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Abstract  
	 	

Background: Breast cancer (BC) is the most common cancer in women worldwide 

and there is a need for more targeted BC prevention strategies. The selective 

estrogen receptor modulator tamoxifen (TAM) has been shown to reduce the risk of 

estrogen receptor (ER) positive but not ER negative BC. Furthermore, TAM does not 

reduce BC mortality but can induce troublesome side effects. Predictive biomarkers 

for preventive TAM therapy are required.  

Methods: A clinical trial was set up in which premenopausal women at increased risk 

of BC, due to start taking TAM, had a biopsy of one breast in the luteal phase of the 

menstrual cycle and then a biopsy of the contralateral breast after 3 months of TAM 

treatment. Biopsy samples were subjected to multiple analytical techniques including 

immunohistochemistry, RNA sequencing (RNAseq) and Laser Capture 

Microdissection coupled to Mass Spectrometry (LCM-MS). The principal hypothesis 

was that examining interpatient variation in response could lead to the development 

of predictive biomarkers of TAM prevention. We also sought to develop in vitro culture 

of normal breast tissue that could help to test novel preventive approaches. 

Results: 12 weeks of TAM treatment significantly reduced the average epithelial 

proliferation, normal breast acinar area and estrogen and progesterone receptor 

expression levels in 10 paired samples. However, there was clear interindividual 

variation in response with some participants showing increases in certain parameters. 

TAM induced changes in gene expression (RNAseq) in particular in a luminal 

hormone receptor positive cell signature identified two broad groups of response 

(RG1 and RG2). RG2 was characterized by an increase in gene expression in a set 

of estrogen and androgen responsive genes. Similar findings were observed in a 

subset of these samples subjected to LCM-MS. In vitro culture of intact breast tissue 

without a supporting matrix revealed massive disruption of gene expression by 

RNAseq, not previously reported. Encouraging results were obtained with hydrogel 

culture but more optimization work is required. 

Conclusions: Alterations in ER and/or AR signaling in response to TAM may define 

mechanisms of normal tissue resistance to TAM. Further work is ongoing to increase 

the sample size and to analyse blood from all participants to determine whether 

circulating biomarkers that correlate with the changes in breast tissue can be 

identified. Personalised BC prevention may be one step closer. 
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1 Introduction  

1.1 Breast cancer epidemiology 
	

Breast cancer (BC) is the most common cancer in women worldwide, with 2.26 

million new cases diagnosed per year, (Ferlay et al., 2021; Torre et al., 2016). 

At least 1 in every 8 UK women will develop breast cancer in their lifetime (Bray 

et al., 2018). Breast cancer survival rates are improving but it remains the 

fourth highest cause of female deaths in the UK and the most common of any 

cause of death in women aged 30-55 (Office of National Statistics, 2018). 

Despite improvements in mortality there were more than 11,500 breast cancer 

deaths per year in the UK between 2016-2018, demonstrating the need for 

more effective approaches in prevention, early detection and treatment of the 

disease (Cancer Research UK, 2021).  

1.2 Breast cancer subtypes 
 

Breast cancer tumours arise from the epithelial cells of the breast and can be 

subdivided into multiple types based on receptor expression or transcriptional 

profiling. This has important implications for therapy as it allows interventions 

to be tailored to the tumour subtype. The estrogen receptor (ER) is expressed 

in approximately 70% of breast cancers (Masood et al., 1992) and is the target 

of anti-estrogens such as tamoxifen. Currently, drugs such as tamoxifen are 

recommended in almost all women with ER-expressing early breast cancers 

to reduce the chance of recurrence and to improve survival rates. The 

progesterone receptor (PR) is also co-expressed in the majority of ER-positive 

tumours, (Niemeier et al., 2010). Lack of PR expression in an ER-positive 

tumour is a poor prognostic factor (Work et al., 2014). Human epidermal 
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growth factor receptor 2 (HER2) is expressed in approximately 15% of tumours 

and is also an adverse prognostic factor. However, HER2 is the target of drugs 

such as trastuzumab (Herceptin) and pertuzumab (Perjeta), which are 

valuable tools in the treatment of such breast cancers (Work et al., 2014). 

Tumours that lack ER, PR and HER2 are termed triple negative breast cancers 

(TNBC). TNBCs have poor prognosis, tending to relapse earlier then ER 

expressing BC, and treatment is largely limited to chemotherapy in the majority 

of cases. 

At the turn of the century, transcriptional profiling and unsupervised clustering 

was used to see how breast tumours segregate, (Sorlie et al., 2001). Five 

subtypes were derived from this approach, namely luminal A, luminal B, basal, 

HER2-enriched (HER2E) and normal-like. ER is usually expressed by the 

luminal subtypes, with particularly high expression in luminal A tumours. In 

contrast, basal tumours usually lack ER and HER2, and approximately 60–

90% of basal-like tumours are considered TNBC, (Fan et al., 2006). HER2 

protein expression is seen predominantly in luminal B and HER2E subtypes, 

with luminal B tumours also co-expressing ER.  

Importantly, from the perspective of breast cancer prevention, variation in 

subtype may be related to the cell of origin of the cancer. In order to determine 

whether this is the case an understanding of normal human breast gland 

biology is required.  
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In this chapter, the following will be discussed: 

1. Human mammary gland structure, development and maintenance with 

a particular focus on the impact of steroid hormones during reproductive 

cycles and menopause.   

2. The current understanding of the cancer cell of origin in different types 

of breast cancers.  

3. Breast cancer risk factors, including mammographic density, and how 

they may promote the incidence of different subtypes of breast cancer.  

4. Current preventive therapy focussing on tamoxifen  

5. Normal breast culture techniques and whether they accurately reflect in 

vivo breast tissue characteristics and responses to therapy, such that 

they could be used to screen for novel preventive agents in future 

studies.  
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1.3 The normal human mammary gland  

1.3.1 Human mammary gland structure   
 

The primary role of the mammary gland is the production of milk. Milk 

production occurs in the breast lobules and is excreted through ducts via the 

nipple, (Figure 1.1). The gland is divided into approximately 12-20 lobular units 

each supplying one branched duct. Each of these ductal lobes is made up of 

many more smaller lobules consisting of bi-layered epithelial acini, (Deome et 

al., 1959). The inner layer is composed of luminal cells while the outer layer is 

composed of a basal myoepithelial layer. Luminal cells are responsible for milk 

production while myoepithelial cells are responsible for propelling milk forward 

to the nipple.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1 Schematic representation of the anatomy of female human breast. The 
general architecture is starting from the acini connected to the nipple through the ducts. The 
figure also shows the structure of a cross section of an acinus, including luminal cells, 
myoepithelial cells and the basement membrane. Figure was created with BioRender.com.  
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Lobules have been divided into four types based on their size and appearance. 

