatment
(Figure 5.3B (i)-(v)) (Experiment was performed in collaboration with Dr
Marie McIlroy).
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Figure 5.3: LetR cell invasion is significantly increased in the
presence of rhPSAP and significantly reduced when HOXC11 is
knocked-down despite rhPSAP treatment.
A: (i) and (iii) LetR cells were found to be more invasive than MCF7 cells
approaching significance (p = 0.0779 (NS)). (i) and (ii) Invasion of LetR
cells were significantly increased with rhPSAP treatment (*p = 0.0017).
(iii) and (iv) However, there was no effect on invasion between vehicle
versus rhPSAP treated MCF7 cells (p = 0.3603 (NS)). (v) Representative
Bar graph. B: (i) and (ii) LetR cells transfected with siRNA-HOXC11
showed a significant reduction in invasion compared to control (*p =
<0.05). (iii) and (iv) There was a more significant reduction in invasion of
siRNA-HOXC11 transfected LetR cells treated with rhPSAP (***p =
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<0.0001). (ii) and (iv) Therefore, invasion properties of LetR transfected
siRNA-HOXC11 was unresponsive to the treatment with rhPSAP. (v)
Representative bar graph. The results from the experiments A and B are
representative of n = 3. Error bars for A and B are representative of mean
± SEM of three separate experiments. NS (not significant), *p < 0.05, **p <
0.001, ***p < 0.0001. (Experiment was performed in collaboration with Dr
Marie McIlroy).
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5.3.3 The

AR

agonist,

PSAP,

significantly

increases

protein

expression of AR in AI resistant breast cancer cells
This chapter has shown that rhPSAP treatment in AI resistant cells leads
to increased cell migration and invasion (Figure 5.2B and 5.3A). Previous,
prostate cancer studies have shown that PSAP acts as an AR agonist
[370]. To ascertain if the stimulation of PSAP by rhPSAP treatment can
up-regulate AR in AI resistant cell lines, an experiment was performed to
look at the influence that PSAP has on AR mRNA and protein expression.
Increasing doses of rhPSAP was used to treat AI resistant cells in vitro.
AR mRNA was found to be

trending towards an increase in levels

compared to the control in the 10 ng/ml treatment concentration; however,
this was not statistically significant (LetR = 0.2468 (NS); ANAR p = 0.1343
(NS)) (Figure 5.4A).

There was a significant increase in AR protein

expression compared to control when LetR cells were treated with 10
ng/ml of rhPSAP (*p = 0.0373) (Figure 5.4B).
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Figure 5.4: rhPSAP treatment significantly increases AR protein
expression in AI resistant breast cancer cells in vitro.
PSAP has been shown to be an AR agonist in metastatic prostate cancer
studies [370]. A (i) and (ii): LetR and ANAR cells were treated with
increasing doses of rhPSAP protein at 0.1, 1 and 10 ng/ml and vehicle.
qRT-PCR was used to determine the mRNA expression of AR. AR mRNA
expression was found to be trending towards an increase in levels in both
AI resistant cells with rhPSAP treatment at 10 ng/ml compared to control;
however, this was not statistically significant (LetR = 0.2468 (NS); ANAR p
= 0.1343 (NS)). B: LetR cells were treated with 10 ng/ml of rhPSAP
protein in vitro and western blot protocol was performed to blot for AR. (i)
AR protein expression was significantly increased with rhPSAP treatment
compared to control (p* = 0.0373).

(ii) Representative histogram is

shown. The results from the experiments A and B are representative of n
= 3. Error bars for A and B are representative of mean ± SEM of three
separate experiments. NS (not significant), *p < 0.05, **p < 0.001, ***p <
0.0001.
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5.3.4 High levels of preoperative serum PSAP is significantly
associated with recurrence in endocrine-treated post-menopausal
breast cancer patients
The secreted PSAP protein has been investigated in metastatic prostate
cancer studies to have the potential as a marker to monitor patient
response to treatment [407]. In this study, we have shown that secreted
PSAP was found to be significantly increased in the conditioned medium
of endocrine resistant breast cancer cell lines compared to the endocrine
sensitive cell lines (Figure 4.1). To determine if PSAP may also act as a
marker of endocrine resistance, preoperative serum PSAP was measured
from a cohort of endocrine resistant postmenopausal breast cancer
patients (n = 34) with age-matched, non-recurrent controls (the samples
used were collected from patients currently enrolled in a clinical trial
ICORG

09

–

07

trial;

Clinical

trial

identifier

(clinicaltrials.gov):

NCT01840293); See section 2.2.2 for more details on the trial.
Clinicopathological details for the serum samples are summarised in Table
8.8 in Appendix A). Median follow-up was 35 months. Out of the total
patients, half of them (n = 17) had recurrence while on endocrine therapy
and median TTP was 18 months.

Approximately 35% of the

postmenopausal breast cancer patients on endocrine therapy who had
disease recurrence, also expressed significantly increased levels of serum
PSAP compared to the non-recurrent group (*p = 0.04). Overall, there
was a significantly higher PSAP level in the recurrent cohort compared to
the non-recurrent patients (*p = 0.03) (Figure 5.5).
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Non-recurrent versus recurrent breast cancer patient serum PSAP levels
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Figure 5.5: An endocrine treated breast cancer patient cohort with
increased preoperative serum PSAP is strongly associated with
disease recurrence.
A: Using a commercially available PSAP ELISA, serum PSAP levels were
analysed from preoperative sera from a cohort of endocrine treated
postmenopausal breast cancer patients versus age-matched nonrecurrent controls (n = 34) (the samples used were collected from patients
currently enrolled in a clinical trial ICORG 09 – 07 trial; Clinical trial
identifier (clinicaltrials.gov): NCT01840293); See section 2.2.2 for more
details on the trial. Clinicopathological details for the serum samples are
summarised in Table 8.8 in Appendix A). The median follow-up of the
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patients was 35 months. To determine a cut-off point, the cut-off value of
0.84 ng/µl was established from the non-recurrent group by mean plus 2
standard deviation (dashed line across graph).

Half of these patients

recurred while on endocrine therapy (n = 17) and median TTP was 18
months.

Of these endocrine treated patients with disease recurrence,

approximately 35% are postmenopausal patients with significantly high
levels of serum PSAP (*p = 0.04). B: The graph displays the significant
higher levels of serum PSAP levels in the recurrent endocrine treated
patient sera samples compared to the non-recurrent patient serum (*p =
0.03). NS (not significant), *p < 0.05, **p < 0.001, ***p < 0.0001.
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5.3.5 HOXC11, PSAP and AR are correlated in patients with more
aggressive breast cancer phenotypes. Strong association between
high levels of PSAP and AR mRNA with reduced DFS in breast
cancer patients on endocrine treatment
Chapter 4 of this thesis has shown that high HOXC11 IHC staining score
and strong intensity of AR IHC expression is associated with detectable
levels of secreted serum PSAP protein in a cohort of endocrine treated
breast cancer patients (Figure 4.2C).

In another cohort of endocrine

treated breast cancer patients, a strong correlation was observed between
HOXC11 and PSAP tissue mRNA (Figure 4.2B). The TCGA datasets were
used to determine if there was a correlation between HOXC11, PSAP and
AR mRNA in clinical datasets. The data classification was based on the
subtype of breast cancer either luminal A, luminal B, HER2 or basal
tumours.

The subtypes were assessed with Spearman’s correlation

statistical analysis for the correlation between HOXC11 and PSAP and
between this correlation with subtypes exhibiting high AR mRNA (upper
quartile). A hazard ratio curve for PSAP was also created. Correlation
between HOXC11 and PSAP mRNA with high levels of AR mRNA in a
dataset of breast cancer patients was observed only in the more
aggressive luminal B (Spearman r = 0.46) and basal (Spearman r = 0.32)
type tumours analysed from The Cancer Genome Atlas (TCGA) breast
cancer dataset (n = 199) (Figure 5.6A) (TCGA data courtesy of Dr Yuan
Hao). Using the Breastmark meta-analysis software, high levels of PSAP
mRNA were associated with poor DFS (*p = 0.03; Hazard ratio = 1.45) in a
cohort or endocrine treated breast cancer patients (n = 661) (Figure 4.2A).
In the same cohort of patients, high levels of AR mRNA was found to be
trending towards poor DFS; however, this was not statistically significant
(p = 0.27 (NS); Hazard ratio = 1.247) (Figure 5.6B (i)).

However, when

both PSAP and AR mRNA were present, the high levels of these genes
were significantly associated with poor patient outcome compared to the
DFS observed with either gene alone (**p = 0.0003; Hazard ratio = 2.2)
(Figure 5.6B (ii)).
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A

HOXC11 and PSAP mRNA correlation in TCGA breast cancer subtypes exhibiting high levels of AR
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Figure 5.6: Correlation between HOXC11, PSAP and AR is associated
in breast cancer phenotypes with poor prognosis.

Increased

expression of PSAP and AR mRNA is associated with poor DFS in
endocrine treated breast cancer patients.
A: A TCGA breast cancer dataset was used to determine if there was an
association between HOXC11, PSAP and AR mRNA with different breast
cancer phenotypes (n = 199). It was observed that in this breast cancer
patient cohort, there was a strong correlation between HOXC11 and PSAP
mRNA with high AR expression in the luminal B (Spearman r = 0.46) and
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basal (Spearman r = 0.32) phenotypes.

The colours in the graph

represent each breast cancer subtype: grey = luminal A; blue = luminal B;
red = HER2; green = basal). (TCGA data courtesy of Dr Yuan Hao). B:
(i) Breastmark meta-analysis software was used to determine the impact
of AR mRNA on the DFS of a cohort of endocrine treated breast cancer
patients (n = 661) (blue line represents high AR; red line represents low
AR). Increased levels of AR mRNA was found to be trending towards poor
DFS; however, this was not statistically significant (p = 0.27 (NS); Hazard
ratio = 1.247). Previous data from this thesis had shown that increased
levels of PSAP mRNA was found to be significantly associated with poor
DFS (*p = 0.03; Hazard ratio = 1.45) (Figure 4.2A). (ii) Another curve was
plotted to assess the impact of both high levels of PSAP and AR mRNA
expression on DFS. In the same cohort of patients, increased levels of
PSAP and AR mRNA expression had significant poor DFS when both
genes are expressed (**p = 0.0003; Hazard ratio = 2.2) compared to either
gene alone. NS (not significant), *p < 0.05, **p < 0.001, ***p < 0.0001.
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5.4 Discussion
Recombinant human PSAP protein was invented by Koochekpour et al. to
assess the effects of PSAP on the cellular function of various prostate
cancer cell lines [424]. Metastatic and hormone refractory prostate cancer
cell lines were found to express high levels of PSAP endogenously [423].
PSAP-KD prostate cancer cell clones were grown and treated with
increasing doses of rhPSAP at 1, 10 and 50 nM versus control.

Cell

proliferation was found to be unremarkable which suggesting PSAP does
not alter the growth of the hormone refractory prostate cancer cells [423].
In this study, cell proliferation of AI resistant cells treated with an
increasing dose of rhPSAP was evaluated.

Results showed that the

addition of rhPSAP did not stimulate cell proliferation (Figure 5.2A) similar
to prostate cancer cells [420]. However, migration assays showed that the
addition of rhPSAP caused a significant dose-dependent increase in cell
migration of the endocrine resistant, LetR cells (***p = <0.0001), with
insignificant change in the endocrine sensitive, MCF7 cells (Figure 5.2B)
LetR cells treated with rhPSAP also became significantly more invasive
(*p = 0.0017) (Figure 5.3A (i) and (ii)). When HOXC11 was knocked-down
in the LetR cells there was a significant decrease in cell invasion (*p =
0.05) (Figure 5.3B (i) and (ii)) and further experiments confirmed that
HOXC11 plays a crucial role in the mediation of the migratory effects of
PSAP in the context of endocrine resistance (Figure 5.3B (iii) and (iv)).
In metastatic prostate cancer research, PSAP KD prostate cancer cells
treated with rhPSAP exhibited reduced cell adhesion, migration and
invasion [423]. They concluded that PSAP may play a role in promoting
the invasive and metastatic properties of hormone refractory prostate
cancer cells with high endogenous levels of PSAP [423]. This is a similar
finding concluded from the results in this chapter.
Previously, prostate cancer studies have shown that PSAP acts as an AR
agonist [370].

Koochekpour et al. treated the LNCaP cells with high

endogenous levels of AR and AR transfected PC-3 prostate cancer cells
(androgen-independent cells) with an increasing dose of rhPSAP
treatment at 0.1, 1, and 10 ng/ml along with an untreated control sample.
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Both mRNA and protein expression was increased in the cells treated with
rhPSAP [408].
tumourigenesis

Their research showed that PSAP may play a role in
of

both

hormone

sensitive

and

hormone

refractory/invasive prostate cancer tumourigenesis when AR is present
[408].
In a review by Hickey et al. on the role of AR in breast cancer, it was
reported that AR expression in breast cancer was quite dichotomous with
some researchers finding AR expression to be associated with good
prognosis, whilst others show it to be related to poor DFS in ER positive
and triple negative tumours [425].

The inhibition of AR with an AR

antagonist, bicalutamide, increased the effectiveness of tamoxifen in AR
overexpressing breast cancer cells which led to the hypothesis that AR
played a role in tamoxifen resistance [425]. The group did not discuss the
role of AR in AI resistance nor has the mechanism been described.
However, there has been discussion regarding the need for further
stratification of patients with AR positivity to develop potential biomarkers
that can identify patients who may benefit from AR antagonistic drugs
[395], [425].
Fujii et al. assessed AR functionality in AI resistant breast cancer cells
using estrogen response element-green fluorescent protein (ERE-GFP)
stably transfected T47-D cells cultured in an androgen-supplemented
steroid depleted medium [426]. Once the ER activity was lost in the cells
after 3 months, the cells were considered AI resistant due to the prolonged
exposure to estrogen depleted medium with increased androgenic
conditions [426]. Their results showed that in their model of AI resistant
cells, AR mRNA and protein expression was increased. Also, androgen
stimulated cell proliferation was increased in the AI resistant cells which
also responded to chemical inhibition by bicalutamide suggesting an ARdependent mechanism may be responsible [426]. In this chapter, rhPSAP
protein treatment in AI resistant cells confirmed its androgen agonistic
properties by significantly up-regulating AR protein expression (*p =
0.0373) (Figure 5.4B).
PSAP can also be found in a secreted form in bodily fluids such as in
breast milk, seminal plasma, serum plasma and CSF [374]. In previous
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prostate cancer studies, serum PSAP levels have been measured in
patients with prostate cancer.

Using an ELISA kit specific for human

PSAP, serum samples from individuals with normal prostate, primary
hormone sensitive prostate cancer and metastatic castration resistant
prostate cancer (mCRPCa) were collected and analysed [407].

The

results showed that there was significantly increased expression of PSAP
in the mCRPCa samples with reduced expression in the primary samples
[407]. In the mCRPCa tumours, PSAP may play a role in the progression
of the tumour due to its innate anti-apoptotic properties. They suggest that
PSAP may be a potential marker to assess patient responsiveness to
hormone treatment and may indicate when the tumour is evolving towards
hormone resistance [407].
To assess the secreted PSAP protein in prostate cancer, one research
group collected the conditioned medium from the PC-3 and DU-145 cell
lines [420]. Seminal fluid containing secreted normal prostate cells was
collected from individuals with a normal prostate gland to act as a control
for the study. There was a much higher expression of PSAP protein in the
hormone refractory prostate cancer cell medium when compared to the
control samples [420]. In our study we have shown that the conditioned
medium of the endocrine resistant breast cancer cell lines had significantly
increased secreted PSAP expression (Figure 4.1).

Following this,

preoperative serum PSAP was collected and measured from a cohort of
endocrine resistant postmenopausal breast cancer patients with agematched, non-recurrent controls (n = 34; (The samples used were
collected from patients currently enrolled in a clinical trial ICORG 09 – 07
trial; Clinical trial identifier (clinicaltrials.gov): NCT01840293); See section
2.2.2 for more details on the trial. Clinicopathological details for the serum
samples are summarised in Table 8.8 in Appendix A) using a
commercially available human PSAP ELISA kit. Approximately 35% of the
postmenopausal breast cancer patients on endocrine therapy who had
disease recurrence, also expressed significantly increased levels of serum
PSAP compared to the non-recurrent controls (*p = 0.04) (Figure 5.5A).
Median follow-up was 35 months and median TTP was 18 months.
Overall, there was a significantly higher serum PSAP expression in the
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recurrent cohort compared to the non-recurrent patients (*p = 0.03)
(Figure 5.5B). The results from our study indicate that PSAP may have
utility as a prognostic marker in the development of endocrine resistance
to stratify the patients with breast tumours that are more aggressive and
likely prone to AI resistance.
In another prostate cancer study, the authors observed an overexpression
of PSAP mRNA in the metastatic prostate cancer cells (hormone
refractory) when compared to the hormone sensitive prostate cancer cell
lines [420]. They also noted an increased PSAP protein expression in the
androgen refractory cell lines (PC-3 and DU-145) and in an aggressive
clone of a human metastatic prostate cancer cell line (IA8-ARCaP) [420].
Patient tumour and metastases samples implanted in xenograft models
were biopsied.

DNA from the xenograft tumour biopsies, metastatic

tumour samples and the prostate cancer cells lines were analysed using a
single nucleotide polymorphism (SNP) array.

PSAP amplification was

noted in the hormone refractory cell lines, two of the xenograft tumours
and the metastatic lymph node samples [420].
In the previous chapter we have shown that high HOXC11 IHC staining
score and strong intensity of AR IHC expression is associated with serum
PSAP protein expression in a small cohort of endocrine treated breast
cancer patients (Figure 4.2C). In a larger dataset of patients obtained
from the TCGA dataset (n = 199), the correlation between HOXC11 and
PSAP mRNA with high levels of AR mRNA in breast cancer patients was
observed only in the more aggressive luminal B (Spearman r = 0.46) and
basal (Spearman r = 0.32) type tumour (Figure 5.6A).

Using the

Breastmark

DFS

meta-analysis

software

to

assess

patient

with

expressions of specific genes, high levels of both PSAP and AR mRNA
expression in a cohort of endocrine treated patients (n = 661) was
significantly associated with poor DFS when compared to either gene
alone (**p = 0.0003; Hazard ratio = 2.2) (Figure 5.6B (ii)). These results
suggest that high levels of AR expression in the setting of high PSAP
expression regulated by the transcription factor HOXC11 is a strong
indicator for the development of resistance and as a predictor of poor
DFS.
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(i)

(ii)

Figure 5.7: Proposed molecular mechanisms in involved in endocrine
sensitive versus endocrine resistant breast cancer cell lines.
(i): The image represents normal estrogen signalling in an endocrine
sensitive breast cancer cell, whereby ER may be recruited to the PSAP
promoter in the presence of estrogen (GEO dataset: Series GSE25710;
[422]). (ii): The image represents a possible mechanism that may occur
in endocrine resistant cells.

Based on results shown in Chapter 3,

HOXC11 up-regulates its target gene PSAP. Metastatic prostate cancer
studies have shown that AR is recruited to the PSAP promoter [370] and
this may be similar in AI resistance in the presence of excess circulating
androgens. PSAP can also up-regulate levels of AR in metastatic prostate
cancer [370], [387]. Similarly, we have shown that PSAP up-regulates AR
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expression in AI resistant cells (Figure 5.4B). (Adione: Androstenedione;
HOXC11: Homeobox protein C11; HRE: Hormone response element;
AP1: Activator protein 1; ER: Estrogen receptor; AR: Androgen receptor;
PSAP: Prosaposin; E2: 17β-estradiol; MCF7: Endocrine sensitive cell line;
LetR: Letrozole resistant cell line).

Based on the results analysed so far in this thesis, Figure 5.7 summarises
the mechanisms involved in endocrine sensitive and endocrine resistant
breast cancer cells.