Type 1 lobules have from 1-15 acini, type 2 from 16-50, and type 3 have more 

than 50 acini (Boyer et al., 2014; Milanese et al., 2006). Type 4 lobules are 

characterized based on their development to allow secretions: the acini have 

lumen swollen with secreted substance. This type of lobule is the most 

common in the mammary glands when lactation is ongoing, and it is known as 

a terminally differentiated milk-secreting lobule, (Lyons et al., 2009).	

In humans, smaller lobules of types 1 and 2 are the most common before 

pregnancy. Larger type 3 lobules become the most common in pregnant 

women before maturing into type 4 lobules during lactation, (Russo  et al., 

2004). As lobules grow more complex, the area they take up increases. Type 

4 lobules have the biggest area when producing and secreting milk, before 

regressing into type 3 lobules when lactation finishes by a process called 

involution. The epithelial cells within a lobule are contained within the 

basement membrane (BM). In contrast to other tissue types in the human 

body, the breast epithelium retains a unique behaviour since the development 

does not stop after birth, (Sternlicht et al., 2005). A layer of adipose tissue 

surrounds the gland and extends throughout the breast. 

1.3.2 Cellular composition of the mammary gland 
	

In response to distinct hormones and growth factors during puberty, the 

mammary gland begins to develop, transforming from a simple 

underdeveloped tree to a branch-like network of epithelial ducts, which are 

surrounded by various types of stromal cells, (Howlin et al., 2006), (Figure 1.2). 

The extracellular matrix (ECM) provides structural support and is thought to be 



Chapter 1 Introduction 

	 24	

the key regulator of normal homeostasis and tissue phenotype (Lee et al., 

2007).  ECM contains varied stromal cells, fibrous connective tissues and 

blood vessels, (Zhu et al., 2013). The vital function of the breast ECM is that it 

significantly contributes to provide the majority of soluble factors contributing 

to the epithelial microenvironment.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2 Schematic representation of different cell types of mammary gland 
microenvironment. The major cellular composition of the terminal ductal lobular units is 
separated from stromal compartment by a basement membrane. Figure was created with 
BioRender.com 
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1.3.3 Mammary Epithelial cells Hierarchy  
	

The profound dynamics of the mammary gland, particularly during 

reproduction, demonstrate the remarkable ability of the tissue to undergo vast 

remodeling and regeneration throughout life. These changes are primarily 

adapted by the activities of distinct populations of adult mammary stem cells 

(MaSCs) and lineage-restricted progenitor cells, (Visvader et al., 2014).The 

epithelial cells include the Krt8+/18+ luminal cells, which can be further 

subdivided into hormone-responsive and secretory cell subpopulations based 

on expression of the hormone receptors estrogen alpha (ERα) and 

progesterone (PR). The basal myoepithelial cells typically express 

cytokeratins Krt5 and Krt14, p63 and smooth muscle actin (SMA), (Figure 1.3).  

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3 A putative map of mammary epithelial cell differentiation hierarchy. During 
development, a multipotent stem cell gives rise to both luminal epithelial and basal progenitor 
cells which further differentiate into myoepithelial, ductal luminal and alveolar luminal cells. 
Figure was created with BioRender.com 
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1.3.3.1 Identification and properties of the luminal mammary lineage 
	

In mice, mammary luminal cells can be enriched and purified based on the 

positive expression of CD61 (Integrin-β3), which is expressed in luminal 

progenitors and absent in differentiated cells, (Asselin-Labat et al., 2007). As 

mentioned previously, the luminal compartment of the mammary gland can be 

resolved into distinct subpopulations. These include the hormone-responsive 

ERα+ lineages, which express high levels of transcription factors required for 

ductal morphogenesis, (Bernardo et al., 2010), and ERα- secretory alveolar 

progenitor cells, which express Integrin-β3 and the transcription factor Elf5, 

which coordinate the mammary alveolar cell program, (Oakes et al., 2008). 

Additionally, other markers such as Sca1 and CD49b (Integrin-α2) can also be 

used to refine the mammary luminal compartment, (Shehata et al., 2012; 

Sleeman et al., 2007).  

In mice, genetic recombination studies have demonstrated the existence of 

both long- and short-lived luminal progenitor cells that display unipotency in 

vivo. Clonal analyses using two distinct Krt8 driver mouse models have shown 

that Krt8+ cells contribute to luminal cell maintenance and propagation after 

consecutive cycles of pregnancy and that luminal cells can be sustained by 

dedicated long-lived luminal progenitors,(Van Keymeulen et al., 2011; Wuidart 

et al., 2016). However, while another lineage tracing model examining labelled 

Elf5+ cells (which also expressed Krt8 and Krt18) indicated their considerable 

contribution to mammary gland morphogenesis, labelled cells were relatively 

short lived, (Rios et al., 2014).  
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1.3.3.2 Luminal progenitors as the cancer cells-of-origin  
	

While the genetic mutational landscape plays a key role in shaping the tumor 

phenotype, there is mounting evidence that different cancers, particularly 

heterogeneous subtypes, can also be founded from cancer “cells-of-origin”. In 

many cancers, stem cells and progenitors are described as the cell-of-origin, 

owing to their unique capabilities for long-term self-renewal and susceptibility 

to genome damage, (Visvader et al., 2011). In breast cancers, expression 

profiling analyses have indicated that distinct MaSC and progenitor 

populations correlate with the different breast cancer subtypes, which include 

luminal A, luminal B, HER2-enriched, and basal-like breast cancers. For 

example, luminal-type tumors often express luminal-associated genes such as 

Krt8, Krt18 and Krt19, as well as luminal differentiation genes CD24, ESR1, 

MUC1 and GATA3. Similarly, basal-like breast cancers express basal cell 

expression signatures including Krt5, Krt14, p63 and CD49f, (Prat et al.,  

2011).  

Yet, experimental assays that functionally tested the cellular origins of breast 

cancer indicated that when human mammary luminal cells underwent 

oncogenic transformation, they could give rise to both ERα+ luminal-like tumors 

and ERα- basal-like tumors when transplanted into immunocompromised mice 

hosts, (Keller et al., 2012). In this regard, it is becoming increasingly clear that 

mammary luminal cells can serve as the cell-of-origin for basal-like breast 

cancers. In support of this, the knockdown of BRCA1 or activation of PI3K in 

luminal cells, but not basal cells, was shown to give rise to basal-like tumors 

in mice, (Hein et al., 2016; Keymeulen et al., 2015; Koren et al. ,2015; 
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Molyneux et al., 2010). Interestingly, TNBC patients carrying the BRCA1 

mutation appeared to harbor an expanded pool of luminal progenitor cells, 

while their gene expression profiles correlated strongly with the luminal 

progenitor signature, (Lim et al., 2009).  