Breast cancer cells are responsive to hormone

treatment when there is normal estrogen signalling.

However, when

HOXC11 is redeployed in breast cancer, PSAP is expressed. PSAP is an
AR agonist that is known to up-regulate AR expression. To conclude,
when the normal estrogen signaling pathway is disrupted, this can lead to
a more androgenic environment in cancer cells causing redeployment of
the embryonic transcription factor HOXC11 which facilitates steroidal
adaptability and is a marker of poor DFS [1].
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6. Future directions
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6.1 Introduction
Binding of specific ligands to their receptor tyrosine kinase (RTK) can have
a downstream effect on the activation of the PI3K pathway [427]. The
serine/threonine kinase, p-AKT, is phosphorylated by PI3K indirectly via
phosphorylation

of

phosphatidylinositol

4,5-bisphosphate

(PIP2)

to

phosphatidylinositol 3,4,5-triphosphate (PIP3) [427]. mTOR is activated
upstream by p-AKT and leads to the progression of cell growth. There are
two mTOR complexes (mTORC) which include the mTORC1 and
mTORC2 [428].

In breast cancer, mTORC1 is more relevant as it

promotes tumour progression and is the main target for inhibitor therapy
[428].
Prostate cancer studies have investigated the relationship between PSAP
and AR. PSAP was found to be an AR agonist in metastatic prostate
cancer cells [408]. From these studies it was shown that the functional
role of PSAP and AR were associated with PI3K signalling pathway. Both
AR antagonists and PI3K inhibitor drugs reduced prostate specific antigen
(PSA) expression and inhibited tumour growth [408]. A review by Bitting
et al. explores the relationship between AR and PI3K in promoting
endocrine treatment resistance in prostate cancer [429].

The PI3K

pathway may have been activated in prostate tumours that were resistant
to AR antagonist drugs leading to further tumour progression [429].
Numerous studies have shown that when AR is silenced, there is an
increase in p-AKT expression [430]. This was also supported in another
study, which found that there was a reciprocal feedback loop between AR
signalling and PI3K pathways.

Both pathways regulated each other;

therefore, when one pathway was inhibited, the other pathway would be
activated [353], [431]. A combination of drug treatments targeting both the
AR and PI3K pathways were found to be successful in halting tumour
progression in prostate cancer xenografts [353], [431].

It was also

suggested that use of a biomarker to determine the effectiveness of the
therapy as well as the advancement towards resistance to these inhibitors
can be useful [353], [431] .
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A pre-clinical study investigating the effects of PI3K and AR signalling
inhibition in TNBC AR positive cells showed that PIK3CA mutations were
more prevalent in AR positive tumours compared to AR negative tumour
samples [432]. Furthermore, treatment with an AR antagonist alone was
less effective in inhibiting cancer cell growth than the combination
treatment with the addition of a PI3K inhibitor [432].

This was also

observed in another study using xenograft in vivo models. When mice
with LAR xenograft tumour were treated with the AR antagonist,
bicalutamide, there was a significant reduction in xenograft tumour size
[33]. In the tumours with PIK3CA mutation, significant sensitivity to the
PI3K inhibitor, NVP-BEZ235 was observed leading to the hypothesis that
dual therapy may be the key to overcome this type of resistance [33].
Cuenca-López et al. reported similar findings and showed that in TNBC
cells, when PI3K was inhibited, AR expression was also reduced [433].
However, when an androgen was added, the AR expression was
increased despite PI3K inhibition. They described that post-transcriptional
regulation of AR is by PI3K signalling but there may also be another
mechanism involved in AR signalling; hence, combination treatment can
be beneficial [433]. Other studies have shown that PIK3CA mutations are
also present in ER positive tumours and are associated with high levels of
AR protein expression [434]. These studies suggest that PI3K pathway
and AR may be associated with breast cancer tumour resistance. Hence,
concurrent targeting of both PI3K and AR may be beneficial [435]. This
treatment combination has been previously shown to be effective in
inhibiting the growth of castration resistant prostate cancer (CRPC)
tumours in in vivo and in vitro studies [435].

This chapter aims to

determine the clinical impact of AR expression in AI resistance as well as
the role of PI3K inhibitors in AI resistant breast cancer.
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6.2 Future directions
•

Explore the clinical significance of AR and p-AKT expression in AI
resistant breast cancer

•

Investigate the role of PI3K inhibition in AI resistant breast cancer
cells

•

Determine the androgen responsiveness of AI resistant breast
cancer cells
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6.3 Preliminary findings
6.3.1 PI3K and AR protein expression is increased in endocrine
resistant breast cancer cell lines
A panel of endocrine sensitive (MCF7 and MCF7-ARO) and endocrine
resistant (LY2 and LetR) breast cancer cell lines as well as an endocrine
sensitive ZR75-1 cell line that has endogenously high levels of AR
expression were cultured to extract protein. Western blot analysis showed
that p-AKT protein expression is significantly higher in the endocrine
resistant LetR cells compared to the endocrine sensitive MCF-7 cells
(Section 2.1.3 explains the reason for the choice of MCF7 being used as
the endocrine sensitive cell line model in this experiment instead of MCF7ARO); however this was not statistically significant in the LY2 cells (LY2 p
= 0.1081 (NS); LetR p* = 0.0465) (Figure 6.1 (i) and (ii)). The endocrine
resistant cell lines did not exhibit statistically significant increase on total
AR protein expression compared to the endocrine sensitive cell lines
(Figure 6.1 (i) and (iv)).
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Figure 6.1: Endocrine resistant breast cancer cell lines have higher
levels of p-AKT protein.
(i) and (ii) p-AKT protein expression levels were evaluated in a panel of
breast cancer cell lines using western blot analysis.

Histogram

representative of the western blot showed that endocrine resistant breast
cancer cell lines (LY2 and LetR) have increased levels of p-AKT protein
expression compared to endocrine sensitive breast cancer cell line, MCF7
(LY2 p = 0.1081 (NS); LetR *p = 0.0465). (i) and (iv) Western blot analysis
was also used to determine the protein expression levels of total AR in the
same panel of cell lines. The endocrine resistant cell lines did not exhibit
statistically significant increase on total AR protein expression compared
to the endocrine sensitive cell lines. The results from the experiments are
representative of n = 3. Error bars are representative of mean ± SEM of
three separate experiments. NS (not significant), *p < 0.05, **p < 0.001,
***p < 0.0001.
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6.3.2 Lower concentrations of a PI3K inhibitor is required to cause
cell inhibition in breast cancer cell lines with high expression of AR
and p-AKT
The EC50 experiment was performed to determine the concentration of a
PI3K/mTOR inhibitor, BEZ235, needed to cause 50% cell growth inhibition
in breast cancer cells. The breast cancer cell lines used in this experiment
were the endocrine sensitive MCF7 (Section 2.1.3 explains the reason for
the choice of MCF7 being used as the endocrine sensitive cell line model
in this experiment instead of MCF7-ARO) and ZR75-1 cell lines as well as
the endocrine resistant LetR cells. Both LetR and ZR75-1 cells have high
endogenous levels of AR and MCF7 has low AR expression levels.
Similarly, p-AKT expression in MCF7 cells was also low while p-AKT
expression in LetR was high and in ZR75-1 was moderate (Figure 6.1 (ii)).
Preliminary results from the EC50 showed that approximately ten times
higher concentration of BEZ235 was required to affect cell proliferation in
the MCF7 cells compared to the LetR and ZR75-1 cells (Figure 6.2 (i)-(iv)).
(Data courtesy of Dr Laura Creevey).
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Figure 6.2: LetR and ZR75-1 breast cancer cell lines require ten times
less BEZ235 compared to the MCF7 cell line to induce cell growth
inhibition.
(i)-(iv) The endocrine sensitive breast cancer cell line, MCF7, has
endogenously low levels of AR and p-AKT expression (Figure 6.1 (ii)).
Conversely, the endocrine sensitive breast cancer cell line, ZR75-1, has
endogenously high levels of AR and moderate levels of p-AKT (Figure 6.1
(ii)). Similarly, the endocrine resistant breast cancer cell line, LetR, has
both high levels of AR and p-AKT (Figure 6.1 (ii)).

Preliminary EC50

results showed that the concentration of BEZ235 required to affect cell
proliferation in the LetR and ZR75-1 cells was ten times less than the
MCF7 cells (Data courtesy of Dr Laura Creevey).
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6.3.3 Strong intensity of AR IHC expression in tumour samples of
the total population of breast cancer patients is associated with
prolonged DFS.
TMA samples were constructed from endocrine treated breast cancer
patients (n = 488; The samples used were collected from patients
currently enrolled in a clinical trial ICORG 09 – 07 trial; Clinical trial
identifier (clinicaltrials.gov): NCT01840293); See section 2.2.2 for more
details on the trial. Clinicopathological details for the TMA samples are
summarised in Table 8.9 in Appendix A) and IHC stained for AR
(Novocastra, Leica Biosystems, Newcastle, U.K.). In this cohort, 68% of
patients had variable AR expression in their tumour samples (score 1-3)
while 30% expressed strong intensity AR IHC expression (score 3).
Kaplan-Meier analysis showed that the presence of strong intensity AR
IHC expression in the total population of endocrine treated patients
(median follow-up of 60 months) had good survival benefit (log-rank test
for equality of survivor functions was used to generate p-value of survivor
data, *p = 0.022; HR: 0.485, *p<0.001 CI:0.3278 - 0.718) (Figure 6.3 (ii)).
This was similarly noted in the tamoxifen treated population trending
towards trending towards good DFS approaching statistical significance (p
= 0.056 (NS)) (Figure 6.3 (iii)). However, this was not observed when
stratified to only AI treated patients with strong intensity AR IHC
expression (log-rank test for equality of survivor functions was used to
generate p-value of survivor data, p = 0.498 (NS); HR: 1.197, p = 0.32
CI:0.3995-0.3585) (Figure 6.3 (iv)). Furthermore, of the total population,
around 68% of samples were found to have strong intensity AR IHC
expression. However, if we only analysed the AI treated patients who
recurred while on AI therapy, the cohort was 100% positive for strong
intensity AR IHC expression but the non-recurrence had only 70% strong
intensity AR IHC expression (similar to the total population) (Figure 6.3
(v)). The intensity of AR IHC staining (score >1) was found to inversely
associate with recurrence (**p<0.001); however, this association was lost
when patients were stratified to those expressing strong intensity AR IHC
staining (score 3) approaching a statistical significance (p=0.063 (NS))
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(Note: The pathology lab in Beaumont Hospital kindly performed the AR
staining of the TMA.

I was involved in the AR primary antibody

optimisation and TMA calling).
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Figure 6.3: AI treated breast cancer patients with strong intensity AR
IHC expression have poor DFS compared to the total population of
breast cancers.
(i) IHC staining of TMA samples for AR (Novocastra, Leica Biosystems,
Newcastle, U.K.) from a cohort of breast cancer patients (n = 488; The
samples used were collected from patients currently enrolled in a clinical
trial ICORG 09 – 07 trial; Clinical trial identifier (clinicaltrials.gov):
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NCT01840293); See section 2.2.2 for more details on the trial.
Clinicopathological details for the TMA samples are summarised in Table
8.9 in Appendix A). In this cohort 68% of patients were positive for AR
IHC expression (score 1-3) and 30% expressed strong intensity AR IHC
expression (score 3). Kaplan-Meier red line represents strong intensity
AR IHC expression (score 3); blue line represents positive for AR IHC
expression (score <3). (ii) and (iii)

Results from the Kaplan-Meier

(median follow-up of 60 months) showed that in the total population of
breast cancers and the tamoxifen treated population, strong intensity AR
IHC expression is associated with good DFS (total population: log-rank
test for equality of survivor functions was used to generate p-value of
survivor data, *p = 0.022; HR: 0.485, *p<0.001 CI:0.3278 - 0.718;
tamoxifen population: p = 0.056 (NS)). (iv) Conversely, this was not
observed in the AI treated breast cancer population with strong intensity
AR IHC expression (log-rank test for equality of survivor functions was
used to generate p-value of survivor data, p = 0.498 (NS); HR: 1.197, p =
0.32 CI:0.3995-0.3585). (v) Moreover, 100% of the patients who suffered
a recurrence while on AI therapy had strong intensity AR IHC expression,
while 70% of the non-recurrence had strong intensity AR IHC expression.
The intensity of AR IHC expression (score >1) was found to inversely
associate with recurrence (**p<0.001) this association was lost when
patients were stratified to those expressing strong intensity AR IHC
expression (score 3) approaching a statistical significance (p=0.063 (NS))
(Note: The pathology lab in Beaumont Hospital kindly performed the AR
staining of the TMA.

I was involved in the AR primary antibody

optimisation and TMA calling).
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6.3.4 Kaplan-Meier analysis of breast cancers with strong intensity
of AR IHC staining and low p-AKT expression generates a curve with
longer DFS compared to high p-AKT expression. Patients with upregulated AR expression and PI3K wildtype have invasive tumours
with a higher stage compared to those with a PI3K mutation
The TMA cohort in Figure 6.3 was also stained for p-AKT (Cell Signalling,
Danvers, Massachusetts, USA) via IHC (n = 488; The samples used were
collected from patients currently enrolled in a clinical trial ICORG 09 – 07
trial; Clinical trial identifier (clinicaltrials.gov): NCT01840293); See section
2.2.2 for more details on the trial. Clinicopathological details for the TMA
samples are summarised in Table 8.9 in Appendix A).

Kaplan-Meier

curves showed that patients with strong intensity of AR IHC expression
(score 3) and low p-AKT IHC expression (score <6) had better DFS (*p =
0.038) compared to patients with strong intensity AR IHC expression
(score 3) and high p-AKT IHC expression (score 6-8; p = 0.22 (NS))
(Figure 6.4A (i) and (ii)). Log-rank test for equality of survivor functions
was used to generate p-value of survivor data, no multi-variate analysis
was perfomed on these.

(p-AKT Allred Scoring scale representative

images is in Figure 8.2 in Appendix A).
To determine if up-regulated AR expression

and PI3K mutation was

associated with a more invasive breast cancer, a TCGA dataset of
invasive breast cancer data (n = 960) was analysed (Breast Invasive
Carcinoma (TCGA, Provisional); www.cbioportal.org) [436], [437].

It

showed that patients with up-regulated AR expression and PI3K wildtype
had invasive tumours with a higher stage compared to those harbouring a
PI3K mutation (n = 51; p* = 0.012) (Figure 6.4B) (clinicopathological
details summarised in Table 8.10 in Appendix A).
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Figure 6.4: Kaplan-Meier analysis of breast cancers with strong
intensity of AR IHC expression and low p-AKT generates a curve with
longer DFS.

Patients with up-regulated AR expression and PI3K

wildtype have invasive tumours with a higher stage compared to
those with a PI3K mutation.
A: (i) Protein levels of p-AKT were evaluated in a breast cancer TMA by
IHC (n = 488; The samples used were collected from patients currently
enrolled in a clinical trial ICORG 09 – 07 trial; Clinical trial identifier
(clinicaltrials.gov): NCT01840293); See section 2.2.2 for more details on
the trial. Clinicopathological details for the TMA samples are summarised
in Table 8.9 in Appendix A).

Kaplan-Meier red line represents strong

intensity AR IHC expression (score 3); blue line represents positive for AR
IHC expression (score <3). Kaplan-Meier shows that the breast cancer
population with strong intensity AR IHC expression and low p-AKT
expression is associated with longer DFS (p* = 0.038).

(ii)

Similar

findings were not observed when the same cohort had strong intensity AR
IHC expression and high p-AKT expression (p = 0.22(NS)). Log-rank test
for equality of survivor functions was used to generate p-value of survivor
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data, no multi-variate analysis was perfomed on these. (p-AKT Allred
Scoring scale images is in Figure 8.2 in Appendix A). B: A TCGA dataset
was used to investigate the impact of AR and PI3K mutational status on
invasive breast carcinoma. To determine if the clinical implications of AR
and PI3K in aggressive breast cancer was related to a PI3K mutation, a
TCGA dataset of invasive breast cancer patient data (n = 960) was
analysed

(Breast

Invasive

Carcinoma

(TCGA,

Provisional);

www.cbioportal.org) [436], [437]. It showed that patients with up-regulated
AR expression and PI3K wildtype had invasive tumours with higher tumour
stage compared to those with a PI3K mutation (n = 51; p* = 0.012)
(clinicopathological details summarised in Table 8.10 in Appendix A).
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6.4 Discussion
Previous chapters in this thesis have elucidated the association between
HOXC11, PSAP and AR in promoting endocrine resistance and tumour
progression.

PSAP has been shown to activate AR in both a ligand-

dependent and ligand-independent manner in metastatic prostate cancer
studies with the latter occurring via activation of the PI3K pathway [408],
[387]. This chapter was aimed at investigating the association between
AR and PI3K in endocrine resistant breast cancer. We showed that p-AKT
protein expression is significantly higher in the endocrine resistant, LetR
cell line compared to the endocrine sensitive, MCF-7 cell line (Section
2.1.3 explains the reason for the choice of MCF7 being used as the
endocrine sensitive cell line model in this experiment instead of MCF7ARO); however it was not statistically significant in the LY2 cells (LY2 p =
0.1081 (NS); LetR p* = 0.0465) (Figure 6.1 (i) and (ii)). The endocrine
resistant cell lines (LY2 and LetR) did not exhibit statistically significant
increase on total AR protein expression compared to the endocrine
sensitive cell line (MCF7) in the western blot (Figure 6.1 (i) and (iv)).
However, significantly higher levels of nuclear AR protein were seen in the
endocrine resistant LY2 and LetR cells compared to the endocrine
sensitive MCF7 cell line (LetR relative to MCF7 *p = 0.0264; LY2 relative
to MCF7 **p = 0.0009) in Figure 4.3A (i) and (ii).

This disparity between

the two experiments may be due to the AR antibody used.

The AR

antibody that was used in the experiment in Chapter 4 was from Santa
Cruz Biotechnologies (Dallas, Texas, U.S.).

However, for the western

blot in Chapter 6, the AR antibody used was from Cell Signalling (Danvers,
Massachusetts, U.S.). The reason for the change in antibody was due to
the discontinuation of the initial AR antibody used.

Also the initial

experiment investigated the levels of nuclear AR protein expression while
the second experiment looked at total AR protein expression. It has been
shown in previous studies that AR localises in the nucleus in the presence
of ligands; hence, may be the explanation for the significantly higher levels
of nuclear AR protein observed in the LetR cell line in Chapter 4 [438].

233

PhD Thesis – Azlena Ali Beegan
The ZR75-1 cell line is a luminal B subtype that has high levels of
endogenous AR [439]. This cell line was used to confirm the association
between AR and p-AKT. Despite being an endocrine sensitive cell line,
the ZR75-1 cells exhibited moderate levels of p-AKT expression; however,
this was not statistically significant (Figure 6.1 (i) and (ii)).
The results from Figure 6.1 (i) and (ii) is a finding similarly seen in the
context of a recent metastatic prostate cancer study.

This study

determined the relationship between AR and p-AKT in the treatment
sensitive DU145 and Cos-1 prostate cancer cells (Note: Cos-1 has no
endogenous levels of AR) versus the metastatic LINPAC and its androgen
receptor antagonist resistant, LNCaP95 [440].