These studies, amongst others, suggest that dedifferentiation or 

reprogramming of adult cells may reactivate embryonic developmental 

programs and revert cells back to a primitive multipotent stem cell state, 

(Breindel et al., 2017; Dhawan et al., 2016; Wang et al., 2016).  

1.4 Mammary gland development 
 

The human mammary gland serves as a unique and highly specialized organ, 

which undergoes drastic remodeling at various stages of life including puberty, 

pregnancy, lactation, and involution. In the new-born breast, there are very 

primitive structures, composed of ducts ending in short ductules. The main 

spurt of growth occurs with lobule formation at puberty, but the development 

and differentiation of the breast are completed only by the end of the first full 

term pregnancy, (Russo and Russo 2004). 

These stages of development are hormones dependent, (Cowin et al., 2010). 

The mammary gland is unique amongst branching organs in that the majority 

of branching takes place after birth (during adolescence) rather than before 

(Sternlicht et al., 2005).  The early stage of human mammary gland 

development is a process initiated during embryonic life which is hormones 

independent, (Cowin et al., 2010).  
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1.4.1 Embryonic development of human mammary gland. 
 

The human mammary glands begin to develop during the embryonic 

development from a single epithelial ectodermal bud known as the mammary 

ridge, (Dabelow 1957). The nipple primordium is shown as a thin cluster of 

ectodermal cells in 7 to 8 mm embryos and has a single layer of tightly applied 

mesenchyme cells by 10 mm, (Hughes 1950).   By 14 mm, the nipple shifted 

from a dorsal to ventral position. The mammary epithelium at this stage has 

proliferated to form a nodule which keep expanding to form breast buds that 

are completely surrounded in the mesenchyme, (Tobon and Salazar 1975). 

According to Howard and Gusterson (2000), the buds extend and penetrate 

the mesenchymal tissue causing remodelling of ducts, (Howard and 

Gusterson 2000).  

Although the development of mammary gland during the embryonic phase is 

hormone-independent, it does involve regulatory mechanisms. Studies of 

proteins involved in signalling and extracellular matrix formation have shown a 

role of these proteins in the development, maturation, and differentiation in the 

early stage of human breast proliferation. For instance, the basal cells which 

are positive for keratin 14 and smooth muscle actin have been identified at 28 

weeks, (Anbazhagan et al. 1998). These cells have high expression of 

epidermal growth factor receptors (EGFR) and transforming growth factor 

alpha (TGFa), implying the role of autocrine signalling on proliferation 

stimulation. The expression of TGF beta, tenascin, and type IV collagen was 

observed in the extracellular matrix in the developing embryo, (Osin et al. 

1998). 
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1.4.2 Pubertal Mammary Development  
	

The mammary gland undergoes lateral branching during the menstrual cycle, 

(Ramakrishnan et al., 2002). Estrogen is required to activate ER for the 

development and proliferation in the mammary gland, (Clarke et al., 1997; 

Petersen et al., 1987). When ER-/- cells  were transplanted into inguinal fat 

pads of ER-/- mice, they were unable to undergo ductal elongation, but when 

combined with wild-type cells, they participated in ductal elongation, (Feng et 

al., 2007; Mallepell et al., 2006). Mature epithelial cells that express ER also 

express PR, (Russo et al., 1999) and estrogen stimulates PR expression in 

the mature mammary gland (Schultz et al., 2003). Progesterone is required for 

side-branching and lobuloalveolar development, (Brisken et al., 1998). 

1.4.2.1 The menstrual cycle 
	

Puberty is a hormone-dependent stage at which menstrual cycles and 

ovulation begin. The function of puberty is to develop sexual function including 

both uterine and breast development to facilitate pregnancy and breast feeding 

respectively. At this stage, mature mammary gland cells go through a cycle of 

proliferation and apoptosis during each menstrual cycle due to the circulating 

hormones, (Figure 1.4). Between days 4 and 14 of the cycle (the follicular 

stage), the estrogen level rises, stimulating proliferation of the epithelial tissues 

and higher rates of mitosis, (Hovey et al., 2002). Between days 15 and 28 (the 

luteal phase), there is a fall in estrogen levels but a rise in progesterone levels. 

The proliferation of mammary epithelial cells peaks in this phase. ERα 

expression was reported to be expressed at the lowest level in the luteal phase 

while PR expression had limited expression throughout the early follicular 
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phase yet increased throughout the late follicular and luteal stages, (Shaw et 

al., 2002). Li et al., (2010) have reported that ERα and PR are primarily 

expressed in the inner layer of acini, (Li et al., 2010). 

 

 

 

 

 

 

 

 

 

 

Figure 1.4 Hormone regulation during the menstrual cycle. There are three phases of the 
menstrual cycle. The follicular phase begins at day 8. Estrogen and progesterone hormones 
are low which trigger the pituitary gland to produce follicle-stimulating hormone. The process 
of follicle maturation begins in the ovaries and estrogen hormone level increases. Ovulation 
phase starts around days 12-14. Luteinizing-hormone level increase and stimulate egg release 
from the follicle. During the Luteal phase, ruptured follicle forms the corpus luteum which 
produce progesterone. If the egg is not fertilised, the corpus luteum degrades and 
progesterone hormone levels decreases. (Information adapted from (Mihm et al., 2011). 
Figure was created with BioRender.com 

 

Further changes occur, including the growth of the existing ducts that branch 

into secondary ducts. Following puberty, the breast comprises stroma, fat, type 

I and type II lobules and lactiferous ducts.  

Hormonal changes through the menstrual cycle significantly affect the types of 

lobules seen in the mammary gland. Notably, type I lobules have the highest 
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level of ER and PR expression, (Russo et al., 1999) and are observed more 

frequently in the follicular phase of the menstrual cycle. In contrast, type II 

lobules are observed more frequently in the luteal phase, (Ramakrishnan et al. 

2004).  

1.4.3 Development in Pregnancy and Lactation 
 

During pregnancy, mammary epithelial cells become fully matured and the 

mammary gland becomes a functional organ. Fibrous stroma is reduced while 

new acini and lobules are formed. At the early stage of pregnancy, the 

proliferation of mammary epithelial cells results in duct elongation with a rise 

in estrogen levels, (Russo et al.,  2004). The development of lobules into type 

3 lobules, which typically have around 80 acini, along with the sprouting and 

branching of ducts, is also triggered during the second trimester (Aydiner et 

al., 2016). With the second trimester comes a rise in progesterone which 

stimulates side-branching and lobule formation, (Lydon et al., 1995). 

Progesterone also plays a role in mammary epithelial alveologenesis, (Brisken 

et al., 2002), a process where acini clusters dilated as a result of the pressure 

of the fluids generated by the epithelial cells. However, prolactin, a pituitary 

polypeptide hormone, is the primary regulator of alveologenesis differentiation, 

(Brisken et al.,  2006). 