It revealed that the

treatment sensitive DU145 and Cos-1 did not express p-AKT while it was
present in the more aggressive LNCaP and LNCaP95 [440].
We then sought to ascertain if a PI3K inhibitor would be effective in the
treatment of AI resistant breast cancer cell lines. A BEZ235 PI3K/mTOR
inhibitor was used to treat MCF7, LetR and ZR75-1 cells. Results from
EC50 experiments showed that ten times less concentration of BEZ235
was required to cause 50% cell growth inhibition in the LetR and ZR75-1
cell lines compared to MCF7 cells; hence, indicating the sensitivity of the
LetR and ZR75-1 cells to BEZ235 treatment (Figure 6.2).
Prostate cancer studies have also looked at the efficacy of PI3K inhibition
in more aggressive form of tumours. The PI3K inhibitor, AZD8186, was
able to inhibit the human prostate cancer cells with active p-AKT
expression and known AR expression. This was observed in both in vitro
and in vivo studies [441]. Another study that supported this finding found
that BEZ235 is effective in inhibiting the AR antagonist resistant,
metastatic LNCaP95 prostate cancer cells [440].

Furthermore, a

functional study looking at the effects of PI3K inhibition on cell proliferation
in prostate cancer has shown that it was effective in metastatic prostate
cancer. However, greater efficacy was observed when utilised in
combination with an AR antagonist as the group identified a possible
feedback loop between the two pathways [442].
To translate the significance of AR and p-AKT in breast cancer clinically,
breast cancer patient TMA was stained for the presence of AR
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(Novocastra, Leica Biosystems, Newcastle, U.K.) and p-AKT (Cell
Signalling, Danvers, Massachusetts, USA) (n = 488; The samples used
were collected from patients currently enrolled in a clinical trial ICORG 09
– 07 trial; Clinical trial identifier (clinicaltrials.gov): NCT01840293); See
section 2.2.2 for more details on the trial. Clinicopathological details for
the TMA samples are summarised in Table 8.9 in Appendix A). KaplanMeier analysis showed that the presence of strong intensity AR IHC
expression in the total population of endocrine treated breast cancer
patients had a good survival benefit (log-rank test for equality of survivor
functions was used to generate p-value of survivor data, *p = 0.022; HR:
0.485, *p<0.001 CI:0.3278 - 0.718) (Figure 6.3 (ii)). However, this was not
observed in the AI treated patients (log-rank test for equality of survivor
functions was used to generate p-value of survivor data, p = 0.498 (NS);
HR: 1.197, p = 0.32 CI:0.3995-0.3585) (Figure 6.3 (iv)). Strong intensity of
AR IHC expression in AI treated patients was associated with recurrence,
as all the patients with recurrence had strong intensity AR IHC expression.
In contrast, only 70% of the non-recurrence AI treated patients expressed
strong intensity AR IHC expression, which is similar to the percentage of
AR IHC expression observed in the total breast cancer population based
on previous literature which states that AR protein expression is present in
around 70% of ER positive breast cancers and this is associated with
good DFS due to the ligand-binding competitiveness between AR and ER
[395], [443]. In Section 6.3.3, the intensity of AR IHC staining (score > 1)
was found to inversely associate with recurrence (**p<0.001) this
association was lost when patients were stratified to those expressing
strong intensity of AR IHC staining (score 3) approaching a statistical
significance (p=0.063 (NS)).
Conversely, other studies have shown that AR may also play a negative
role in postmenopausal breast cancer due to the presence of androgens in
abundance in this subset of breast cancer, as it is a precursor to estrogen
[444], [445]. Hence, despite ER pathway inhibition, circulating androgens
may still play a role in tumour progression via AR [444], [445]. AR was
found to not only be a potential target in primary tumours but also in
metastatic tumours as its expression was present in both types of tumours
235

PhD Thesis – Azlena Ali Beegan
especially in the more aggressive TNBC [446]. This is especially relevant
in this thesis as the hypothesis is that the excess unopposed circulating
androgens post estrogen suppression by AIs may activate AR as a
consequence of HOXC11 up-regulation of PSAP in AI resistance.
In the same TMA cohort used in Figure 6.3 (n = 488), slides were also
stained for p-AKT and survival curves of patients with strong intensity of
AR IHC expression and low p-AKT IHC expression had longer DFS (p* =
0.038). This was not observed in the patients with strong intensity AR IHC
expression and high expression of p-AKT protein (p = 0.22(NS)); (Figure
6.4A (i) and (ii)). Using a TCGA dataset of invasive breast cancers (n =
960)

(Breast

Invasive

Carcinoma

(TCGA,

Provisional);

www.cbioportal.org) [419], [420], up-regulated levels of AR and wildtype
PI3K was linked to patients with a higher invasive breast cancer stage
compared to the patients with a PI3K mutation (n = 51; *p = 0.012) (Figure
6.4B) (clinicopathological details summarised in Table 8.10 in Appendix
A). These results are supportive of previous studies, which also found that
ER positive breast cancers with high AR expression and PI3K mutation
had a more favourable outcome [434], [432], [447]. Chapter 6 results
provides the proposition that AI treated breast cancers with increased AR
and PI3K expression as well as high PSAP levels may benefit from a PI3K
inhibitor; however, this proposition will need to be explored further.
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7.1 Summary
Aromatase inhibitor resistance in breast cancer is a major problem ranging
from 35-70% of patients having either de novo or acquired resistance to
AIs [283].

This thesis sought to determine the mechanisms behind

acquired AI resistance in ER positive breast cancer, specifically to the third
generation non-steroidal AIs.

As previously discussed in the thesis,

HOXC11 is a transcription factor associated with tumour progression and
metastasis. HOXC11 up-regulates its putative target gene, PSAP, which
is an androgen receptor agonist. We have shown that PSAP can upregulate AR in AI resistant cells. PSAP is also a secreted protein which
can be measured in the serum. The secreted PSAP can also activate AR
in a ligand-independent manner by activating the PI3K pathway leading to
further resistance towards AI. We have shown that the AR antagonist,
bicalutamide, is successful in reducing cell proliferation of the LetR cells.
Furthermore, the PI3K inhibitor, BEZ235, may have potential as a
treatment option in combination with an AR antagonist to overcome AI
resistance in breast cancer.

7.2 Emerging drug therapies to overcome AI resistance in
breast cancer
7.2.1 Preclinical studies on the impact of AR antagonists in breast
cancer
We have shown that HOXC11 is sensitive to the steroidal environment of
AI resistant breast cancer cells.

Subsequent up-regulation of PSAP

occurs when there is disruption of estrogen signalling in these cells. We
have also shown that PSAP is an AR agonist in AI resistant cells
supporting previous metastatic prostate cancer studies on PSAP [408].
There are conflicting studies regarding AR in breast cancer, whereby
some studies have reported that AR expression in breast tumours is a
good indicator of DFS [256], [389], while others have discovered the
opposite [395], [395], [397]. In this thesis, we have found that AR tumour
expression is associated with good survival in the general breast cancer
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population.

However, this was not observed when stratified to the AI

treated population. We postulated that when there is a loss of competition
between AR and ER in the postmenopausal AI treated patients due to
estrogen inhibition, AR gains advantage and binds to its ligand due to a
more androgenic environment. This was supported by other studies which
showed that AR may play both positive and negative roles in breast
cancer [395].

Others have shown the clinical impact of increased

androgen levels in postmenopausal women which may increase the risk of
endocrine therapy resistance and tumour recurrence [396], [397], [398],
[399], [400].
Following the findings that AR may be a potential target in breast cancer,
pre-clinical studies have been carried out to investigate the effects of an
AR antagonist, bicalutamide. The studies have shown that bicalutamide
was effective at inhibiting cell proliferation and causing cell death
especially in the breast cancer cell subtypes with high AR expression both
in vitro and in vivo [33], [261]. We have also found that in the LetR cells
that have endogenously high AR expression, bicalutamide was successful
in significantly inhibiting cell proliferation of these cells.
A newer AR antagonist, enzalutamide, has similar properties to
bicalutamide but has been proven to be more effective and is currently the
treatment of choice for metastatic prostate cancer since 2012 [448].
Enzalutamide inhibits nuclear translocation of AR and prevents it from
binding to coactivator proteins. It also has a stronger binding capacity to
AR [449].

Pre-clinical studies in TNBC have explored the use of

enzalutamide in AR positive TNBC [450].

The study found that

enzalutamide was most effective in TNBC cell lines with high expression
of AR as only a small concentration of enzalutamide was required to
cause 50% cell death. They also found that enzalutamide was able to
inhibit cell migration, invasion and proliferation of TNBC cells [450].
7.2.2 Clinical trials of AR antagonists
There are many ongoing clinical trials investigating the efficacy of
alternative and combination drug treatments to overcome endocrine
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resistance in breast cancer.

One of the potential drug therapies as

investigated in this thesis is the AR antagonist, bicalutamide, which is a
non-steroidal drug that acts by binding selectively to AR and degrading it
[451], [264]. It has been approved to be used clinically in the treatment of
metastatic prostate cancer [352]. In the treatment of breast cancer it is still
undergoing clinical trials. A completed phase II clinical trial evaluated the
efficacy of bicalutamide in the treatment of ER/PR negative, AR positive
MBC [267]. The criteria for AR positivity was at least a 10% staining of
AR. Out of the 452 patients recruited for the trial, only 26 patients were
eligible and underwent the trial and had a median age of 66. Patients took
150 mg of bicalutamide orally daily [267]. There were few reported mild
side effects of the drug mainly fatigue, limb oedema and hot flashes.
Nevertheless, 19% of patients had a CBR at the end of the trial. Of these
patients, the AR protein expression IHC score was much higher [267].
This trial led the discovery of the potential clinical benefit in the use of the
androgen receptor antagonist, bicalutamide [267]. Although no trial has
been done as of yet, to look at the effects of bicalutamide on AI resistant
patients, we have shown that it may be a potential drug target in these
patients.
A phase II clinical trial of enzalutamide in the treatment of AR positive
TNBC patients is still ongoing (Clinical trial identifier (clinicaltrials.gov):
NCT01889238) [270]. A total of 75 patients were eligible for the trial and
preliminary results have shown that CBR is much better in the patients
with higher AR protein expression and had an androgen-related gene
signature (n = 56) (~36-39% CBR) [270].
Research from our lab has looked at the efficacy of enzalutamide in AI
resistant breast cancer cells [366]. We discovered that PSAP can upregulate AR in AI resistant cells and when LetR cells were cultured in the
presence of rhPSAP, AR was translocated into the nucleus (*p = <0.0001)
[366]. This was successfully inhibited with enzalutamide treatment (*p =
<0.05). The endocrine sensitive MCF7 cells did not exhibit any response
to enzalutamide treatment [366]. A randomised phase II study is currently
ongoing to assess the combination therapy of enzalutamide and
exemestane (a steroidal AI) in advanced breast cancer as the phase I
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study had concluded that estrogen was suppressed with this combination
[452]. However, this trial used double the dose of exemestane (50 mg
daily) and 160 mg daily of enzalutamide to achieve better suppression.
Again there were no adverse side effects reported as yet (Clinical trial
identifier (clinicaltrials.gov): NCT01597193) [452].
7.2.3 Targeting the PI3K/mTOR pathway in breast cancer
Specific ligand-binding to its RTK activates the PI3K pathway leading to
indirect phosphorylation of AKT [427]. mTORC1 is responsible for the
progression of cell growth activated by p-AKT [428].
In addition to the potential use of an AR antagonist, this thesis has also
investigated the effects of PSAP in the activation of the PI3K pathway. In
prostate cancer studies, PSAP was found to activate the PI3K/Aktsignalling pathways [408]. When we treated with a PI3K/mTOR inhibitor,
BEZ235, it was ten times more effective at inhibiting cell growth in the AI
resistant cell line compared to its sensitive counterpart.
AR activation has been shown to occur via ligand-dependent and independent mechanisms via the PI3K pathway signalling in breast cancer
cells with endogenously high AR expression [410].
7.2.4 Clinical trials of mTOR inhibitors
There are multiple clinical trials evaluating the efficacy of the combination
treatment for advanced breast cancer with a PI3K/mTOR inhibitor and
endocrine treatment. Of the earlier clinical trials, the phase II randomised
trial of Tamoxifen with or without Everolimus (RAD001), the TAMRAD trial,
evaluated the response of AI resistant breast cancer patients who had ER
positive advanced breast cancer to the treatment with tamoxifen alone or
in combination with the mTOR inhibitor, everolimus [453]. PFS and OS
results showed that the combination treatment was more effective than
tamoxifen alone and the CBR was 61% in the combination group
compared to the 42% CBR in the tamoxifen alone group [453]. Another
phase II single arm clinical trial looked at the combination of everolimus
and fulvestrant in the treatment of ER positive, AI resistant MBC patients
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(BRE-43 trial) [454].

CBR was 49% in the combination arm but the

authors suggested that the trial needed to be randomised and that due to
the potential side effects, it was only suitable for patients who had failed
multiple treatments prior to consideration for this therapy [454].
Clinical trials with everolimus also evaluated its combination with AI
therapy.

A phase II randomised trial evaluated the combination of

everolimus and letrozole in ER positive, MBC patients and this was found
to be more successful with a response rate of 68.1% compared to the
letrozole plus placebo group which had a 59.1% response rate [455].
However, another phase II trial of an mTOR inhibitor temsirolimus and
letrozole combination in MBC patients without prior AI therapy did not yield
as promising results as they found that PFS was not enhanced [456]. This
might be due to the lack of AI resistance in these tumours; hence, the
mTOR pathway was not activated so was unable to be inhibited [456].
The combination treatment of a steroidal AI, exemestane, with everolimus
was investigated in a phase III clinical trial (BOLERO-2) in ER positive, AI
resistant advanced breast cancer patients. Results from this trial were
promising due to the increase in PFS [457].
7.2.5 Clinical trials of PI3K inhibitors
Due to the success with mTOR inhibitors, other studies also investigated
the effects of PI3K inhibition on advanced breast cancer cells. One trial
looked at the combination of a pan-PI3K inhibitor, pictilisib, with
anastrozole (OPPORTUNE trial) [458]. Out of the cohort of ER positive
treatment naïve breast cancer patients, 83.8% had increased Ki67
suppression from the resected tumour post neo-adjuvant combination
therapy compared to the anastrozole only neo-adjuvant therapy which had
66% Ki67 suppression [458].

They also found that the combination

treatment had better response in luminal B tumours compared to luminal A
[458]. This could be explained by the rationale that the luminal B tumours
are more aggressive than luminal A tumours and resemble the phenotype
of an AI resistance model; hence, it can be hypotheised that the PI3K
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pathway may be activated in these tumours allowing for a better response
to PI3K inhibitors.
Another pan-PI3K inhibitor is buparlisib, which has undergone phase Ib
clinical trial in combination with letrozole [459].

Endocrine treatment

resistant ER positive MBC patients were recruited for the trial. PFS from
the trial was successful in 31% of the patients [459].

Ongoing trials

(Buparlisib brEast cancer cLinicaL Evaluation, BELLE-2 and BELLE-3
trial) are also looking at the treatment of buparlisib alone or in combination
with fulvestrant and first results have shown to be promising in favour of
the combination treatment arm exhibiting longer PFS in the BELLA-3 trial
[460] (Clinical trial identifier (clinicaltrials.gov): NCT01610284 and
NCT01633060) [460].
7.2.6 Clinical trials on the combination treatment of PI3K and mTOR
inhibitors
Following on from trials investigating the effects of an mTOR inhibitor or
PI3K inhibitor on breast cancer, some research groups have explored the
PI3K and mTOR inihibitor treatment combination, BEZ235. Jośe Baselga
and colleagues investigated the effects of BEZ235 treatment compared to
everolimus on a panel of breast cancer cell lines [461]. They found that
irrespective of the PI3K mutations or wildtype PI3K,

BEZ235 was

successful in inhibiting cell proliferation in vitro. Western blot had also
confirmed cell apoptosis in these cells due to the expression of Caspase 3
and PARP on increasing dosess of BEZ235 [461]. Furthermore, in vivo
studies also showed good results with BEZ235 treatment, whereby
significant tumour suppression was achieved in both PIK3CA mutated cell
line (H1047R0) and wild-type control.

They suggested the need for

specific biomarkers to properly assess the response of this treatment and
to stratify patients who are suitable [461]. Another group investigated the
effects of the dual PI3K/mTOR inhibitor treatment in ER positive breast
cancer cells [462].

They compared between the effects of the mTOR

inhibition alone (everolimus) versus the combination blockade of tamoxifen
and everolimus with and without the addition of LY294002 (PI3K inhibitor)
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[462]. Everolimus was shown to have reduced success due to a possible
feedback loop leading to increased p-AKT expression [462].
compared

between

MCF7

overexpressing) cell lines.

and

BT474

(ER

positive

and

They
HER2

Their results showed that the combination

treatment with tamoxifen, everolimus and LY294002 reduced p-AKT
expression in vitro [462]. In vivo, this combination of treatment was able to
reduce tumour size significantly compared to either treatment alone. They
concluded that a dual PI3K/mTOR inhibitor, in addition, to endocrine
treatment may be useful in overcoming resistance in ER positive breast
cancer cell lines [462].
Positive findings have been achieved in clinical trials with an AR
antagonist, mTOR inhibitor or PI3K inhibitor with endocrine treatment in
breast cancer patients. However, resistance may still be a problem due to
the interaction of AR and PI3K/mTOR pathways. One prostate cancer
study mentioned that the relationship between AR and PI3K pathway may
be due to cross-talk between the pathways [441]. Marques et al., found
that AR and PI3K/AKT inhibitor therapy was able to inhibit prostate tumour
growth when treated in combination with hormonal therapy; however,
when treated with just the PI3K/AKT inhibitor, increased AR target gene
expression was noted [441].

Two other studies also concluded with

similar results which suggests that there may potentially be cross-talk
between AR and PI3K pathway leading to endocrine therapy resistance
[435], [442].
7.2.7 The rationale behind the combination treatment of AR
antagonist and PI3K/mTOR inhibitors
In previous prostate cancer studies, PSAP and AR were discovered to be
associated with the PI3K signalling pathway [353], [408], [429], [431]. AR
antagonists and PI3K inhibitor drugs were effective at inhibiting tumour
growth. They also found that the PI3K pathway may have been activated
when there was acquired resistance to AR antagonists due to a possible
reciprocal feedback loop [353], [408], [429], [431]. This was effectively
inhibited using a combination treatment of AR antagonists and PI3K
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inhibitors [353], [408], [429], [431]. A recent prostate cancer study had
elucidated the relationship between AR and PI3K pathway in CRPC [440].
They evaluated the efficacy of combination treatment with AR antagonists
and the PI3K inhibitor, BEZ235.

Their results showed that this

combination was successful in effectively blocking AR transcriptional
activity both in vivo and in vitro [440].
In breast cancer, pre-clinical studies investigating the effects of PI3K and
AR signalling inhibition have shown that PIK3CA mutations were prevalent
in AR positive tumours and the combination treatment of AR antagonists
and PI3K inhibitors yielded the most effective results [33], [432]. Androgen
levels in breast tumours may play a role in initiating resistance to PI3K
inhibitors [433], [434].

It was observed that in AR expressing breast

cancer cells, PI3K inhibitors were found to be resistant with the addition of
androgen treatment.

This lead to the hypothesis that perhaps both

pathways together may play a role in certain subtypes of breast cancers to
promote tumour progression and may benefit from dual treatment with
both inhibitors [433], [434]. We have also shown in our preliminary studies
that in the breast cancer patient TMA cohort and TCGA dataset, patients
with high levels of p-AKT and AR expression were shown to have a more
aggressive disease. These results are supportive of previous studies and
support the benefit of combination treatment with AR antagonist and PI3K
inhibitors [432], [447].
7.2.8 Clinical trials on the combination treatment of AR antagonists
and PI3K/mTOR inhibitors
The combination treatment of AR antagonists and PI3K/mTOR inhibitors in
addition to endocrine treatment in prostate and breast cancer is still a new
concept which is still mostly in pre-clinical stages. A phase II clinical trial
in CRPC patients involving the combination treatment with bicalutamide
and everolimus used serum PSA levels to monitor for response [463]. Out
of the total of 24 patients in the study, 62.5% had a decrease in PSA level
of >50%. This study yielded good results; however, toxicity to everolimus
led to over half of the patients reporting adverse side effects [463]. In
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breast cancer, an ongoing randomised phase Ib/II trial is investigating the
effects of the combination treatment with taselisib (PI3K inhibitor) and
enzalutamide in triple negative, AR positive MBC (Clinical trial identifier
(clinicaltrials.gov): NCT02457910) [464].