The final trimester sees the completion of the processes of epithelial cell 

differentiation and secretory cell formation. These cells are responsible for 

producing and secreting milk proteins. During this phase, elevated levels of 

prolactin stimulates mammary epithelial morphogenesis, (Brisken et al., 2002),  

and oxytocin stimulates myoepithelial cells contraction around ducts in order 
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to push milk onto the nipple-areolar complex, (Britt et al.,  2007; Yu et al., 

2013). In the breast, prolactin is essential for alveologenesis because it 

stimulates the proliferation and differentiation of mammary cells. In addition, 

insulin, EGF and TGF-α play roles in promoting milk composition and 

mammary gland development, (Brisken et al., 2002; Sternlicht et al., 2005). 

Taken together, both progesterone and prolactin play a fundamental role in 

mammary gland maturation, beginning with duct elongation and followed by 

alveologenesis.  

During postpartum, placenta lactogen, estrogen and progesterone levels 

immediately drop, while prolactin levels rise, causing milk to be both produced 

and secreted, (Macias et al., 2013).  

1.5 Molecular mechanisms of steroid receptor signalling in the normal 
breast 

1.5.1 Estrogen Receptors 

1.5.1.1 Estrogen Receptor Structure 
 

Estrogen receptors (ERs) are a group of ligand-activated nuclear receptors 

that bind to 17β-oestradiol, Estrone and Estriol, (Figure 1.5). They include ERα 

and ERβ which are nuclear receptors. GPER (GPR30), ER-X, and Gq-mER 

are membrane receptors. ERs act mainly as DNA transcription factors, but 

they also exert some effects independent of DNA binding, (Levin et al., 2005). 

The two forms of the nuclear ERs, ERα and ERβ, are encoded by two separate 

genes, ESR1 and ESR2 which are found on the sixth and fourteenth 

chromosomes (6q25.1 and 14q23.2) respectively. 
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Figure 1.5 The three-dimensional structure of the ER-α LBD. (a) unbound estrogen 
receptor. (b) Estrogen binds LBD in the ERα activating interaction with the co-activators at AF-
1 and AF-2. A docking site within the AF-2 domain interacts with the LXXLL motif of proteins 
in the p160 co-activator family. This interaction causes conformational change to the ERα 
protein allows for correct structural positioning for interactions with other co-factors and 
stimulates gene transcription, (Green et al., 2007). 

Around 10-15% of the cells express the ERs in the mammary gland, (Clarke, 

et al., 1997) while stromal cells are estrogen negative, (Clarke et al., 2004; 

Petersen et al., 1987). The expression of the receptor was found to be mutually 

exclusive with the proliferation-associated marker Ki67. Co-expression of ERα 

and Ki67 marker is usually observed in breast cancer (Shoker et al., 1999).  

The four main functional domains of ER-α are the activation function-1 and 2 

(AF-1 and AF-2) domains, a central DNA-binding domain (DBD) and a 

carboxyl-terminal ligand binding domain (LBD), (Figure 1.6). Within the interior 

of the LBD is a hydrophobic ligand binding cavity that binds estrogen with high 

affinity and specificity, (Q. Feng and O’Malley 2014). Estrogen binding to the 

LBD results in a conformational change in the DBD which is formed by two C4-

type zinc fingers. The DBD then recognises estrogen-responsive elements 

(ERE), which are DNA sequences found in the enhancer or promoter regions 

of target genes. Estrogen binding to the LBD results in conformational changes 

that expose co-activator binding sequences in AF2. The end result is thus a 

b	

a b 
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dimerised receptor complexed with co-activators and interacting with EREs on 

DNA to stimulate ER mediated gene transcription conformation. The linear 

structure of ERα binding to oestradiol is shown in Figure 1.6. 

 

 

 

 

 

Figure 1.6 Genomic signalling activity of ERα.  (a) ER protein structure. (b) Oestradiol 
(E2) effect is mediated by the translocation of (ER-E2) complex into nucleus, binding with ERE 
along with coregulators to start the transcription of an independent set of genes and other 
downstream pathways. Active ER protein stimulates cells proliferation. AF-1: an N-terminal 
transcriptional activation function domain-1, DBD: a DNA-binding domain, H: a hinge region, 
LBD: the ligand-binding domain, AF-2: A C-terminal activation function domain-2. Figure was 
created with BioRender.com. 

 

1.5.1.2 The mechanism of estrogen action on the ER 
 

The fundamental role of selective recruitment of coregulators in estrogen and 

Selective Estrogen Receptor Modulator (SERM) functions had been well 

explained, (Feng et al., 2014). Because the ER protein lacks intrinsic 

enzymatic activity, it recruits coregulators with a variety of enzymatic 

functions; these coregulators are lacking DBD and therefore unable to bind 

directly to genomic DNA, (Figure 1.7). The SRC/p160 family of coactivators 

are the most recognized coactivators for steroid hormone receptors, including 

the ER. Upon estrogen binding, the carboxyl-terminal alpha helix 12 of ER 

(b) 

(a) 
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folds back toward the ER LBD and, forming a hydrophobic cleft with helix 3 

and 5, which interacts with the hydrophobic surface of LxxLL motifs of SRCs.  

 

 

 

 

 

 

 

Figure 1.7 An illustration of coregulators selective recruitment mechanism that regulate 
estrogen receptor activity. Figure was adapted from (Feng et al., 2014) and created with 
BioRender.com 

Corepressors are a transcriptional group that opposes the activity of 

coactivators in nuclear receptor-mediated transcriptional regulation. NCoR1 

and SMRT are nuclear receptor corepressors, they bind with nuclear receptors 

in the absence of hormone and their interaction is disrupted by agonist binding. 

As NCoR1 and SMRT have no intrinsic enzymatic activity, NCoR1 and SMRT 

function as scaffold proteins, and they recruit histone deacetylases such as 

HDAC3 via several repression domains (RD1, RD2 and RD3). Recent 

investigations have demonstrated that NCoR1/SMRT may operate as 

corepressors for steroid receptors and reduce target gene transcription.  
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1.5.2 Progesterone Receptors 
1.5.2.1 Progesterone effects on lobular-alveolar structures 

development 
 

ER signalling is required to induce PR expression. The activity of ER 

molecules has an impact on PR downstream signalling mediators that have an 

impact on mammary gland development. Progesterone receptor (PR) is a 

member of a family of ligand-activated nuclear transcription regulators, 

(Mehasseb et al., 2011). The receptor has two isoforms known as PRA and 

PRB. Both isoforms are encoded by the same gene known as PGR found on 

chromosome 11q22, (Gadkar-Sable et al., 2005). The receptor’s structure can 

be divided into a regulatory domain at the N-terminus, a DNA binding domain, 

a hinge section and a hormone-binding domain at the C-terminus (Horwitz et 

al., 1992; Leonhardt et al., 2003). 

Progesterone acts in balance with estrogen to stimulate the growth of the 

mammary glands which depends on the combined action of both hormones. 

The role of progesterone on the breast development is also affected by the 

balance between the two isoforms of the receptor. It has been noticed that 

PRB acts as a stronger activator of the progesterone target genes while PRA 

acts as a dominant repressor of the receptor, (Conneely et al., 2003; Graham 

et al., 1997).  

Progesterone action on PR is essential in the development of lobular-acinar 

structures in the breast during pregnancy. The hormone is also important in 

controlling the breast epithelium’s cyclical proliferation, including the increased 

proliferation of the cells during the late luteal phase, (Masters et al.,  1977). 

The proliferative effect of progesterone on the cells is mediated by inducing 
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progression through the cell cycle by stimulating the expression of cell cycle-

regulatory genes, such as cyclins and cyclin-dependent kinases. Additionally, 

the hormone potentiates the insulin-mediated increase in cyclin D1 mRNA 

levels, (Musgrove et al., 1993; Musgrove et al., 1991). Additionally, 

progesterone may also inhibit the expression of genes responsible for 

suppression of cell growth including p53 tumour suppressor protein, (Hurd et 

al., 1995). Progesterone induces the production of several growth factors and 

growth factor receptors including epidermal growth factor (EGF) and EGF 

receptors, TGFα and TGFβ.  

1.6 The regulation of paracrine signalling in normal breast 
development  

1.6.1 Local paracrine mediator 
	

In both humans and mice, the majority of cells that express ER and PR  do not 

co-localize with proliferation markers suggesting that estrogen acts in a 

paracrine manner to induce the expansion of surrounding cells, (Clarke et al., 

1997; Russo et al., 1999). A variety of paracrine mediators that may contribute 

as downstream signals of steroid hormones have been identified including 

receptor activator of nuclear factor Kappa-B ligand (RANKL), WNT4, IGF-II, 

CXCL-12, amphiregulin (AREG), calcitonin, and inhibitor of DNA binding 4 

(Id4), (Ciarloni et al., 2007; Rosen et al., 2014) (Figure 1.8).  
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Figure 1.8 An illustrated view of paracrine interactions in mammary development. 
Estrogen receptor alpha/progesterone receptor-positive (ERα+/PR+) cells directly drive ERα-
/PR− cells proliferation via paracrine signalling. Hormone-specific paracrine mediators involve 
amphiregulin (AREG), which acts downstream of estrogen, and receptor activator of nuclear 
factor kappa-B ligand (RANKL), CXCL12 and WNT4, which act downstream of progesterone 
signalling. Figure was adapted from (Tharmapalan et al. 2019) and created with 
BioRender.com 

 

1.6.1.1 AREG signalling  
	

Amphiregulin (AREG) is a paracrine ERα signalling mediator. AREG is 

a member of the epidermal growth factor (EGF) family. It is a paracrine growth 

factor stimulated by estrogen in the mammary gland of pubertal mice 

throughout the ductal system's development, (Ciarloni et al., 2007). They 

stimulated prepuberal ER-α negative mice to test if ER-α mediates 17-β-

oestradiol-induced expression of amphiregulin. At this stage, ER-α negative 

and wild-type (WT) glands are phenotypically indistinguishable. Amphiregulin 

mRNA did not increase in the absence of ER-α. Therefore, 17-β- oestradiol 

regulate amphiregulin expression in the puberal mammary gland through ER-

α dependent transcriptional activation. In another study, it has been 
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demonstrated that the expression of amphiregulin significantly increases 

during puberty while its expression decreases through pregnancy and 

lactation. Amphiregulin knockout (AREG KO) mice were created and 

examined their mammary gland maturation to better understand the 

amphiregulin function in normal mammary gland development. Mammary 

glands of AREG KO mice, when compared to wild type control glands, showed 

a delayed in the development of ducts throughout adolescence, (McBryan et 

al. 2008). 

1.6.1.2 RANKL, WNT-4 and CXCL12 signalling 
 

Nuclear factor kappa-B ligand (RANKL), WNT-4 and CXC chemokine 

(CXCL12) proteins are significant paracrine PR signalling mediators in the 

mammary epithelium and during early pregnancy. Progesterone binds to its 

receptor in PR-positive breast luminal cell, leading to an increase in RANKL, 

WNT-4 and CXCL12 protein levels mainly through stabilization of its mRNA. 

RANKL binds to its signalling receptor RANK, a member of the tumour 

necrosis factor receptor (TNFR) family located on the surface of surrounding 

PR-negative breast luminal cells; stimulating downstream signalling pathways 

that promote cell proliferation, expansion and survival, (Infante et al., 2019). 

The RANKL protein is found in 11% of human breast tumours and stromal 

cells, (Rajaram et al., 2012). Several pre-clinical investigations have shown 

that the RANKL/RANK system promotes breast carcinogenesis, indicating that 

this system may be responsible for the increased incidence of breast cancer 

linked to progesterone and progestin use, (Infante et al., 2019).  
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Localized WNT signalling is essential in the mammary gland for regulating cell 

division orientation and cellular fate throughout development, (Rosen et al., 

2014). Brisken et al. examined the mammary epithelium of mice without both 

copies of the WNT4 gene. The group were able to determine the particular role 

of WNT4 in mammary morphogenesis. At day 12 of pregnancy, the epithelium 

fails to induce side-branching. With a more normal branching pattern, 

engrafted WNT4+ epithelia began to resemble wild-type epithelial grafts later 

in pregnancy. Because WNT4 is a direct target of PR signalling, in situ 

hybridization revealed that PR and WNT4 mRNAs had comparable expression 

patterns in luminal epithelial cells, (Brisken et al., 2000). 

CXCL12 and its receptor CXCR4 have been shown to play a key role in 

mammary epithelial cell fate and tissue regeneration in previous studies, 

(Shiah et al., 2015). Shiah et al. identified CXCL12- CXCR4 as a possible 

progesterone-initiated paracrine signalling pathway. They demonstrated that 

CXCR4 and CXCL12 are well-positioned for autocrine and paracrine signalling 

in luminal and basal cells, respectively. This study confirms CXCL12 as a 

crucial progesterone-stimulated effector whose signalling is facilitated by PR-

dependent overexpression of its corresponding receptor, CXCR4, resulting in 

the generation of progenitors required for alveolar formation. 