7.3 Conclusion
Results from this thesis has shown that in AI resistant breast cancer cells,
PSAP can up-regulate AR and there is high expression levels of p-AKT;
hence, secreted PSAP potentially may also be responsible for the
activation of the PI3K pathway.

These results can lead to a better

therapeutic outcome using not only an AR antagonist but in combination
with a PI3K inhibitor in patients with strong intensity AR IHC expression
and high p-AKT breast tumour expression. This combination treatment
may prevent resistance to AR antagonists in this subset of endocrine
treated breast cancers. In conclusion, serum PSAP levels may be useful
as a potential indicator for the development of endocrine resistance and as
a predictor of poor DFS.
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Figure

7.1:

Proposed

mechanisms

of

ligand-dependent

and

independent pathways regulated by PSAP and potential drug
therapies to overcome AI resistance.
In this thesis, we proposed that HOXC11 is redeployed in AI treated
postmenopausal breast cancer patients when ER signalling is disrupted.
HOXC11 binds to the PSAP promoter and up-regulates it top target gene,
PSAP.

PSAP is an androgen agonist that can act in both ligand-

dependent and -independent manner by up-regulating AR and can be
secreted to activate PI3K pathway potentially leading to AI resistance
[387], [408]. Combination therapy with an AR antagonist with or without a
PI3K/mTOR inhibitor may be useful to overcome this resistance to
endocrine therapy. (HOXC11: Homeobox protein C11; HRE: Hormone
response element; AP1: Activator protein 1; AR: Androgen receptor;
PSAP: Prosaposin; E2: 17β-estradiol; GPR37: G-protein coupled receptor
37; PI3K: Phosphatidylinositide 3-kinases; p-AKT: Phosphorylated-AKT).
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Appendix A
Table 8.1: RNA-seq analysis on endocrine resistant cells yielding
target genes regulated by HOXC11.
The list of target genes regulated by HOXC11 was obtained from an RNAseq when HOXC11 was silenced. RNA-seq analysis on endocrine
resistant cells (LY2) yielding target genes regulated by HOXC11 (samples
preparation for the bioinformatics analysis and the table courtesy of Dr
Marie McIlroy and Dr Damian McCartan; Bioinformatics analysis courtesy
of Dr Peadar O’Gaora and Dr Yuan Hao) (Full dataset available on GEO
DATASET

Series

GSE71139:

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE71139).
Gene

ln.fold_change.

p_value

PSAP

0.515557

2.82E-12

IFIT1

0.864164

5.84E-11

HSP90AA1

0.208415

1.96E-06

HSP90AA1

0.208415

1.96E-06

PDCD6IP

-0.48025

0.0000577

RERE

-0.600878

0.0000684

GLB1

-0.339561

0.0002225

GLB1

-0.339561

0.0002225

CTNND2

-0.964975

0.0002649

RAPGEF1

-0.603695

0.0003467

TMEM120A

0.417924

0.0005618

NIT1

-0.933498

0.0013242

MRPS18B

0.278347

0.0026831

HSP90B1

0.189829

0.0031113
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Figure 8.1: PSAP mRNA levels of LY2, LetR and ANAR cell lines
when HOXC11 was knocked-down.
Endogenous levels of PSAP mRNA is significantly higher in the LetR cells
compared to the LY2 cells (*p = 0.0260). When HOXC11 is knockeddown, all three cells lines exhibited down-regulation of PSAP mRNA;
however, only the LetR cells exhibited statistically significant downregulation (LY2 p = 0.0719 (NS); LetR *p = 0.0210). The results from the
experiments are representative of n = 3. Error bars are representative of
mean ± SEM of three separate experiments. NS (not significant), *p <
0.05, **p < 0.001, ***p < 0.0001.
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Figure 8.2.: Representative images of p-AKT IHC for Beaumont
Hospital TMA Allred Scoring scale (Score range 0; 2-8).
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Table 8.2: Western blotting buffer/reagent composition.
Lysis Buffer (Stored as 1 ml

Running Buffer (10X) pH 8.3

aliquots in -20°C freezer)
1X PBS

495 ml

Glycine 192 nM

144.13 g

0.1% Igepal

5 ml

Tris Base 25 mM

30.38 g

0.5%

2.5 g

SDS 1%

10 g

0.5 g

dh2O

1L

Deoxycholic
Acid
0.1% SDS

Transfer Buffer (10X) pH 7.5

TBS Buffer (10X) pH 7.5

Glycine 390 mM

29 g

Tris Base 100 mM

12.1 g

Tris Base 480

58 g

NaCl 1.5 M

87.12 g

3.7 g

dH2O

mM
SDS 0.37%
dH2O

1L

1L

TBS-T Buffer

*For 1X Buffer, 100 ml of 10X *For TBS-T Buffer, 10X TBS diluted
buffer was added to 700 ml dH2O to 1X (100 ml TBS 10X in 900 ml
and 200 ml methanol was added

dH2O) and Tween 0.1% added (1 ml
tween added to the 1X TBS)

1.5 M Tris-HCL, pH 8.8
Tris-HCL
dH2O

236.4 g
1L

1 M Tris-HCL, pH 6.8
Tris-HCL
dH2O
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Table 8.3: ChIP buffer/reagent composition.
Lysis Buffer 1
Composition

Stock

Volume for 100 ml

50 mM Hepes–KOH, pH 7.5

1M

5 ml

140 mM NaCl

5M

2.8 ml

1 mM EDTA

0.5 M

0.2 ml

10% Glycerol

50%

20 ml

0.5% NP-40/Igepal CA-630

10%

5 ml

0.25% Triton X-100

10%

2.5 ml

ddH2O

64.5 ml

Lysis Buffer 2
Composition

Stock

Volume for 100 ml

10 mM Tris–HCL, pH 8.0

1M

1 ml

200 mM NaCl

5M

4 ml

1 mM EDTA

0.5 M

0.2 ml

0.5 mM EGTA

0.5 M

0.1 ml

ddH2O

94.7 ml

Lysis Buffer 3
Composition

Stock

Volume for 100 ml

10 mM Tris–HCl, pH 8

1M

1 ml

100 mM NaCl

5M

2 ml

1 mM EDTA

0.5 M

0.2 ml

0.5 mM EGTA

0.5 M

0.1 ml

0.1% Na–Deoxycholate

10%

1 ml

0.5% N-lauroylsarcosine

20%

2.5 ml

ddH2O

93.2 ml
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RIPA Buffer
Composition

Stock

Final

Volume for 50

Concentration

ml

1M

50 mM

2.5 ml

500 mM EDTA, pH 8

0.5 M

1 mM

100 µl

10% NP-40/Igepal CA-630

10%

1%

5 ml

10% DOC

10%

0.7%

3.5 ml

1 M Hepes, pH 8

dH2O

34.8 ml

8 M LiCL

8M

0.5 M

3.125 ml

1 PI tablet in 2 ml dH2O

50X

1X

1 ml

Total

50 ml

Elution Buffer
Composition

Stock

Final Concentration

Volume for 50 ml

1 M Tris, pH 8

1M

10 mM

500 µl

0.5 M

1 mM

100 µl

10%

1%

5 ml

500 mM
EDTA
10% SDS
dH2O

44.35 ml

Total

50 ml

TE Buffer
10 mM Tris-Cl, pH 7.5
1 mM EDTA

Proteinase K Mix
1X TE

1 Sample
140 µl

10 mg/ml Glycogen

3 µl

Proteinase K 20

7 µl

mg/ml
Total

150 µl
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Table 8.4: MTS reagent composition for cell proliferation assay.
MTS Reagent

Volume added

MTS powder

42 mg

PBS

21 ml

Adjust to pH 6-6.5
1 ml PMS added and solution filtered sterilize in 1.5 ml eppendorfs which
were stored at -20°C freezer

Table 8.5: IHC buffer/solution composition.
EDTA Solution pH 9
EDTA

0.37 g

Tris Base

1.21 g

dH2O

1L

Adjusted to pH 9
0.5 ml Tween 0.1% added after solution is pH 9

Sodium Citrate Buffer pH 6
Sodium citrate

1.47 g

dH2O

500 ml

Dilution Buffer pH 7.3 (for diluting primary antibodies)
Tris HCL

0.05 M

BSA

1%
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Table 8.6: Clinicopathological information on snap frozen breast
tumour tissue samples used for RNA extraction (total n = 61;
recurrent n = 10).
Samples were used to asses the correlation of HOXC11, PSAP and AR
mRNA (these patients are currently enrolled in a clinical trial ICORG 09 –
07 trial; Clinical trial identifier (clinicaltrials.gov): NCT01840293) (See
section 2.2.2 for more details on the trial). IDC: Invasive ductal carcinoma;
ILC: Invasive lobular carcinoma; (HER2: Human Epidermal Growth Factor
Receptor 2; (+): Positive; (-): Negative; Recur: Recurrence; ER: Estrogen
receptor;

PR:

Progesterone

receptor).

(Recurrence

samples

highlighted in yellow).
Patient
Sample
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49

Type

Stage

Grade

Node

ER

PR

HER2

Recur

IDC
IDC
IDC
ILC
IDC
IDC
IDC
ILC
IDC
ILC
IDC
ILC
IDC
ILC
IDC
ILC
IDC
ILC
IDC
IDC
IDC
IDC
ILC
IDC
IDC
IDC
IDC
IDC
IDC
IDC
IDC
IDC
IDC
IDC
IDC
IDC
IDC
ILC
IDC
IDC
IDC
IDC
IDC
IDC
IDC
IDC
IDC
IDC
IDC

2
3
3
1
0
3
2
0
2
1
3
1
1
3
3
0
0
1
0
2
1
2
2
3
2
1
1
2
1
2
1
2

2
3
3
3
3
3
2
2
2
2
3
2
3
2
2
2
3
2
2
2
2
3
3
2
2
2
2
3
1
2
1
2
1
1
3
3
2
2
3
2
1
2
2
3
2
2
2
2
2

+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+

+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+

+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+

+
+
+
+
+
+
+
+
+
+
+
-

+
+
+
+
+
+
+
+
+
-

0
1
3
3
1
2
0
3
1
2
1
0
3
2
2
1
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50
51
52
53
54
55
56
57
58
59
60
61

IDC
IDC
ILC
IDC
IDC
IDC
IDC
IDC
IDC
IDC
IDC
IDC

3
3
0
2
3
2
3
1
3
1
3
0

3
2
2
3
2
3
2
3
2
1
2
2

+
+
+
+
+
+
+
+
-

+
+
+
+
+
+
+
+
+

+
+
+
+
+
+
+

+
+
+
+
+
-

+
-

Table 8.7: Clinicopathological information on breast cancer samples
used to determine the association between HOXC11 and AR IHC
score and serum PSAP (n = 18).
These patients are currently enrolled in a clinical trial ICORG 09 – 07 trial;
Clinical trial identifier (clinicaltrials.gov): NCT01840293 (See section 2.2.2
for more details on the trial). (HOXC11: Homeobox C11; PSAP:
Prosaposin; AR: Androgen receptor; HER2: Human Epidermal Growth
Factor Receptor 2; NODE+: Axillary lymph node positive; Recur:
Recurrence; ER: Estrogen receptor; PR: Progesterone receptor, AI:
Aromatase inhibitor; TAM: Tamoxifen; (+): Positive; (-): Negative; NR: Not
recorded).

(Samples with detectable serum PSAP are highlighted in

yellow).
Patient
sample

HOXC11 (0, 2-8)

AR (0-3)

PSAP
(ng/ul)

NODE
+

Recur

ER

PR

HER2

AI

TAM

1

8

3

1

+

-

+

+

-

NR

NR

2

5

3

0

+

-

+

+

-

+

+

3

7

3

0

+

-

+

+

-

-

+

4

0

3

0

-

-

+

+

-

NR

NR

5

3

3

0

-

-

+

+

-

NR

NR

6

7

3

0

-

-

+

+

-

-

+

7

8

3

7

-

+

+

-

-

+

-

8

6

2

0

+

-

+

-

-

+

-

9

0

3

0

+

-

+

-

-

+

-

10

3

2

0

+

-

+

-

-

-

+

11

7

3

1

+

-

-

-

+

NR

NR

12

5

2

0

-

+

-

-

+

NR

NR

13

5

2

0

+

+

+

-

+

+

-

14

0

3

0

+

+

-

-

+

-

-

15

7

3

2

-

-

-

-

-

-

-

16

7

0

0

-

-

-

-

-

-

-

17

6

0

1

+

+

-

-

-

-

-

18

6

2

0

NR

-

NR

NR

NR

NR

NR
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Table 8.8: Clinicopathological information of serum samples used in
PSAP ELISA (n=34).
These patients are currently enrolled in a clinical trial ICORG 09 – 07 trial;
Clinical trial identifier (clinicaltrials.gov): NCT01840293 (See section 2.2.2
for more details on the trial). Median follow-up was 35 months and median
TTP was 18 months. (PSAP: Prosaposin; Recur: Recurrence; ER:
Estrogen receptor; AI: Aromatase inhibitor; TAM: Tamoxifen; (+): Positive;
(-): Negative; NR: Not recorded). (Recurrence samples with detectable
serum PSAP above cutoff are highlighted in yellow).
Patient
sample

ER + Postmenopausal

PSAP (ng/ul)

PSAP (cut off
0.84ng/u)

Endocrine
treatment

Recur

1

+

0

-

NR

-

2

+

0

-

NR

-

3

+

0

-

NR

-

4

+

0

-

NR

-

5

+

0

-

NR

-

6

+

0

-

NR

-

7

+

0

-

NR

-

8

+

0

-

NR

-

9

+

0

-

NR

-

10

+

0

-

NR

-

11

+

0.267272943

-

NR

-

12

+

0.291247612

-

NR

-

13

+

0.465237193

-

NR

-

14

+

0.51120233

-

NR

-

15

+

0.557150391

-

NR

-

16

+

0.792601992

-

NR

-

17

+

1

+

NR

-

18

+

0.211459145

-

NR

+

19

+

0.214520989

-

NR

+

20

+

0.267160583

-

NR

+

21

+

0.291036996

-

NR

+

22

+

0.303645502

-

NR

+

23

+

0.411069594

-

NR

+

24

+

0.415209237

-

NR

+

25

+

0.551151246

-

NR

+

26

+

0.56352494

-

NR

+

27

+

0.714746571

-

NR

+

28

+

0.78957202

-

NR

+

29

+

0.849216891

+

AI

+

30

+

0.975670176

+

AI

+

31

+

1.646487093

+

TAM

+

32

+

1.846336897

+

AI

+

33

+

2.496554803

+

TAM

+

34

+

7

+

AI

+

293

PhD Thesis – Azlena Ali Beegan
Table 8.9: Clinicopathological information and associations for TMA
stained for AR and p-AKT.
TMA was constructed from paraffin-embedded tumour samples obtained
from Beaumont Hospital, Dublin 9, Ireland (Total n = 508). The patients
were only considered eligible if they had full follow-up data; therefore, the
number of eligible patient samples reduced from n = 508 to n= 488 as 20
patients had missing information. These patients are currently enrolled in
a clinical trial ICORG 09 – 07 trial; Clinical trial identifier (clinicaltrials.gov):
NCT01840293 (See section 2.2.2 for more details on the trial). (PSAP:
Prosaposin; Recur: Recurrence; ER: Estrogen receptor; PR: Progesterone
receptor; AR: Androgen receptor; p-AKT: Phosphorylated-AKT; (+):
Positive; (-): Negative).

Statistical analysis: Fisher’s exact association (2

sided p-values).
Patient
sample
data
Node +
Node Grade 3
Grade <3
Size
>25mm
Size<
25mm
ER +
ER –
PR +
PR Luminal A
+
Luminal A
Luminal B
+
Luminal B
Triple neg
+
Triple neg
Recurrenc
e+
Recurrenc
eAR cyto +
AR cyto AR
nuclear +
AR
nuclear AR nuc >2
AR nuc<2
pAKT +
pAKT -

47%
53%
39%
61%

AR
cytoplas
mic
(<200 Hscore)
11%
17%
15%
17%

50%
50%

10%
18%

73%
27%
57%
43%

22%
10%
16%
16%

61%
39%

15%
20%

P=0.173

82%
52%

P<0.001

40%
16%

P<0.001

70%
76%

P=0.051
(inv)

14%
86%

20%
16%

P=0.414

70%
70%

P=1

23%
31%

P=0.242

88%
70%

P=0.003

15%
85%

3%
18%

P=0.017
(inv)

30%
77%

P<0.001
(inv)

5%
34%

P<0.001
(inv)

66%
74%

P=0.145

29%
71%

6%
18%

P<0.001
(inv)

57%
76%

P<0.001
(inv)

24%
32%

P=0.127

71%
73%

P=0.655

52%
48%

-

-

96%
57%

P<0.001

53%
21%

P<0.001

79%
56%

P=0.006

77%
23%

64%
10%

P<0.001

-

-

-

-

75%
64%

P=0.009

37%
63%
67%
33%

73%
39%
61%
33%

P<0.001

-

-

-

-

76%
70%

P=0.216

P=0.008

75%
63%

P=0.009

31%
25%

P=216

-

-

%

p-value
P=0.93
(inv)
P=0.695
P=0.037
(inv)
P=0.121
P=1

AR
nuclear
(1-2 mod
Allred)
70%
71%
55%
80%
68%
73%
81%
43%
80%
58%

p-value

P=0.843
P<0.001
(inv)
P=0.154
P<0.001
P<0.001
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AR
nuclear
(>2 mod
Allred)
27%
30%
17%
49%
27%
32%
37%
11%
36%
22%

p-value

P=1
P<0.001
(inv)
P=0.235
P<0.001
P<0.001

p-AKT
(>2
Allred)
69%
74%
70%
73%
69%
76%
73%
72%
70%
76%

p-value

P=0.185
P=0.528
P=0.102
P=1
P=0.172
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Table 8.10: Clinicopathological information on samples used from
the TCGA dataset comparing between up-regulated AR mRNA and
wild-type PIK3CA vs PIK3CA mutation.
TCGA dataset of invasive breast cancer data (Total n = 960; when
stratified to up-regulated AR mRNA n = 51) was analysed (Breast Invasive
Carcinoma (TCGA, Provisional); www.cbioportal.org) [419], [420].
Statistical analysis: Fishers exact association of tumour stage >2 and wildtype PIK3CA (23/26) compared to those harbouring a PIK3CA mutation
(14/25) in patients with elevated AR mRNA *p=0.012 (2 tail). (TCGA: The
cancer genome atlas; AR: Androgen receptor; wt: Wild type; mRNA:
Messenger ribonucleic acid). (* This mutated amino acid was identified as
a recurrent hotspot (statistically significant) in a population-scale cohort of
tumor samples of various cancer types using methodology based on a
statistical algorithm by Chang et al., 2016 [465]).