In xenograft animal models, overexpression of CXCL12 stimulates the 

formation of robust gland-like structures in mammary epithelial cells. Overall, 

the findings imply that CXCL12 promotes epithelial cell reprogramming into 

non-luminal cell-derived stem cells, which aid gland development, (Jung et al., 

2020).  
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1.7 Physiology of Menopause  
 

Menopause triggers regression of the breast parenchyma, with fatty tissue 

coming in its place, as ducts, glands, stroma and connective tissues become 

involuted, and lymphatic channels are reduced in number.  Atresia occurs in 

the ducts, which remain, and lobular units collapse. At this stage, similar to the 

breast before childbearing, type 1 lobules predominate. Estradiol is no longer 

secreted by the ovaries; instead, adrenal and androstenedione is converted 

into estrone, (Qureshi et al., 2020). However, estradiol is still produced in 

menopausal women from aromatization of testosterone. In addition, the level 

of serum follicle-stimulating hormone is increased, and more luteinizing 

hormone is also present, due to the lack of negative feedback from estradiol, 

(Pritchard et al., 2001). The reduction in glandular tissues is thought to occur 

because of the estrogen level drop, (Den Tonkelaar et al., 2004). Post-

menopause, breast adipocytes show decreased lipolysis, (Den Tonkelaar, et 

al., 2004).  

1.8 Breast cancer risk factors 
 

In order to efficiently prevent breast cancer, we must first understand who is 

at increased risk of the disease. Multiple breast cancer risk factors have been 

identified, including female sex, age, inherited gene mutations, weight gain, 

presence of benign breast disease and high mammographic density (Figure 

1.9), (Howell et al., 2014).  

 

 



Chapter 1 Introduction 

	 43	

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.9 Most common risk factors for development of breast cancer, (Information 
adapted from (Britt et al., 2020). Figure was created with BioRender.com 

 

Similar to other types of tumours, breast cancer arises due to mutations in 

DNA, particularly in the coding sequence of an oncogene or tumour 

suppressor gene. Mutations can cause inhibition of apoptotic processes, 

resulting in cells becoming ‘immortal’ or replicating without the normal controls. 

Some individuals have uncommon inherited mutations in DNA repair genes 

that predispose them to breast cancer although this does not explain the 

majority of cases. Single nucleotide polymorphisms (SNPs) are single base-

pair differences in DNA sequences that are more frequent than inherited 

mutations but individually have a small impact on risk. More than 300	breast 
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cancer SNPs have now been identified and, in combination, can predict 

significantly more breast cancers than single gene mutations, (Woodward et 

al., 2021). In addition, certain hormonal factors, both extrinsic and intrinsic are 

intimately related to the risk of breast cancer. These factors will be discussed 

below.  

1.8.1 Age and Gender 

The incidence rate of breast cancer increases with age reaching a peak at 90 

years of age or older, (Figure 1.10), (Cancer Research UK, 2021). Breast 

cancer is rare in those under the age of 30, but the incidence rises 

exponentially through the 30s and 40s. Breast cancer is diagnosed in 1 in 8 

females and 1 in 870 males giving a male: female ratio of over 1:100, (Parks 

et al., 2018). The main reasons for this gender predominance are likely to be 

the presence of significantly more breast tissue in females and the differences 

in the hormonal milieu between the sexes. This suggests that hormones also 

play a significant role in somatic mutation-induced carcinogenesis. 
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Figure 1.10 Age-specific incidence rate for female breast cancer. (Adapted from (Cancer 
Research UK, 2021). 

 

1.8.2 Family history of breast cancer  
 

The existence of a relative who had been diagnosed with breast cancer 

increases the risk of breast cancer for the individual. The risk increases more 

significantly when relatives are diagnosed at younger ages, (Claus et al., 

1990). The stronger a family history, the more likely the family carries a 

germline pathogenic variant in one of several genes known to associate with 

an increased BC risk such as BRCA1, BRCA2, or PALB2. This can be 

quantified in a scoring system that determines the chance of a mutation and 

thus the women in whom gene testing should be performed, (Evans et al., 

2004). 

In addition, a personal history of ‘benign’ abnormalities in the breast tissue, 

such as lobular carcinoma in situ (LCIS) and atypical hyperplasia, convey a 
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significant increase in breast cancer risk. Such factors have also been 

fashioned into a scoring system based on precise histological appearances, 

(Pankratz et al., 2015). In addition, an individual with a previous diagnosis of 

breast cancer in one breast is more likely to have breast cancer diagnosed in 

the other, (Michowitz et al., 1985). 

1.8.3 Reproductive History 

Several endogenous factors are associated with breast cancer risk; shown in 

Figure 1.11. Early menarche (<12 years old) and late menopause (>55 years) 

raise the likelihood of breast cancer. This is thought to be due to the increase 

in the number of menstrual cycles in which epithelial cells divide and thus are 

exposed to potential gene mutations. In one study, for every year of delay in 

menarche, the relative risk of breast cancer fell by 9%, (Li et al., 2013). In 

contrast, in a second study, breast cancer risk increased by 5% for each year 

younger at menarche and by 3.5% with each year older at menopause (Britt 

et al., 2020).  
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Figure 1.11 Reproductive cycle and breast cancer risk. Schematic representation of 
changes in reproductive hormones in females over the last 100 years. Age at thelarche and 
menarche declined while age at first full-term pregnancy and menopause has increased. The 
rate of nulliparity and parity after the age of 30 had increased. All these factors led to increase 
exposure to estrogen for a longer time and increased breast cancer risk. HCP= Hormone 
contraceptive pills. HRT= Hormone replacement therapy. N/A= not available. Figure was 
created with BioRender.com. 

Parity, particularly the age at first full-term pregnancy (FFTP), also influences 

breast cancer risk. In general, an early FFTP (<25) reduces risk while 

nulliparity or a late FFTP (>29) increases risk. Breastfeeding, if undertaken for 

at least six months also reduces breast cancer risk, (Britt et al., 2020). Although 

these factors have been described for many years, several studies have now 

considered the potential relation between reproductive variables and the 

various subtypes of breast cancer. These studies show concordant results that 

early FFTP is predominantly associated with a reduction in the risk of ER 

positive (luminal A) breast cancer, whereas the beneficial effect of 

breastfeeding is most strongly associated with a reduction in the risk of TNBC, 

(Gaudet et al., 2011; Holm et al., 2017). These factors may thus become useful 

in subtype-specific risk prediction models, which will be vital to personalise 

cancer prevention approaches.  
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1.8.4 Hormones up-regulation and Hormone Replacement Therapy 

Lifestyle factors can influence health in different ways. Gaining weight during 

late pre- and post-menopause is identified as a risk factor for breast cancer, 

potentially through the increase in estrogen levels by the adipose tissue itself, 

(Howell et al., 2014). Conversely, being overweight in younger women is 

protective, potentially due to reduced progesterone levels, (Gaudet et al.,  

2011; Poole et al., 2011). Exogenous hormones in the form of oral 

contraceptive pills (OCP) and Hormone replacement therapy (HRT) have also 

been shown to increase the risk of breast cancer. This is particularly the case 

for combined estrogen and progesterone HRT which has been shown to 

increase the risk of postmenopausal breast cancer in both observational and 

randomised studies, (Collaborative Group on Hormonal Factors in Breast 

Cancer, 2019). In contrast, breast cancer risk was seen to be less with 

estrogen alone HRT in these studies. Molecular analysis of breast tissue from 

women taking HRT vs. those who were not, shows that estrogen plus 

progesterone therapy increases proliferation in the terminal ductal lobular units 

(TDLUs) whereas estrogen alone did not, potentially providing a rationale for 

the disparity in risk, (Hofseth et al., 1999). 

1.8.5 Mammographic Density  

The proportion of radio-dense fibroglandular tissue in the breast, known as 

mammographic density (MD). The degree of MD is positively associated with 

an increased risk for breast cancer with those in the highest vs lowest quartile 

having 4-6 fold excess risks, (Archer et al., 2022). Initially, quantification of MD 

used categorical approaches and the most frequently used categorical system 

in the USA forms part of the Breast Imaging Reporting and Data System 
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(BiRADS® Atlas, 5th edition). The categories in the latest BiRADS range from 

‘almost entirely fatty’ to ‘extremely dense with very little fat, as shown in (Table 

1.1). Although it is helpful in determining risk and in assigning the possibility of 

masking a cancer, the 4 category-nature of BiRADS means that some 

accuracy and differentiation between women is lost. Several approaches to 

assess MD as a continuous variable have now been described for full-field 

digital mammograms (FFDM). 

Table 1.1 BiRADS Atlas 5th edition. Categories for mammographic density, adapted 
from (www.acr.org) 

	

1.8.5.1 Visual Analogue Scale (VAS) 

Visual Analogue Scale (VAS) scoring of MD relies on the subjective estimation 

of percent density by providing the assessor with a form depicting a horizontal 

VAS labelled 0% and 100% at the two ends of the scale. VAS readings are 

frequently read by two or more radiologists and averaged to provide a final 

score. Using this approach both intra and inter-observer agreement have been 

calculated to be excellent (intraclass correlation coefficient (ICC) > 0.80 and 

0.82 respectively), (Astley et al., 2018). VAS outperforms risk measurement in 

breast cancer patients on the contralateral breast and in the average of 

bilateral mammographic views prior to the detection of cancer, (Astley et al., 

2018). However, this is a time-consuming method, and the ICCs highlight 

some inconsistency between observers. Automated methods for quantifying 

both percent area and percent volumetric density have been developed to 

Category Breast composition 
A The breast is almost fatty 
B Scattered areas of dense glandular and fibrous tissue 
C Breast is made of dense glandular and fibrous tissue 
D Extremely dense breast tissue that makes it difficult to see tumours 
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reduce this inconsistency and make the process less time-consuming and 

costly. 

1.8.5.2 Automated MD assessment   

There are currently four commercial programmes for MD assessment from 

FFDM. These are CumulusTM, DensitasTM, QuantraTM and VolparaTM. Cumulus 

is semi-automated and uses an interactive thresholding technique to guide the 

operator in the production of an overall MD assessment, (Byng et al. 1994). It 

is more time consuming than the full VAS scoring and has not gained 

widespread use. The other three techniques use fully automated algorithms to 

define either the percent area (Densitas) or percent volume (Quantra and 

Volpara) of MD. In two UK based case control studies assessing the three 

techniques, Volpara showed the greatest correlation between density and 

breast cancer risk, (Astley et al., 2018; Eng et al., 2014). In one of the studies 

Quantra showed no predictive power at all. Importantly, all of the approaches 

need to be corrected for BMI and age as both have been shown in multiple 

studies to be inversely associated with %MD, (reviewed in Astley et al., 2018). 

There are also technical issues with these approaches, including the need to 

ensure that breast positioning is as accurate and reproducible as possible, as 

small changes in breast position can result in wide variations in reported MD. 

1.8.5.3 Tissue composition of MD 

Dense areas of the breast consist predominantly of extracellular matrix (ECM) 

and cellular areas, in a ratio of approximately 15:1, whereas non dense areas 

are mainly fat, (Ghosh et al., 2012; Li et al., 2005). Collagen is the major 

component of the ECM. Breast stroma contains a high proportion of fibrillar 

collagens and, as with other connective tissues, these show around three 
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times more stiffness in comparison to elastin and other ECM elements, (Zhu 

et al., 2014). Recently the periductal collagen from areas of high MD was 

shown to be arranged in fibrillar form as compared to the disorganised collagen 

in ducts from non-dense areas, (McConnell et al., 2016). The collagen 

abundance in the mammary glands of parous mice is less linearized and linked 

with a reduction in stromal rigidity, implying that collagen organization and 

rigidity play a significant role in parity-induced breast cancer protection, (Maller 

et al., 2013). This leads to the hypothesis that stiffness in areas of high MD 

may lead to cellular transformation, a phenotype seen in animal models of 

mammary tumorigenesies. 

ECM stiffness is detected and signalled to epithelial cells through 

transmembrane receptors called integrins. These receptors are contained in 

adhesomes, or multiprotein agglomerations, (Gilmore et al., 2009; Streuli et 

al., 2016). Integrins connect the cell’s external environment to internal 

signalling and cytoskeleton. As the ECM stiffens, the adhesomes structure and 

link to the cytoskeleton is reorganised, and cell signalling is altered, along with 

nuclear response (Mohammadi et al., 2018). A mechanism for MD to promote 

cancer could potentially be based on the response of signalling proteins to the 

degree of stiffness in the ECM. Integrins responding to altered ECM interaction 

target focal adhesion kinase (FAK), the Rho pathway and p130Cas, resulting 

in stimulation of proliferative activity. Such proliferation could then result in 

DNA mutations and ultimately tumorigenesis, (Tomasek et al., 2002).  
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Figure 1.12 Biological differences in breast tissue composition with high 
mammographic density (HMD) and low mammographic density (LMD). Dense tissue has 
stiffened ECM and epithelium content compared to LMD.  There is no evidence that HMD 
promotes stem or progenitor cell proliferation.  Collagen fibers in HMD breast tissue are 
arranged in fibrillar form compared to the disorganized collagen in LMD breast tissue. 
Collagen-binding proteoglycans lumican, decorin, fibromodulin and biglycan are associated 
with HMD. Lumican is strongly associated with tumorigenesis by promoting angiogenesis, 
epithelial cell proliferation, migration and invasion. Cellular immune components have also 
been shown to be increased in dense areas: innate cells, adaptive cells and interleukin-6 (IL-
6). Stromal fibroblasts in dense areas have also been shown to exhibit gene expression 
signatures associated with cancer-stimulating pathways, such as stress response, 
inflammation, stemness and signal transduction, reviewed by (Britt et al., 2020). Figure was 
created with BioRender.com 

 

Although the precise molecular mechanisms of stiffness-induced increase in 

proliferation have not been identified, an increase in epithelial cell proliferation 

in areas of high vs. low density has been observed, (Harvey et al., 2008). In 

addition, the use of estrogen and progesterone HRT increases both epithelial 

proliferation and MD, suggesting that the two processes are linked (Greendale 

et al., 2003). 
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1.8.5.4 Genetic Factors associated with MD 

Twin studies have been used to investigate the heritability of MD, (Boyd et al., 

2002, 2005, 2011; Kaprio et al., 1987; Stone et al., 2006, 2007; Ursin et al., 

2009). The first two studies gathered questionnaire data from twins between 

40 and 70 years old in the USA, Canada and Australia, including data related 

to factors previously identified as associated with MD. Mammographic data 

was also measured for each participant and %MD was assessed using 

automated techniques. Observers were blinded to pairing and zygosity, (Boyd 

et al., 2002). Once data were adjusted for participant age, parous status, age 

at first menstrual period, number of live births, BMI and whether pre- or post-

menopause, there was a substantial conformity in density between twins. 