TCGA identifier

AR transcript alterations

* PIK3CA status

Tumour
stage¶

TCGA-EW-A1OZ

upregulated mrna

PIK3CA AMP

2

TCGA-C8-A278

upregulated mrna

H1047L, M1040V

2

TCGA-A2-A0EY

upregulated mrna

G118D

2

TCGA-C8-A135

upregulated mrna

wt

2

TCGA-AR-A24S

upregulated mrna

E542K

1

TCGA-BH-A1ET

upregulated mrna

E542K

1

TCGA-BH-A1F8

upregulated mrna

H1047R

4b

TCGA-D8-A1JD

upregulated mrna

E726K, E542K, M1004I

2

TCGA-D8-A1JF

upregulated mrna

E542K,R398H

1c

TCGA-E2-A1IL

upregulated mrna

H1047R

1c

TCGA-A7-A26E

upregulated mrna

E542K

3

TCGA-D8-A27P

upregulated mrna

H1047R

1c

TCGA-OL-A5D6

upregulated mrna

N345k

2

TCGA-A7-A0CH

upregulated mrna

E542k

2

TCGA-AO-A0JA

upregulated mrna

E542k

2

TCGA-BH-A0W3

upregulated mrna

E542k

1c

TCGA-D8-A146

upregulated mrna

E542k

2

TCGA-E2-A154

upregulated mrna

H1047L

1c

TCGA-E2-A156

upregulated mrna

E542K

1c

TCGA-E2-A1BC

upregulated mrna

H1047R

1c

TCGA-D8-A1JG

upregulated mrna

L456AFS*13

2

TCGA-BH-A0B5

upregulated mrna

KLLLdel

2

TCGA-A2-A1FW

upregulated mrna

upregulated mrna

3
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TCGA-D8-A1XA

upregulated mrna

upregulated mrna

1c

TCGA-A7-A0CD

upregulated mrna

upregulated mrna

1

TCGA-E2-A15I

upregulated mrna

wt

2

TCGA-AO-A1KS

upregulated mrna

wt

2

TCGA-BH-A1FJ

upregulated mrna

wt

3

TCGA-D8-A1J9

upregulated mrna

wt

1c

TCGA-E2-A1LB

upregulated mrna

wt

2

TCGA-D8-A1XB

upregulated mrna

wt

2

TCGA-D8-A1XC

upregulated mrna

wt

4b

TCGA-E9-A1N9

upregulated mrna

wt

2

TCGA-D8-A1X7

upregulated mrna

wt

2

TCGA-A2-A3KD

upregulated mrna

wt

3

TCGA-A8-A076

upregulated mrna

wt

2

TCGA-A8-A07F

upregulated mrna

wt

2

TCGA-A8-A08C

upregulated mrna

wt

2

TCGA-A8-A091

upregulated mrna

wt

2

TCGA-A8-A099

upregulated mrna

wt

4b

TCGA-A8-A09G

upregulated mrna

wt

3

TCGA-A8-A09N

upregulated mrna

wt

2

TCGA-A8-A09Q

upregulated mrna

wt

4b

TCGA-A8-A09X

upregulated mrna

wt

2

TCGA-A8-A07E

upregulated mrna

wt

4b

TCGA-A8-A0AB

upregulated mrna

wt

2

TCGA-AN-A0FK

upregulated mrna

wt

4

TCGA-AR-A0U3

upregulated mrna

wt

2

TCGA-AQ-A04L

upregulated mrna

wt

2

TCGA-BH-A0EI

upregulated mrna

wt

1c

TCGA-D8-A145

upregulated mrna

wt

1c

296

Appendix

Appendix B

The following are the publications, presentations and awards achieved
during the course of this PhD research.
AWARDS
•

Awarded the Clinical Scholars Scholarship and Scholar-in-Training

Award for: Oral Poster Presentation. Ali A, Hao Y, McCartan D, Bane F,
Theissen S, O Gaora P, Hill ADK, Young LS, McIlroy M. Survival benefit
conferred by the androgen receptor is lost in aromatase inhibitor treated
breast cancer. San Antonio Breast Cancer Symposium (SABCS).
December 10th-14th 2013. San Antonio, Texas, United States.
•

Awarded the Sir Peter Freyer Medal in the Plenary Prize Category

for: Oral Presentation. Ali A, Bane F, Hao Y, McCartan D, O Gaora P, Hill
ADK, Young LS, McIlroy M. Survival benefit conferred by the androgen
receptor is lost in aromatase inhibitor treated breast cancer. 38th Sir Peter
Freyer Surgical Symposium. September 6th-7th 2013. Galway, Ireland.
PUBLISHED ARTICLES
Ali A, Creevey L, Hao Y, McCartan D, O Gaora P, Hill ADK, Young LS,
McIlroy M. Prosaposin activates the androgen receptor and potentiates
resistance to endocrine treatment in breast cancer. Breast Cancer
Research :

BCR.

2015;17(1):123.

DOI:10.1186/s13058-015-0636-6.

PMID: 26341737
PUBLISHED CONFERENCE PAPERS
•

Oral Presentation in the Plenary Prize Category. Ali A, Bane F,

Hao Y, McCartan D, O Gaora P, Hill ADK, Young LS, McIlroy M. Survival
benefit conferred by the androgen receptor is lost in aromatase inhibitor

297

PhD Thesis – Azlena Ali Beegan
treated breast cancer. 38th Sir Peter Freyer Surgical Symposium.
September 6th-7th 2013. Galway, Ireland.
Available online:
Ir J Med Sci (2013) 182(Suppl 7): 297. DOI: 10.1007/s11845-013-0984-0
•

Oral Poster Presentation. Ali A, Hao Y, McCartan D, , Bane F,

Theissen S, O Gaora P, Hill ADK, Young LS, McIlroy M. Survival benefit
conferred by the androgen receptor is lost in aromatase inhibitor treated
breast cancer. San Antonio Breast Cancer Symposium (SABCS).
December 10th-14th 2013. San Antonio, Texas, United States.
Abstracthttp://www.abstracts2view.com/sabcs13/view.php?nu=SABCS13L_792
Poster - http://sabcs.posterview.com/
•

Oral Presentation in the Plenary Prize Category. Ali A, Hao Y,

McCartan D, Creevey L, Bane F, Theissen S, O Gaora P, Hill ADK, Young
LS, McIlroy M. HOXC11 impacts steroidal adaptability in aromatase
inhibitor resistance by upregulating the androgen receptor. Sylvester
O’Halloran Scientific Surgical Symposium.

March 1st 2014.

Limerick,

Ireland.
Available online:
Ir J Med Sci (2014) 183(Suppl 1): 1. DOI: 10.1007/s11845-013-1062-3.
PMID: 24510450
•

Oral Presentation in the Breast Surgery Section. Ali A, Creevey L,

Bane F, Oludare A, Hill ADK, Young LS, McIlroy M. PI3K pathway as a
novel target in androgen-driven aromatase inhibitor resistant breast
cancer. Society of Academic & Research Surgery (SARS) conference.
January 7th-8th 2015. Durham, United Kingdom. Available online:
(2015), SARS abstracts. Br J Surg, 102: 3–52. DOI: 10.1002/bjs.9822.
PMID: 25913562
•

Poster Presentation. Ali A, Creevey L, Bane F, Oludare A, Hill

ADK, Young LS, McIlroy M. Targeting the PI3K pathway in androgen298

Appendix
driven aromatase inhibitor resistant breast cancer. Irish Association for
Cancer Research (IACR) meeting. February 26th-27th 2015. Limerick,
Ireland. Available online:
http://iacr.ie/wp-content/uploads/2014/01/Abstract-Book-IACR-Meeting2015.pdf
OTHER RESEARCH PRESENTATIONS
•

Poster Presentation. Ali A, Bane F, Hao Y, McCartan D, O Gaora

P, Hill ADK, Young LS, McIlroy M. An investigation into the utility of
prosaposin as a marker of PI3K inhibitor responsiveness in aromatase
inhibitor resistant breast cancer. Royal College of Surgeons in Ireland
Research Day. March 5th 2013. Royal College of Surgeons in Ireland,
Dublin 2, Ireland.
•

Oral Presentation in the Registrar’s Prize Category. Ali A, Bane F,

Hao Y, McCartan D, O Gaora P, Hill ADK, Young LS, McIlroy M. HOXC11
impacts steroidal adaptability in aromatase resistant breast cancer by
upregulating the androgen receptor. Royal Academy of Medicine Irelandsection for Surgery (RAMI) meeting. April 12th 2013. Royal College of
Surgeons in Ireland, Dublin 2, Ireland.
•

Presented PhD lab research to the Canadian James IV Travelling

Fellow, Professor Geoff Porter MD, FRCS(C), FACS (Ramia Chair in
Surgical Oncology and Professor of Surgery, Dalhousie University). April
16th 2015. Smurfit Education Centre, Beaumont Hospital, Dublin 9,
Ireland.
•

Oral Presentation in the Plenary Prize Category. Ali A, Creevey L,

Hill ADK, Young LS, McIlroy M. Upregulation of AR in breast cancer is
associated with more aggressive disease when PI3K signaling is active.
24th Sylvester O’Halloran Scientific Surgical Symposium. March 3rd 2017.
Limerick, Ireland.

299

PhD Thesis – Azlena Ali Beegan

Appendix C
Published Article

300

Royal College of Surgeons in Ireland

e-publications@RCSI
Surgery Articles

Department of Surgery

4-9-2015

Prosaposin activates the androgen receptor and
potentiates resistance to endocrine treatment in
breast cancer.
Azlena Ali
Royal College of Surgeons in Ireland

Laura Creevey
Royal College of Surgeons in Ireland

Yuan Hao
University College Dublin

Damian McCartan
Royal College of Surgeons in Ireland

Peadar O'Gaora
University College Dublin
See next page for additional authors

Citation
Ali A, Creevey L, Hao Y, McCartan D, O'Gaora P, Hill A, Young L, McIlroy M. Prosaposin activates the androgen receptor and
potentiates resistance to endocrine treatment in breast cancer. Breast Cancer Research. 2015;17(1):123.

This Article is brought to you for free and open access by the Department
of Surgery at e-publications@RCSI. It has been accepted for inclusion in
Surgery Articles by an authorized administrator of e-publications@RCSI.
For more information, please contact epubs@rcsi.ie.

Authors

Azlena Ali, Laura Creevey, Yuan Hao, Damian McCartan, Peadar O'Gaora, Arnold DK Hill, Leonie Young,
and Marie McIlroy

This article is available at e-publications@RCSI: http://epubs.rcsi.ie/surgart/31

— Use Licence —

This work is licensed under a Creative Commons Attribution-Noncommercial-Share Alike 4.0 License.

This article is available at e-publications@RCSI: http://epubs.rcsi.ie/surgart/31

Ali et al. Breast Cancer Research (2015) 17:123
DOI 10.1186/s13058-015-0636-6

RESEARCH ARTICLE

Open Access

Prosaposin activates the androgen receptor
and potentiates resistance to endocrine
treatment in breast cancer
Azlena Ali1,2†, Laura Creevey1†, Yuan Hao3, Damian McCartan1, Peadar O’Gaora3, Arnold Hill1,2, Leonie Young1
and Marie McIlroy1*

Abstract
Introduction: HOX genes play vital roles in growth and development, however, atypical redeployment of these
genes is often associated with steroidal adaptability in endocrine cancers. We previously identified HOXC11 to be
an indicator of poor response to hormonal therapy in breast cancer. In this study we aimed to elucidate genes
regulated by HOXC11 in the endocrine resistant setting.
Methods: RNA-sequencing paired with transcription factor motif-mapping was utilised to identify putative HOXC11
target genes in endocrine resistant breast cancer. Validation and functional evaluation of the target gene, prosaposin
(PSAP), was performed in a panel of endocrine sensitive and resistant breast cancer cell lines. The clinical significance of
this finding was explored in clinical cohorts at both mRNA and protein level.
Results: PSAP was shown to be regulated by HOXC11 in both tamoxifen and aromatase inhibitor (AI) resistant cell lines.
Transcript levels of HOXC11 and PSAP correlated strongly in samples of primary breast tumours (r = 0.7692, n = 51).
PSAP has previously been reported to activate androgen receptor (AR) in prostate cancer cells. In a panel of breast
cancer cell lines it was shown that endocrine resistant cells exhibit innately elevated levels of AR compared to their
endocrine sensitive counterparts. Here, we demonstrate that stimulation with PSAP can drive AR recruitment to a
hormone response element (HRE) in AI resistant breast cancer cells. Functionally, PSAP promotes cell migration
and invasion only in AI resistant cells and not in their endocrine sensitive counterparts. In a cohort of breast cancer
patients (n = 34), elevated serum levels of PSAP were found to associate significantly with poor response to endocrine
treatment (p = 0.04). Meta-analysis of combined PSAP and AR mRNA are indicative of poor disease-free survival in
endocrine treated breast cancer patients (hazard ratio (HR): 2.2, P = 0.0003, n = 661).
Conclusion: The HOXC11 target gene, PSAP, is an AR activator which facilitates adaptation to a more invasive phenotype
in vitro. These findings have particular relevance to the development of resistance to AI therapy which is an emerging
clinical issue. PSAP is a secreted biomarker which has potential in identifying patients failing to exhibit sustained response
to hormonal treatment.

Introduction
Breast cancer has the highest incidence and second highest mortality rate among cancers in women worldwide [1].
The median age of diagnosis for breast cancer is 61 years
and the majority of patients are postmenopausal at time
of diagnosis. Endocrine therapy has been the mainstay for
* Correspondence: mmcilroy@rcsi.ie
†
Equal contributors
1
Endocrine Oncology Research, Department of Surgery, Royal College of
Surgeons in Ireland, St. Stephens Green, Dublin 2, Ireland
Full list of author information is available at the end of the article

patients with hormone receptor-positive breast cancer
(approximately 75 %) since the inception of the steroid
receptor modulator, tamoxifen, in the latter part of the
20th century. One of the major advances in breast cancer therapy in the past decade has been the widespread
endorsement of aromatase inhibitors (AIs) as first-line
therapy for postmenopausal patients with hormone
receptor-positive breast cancer. AIs work by abrogating
the activity of the enzyme aromatase (Cyp 19), which
converts circulating androgens into estrogen within different body compartments including mammary adipose

© 2015 Ali et al. Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0 International
License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any
medium, provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver (http://
creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.
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tissue [2–4]. Clinical trials into the efficacy and sideeffects of these drugs in comparison to tamoxifen have
heralded them as the main choice of adjuvant endocrine
therapy for postmenopausal breast cancer [5]. Despite the
huge advances in the treatment and management of breast
cancer the development of drug resistance remains an unresolved problem. For hormone receptor-positive breast
cancer, drug resistance occurs in approximately 25 % of
cases, which accounts for approximately 50,000 breast
cancer recurrences/annum in the US alone [6]. In some
studies the development of resistance to endocrine therapy is estimated to be as high as 30−60 % [7]. This may be
due in part to adaptive hypersensitivity of the intact estrogen receptor (ER) [5], selective co-activator enhancement
[8], or a shift to growth-factor pathway-dependent cell
growth which is well-known to contribute to endocrine
treatment failure [9, 10]. Approximately 75 % of breast
cancers also express androgen receptor, which includes a
proportion of triple-negative tumours [11, 12]. With
regards to the role of androgen signalling and breast
cancer survival there is conflicting evidence. In ER-positive
tumours it is reported that androgen receptor (AR) expression is beneficial and it is suggested that it may compete
for ER binding sites on the DNA, thereby blocking
estrogen-stimulated transcription of pro-proliferative
genes [13]. Other reports however claim that high circulating levels of androgens are associated with increased breast cancer risk in both the premenopausal
and postmenopausal setting [14] and that elevated levels
of AR are pro-metastatic [15]. More recent studies have
highlighted the tumour promotional effects of the AR particularly in the event of estrogen disruption [16–20].
Previous work from this laboratory investigating endocrine resistance in breast cancer has shown the developmental transcription factor HOXC11 to be a strong
predictor of metastasis and poor disease-free survival
(DFS), independent of receptor status, tumour size,
nodal status and grade [21]. Homeobox genes encode a
family of 39 proteins of which HOXC11 is a member.
These proteins act as developmental transcription factors involved in growth and differentiation [22, 23]. They
play essential roles in body patterning and spatial identity, hence they are akin to a form of cellular global
positioning system [24]. Maintenance of HOX gene expression patterns are under complex epigenetic regulation. The homeobox transcription factors are known to
be regulated by steroids during embryogenesis; however,
there is a growing body of evidence to suggest that these
genes are also architects of steroidal regulation in endocrine tumours [21, 25–27]. Studies by Norris et al. [28]
demonstrate that HOXB13 can interact with the AR to
alternately suppress or activate AR-responsive genes in a
promoter-dependent manner. Moreover, recent studies
into the upregulation of the HOXC locus in prostate
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cancer have demonstrated that its ability to modulate androgen signalling is due to the abrogation of coactivator recruitment to direct androgen target genes [25]. Thus, there
is rapidly accumulating evidence to suggest that HOX genes
and in particular HOXC genes are key players in modulating steroid signalling in endocrine tumours.
To further our understanding of HOXC11 and the role
it plays in the development of endocrine resistance and
steroidal adaptability we undertook an RNA-seq experiment to identify HOXC11 target genes in resistant breast
cancer. We identified 1,919 genes, and conducted motif
mapping to identify potential direct target genes of the
transcription factor HOXC11. Analysis of the target genes
identified a common novel motif with significant similarity
to an AR response element. From these studies we identified prosaposin (PSAP) as a HOXC11 regulated gene.
PSAP is a purported AR activator associated with metastatic potential in a number of neoplasms [29–31]. This
study supports the hypothesis that expression of HOXC11
and the subsequent secretion of PSAP can expedite endocrine resistance to aromatase inhibitor therapy via tumour
promotional activation of the AR.

Methods
Cell culture

Endocrine-sensitive MCF-7 (American Type Culture Collection (ATCC) Virginia, USA ) and tamoxifen-resistant
LY2 cells (kind gift from R. Clarke, Georgetown, DC,
USA) were grown as previously described [21]. MCF7derived AI-sensitive cells (Aro) were developed in house.
MCF7 Aro-derived letrozole-resistant cells (LetR) and
anastrozole-resistant cells (AnaR) were created by longterm treatment of Aro with letrozole (Novartis, Basel,
Switzerland) or anastrozole (AstraZeneca, Macclesfield,
UK) [21]. LY2, LetR and AnaR cells were utilised to model
endocrine resistance developed through long-term adaptation to hormonal therapy. MDA-MB-453, SKBR3 and
LNCaP cells were acquired from ATCC and maintained as
recommended. Cells were maintained in steroid-depleted
medium for 72 hours before treatment with hormones.
All cells were incubated at 37 °C under 5 % CO2 in a humidified incubator. All in-house cells were authenticated
and are routinely verified as endocrine resistant.
siRNA transfection

HOXC11 was silenced by transient transfection using an
experimentally verified pool of siRNA (Flexitube, Qiagen,
Manchester, UK) as previously described [21]. All transfections were carried out using Lipofectamine 2000 transfection reagent according to manufacturer’s instructions
(Invitrogen, Thermo Fisher, Warrington, UK) and a nontargeting siRNA negative control (Ambion, Thermo Fisher,
Warrington, UK) was used as a control for all siRNA
experiments.
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RNA extraction, library preparation and RNA sequencing
(RNA-seq)

To assess the global effects of HOXC11 in endocrineresistant breast cancer cells we performed RNA-seq on
LY2 cells, which were transfected with either siRNA targeting HOXC11 (siRNA-HOXC11) or a scrambled negative
control siRNA (scrambled) in the presence of tamoxifen
(10−8 M). Knockdown was verified by Taq-man quantitative
reverse transcription PCR (qRT-PCR) prior to library preparation. RNA (10 μg) was extracted using an Oligotex
mRNA kit (Qiagen) as per manufacturer’s instructions
(n = 4). RNA was reverse transcribed followed by
mRNA library preparation and sequencing based on a
protocol outlined by Wilhelm et al. [32]. Sequencing
was performed on an Illumina Genome Analyzer II (GAII)
(54 million reads per sample on average). Four independent biological libraries were prepared for each sample to
facilitate the detection of expression and estimation of
variance. Multiplexing was achieved using barcoding
adapters designed in house. After quality checks two of
the replicates per sample group were then subjected to
further downstream analysis.
Short reads of 36 bp in length were aligned to human reference genome (UCSC hg19, Ensembl GRCh37 release 64)
using the splice-aware aligner Tophat [33] allowing up
to 50 multiple mapping locations and no more than 2
mismatches across each read. Differential expression genes
(DEGs) were detected by using the Cufflinks/Cuffdiff program (v v1.0.2) [34].
Estrogen response element (ERE) and androgen response
element (ARE) motif analysis

The AR and ER position frequency matrices (PFM) were
downloaded from the JASPAR database [35]. The PFM
was then converted to positive weight matrices (PWM)
using the MEME suite programme [36]. A 400-bp-sized
window surrounding starting sites of HOXC11 target genes
was selected for motif searching. FIMO [37], a MEME suite
programme, was used to identify the AR/ER motifs near
the HOXC11 target gene start site with a p value significance cutoff set at 0.001. Genes having at least one
significant hit were kept, and for genes with multiple significant hits, only the best one is reported.
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region (5000 bp upstream of TSSs) of all annotated human genes (UCSC hg19, Ensembl GRCh37 release 64).
Resultant hits that met the predefined cutoff (≥0.9; 1 denotes a perfect match) were kept and associated with corresponding gene symbols based on the UCSC kgXref
table. Overlaps between the DEGs from the siRNAHOXC11 RNA-seq data and those containing HOXC11
motif in their promoters were reported.
Chromatin immunoprecipitation

LY2 cells were treated with tamoxifen (10−8 M), estrogen
(10−8 M) or vehicle. LetR cells were treated with androstenedione (Andro, 10−7 M), estrogen (10−8 M) or vehicle.
Chromatin immunoprecipitation (ChIP) was performed as
previously described [21]. Mouse anti-HOXC11 (6 μg)
(Santa Cruz Biotechnology (SCBT), Texas, USA) was
added to the supernatant fraction and incubated overnight
at 4 °C with rotation. Proteins were un-crosslinked, and
primers were used to amplify the DNA −581 to −116 of
the PSAP proximal promoter that harbors a HOXC11
binding site and a hormone response element (HRE). PSAP
proximal promoter primers were forward: CCCGCTAC
TACAATGGGCTA, and reverse: GGGGAGGAGTGAG
GAAGAAC. Distal non-promoter control primers were
forward: TGGTGAGGTTGTATCCACGA, and reverse:
CCACTCATGCAATGACCGTA.
PSAP ELISA

A commercially available PSAP ELISA (Cusabio, Stratech,
Suffolk, UK) was used to assess serum levels of secreted
PSAP in conditioned medium from breast cancer cell lines
in vitro and also in blood serum from consenting patients
with breast cancer (n = 34) (see “Clinical Samples” for
more detail).
Western blotting

Protein from breast cancer cell lines were lysed, electrophoresed, and immunoblotted with a rabbit anti-human
AR (1:1000 dilution) (sc-816, SCBT), β-actin loading
control (Sigma Aldrich, UK) and a corresponding horseradish peroxidase-conjugated secondary antibody (Dako,
Den).

HOXC11 motif analysis

The global mapping of the HOXC11 motif was performed using the TFfind programme [38]. The HOXC11
motif frequency matrix (PFM) and representing logo were
identified from the UniPROBE database [39]. The first bp
and the last 3 bp of this motif were deemed to have low
information content and removed from further consideration, resulting in a full motif of 12 bp (consensus sequence: AANGTCGTAAAA) being employed for binding
site discovery. Mapping was carried out in the promoter

HOXC11 transfection

A vector construct pCMV.SPORT-HOXC11 (Life technologies, Thermo Fisher, UK) was used to transiently overexpress HOXC11 in MCF7 cells. MCF7 were seeded at 2.5
× 105 cells in a 6-well plate and incubated overnight.
Lipofectamine 2000 (Life Technologies) was used to
transfect the cells with pCMV.SPORT-HOXC11 versus
empty vector (2 μg) according to the manufacturer’s
instructions.
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TransAM AR assay

The TransAM assay (Active Motif, California, USA) was
modified for use with an AR rabbit anti-human antibody
(sc-816, SCBT). Optimal nuclear lysate and antibody concentrations were determined using steroid-dependent
LNCaP prostate cancer cell nuclear lysate as a positive
control (Additional file 1: Figures S1A and B). LetR breast
cancer cells were cultured in the presence of metribolone,
a synthetic androgen (R1881, Sigma Aldrich) (10 nmol/L)
or recombinant human PSAP (rhPSAP) (10 ng/ml) for 1
hour. Cells were pelleted and nuclear protein isolated
using a NE-PER kit (Pierce, Thermo Fisher). The assay
was then performed according to manufacturer’s instructions using LetR nuclear cell lysate (20 μl) and AR antibody at a 1:250 dilution (Additional file 1: Figure S1B). On
completion of the assay the plate was read at an absorbance of 450 nm (0.1sec) using a Victor2 plate reader
(Perkin Elmer, Dublin, Ire).
Treatment of cells in vitro with rhPSAP

Lyophilized rhPSAP protein (Abnova, Taiwan) was reconstituted in storage buffer (50 mM Tris-HCI, 10 mM
reduced Glutathione, pH = 8.0). LetR cells were steroiddepleted for 72 hours prior to the addition of recombinant
PSAP protein (10 ng/ml). Cells were cultured for a further hour (TransAM) or for 24 hours (protein analysis)
under standard conditions, before the cell monolayer was
washed with PBS, trypsinised and the cells pelleted for further analysis.
Nuclear translocation assay

Uncoated glass microscope slides (BDH Laboratory supplies, UK) were cleaned with 100 % ethanol, air-dried
and placed in sterile 6-well tissue culture dishes. MCF7
and LetR cells were seeded at 6 × 102 onto a coverslip in
steroid-depleted media for 72 hours prior to treatment.
For individual treatments, rhPSAP (10 ng/ml) and enzalutamide (Enza, 10 μM, Selleckchem, Stratatech) were added to
the cells for 3 hours. For dual rhPSAP and Enza treatment,
cells were pretreated with Enza (10 μM) for 2 hours and
then co-treated with rhPSAP (10 ng/ml) in the presence of
Enza for a further hour (3 hours total treatment time). Cells
were washed in PBS and fixed in methanol for 10 minutes
and permeabilised with 0.1 % triton X-100. Samples were
then blocked with 10 % goat serum for 1 hour at room
temperature (RT) and incubated with an antibody against
AR (N20, sc-815 1:50; SCBT) in 10 % human serum for 90
minutes at RT. Samples were incubated with secondary
antibody anti-rabbit Alexa Fluor 488 (1:200) (Thermo
Fisher) in 10 % human serum for 1 hour at RT. The nuclei were stained with 4′,6-diamidino-2-phenylindole
(1 μg/ml) for 1 minute. Samples washed with dH2O and
coverslips containing treated samples were mounted onto
slides using fluorescent mounting media (Dako). Cells
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were visualised by fluorescent microscopy using the CellSens Olympus software. The nuclear translocation of AR
(the intensity of AR signal within the nucleus) was quantified in a minimum of 50 cells using ImageJ software.
In vitro cell migration assay

Uncoated glass microscope slides were cleaned with 100 %
ethanol, air-dried and placed in sterile 6-well tissue culture
dishes. Cells were plated (LetR 3 × 105 cells/2ml growth
medium per well, MCF7 2.5 × 105 cells/2ml growth
medium per well) and allowed to adhere for 24 hours
at 37 °C under standard conditions. Cell monolayers were
wounded using the pointed edge of a 20−200-μl yellow pipette tip to score laterally and through the longest length of
the cell monolayer. All slides were wounded aseptically at
the same time. Cells were treated with 0.1, 1.0, and 10.0 ng/
ml rhPSAP and vehicle (Tris–HCl 5 nM). Five images were
captured along the length of the scratch at 0, 6 and 24
hours. Five measurements were made within each image
using CellSens Entry 1.8 software. Each treatment group
consisted of three slides and the entire experiment was repeated in triplicate.
Transwell invasion assay

Twenty-four-well Biocoat matrigel invasion chambers
(Corning, USA) were prepared as per manufacturer’s
instructions: 5 × 104 cells/500 μl (either MCF7 or LetR)
were seeded in serum-free medium into the upper chamber of the insert, and 10 % serum medium was added to
the lower chamber to act as a chemoattractant. rhPSAP
(10 ng/ml) was added to the upper chambers versus Tris–
HCl (5 nM) control. Transwell plates were incubated for
48 hours under normal conditions, 37 °C, 5 % CO2. If cells
had been transfected with siRNA the experiment was extended to 60 hours. Inserts were then washed with PBS
(×2) and cells in the upper chamber removed using a cotton tip (Johnston & Johnston, Ire); cells remaining in the
underside of the insert were then fixed in methanol
(10 minutes), and 0.5 % crystal violet (Cruinn, Ire) was
added to the lower chamber to visualize cells that had
invaded across the membrane. Inserts were washed in
dH2O (×2). Representative images (×4 magnification)
(CellSens Olympus software) were then evaluated using
Image J software to quantify the results. A minimum of
five fields of view were evaluated per well.
MTS assay

LetR cells were steroid-depleted for 72 hours and then
seeded into a 24-well plate prior to the addition of
bicalutamide (Bica) (1 μM) (Sigma Aldrich) or vehicle
(dimethyl sulfoxide DMSO; 0.01 %) to regular growth
medium. MTS reagent (Sigma Aldrich) was added after
2, 3 and 4 days respectively and the resultant
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Fig. 1 Prosaposin (PSAP) was identified as a putative HOXC11 target gene from RNA-sequencing (RNA-seq) of endocrine-resistant breast cancer
cells in which HOXC11 was knocked down. a (i) RNA-seq was performed on mRNA from endocrine-resistant breast cancer cells (LY2) in which
HOXC11 had been silenced (n = 2): 1,919 hits (cutoff >= 0.95), corresponding to 1,243 Entrez gene IDs were identified. TFFind, a motif mapping
programme, was used to search for the HOXC11 motif (consensus sequence: GTCGTAAA) in all annotated human genes from UCSC (26,648
sequences). The analysis of these data resulted in the identification of 711 genes putatively regulated by HOXC11. (ii) Breakdown of RNA subtype
percentages identified in RNA-seq screening. b De novo motif identification was performed on sequences of HOXC11 targets that harbour
hormone response elements using the MEME program resulting in the identification of a novel motif (e-value: 1.3e-1337). The novel motif has
significant similarity to androgen receptor (AR) (p value: 2.26e-6) and NR3C1 (glucocorticoid receptor (GR)) (p value: 2.81e-4). c AR motif analysis
of total HOXC11 target genes shows that approximately 60 % contain an androgen response element (ARE) in the proximal promoter region.
d Merging RNA-sequencing and HOXC11 transcription factor motif-mapping datasets yielded a total of 29 genes, which were then ranked by
magnitude of fragments per Kilobase of transcript per million. e Validation of the putative HOXC11 target gene, PSAP, was confirmed by performing
chromatin immunoprecipitation to determine recruitment of HOXC11 to the PSAP promoter in LY2 (tamoxifen resistant) cells cultured in the
presence of tamoxifen versus vehicle. Results are representative of three separate experiments

colorimetric outputs analyzed by measuring the absorbance at 490nm using a spectrophotometer (Perkin Elmer).
Colony forming assay

LetR cells were steroid depleted for 72 hours prior to being seeded into 6-well plates at a density of 5 × 102 cells
per well. The cells were treated with vehicle (DMSO;
0.01 %) or Bica (1 μM) and androstenedione (100 nmol/
L), and each plate was incubated over 4, 8, or 12 days.
Media containing treatments were changed every 48 hours
up until the end of each time point. After each time point
was reached, cells were washed with PBS, fixed with
methanol-glacial acetic acid and stained with 0.5 %
crystal violet solution (Cruinn).

growth factor receptor (Her)2 over-expressing and basal)
and each subtype was assessed for correlation (Spearman)
between PSAP and HOXC11. In addition, samples with
high AR expression (upper quartile) were also selected
and the Spearman’s correlation between HOXC11 and
PSAP calculated for this subgroup. A hazard ratio (HR)
curve was also generated for PSAP based on these data.
Meta-analysis of PSAP mRNA expression and breast cancer
patient survival

BreastMark [40] is an algorithm that enables the identification of subsets of gene transcript/miRNAs that are associated with disease progression in breast cancer and its
subtypes. High levels of PSAP and/or AR mRNA were
evaluated in endocrine-treated datasets.

Clinical samples

Preoperative blood serum was collected from patients
undergoing surgery for the resection of a clinically diagnosed primary breast tumour: 7-ml blood samples
were taken in non-heparinised tubes, allowed to clot at
RT for approximately 30 minutes and separated in a
cooled (4 °C) centrifuge at 2,000 g for 10 minutes.
Serum was stored as 0.5-ml aliquots/cryovials and placed
in a freezer at −80 °C within 2 hours of being obtained. All
patients provided written consent and are currently enrolled on a clinical trial (ICORG – 09–07), ethical approval
was sought and granted by the appropriate Research
(Medical Ethics) Committees at Beaumont and Waterford
Regional Hospital (Ire). Clinical pathology data including
receptor status, tumour grade, nodal status, and endocrine
therapy have been collated. The median follow-up period
for the cohort was 35 months.
HOXC11 and PSAP mRNA correlation in clinical datasets

The Cancer Genome Atlas (TCGA) breast cancer RNA-seq
dataset was evaluated to determine correlation between
PSAP and HOXC11 mRNA in a supplementary clinical
cohort. The TCGA data were classified based on breast
cancer subtypes (luminal A, luminal B, human epidermal

Statistical analysis

Graphpad Prism was used for the majority of statistical analysis. Univariate analysis was conducted using Fisher exact
test for categorical variables. A p value of less than 0.05 was
considered to be significant. Significance for quantitative
data was evaluated by repeated measures one-way analysis
of variance (ANOVA) for treatments over time and the
unpaired, two-tailed Student t test was used to compare
means. Spearman’s rank coefficient was used to determine correlation between variables.
Data accession code

RNA-seq data are available from the Gene Expression
Omnibus (GEO) database (GSE71139).

Results
Prosaposin (PSAP) was identified as a putative HOXC11
target gene from RNA-sequencing of endocrine-resistant
breast cancer cells in which HOXC11 was knocked down

Expression levels of 1,919 genes were shown to be significantly altered after HOXC11 knockdown in endocrineresistant breast cancer cells in vitro (Fig. 1a (i)). The DEGs
included 977 downregulated genes (see Additional file 2)
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Fig. 2 HOXC11 is recruited to the prosaposin (PSAP) promoter when estrogen signalling is disrupted. a HOXC11 is present on the PSAP promoter in
letrozole-resistant (LetR) cells cultured in androstenedione but not estrogen. HOXC11 is not present on the PSAP promoter in LY2 (tamoxifen (Tam) resistant)
cell cultures in estrogen. Cycle threshold (ct) values were not detected for distal-promoter control reactions for any sample. Error bars are representative of
mean ± standard error of the mean from three separate experiments (LetR) and two separate experiments (LY2). b In summary, HOXC11 is recruited to the
PSAP promoter in endocrine-resistant breast cancer cells in which estrogen signalling has been disrupted. c (i) Expression of PSAP mRNA is
significantly reduced in LY2 cells following silencing of HOXC11 by siRNA. (ii) Expression of PSAP mRNA is significantly reduced in LetR cells
following silencing of HOXC11 by siRNA. Results are representative of three separate experimental replicates. d HOXC11 and PSAP mRNA levels
were evaluated by qRT-PCR from RNA extracted from primary breast cancer specimens (n = 51). Spearman’s rank test was used to evaluate correlation
between PSAP and HOXC11 transcripts (r = 0.7745: p <0.0001). *p <0.05, **p <0.001, ***p <0.0001). Andro androstenedione, HRE hormone
response element

and 942 upregulated genes (see Additional file 3). The sequencing experiment was designed to focus on poly (A)
transcripts and as a result over 64 % (1,256) of these DEGs
were protein-coding (Fig. 1a (ii)). HOXC11 was verified to
be silenced from the RNA-seq data along with selected
target gene validation (Additional file 4: Figure S2a (i-ii)).
ARE and ERE motif analysis was performed on all target genes and 1,170 genes were found to harbour an AR
binding element (Additional file 5) and 1,558 genes containing an ER binding site (Additional file 6). A total of
949 gene targets were identified that harbour both HREs
(Fig. 1b). In order to evaluate whether these HREs are predominately ARE or ERE, we evaluated the left half of both
motifs by selecting 10 bp from each of the matchedsequences, which covers either position 2–11 of ER or
position 1–10 of AR. De novo motif identification was performed on these sequences using the MEME programme.
This resulted in the identification of a novel motif (e-value:
1.3e-1337) (Fig. 1b) returned from MEME which was then
compared to all known motifs annotated in the JARSPAR
database (JARSPAR CORE 2014) using the TOMTOM
programme [35, 36]. The top matched motif was shown to
be AR (p value: 2.26e-6) (Additional file 4: Figure S2b) and
the second most similar motif is NR3C1 (glucocorticoid receptor (GR)) (p value: 2.81e-4). Further analysis of the AR
binding sites in HOXC11 target genes showed that approximately 60 % of the 1,919 genes are positive for a proximal
promoter ARE (Fig. 1c).
RNA-seq data was then merged with HOXC11 motif
mapping resulting in the identification of 29 putative
direct target genes (Fig. 1d). The list of genes was ranked
by magnitude of fragments per kilobase of transcript per
million (FPKM) mapped reads to ensure ample abundance
of transcript for validation purposes. This resulted in
PSAP being identified and validated as the top ranked
gene exhibiting differential expression when HOXC11
is knocked down. HOXC11 recruitment to the PSAP
promoter was verified by ChIP analysis performed on the
endocrine-resistant LY2 cells. It was noted that HOXC11
is recruited to the PSAP promoter (−581 to −116) under
basal conditions but that levels are enhanced when cells
are cultured in the presence of tamoxifen (Fig. 1e).

HOXC11 is recruited to the PSAP promoter in vitro when
estrogen signalling is disrupted

Evaluation of HOXC11 recruitment to the PSAP promoter in
LetR cells was evaluated by ChIP. HOXC11 was present on
the promoter when cells were treated with androstenedione
but its recruitment was markedly diminished when
cells were treated with estrogen, this loss of HOXC11 recruitment was also observed in LY2 cells treated with estrogen (Fig. 2a). These data collectively led us to hypothesize
that HOXC11 recruitment to, and subsequent transcription of, the PSAP gene occurs when normal estrogen signalling pathways have been disrupted by long-term
endocrine treatment (Fig. 2b). Evaluation of HOXC11
regulation of PSAP in tamoxifen and AI-resistant breast
cancer cell lines showed a concomitant decrease in PSAP
mRNA when HOXC11 was knocked down (Fig. 2c (i-ii)).
To determine if these genes are correlated in clinical
samples, HOXC11 and PSAP mRNA was assessed in a
cohort of primary breast tumours (n = 51). Transcript levels
of HOXC11 and PSAP mRNA were found to correlate
significantly in primary breast tumour tissue (rS = 0.7745,
p <0.0001) (Fig. 2d).
PSAP, a known AR activator, is readily detectable in breast
cancer cells that have high endogenous levels of HOXC11
and AR protein: over-expression of HOXC11 induces nuclear
translocation of AR in MCF7 cells

PSAP is a secreted protein that is detectable in conditioned
medium from breast cancer cell lines. A commercially
available ELISA was used to assess levels of secreted
PSAP in breast cancer cell-conditioned media. Higher
levels of PSAP protein were detectable in all endocrineresistant cell lines (LY2, LetR and AnaR) compared to their
endocrine-sensitive counterparts (MCF7 and Aro) (Fig. 3a).
PSAP has been previously reported to induce AR protein
in prostate cancer cells [30]. Western blot analysis of a
range of cell lines was performed to evaluate if there is
an association between elevated levels of PSAP and nuclear
AR protein in breast cancer cells. MDA-MB-453, an apocrine breast cancer cell line (ER−, PR−, HER2−, AR+) was
used as a positive control and SKBR3 (ER−, PR−, HER2+,
AR-low) as a negative control. Elevated levels of AR were

Ali et al. Breast Cancer Research (2015) 17:123

Fig. 3 (See legend on next page.)

Page 9 of 19

Ali et al. Breast Cancer Research (2015) 17:123

Page 10 of 19

(See figure on previous page.)
Fig. 3 Prosaposin (PSAP), a known androgen receptor (AR) activator, is readily detectable in breast cancer cells that have high endogenous levels
of HOXC11 and AR protein. a Secreted PSAP protein levels were evaluated in conditioned media harvested from a range of breast cancer cell
lines that were designated endocrine-sensitive (MCF7, Aro) or endocrine-resistant (LY2, letrozole-resistant (LetR) and anastrozole-resistant (AnaR)).
PSAP ELISA detected significant levels of protein in the endocrine-resistant cells. b (i) Protein levels of AR were determined by western blot analysis of nuclear
protein cell lysate extracted from breast cancer cells (MCF7, LetR, MDA-MB-453, LY2 and SKBR3). (ii) Endocrine-resistant cells LY2 and LetR
exhibited >2 fold increase in AR nuclear protein expression compared to their endocrine-sensitive MCF7 counterparts. Image representative
of three experimental replicates. Error bars are representative of mean ± standard error of the mean (SEM) of three separate experiments. c (i) Transient
overexpression of HOXC11 in MCF7 cells resulted in a significant increase in the level of nuclear AR. Image representative of three experimental replicates.
Error bars are representative of mean ± SEM of three separate experiments. c (ii) Representative images of AR in MCF7 cells with transient overexpression
of pSPORT empty vector versus pSPORT HOXC11. d Elevated levels of PSAP, HOXC11 and AR in endocrine-resistant cells. §McIlroy et al., 2010. *p <0.05
**p <0.001. Tam tamoxifen, AI aromatase inhibitor

detected in both tamoxifen (LY2)- and AI (LetR)-resistant
cell lines and were virtually undetectable in the parental
MCF7 cells (Fig. 3b (i-ii)). Transient overexpression of
HOXC11 in MCF7 cells resulted in a significant increase in
the level of nuclear AR compared to the levels observed in
an empty vector control (Fig. 3c (i-ii)). Consolidation of
these results with HOXC11 protein expression status [21]
shows that endocrine-resistant cells have elevated levels of
HOXC11, PSAP and AR protein when compared to
endocrine-sensitive MCF7 cells (illustrated in Fig. 3d).
AR is upregulated and transcriptionally activated in LetR
cells treated with recombinant PSAP; AR activation by PSAP
can be diminished by co-treatment with the anti-AR drug
enzalutamide

Treatment of LetR cells with rhPSAP (10 ng/ml) upregulates
AR protein expression (Fig. 4a (i-ii)). A modified TransAM
transcription factor ELISA (45496, Active Motif) was used
to evaluate activation of the AR. The TransAM assay is a
DNA-binding ELISA that facilitates the study of transcription factor activation in nuclear cell extracts. The plate consists of an immobilized oligonucleotide containing the HRE
binding site (5′-GGTACAnnnTGTTCT-3′) to which AR is
known to have high affinity [41]. AR binding to the oligonucleotide was significantly increased in the presence of
rhPSAP (10 ng/ml) and R1881 (10 nmol/L) compared to
control (Fig. 4b (i-ii)). Nuclear translocation assays were
then utilised to monitor AR nuclear trafficking in the presence of rhPSAP plus or minus the anti-AR drug, enzalutamide. Treatment of LetR cells with rhPSAP induced
significant translocation of the AR into the nucleus.
Enzalutamide alone successfully inhibited the nuclear
presence of AR in unstimulated cells. Combined treatment of rhPSAP and enzalutamide significantly reduced
the nuclear-trafficking effect of rhPSAP (Fig. 4c (i) with
representative images in 4c (ii). When this experiment was
carried out in the endocrine-sensitive MCF7 cells there
was much less AR detected and no significant change in
AR nuclear localisation with treatments (Fig. 4c (iii), for
representative images see Additional file 7: Figure S3).

PSAP increases cell motility and invasiveness of
endocrine-resistant breast cancer cells with no significant
impact on the function of endocrine-sensitive cells

The impact of rhPSAP on cell migration in the endocrineresistant and sensitive cells was evaluated using a scratch
assay. rhPSAP at a range of 1−10 ng/ml induced a significant increase in LetR cell migration after 24 hours
(Fig. 5a (i)), conversely, there was no impact on endocrinesensitive MCF7 cell migration following rhPSAP treatment
((Fig. 5a (ii)). Further functional studies investigated the impact of rhPSAP on cell invasiveness. A Biocoat matrigel invasion assay determined that LetR cells have innate invasive
properties that are not apparent in the endocrine-sensitive
MCF7 cells (Fig. 5b (i and iii). Upon treatment with rhPSAP
there was a significant increase in the numbers of invasive LetR cells (Fig. 5b (ii)), whereas rhPSAP treatment
made no significant impact on the invasive potential of
the MCF7 cells (Fig. 5b (iv-v)). Knockdown of HOXC11
markedly impacted upon the invasive capacity of LetR
cells when cultured under vehicle and rhPSAP treatments
(Fig. 5c (i-v).
Inhibition of AR can diminish letrozole-resistant cell
proliferation and the pro-migratory impact of rhPSAP

The pro-migratory influence of PSAP could be successfully
attenuated by co-treating with the anti-AR drug (bicalutamide) (Fig. 6a (i-ii)). Bicalutamide treatment alone did not
have any impact on cell migration (Fig. 6a (iii)). Follow-on
studies investigated the impact of anti-AR treatment on
LetR cell growth and it was observed that bicalutamide significantly inhibited cell proliferation in both MTS and colony forming assays (Fig. 6b (i-ii)).
Pre-operative serum levels of PSAP are significantly higher in
breast cancer patients whose disease subsequently recurred:
high levels of both PSAP and AR mRNA associate very
strongly with poor disease-free survival in endocrine-treated
breast cancers

Evaluation of secreted PSAP levels in a cohort of endocrine
resistant patient sera along with age-matched, non-recurrent
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Fig. 4 Androgen receptor (AR) protein is upregulated and transcriptionally activated in letrozole-resistant (LetR) cells treated with recombinant prosaposin
(PSAP); the effect of PSAP can be diminished by co-treatment with the anti-AR drug enzalutamide (Enza). a (i) Western blot analysis was used to quantify
AR protein levels in LetR cells treated with recombinant human PSAP (rhPSAP) (10 ng/ml) versus control (Tris–HCl). (ii) Densitometry values from separate
experiments. Error bars are representative of mean ± standard error of the mean (SEM) of three separate experiments. b (i) Modified TransAM assay was
used to evaluate AR recruitment to a direct AR binding sequence 5′ – TGTTCT – 3′ when LetR cells are cultured in the presence of rhPSAP.
Results are representative of two separate experiments (ii) In LetR cells the AR binds the direct AR consensus sequence in the presence of
either R1881 or rhPSAP c. Nuclear translocation assays were used to observe the trafficking of AR in aromatase-inhibitor (AI)-resistant LetR
cells, as visualised by the detection of immunofluorescently labelled AR within the nucleus. c (i) rhPSAP treatment significantly increased AR
nuclear translocation in LetR cells (p <0.0001). rhPSAP and Enza combination treatment significantly decreased AR nuclear translocation in
LetR cells (p <0.05). Error bars are representative of mean ± SEM of three separate experiments. Anti-AR drug treatment (Enza) significantly
decreased AR nuclear translocation in LetR cells (p <0.05). (ii) There was no change in AR nuclear translocation in MCF7 cells following treatment with
either rhPSAP or Enza individually or with a combination of both rhPSAP and Enza. Error bars are representative of mean ± SEM of three separate
experiments. (iii) Representative images of AR nuclear translocation in LetR cells following individual treatments with rhPSAP and Enza and combination
treatments: *p <0.05, **p <0.001, ***p <0.0001. HRE hormone response element, Veh vehicle, DAPI 4′, 6-diamidino-2-phenylindole

controls (n = 34) were used to generate a training set; with
the aim to determine whether or not PSAP could distinguish
between patients sensitive or resistant to endocrine therapy.
The cutoff was set at 0.84 ng/μl, which was established from
the mean + 2 SD of PSAP serum levels in the non-recurrent
group (illustrated by dashed line Fig. 7a (i)). There was a significant difference in PSAP expression levels between the recurrent and non-recurrent samples (p = 0.03) (Fig. 7a (ii)).
The median follow up of patients in this cohort was 35
months. These data indicate that approximately 35 % of
patients with postmenopausal breast cancer, who have
recurrence whilst on endocrine therapy, express PSAP
serum levels elevated above the threshold. Serum PSAP
levels elevated above the cutoff were significantly associated with recurrence in an endocrine-treated cohort
of patients with breast cancer (p = 0.04) (Fig. 7a (i)).
Analysis of TCGA breast cancer dataset showed there to
be a weakly positive correlation between HOXC11 and
PSAP mRNA only in the luminal B subtype (rs 0.24). When
patients were further stratified to focus on those expressing
high levels of AR, the correlation between the two
genes was again only observed in subtypes of poorer
prognosis, in particular luminal B (rs 0.46) and basal
(rs 0.32) (Fig. 7b (i-ii)).
We then evaluated the impact of PSAP transcript levels
on endocrine-treated breast cancer patient outcome using
the Breastmark meta-analysis software [40]. The high expression group in each plot (blue) accounts for the upper
quartile of expression levels for a particular transcript and
the low expression group (red) the remaining 75 %. This
was applied to each of the individual datasets and the information was then combined to perform a global pooled
survival analysis; 661 samples were used in this comparison. The HR was generated using Cox regression and the
logrank test was used to assign significance to the HR.
High expression levels of PSAP transcript were found to
be strongly predictive of poor DFS (p = 0.03) with an HR
of 1.45 (Fig. 7c (i)). The association of PSAP with poor

outcome is also observed in an HR curve generated for
PSAP in TCGA dataset (Additional file 8: Figure S4a).
Moreover, when we combined high expression of both
PSAP and AR mRNA there was a more pronounced detrimental impact on patient DFS (p = 0.0003) with an HR of
2.2 (Fig. 7c (ii)) compared to either transcript alone
(Additional file 8: Figure S4b).

Discussion
HOX genes have been implicated in the development of
haematological and solid tumour malignancies [42], with
many studies focusing on their potential role in endocrine cancers [27, 28, 43]. HOX genes play vital roles in
body mapping during development and posterior HOX
genes in particular are under very tight regulation by estrogen [44]. It is therefore of interest to understand how the
abnormal rebooting of posterior HOXC genes in mammary
epithelial tumour cells can potentiate endocrine-resistant
cancer and the development of metastasis [21, 27, 45]. In
this current study we wanted to further elucidate the role
of HOXC11 with regard to endocrine resistance and steroidal adaptability in breast cancer. RNA-seq experiments
identified 1,919 DEGs when HOXC11 was silenced in
endocrine-resistant breast cancer. Analysis of genes
harbouring an HRE in the proximal promoter resulted
in a novel motif with significant sequence similarity to
AR and GR. Filtering of the data using motif mapping
identified 29 putative direct HOXC11 target genes including PSAP which is a known AR activator [46]. HOXC11
recruitment to the DNA was found to be highly responsive
to the steroid environment. We observed that HOXC11 recruitment to the proximal PSAP promoter is impaired by
treatment with estrogen in endocrine-resistant cell lines.
This is likely due to the fact that a number of posterior
HOXC genes are estrogen-repressed [27], the exact
mechanism is unknown but it could be postulated to
be due to chromatin remodelling [47]. It is therefore notable
that there was no significant alteration in HOXC11
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Fig. 5 Prosaposin (PSAP) increases cell motility and invasiveness of letrozole-resistant (LetR) breast cancer cells with negligible impact on the function of
endocrine-sensitive cells. a (i) In vitro scratch assays were used to evaluate the impact of recombinant human PSAP (rhPSAP) on cell migration. Cell migration
was significantly enhanced in LetR cells exposed to increasing doses of rhPSAP with maximal impact observed with 10 ng/ml PSAP treatment (p <0.0001) (ii),
conversely, there were no changes in cell migration observed in MCF7 cells (not significant (n.s.). Error bars are representative of mean ± standard error of the
mean (SEM) of three separate experiments. b (i-ii) Using matrigel invasion chambers it was determined that the invasive potential of LetR cells was greatly
amplified when cells were cultured in the presence of rhPSAP (10 ng/ml) (40 hours) compared to their endocrine-sensitive counterparts, MCF7 which were
unresponsive to treatment (iii-iv). b (v) Bar-chart representing data from rhPSAP invasion assay in LetR and MCF7. Error bars are representative
of mean ± SEM of three separate experiments. c Transfection of LetR cells with siRNA-HOXC11 significantly inhibits cell migration (i-ii), furthermore, treatment
of cells with rhPSAP (10 ng/ml) (60 hours) does not stimulate cell invasion when HOXC11 is knocked down (iii-iv). c (v) Data from rhPSAP invasion assay in
LetR +/− rhPSAP. Error bars are representative of mean ± SEM from four separate experiments: *p <0.05, **p <0.001, ***p <0.0001. Scram veh
scrambled vehicle

recruitment in the AI-resistant cells treated with androstenedione; suggesting alternate patterns of HOXC11 recruitment can be dictated by the steroid microenvironment.
The upregulation of PSAP gene expression by HOXC11
in endocrine-resistant breast cancer cells was of interest primarily due to its association with tamoxifen resistance [29], but also because of its potential as an AR
activator. Previous studies by Koochekpour et al. demonstrated PSAP to cause ligand-independent activation
of AR in prostate cancer via activation of the PI3K

pathway [46]. To this end we decided to explore whether
or not PSAP can also activate AR in AI-resistant breast
cancer cells in the presence of unconverted endogenous
androgens. AR transcription factor activity assays demonstrated successful activation of AR by treatment with
rhPSAP, which was of similar magnitude to R1881 exposure. This was further validated by nuclear translocation experiments demonstrating that AR activation by
PSAP in resistant cells could be attenuated by treatment
with an anti-AR drug. The majority of research articles

Fig. 6 Inhibition of androgen receptor (AR) can diminish letrozole-resistant (LetR) cell proliferation and the pro-migratory impact of recombinant
human prosaposin (rhPSAP). a Scratch assays were utilised to investigate the impact of rhPSAP on the migratory capacity of aromatase inhibitor
(AI)-resistant LetR cells. Anti-AR, bicalutamide (Bica), treatment did not significantly impact on the migratory capacity of AI-resistant LetR cells over
48 hours (i); rhPSAP treatment (10 ng/ml) significantly increased LetR cell migration over 48 hours (ii). Combination treatment with rhPSAP and
bicalutamide significantly inhibited rhPSAP-mediated cell migration in AI-resistant LetR cells over 48 hours (iii). b (i) MTS and (ii) colony forming assays
were performed to assess the impact of bicalutamide on AI cell proliferation. Treatment of AI-resistant cells with the anti-AR drug, bicalutamide, reduces
cell proliferation in LetR. Error bars are representative of mean ± standard error of the mean from three separate experiments. *p <0.05, **p <0.001. VEH
vehicle, COMBO combination
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Fig. 7 Pre-operative serum levels of prosaposin (PSAP) are significantly higher in breast cancer patients whose disease subsequently recurred. High levels
of both PSAP and androgen receptor (AR) mRNA are very strongly associated with poor disease-free survival (DFS) in endocrine-treated breast cancer. a A
commercially available ELISA kit for human PSAP was used to quantify serum levels of the secreted protein in sera from breast cancer patients. PSAP levels
were evaluated in a subset of endocrine-resistant patients versus age-matched controls. (i) The non-recurrent control group was used to
generate a training set to establish a cutoff value of 0.84 ng/μl (median + 2 SD) to distinguish between patients sensitive and resistant to
endocrine therapy (dashed horizontal line). The median follow up of the cohort was 35 months. Preliminary findings indicate approximately
35 % of postmenopausal breast cancer patients who had recurrent disease whilst on endocrine therapy expressed PSAP serum levels elevated above the
cutoff (p = 0.04). (ii) Levels of PSAP detected in sera from patients with recurrent breast cancer was significantly higher than those of endocrine-responsive
patients (p = 0.03). b (i) Breast cancer patients (The Cancer Genome Atlas dataset (TGCA) with high androgen receptor (AR) expression (upper quartile) were
selected and Spearman’s correlation between HOXC11 and PSAP was calculated for each subtype: gray luminal A, blue luminal B, red basal,
green HER2 (n = 199). (ii) Tabulated results show Spearman’s correlation between HOXC11 and PSAP mRNA in AR-high breast cancers per
subtype. c (i) Meta-analysis of transcript levels in breast cancer patients (n = 661) indicates that PSAP mRNA is a significant predictor of poor
response to endocrine treatment in endocrine-treated patients (p = 0.03; hazard ratio (HR) 1.4). (ii) Patients expressing high mRNA levels of both PSAP
and AR experience much shorter periods of DFS reflected in an HR of 2.2 (p = 0.0003). BrCa breast cancer, HER2 human epidermal growth factor 2

investigating the role of AR and/or androgens in breast
cancer have concluded that male sex hormones and receptors have an inhibitory impact on breast cancer cell
growth [13, 48, 49]. However, if we consider the
uniquely androgenic steroid environment that arises
from treatment with an AI it should be queried
whether this assumption is still relevant in the event
of recurrence with this class of drug.
PSAP had previously been reported to stimulate ERpositive endocrine-sensitive breast cancer cell growth
[50], however, in the resistant setting, no significant impact
on cell growth was observed (Additional file 9: Figure S5).
The focus of functional studies was shifted to evaluate the
impact of PSAP on cell migration. Treatment of cells with
rhPSAP demonstrated that only endocrine-resistant breast
cancer cells respond to the pro-migratory and pro-invasive
effects of the protein. Further experiments indicated that
HOXC11 upregulation is required for the pro-invasive impact of PSAP to manifest fully, suggesting that HOXC11
expression is key to development of the aggressive phenotype. Increased responsiveness in resistant cells may be due
to a number of unexplored factors including expression of
cell surface receptors capable of binding PSAP [51] or activation of specific signalling pathways [30]. Indeed, PSAP
does appear to induce activation of p-AKT in breast cancer
cells in vitro (Additional file 10: Figure S6a and b). This
leads to the appealing possibility of identifying new hallmarks of resistance to endocrine therapy and the elucidation of novel drug targets. The clinical potential of PSAP is
highlighted by the significantly elevated levels of the protein
detected in serum from breast cancer patients who experienced disease recurrence on endocrine therapy.
HOXC11 and PSAP mRNA levels are strongly correlated
in a primary breast cancer cohort (rs = 0.7692, n = 51). Further analysis of TCGA datasets also demonstrate a correlation between HOXC11 and PSAP transcript levels,
specifically in luminal B breast cancer in which AR is
elevated (rs = 0.46). HOXC11 over-expression in MCF7
cells results in a significant increase in nuclear AR

suggesting that HOXC11 upregulation may be a major
determinant of the adaptive process. In our AI-resistant
breast cancer model we have shown that PSAP is capable of upregulating and activating AR in the context of
high HOXC11 expression. Collectively these data suggest that the tumour promotional activation of AR may
be an adaptive response primarily in cancers exhibiting
dysregulated estrogen signalling. Importantly these findings
open up the possibility of utilizing anti-androgens in the
treatment of a specific subtype of breast cancer expressing
high levels of AR and PSAP, which may not exhibit sustained response to endocrine therapy. Studies by other
groups [16] have shown AR to be co-opted as a transcription factor in place of ER in the apocrine subtype;
in our model we have also observed AR recruitment to
some, but not all, ER targets evaluated (unpublished
observations). Further investigations into the AR transcriptome in AI-resistant breast cancer will help elucidate which processes are being impacted. We would
purport from these observations in AI-treated breast
cancer (in which estrogen signalling has been dysregulated)
that tumour cells have the potential to adapt and utilize
bioavailable steroids such as those of adrenal origin: 75 % of
breast tumours are positive for AR and so it is of interest to
evaluate how these cells adapt to the preponderance of circulating androgens that occurs during prolonged treatment
with AI therapy. Evidence that this may be a mechanism of
resistance is emerging from clinical data suggesting
that levels of androgens, and more specifically androstenedione, are increased in breast cancers refractory to AI
therapy [52]. Such disruption of normal hormonal homeostasis of the breast will result in perturbation of normal
mammary epithelial maintenance [53] and this is what we
hypothesize may be contributing to the development of
endocrine resistance.

Conclusion
This study is supportive of a growing consensus that high
levels of AR may have a crucial role to play in the
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development of endocrine resistance [19, 20]. Notably, we
have identified a secreted marker, PSAP, which may have
utility in directing anti-AR second-line therapy for patients
failing on conventional endocrine treatment. In conclusion,
steroid receptor interplay may exert a more dynamic and
influential role in endocrine resistance than previously
thought. To this end a further exploration of the role of the
AR, in the development of AI resistance in particular, is
warranted.
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GREB1, in LY2 cells in which HOXC11 was knocked down by siRNA. (ii)
Levels of concomitant GREB1 decrease when HOXC11 is silenced is
comparable to alterations observed in HOXC11 RNA-seq data. b The top
novel motif returned from MEME was then compared to all known motifs
annotated in the JARSPAR database (JARSPAR CORE 2014) using the TOMTOM
program. The top matched motif is shown to be androgen receptor (AR)
(p value: 2.26e-6) and the second most similar motif is NR3C1
glucocorticoid receptor (GR) (p value: 2.81e-4). (PDF 209 kb)
Additional file 5: Table: Androgen receptor (AR) motif results
p <0.001. A 400-bp-sized window surrounding starting sites of HOXC11
target genes was selected for AR motif searching. The searching process
was performed using the FIMO program available in MEME-suite with the
p value significant cutoff set at 0.001. (PDF 804 kb)
Additional file 6: Table: Estrogen receptor (ER) motif results
(p <0.001). A 400-bp-sized window surrounding starting sites of HOXC11
target genes was selected for ER motif searching. The searching process
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p value significant cutoff set at 0.001. (PDF 198 kb)
Additional file 7: Figure S3. Representative images of androgen receptor
(AR) nuclear translocation in MCF7 cells following individual treatments with
recombinant human prosaposin (rhPSAP) and enzalutamide (Enza) and
combination treatments. (PDF 114 kb)
Additional file 8: Figure S4. a Hazard ratio (HR) curve was generated
for prosaposin (PSAP) using the TCGA dataset. PSAP expressions between
25 and 75 % quantiles have a HR consistently >1. b Androgen receptor
(AR) mRNA does not associate with poor disease-free survival (DFS) in
endocrine-treated breast cancer. Kaplan-Meier survival curves were generated
to assess the impact of high androgen receptor transcript levels on survival of
endocrine-treated patients with breast cancer (n = 661). (PDF 204 kb)
Additional file 9: Figure S5. An MTS assay was utilised to assay the
impact of increasing doses of recombinant human prosaposin (rhPSAP)
on letrozole-resistant (LetR) cell proliferation after 24 hours treatment. No
change in LetR cell proliferation was detected following increased doses
in rhPSAP (n = 3). (PDF 86 kb)
Additional file 10: Figure S6. a Letrozole-resistant (LetR) cells were
treated with increasing doses of recombinant human prosaposin (rhPSAP).
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p-AKT expression in these cells showed a dose-dependent increase with
rhPSAP treatment (n = 3). b In LetR cells, there is increased protein expression
of p-AKT when treated with rhPSAP. However, when treated with BEZ235
(PI3K inhibitor), there is marked reduction in p-AKT expression. This reduction
is also similarly seen in the combination group of rhPSAP and BEZ235
treatments (n = 3). (PDF 138 kb)

Abbreviations
AI: aromatase inhibitor; AnaR: anastrozole-resistant; Andro: androstenedione;
AR: androgen receptor; ARE: androgen response element;
Aro: MCF7aromatase stable cell line; ATCC: American Type Culture Collection;
Bica: bicalutamide; bp: base pairs; ChIP: chromatin immunoprecipitation;
DEG: differentially expressed gene; DFS: disease-free survival; ELISA: enzymelinked immunosorbent assay; Enza: enzalutamide; ER: estrogen receptor;
ERE: estrogen response element; GR: glucocorticoid receptor; HR: hazard
ratio; HRE: hormone response element; LetR: letrozole-resistant;
PBS: phosphate-buffered saline; PFM: position frequency matrices;
PSAP: prosaposin; PWM: positive weight matrices; qRT-PCR: quantitative
reverse-transcribed PCR; rhPSAP: recombinant human prosaposin; RNAseq: RNA sequencing; RT: room temperature; siRNA: small interfering RNA;
TCGA: The Cancer Genome Atlas.
Competing interests
The authors declare there have been no competing interests.
Authors’ contributions
AA carried out validation experiments and molecular assays, collated patient
data, participated in study design, analysed results, and assisted in manuscript
preparation. LC conducted ChIP assays, ELISAs, TransAM assay, transwell assay,
and nuclear translocation assay, analysed results, and assisted in manuscript
preparation. YH carried out RNA-seq bioinformatic analysis, TCGA data analysis,
and assisted in the study design and manuscript preparation. DMcC participated
in study design, sample collation and library preparation for RNA-seq.
POG was involved in study design, bioinformatic analysis and revising the
manuscript critically for important intellectual content, AH collected patient
samples, participated in data analysis and study design, and revising the
manuscript critically for important intellectual content. LY contributed to
study design, data analysis, and manuscript preparation. MMcI contributed
to study design, patient data collation, RNA-seq sampling, data analysis, transwell
assay, TransAM assay optimization, and manuscript preparation. All authors read
and approved the final version of the manuscript.
Acknowledgements
Special thanks to Fiona Bane and Sinead Cocchiglia for all of their technical
expertise and advice. Thanks also to Afif Marzuki for his assistance in
performing migration assays and their analysis. We would also like to
acknowledge Mr Lance Hudson, Teresa McKeough and Dr Paul Tibbetts for
clinical support. Huge thanks to all the breast cancer patients who have
consented to partake in this study (ICORG 07/09). This study was funded by
Breast Cancer Campaign (UK) 2008NovPR60 (MMcI) and Health Research
Board (Ire) HRA_POR/2013/276 (MMcI). AA is funded by a Breast Cancer
Ireland Scholarship.
Author details
1
Endocrine Oncology Research, Department of Surgery, Royal College of
Surgeons in Ireland, St. Stephens Green, Dublin 2, Ireland. 2Department of
Surgery, Beaumont Hospital, Dublin 9, Ireland. 3School of Medicine and
Medical Science, UCD Conway Institute, University College Dublin, Dublin,
Ireland.
Received: 1 May 2015 Accepted: 20 August 2015

References
1. Servick K. Breast cancer. Breast cancer: a world of differences. Science.
2014;343:1452–3.
2. Simpson E, Rubin G, Clyne C, Robertson K, O’Donnell L, Davis S, et al. Local
estrogen biosynthesis in males and females. Endocr Relat Cancer.
1999;6:131–7.

Ali et al. Breast Cancer Research (2015) 17:123

3.
4.
5.

6.
7.

8.

9.
10.

11.

12.

13.

14.
15.

16.

17.

18.
19.

20.

21.

22.
23.
24.

25.

26.

27.

Lonning PE, Eikesdal HP. Aromatase inhibition 2013: clinical state of the art and
questions that remain to be solved. Endocr Relat Cancer. 2013;20:R183–201.
Simpson ER. Sources of estrogen and their importance. J Steroid Biochem
Mol Biol. 2003;86:225–30.
Santen RJ, Song RX, Masamura S, Yue W, Fan P, Sogon T, et al. Adaptation
to estradiol deprivation causes up-regulation of growth factor pathways
and hypersensitivity to estradiol in breast cancer cells. Adv Exp Med Biol.
2008;630:19–34.
American Cancer Society. Breast Cancer Facts & Figures 2013-2014.
Atlanta: American Cancer Society, Inc. 2013.
Kazi AA, Gilani RA, Schech AJ, Chumsri S, Sabnis G, Shah P, et al.
Nonhypoxic regulation and role of hypoxia-inducible factor 1 in
aromatase inhibitor resistant breast cancer. Breast Cancer Res.
2014;16:R15.
O’Hara J, Vareslija D, McBryan J, Bane F, Tibbitts P, Byrne C, et al.
AIB1:ERalpha transcriptional activity is selectively enhanced in aromatase
inhibitor-resistant breast cancer cells. Clin Cancer Res. 2012;18:3305–15.
Johnston SR. Hormone resistance. Cancer Treat Res. 2009;147:1–33.
Schiff R, Massarweh SA, Shou J, Bharwani L, Arpino G, Rimawi M, et al.
Advanced concepts in estrogen receptor biology and breast cancer endocrine
resistance: implicated role of growth factor signaling and estrogen receptor
coregulators. Cancer Chemother Pharmacol. 2005;56:10–20.
Moinfar F, Okcu M, Tsybrovskyy O, Regitnig P, Lax SF, Weybora W, et al.
Androgen receptors frequently are expressed in breast carcinomas:
potential relevance to new therapeutic strategies. Cancer. 2003;98:703–11.
Ogawa Y, Hai E, Matsumoto K, Ikeda K, Tokunaga S, Nagahara H, et al.
Androgen receptor expression in breast cancer: relationship with
clinicopathological factors and biomarkers. Int J Clin Oncol. 2008;13:431–5.
Peters AA, Buchanan G, Ricciardelli C, Bianco-Miotto T, Centenera MM, Harris
JM, et al. Androgen receptor inhibits estrogen receptor-alpha activity and is
prognostic in breast cancer. Cancer Res. 2009;69:6131–40.
Hankinson SE, Eliassen AH. Endogenous estrogen, testosterone and progesterone
levels in relation to breast cancer risk. J Steroid Biochem Mol Biol. 2007;106:24–30.
Liu YN, Liu Y, Lee HJ, Hsu YH, Chen JH. Activated androgen receptor
downregulates E-cadherin gene expression and promotes tumor metastasis.
Mol Cell Biol. 2008;28:7096–108.
Robinson JL, Macarthur S, Ross-Innes CS, Tilley WD, Neal DE, Mills IG, et al.
Androgen receptor driven transcription in molecular apocrine breast cancer
is mediated by FoxA1. EMBO J. 2011;30:3019–27.
Gonzalez-Angulo AM, Stemke-Hale K, Palla SL, Carey M, Agarwal R,
Meric-Berstam F, et al. Androgen receptor levels and association with
PIK3CA mutations and prognosis in breast cancer. Clin Cancer Res.
2009;15:2472–8.
Ni M, Chen Y, Lim E, Wimberly H, Bailey ST, Imai Y, et al. Targeting androgen
receptor in estrogen receptor-negative breast cancer. Cancer Cell. 2011;20:119–31.
De Amicis F, Thirugnansampanthan J, Cui Y, Selever J, Beyer A, Parra I, et al.
Androgen receptor overexpression induces tamoxifen resistance in human
breast cancer cells. Breast Cancer Res Treat. 2010;121:1–11.
Cochrane DR, Bernales S, Jacobsen BM, Cittelly DM, Howe EN, D’Amato NC.
Role of the Androgen Receptor in Breast Cancer and Preclinical Analysis of
Enzalutamide. Breast Cancer Res. 2014;16:R7.
McIlroy M, McCartan D, Early S, O Gaora P, Pennington S, Hill AD. Interaction
of developmental transcription factor HOXC11 with steroid receptor
coactivator SRC-1 mediates resistance to endocrine therapy in breast cancer
[corrected]. Cancer Res. 2010;70:1585–94.
Wang KC, Helms JA, Chang HY. Regeneration, repair and remembering identity:
the three Rs of Hox gene expression. Trends Cell Biol. 2009;19:268–75.
Pearson JC, Lemons D, McGinnis W. Modulating Hox gene functions during
animal body patterning. Nat Rev Genet. 2005;6:893–904.
Rinn JL, Bondre C, Gladstone HB, Brown PO, Chang HY. Anatomic
demarcation by positional variation in fibroblast gene expression programs.
PLoS Genet. 2006;2, e119.
Axlund SD, Lambert JR, Nordeen SK. HOXC8 inhibits androgen receptor
signaling in human prostate cancer cells by inhibiting SRC-3 recruitment to
direct androgen target genes. Mol Cancer Res. 2010;8:1643–55.
Rodriguez BA, Cheng AS, Yan PS, Potter D, Agosto-Perez FJ, Shapiro CL,
et al. Epigenetic repression of the estrogen-regulated Homeobox B13 gene
in breast cancer. Carcinogenesis. 2008;29:1459–65.
Pathiraja TN, Nayak SR, Xi Y, Jiang S, Garee JP, Edwards DP, et al. Epigenetic
reprogramming of HOXC10 in endocrine-resistant breast cancer. Sci Transl
Med. 2014;6:229ra241.

Page 18 of 19

28. Norris JD, Chang CY, Wittmann BM, Kunder RS, Cui H, Fan D, et al. The
homeodomain protein HOXB13 regulates the cellular response to
androgens. Mol Cell. 2009;36:405–16.
29. Meijer D, Jansen MP, Look MP, Ruigrok-Ritstier K, van Staveren IL, Sieuwerts
AM, et al. TSC22D1 and PSAP predict clinical outcome of tamoxifen
treatment in patients with recurrent breast cancer. Breast Cancer Res Treat.
2009;113:253–60.
30. Koochekpour S, Lee TJ, Sun Y, Hu S, Grabowski GA, Liu Z, et al. Prosaposin is
an AR-target gene and its neurotrophic domain upregulates AR expression
and activity in prostate stromal cells. J Cell Biochem. 2008;104:2272–85.
31. Hu S, Delorme N, Liu Z, Liu T, Velasco-Gonzalez C, Garai J, et al. Prosaposin
down-modulation decreases metastatic prostate cancer cell adhesion,
migration, and invasion. Mol Cancer. 2010;9:30.
32. Wilhelm BT, Marguerat S, Goodhead I, Bahler J. Defining transcribed regions
using RNA-seq. Nat Protoc. 2010;5:255–66.
33. Trapnell C, Pachter L, Salzberg SL. TopHat: discovering splice junctions with
RNA-Seq. Bioinformatics. 2009;25:1105–11.
34. Trapnell C, Roberts A, Goff L, Pertea G, Kim D, Kelley DR, et al. Differential
gene and transcript expression analysis of RNA-seq experiments with
TopHat and Cufflinks. Nat Protoc. 2012;7:562–78.
35. Mathelier A, Zhao X, Zhang AW, Parcy F, Worsley-Hunt R, Arenillas DJ, et al.
JASPAR 2014: an extensively expanded and updated open-access database
of transcription factor binding profiles. Nucleic Acids Res. 2014;42:D142–7.
36. Bailey TL, Boden M, Buske FA, Frith M, Grant CE, Clementi L, et al. MEME
SUITE: tools for motif discovery and searching. Nucleic Acids Res.
2009;37:W202–8.
37. Grant CE, Bailey TL, Noble WS. FIMO: scanning for occurrences of a given
motif. Bioinformatics. 2011;27:1017–8.
38. Schwartz S, Elnitski L, Li M, Weirauch M, Riemer C, Smit A, et al.
MultiPipMaker and supporting tools: Alignments and analysis of multiple
genomic DNA sequences. Nucleic Acids Res. 2003;31:3518–24.
39. Newburger DE, Bulyk ML. UniPROBE: an online database of protein binding
microarray data on protein-DNA interactions. Nucleic Acids Res.
2009;37:D77–82.
40. Madden SF, Clarke C, Gaule P, Aherne ST, O’Donovan N, Clynes M, et al.
BreastMark: an integrated approach to mining publicly available
transcriptomic datasets relating to breast cancer outcome. Breast Cancer
Res. 2013;15:R52.
41. Claessens F, Verrijdt G, Schoenmakers E, Haelens A, Peeters B, Verhoeven G,
et al. Selective DNA binding by the androgen receptor as a mechanism for
hormone-specific gene regulation. J Steroid Biochem Mol Biol. 2001;76:23–30.
42. Grier DG, Thompson A, Kwasniewska A, McGonigle GJ, Halliday HL, Lappin
TR. The pathophysiology of HOX genes and their role in cancer. J Pathol.
2005;205:154–71.
43. Shen HC, Rosen JE, Yang LM, Savage SA, Burns AL, Mateo CM, et al.
Parathyroid tumor development involves deregulation of homeobox genes.
Endocr Relat Cancer. 2008;15:267–75.
44. Daftary GS, Taylor HS. Endocrine regulation of HOX genes. Endocr Rev.
2006;27:331–55.
45. Gupta RA, Shah N, Wang KC, Kim J, Horlings HM, Wong DJ, et al. Long non-coding
RNA HOTAIR reprograms chromatin state to promote cancer metastasis. Nature.
2010;464:1071–6.
46. Koochekpour S, Lee TJ, Wang R, Culig Z, Delorme N, Caffey S, et al.
Prosaposin upregulates AR and PSA expression and activity in prostate
cancer cells (LNCaP). Prostate. 2007;67:178–89.
47. Osmanbeyoglu HU, Lu KN, Oesterreich S, Day RS, Benos PV, Coronnello C,
et al. Estrogen represses gene expression through reconfiguring chromatin
structures. Nucleic Acids Res. 2013;41:8061–71.
48. Tokunaga E, Hisamatsu Y, Taketani K, Yamashita N, Akiyoshi S, Okada S, et al.
Differential impact of the expression of the androgen receptor by age in
estrogen receptor-positive breast cancer. Cancer Med. 2013;2:763–73.
49. Labrie F, Luu-The V, Labrie C, Belanger A, Simard J, Lin SX, et al. Endocrine
and intracrine sources of androgens in women: inhibition of breast cancer
and other roles of androgens and their precursor dehydroepiandrosterone.
Endocr Rev. 2003;24:152–82.
50. Wu Y, Sun L, Zou W, Xu J, Liu H, Wang W, et al. Prosaposin, a regulator of
estrogen receptor alpha, promotes breast cancer growth. Cancer Sci.
2012;103:1820–5.
51. Meyer RC, Giddens MM, Schaefer SA, Hall RA. GPR37 and GPR37L1 are
receptors for the neuroprotective and glioprotective factors prosaptide and
prosaposin. Proc Natl Acad Sci USA. 2013;110:9529–34.

Ali et al. Breast Cancer Research (2015) 17:123

Page 19 of 19

52. Elliott KM, Dent J, Stanczyk FZ, Woodley L, Coombes RC, Purohit A, et al.
Effects of aromatase inhibitors and body mass index on steroid hormone
levels in women with early and advanced breast cancer. Br J Surg.
2014;101:939–48.
53. Birrell SN, Butler LM, Harris JM, Buchanan G, Tilley WD. Disruption of
androgen receptor signaling by synthetic progestins may increase risk of
developing breast cancer. FASEB J. 2007;21:2285–93.

Submit your next manuscript to BioMed Central
and take full advantage of:
• Convenient online submission
• Thorough peer review
• No space constraints or color ﬁgure charges
• Immediate publication on acceptance
• Inclusion in PubMed, CAS, Scopus and Google Scholar
• Research which is freely available for redistribution
Submit your manuscript at
www.biomedcentral.com/submit