Monozygotic twins were twice as closely correlated as dizygotic, and this 

supports the theory of an additive genetic effect. There is no genetic difference 

between monozygotic twins, so variation in density can only be related to 

environmental variables or measurement error. In contrast, dizygotic twins 

typically have around half of their twins’ genes, so where twins are the same 

sex, variations can be either genetic, environmental or due to measurement 

error.  

In non-twin families, the probability of having dense breasts is 17% greater for 

women with an affected 1st-degree relative than women with no family history, 

(Crest et al., 2006; Ziv et al., 2003). This probability also increased with more 

affected 1st degree relatives a woman had. For example, the probability 

increased to 46% with three or more first-degree relatives affected, (Crest et 

al., 2006). Despite extensive study, most of genetic variants that can be 

attributed to the inheritance of MD have not been identified.  
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An individual SNP is one variation within one DNA nucleotide, and such 

variations typically occur at a frequency of 1 per 300 nucleotides, totalling 

roughly 10 million across the genome, (Ghoussaini et al., 2012; Lindström et 

al., 2014). SNPs have the potential to be used as biological markers for 

locating genes linked to various conditions. In general, the more recent 

research points to a common genetic element between breast cancer and MD, 

further showing that certain density-associated genes also contribute to 

excessive proliferative activity.  

1.8.5.5 The activity of paracrine markers in high-risk women 
	

The RANK/RANKL signalling pathway may explain its correlation to the breast 

cancer risk due to its role in proliferation, differentiation, and migration of 

mammary epithelial cells as demonstrated in mouse models, (Moran et al., 

2018). Kiechl et al. indicate that higher progesterone and RANKL serum levels 

identify a subset of postmenopausal women without known 

recognized genetic predispositions who have a 5-fold greater risk of breast 

cancer 12-24 months, (Kiechl et al., 2017). 
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1.9 Breast cancer prevention   
 

As discussed above, estrogen either directly or through the stimulation of PR, 

promotes breast epithelial cells division. In addition, ER positive breast 

cancers are treated by approaches to antagonise estrogen activity. Such anti-

estrogenic drugs are classified into three major classes namely selective ER 

modulators (SERM), selective ER degraders (SERD) and aromatase inhibitors 

(AI). These classes of drugs have been used for the treatment of advanced 

and localised disease. In early breast cancer tamoxifen treatment was noted 

to result in 50% reduction of contralateral breast cancers, (Cuzick et al., 2005). 

This then led to the initiation of large scale breast cancer prevention studies, 

(Cuzick et al., 2013). Tamoxifen was shown to be more effective than 

raloxifene whilst raloxifene was found to be safer in postmenopausal women 

as it does not stimulate the endometrium and induce endometrial cancer, 

(Nazarali et al., 2014).  

Breast cancer prevention is currently viewed as an important medical goal 

taking into the consideration the number of new cases and breast cancer-

related deaths each year. The principle focus of this thesis is the effects of 

tamoxifen on the normal breast tissues of women at increased risk of breast 

cancer.  

In the UK the SERMs tamoxifen and raloxifene and the AI anastrozole are 

approved for use in primary BC prevention by the National Institute for Health 

and Care Excellence, (NICE Guidelines committee, 2019) Women are eligible 

if they are at moderate (17-30%) or high (>30%) lifetime risk of breast cancer.  

The SERMs are also approved for this indication in the USA and other 
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developed countries. In all countries the standard recommendation is for  five 

years’ treatment duration, (Jones et al., 2021).   

1.9.1 Tamoxifen 
 

Subsequent studies have been performed to evaluate the mechanism of action 

of tamoxifen in the normal breast. In the International Breast Cancer 

Intervention Study (IBIS1), the effect of tamoxifen on MD was studied, (Cuzick 

et al., 2011). A single reader using a VAS method analysed the baseline 

mammogram and that performed after approximately 1 year of tamoxifen. A 

reduction in breast cancer incidence was only seen in women who had a fall 

in absolute MD by >10% and in these women breast cancer incidence was 

reduced by 70%, (Cuzick et al., 2011). However, in a more recent study using 

multiple MD analytical techniques including VAS from the same reader used 

in IBIS-1, Brentnall and his colleagues showed that tamoxifen treatment in 

premenopausal women resulted in large reductions in the majority of women 

but more importantly that the reduction in MD at 1 year could not predict the 

reduction at 2 years, (Brentnall et al., 2020). This may be due to technical 

factors such as the variability in breast positioning from one year to the next, 

but the observation has effectively ruled out the use of density change at 1 

year as a predictive biomarker for tamoxifen.  

Tamoxifen was the first drug to be approved by the FDA in 1998 for prevention 

of breast cancer in high risk women (Fisher et al., 1998). The compound, 

initially known as Compound ICI 46,474, was developed as a contraceptive 

pill. However, it was found to stimulate ovulation rather than suppressing it. 

The drug was then tested as a palliative treatment for late stage breast cancer, 
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(Harvey et al., 1982). The tamoxifen market was boosted in the late 1980s 

when clinical trials showed it to be effective as an adjuvant treatment after 

breast surgery in early-stage breast cancer, reducing recurrence and 

improving mortality,  (Fisher et al., 1986). Several primary prevention trials 

were then initiated in the 1980s and 1990s to test whether tamoxifen reduced 

breast cancer incidence in women without a personal history of the disease. 

For example, the IBIS study tested the use of tamoxifen on 4536 women at 

increased risk of breast cancer who were randomised to receive tamoxifen or 

placebo. In the first report, after 3.5 years of median follow up, tamoxifen 

reduced the incidence of breast cancer by 45%, but this was associated with 

increased incidence of endometrial cancer (EC) and thromboembolism, 

although the increase in EC was only seen in post-menopausal women, 

(Cuzick et al., 2002). Subsequently analysis of the same study after a median 

follow up of 16 years showed a continued reduction in the incidence of breast 

cancer, (Cuzick et al., 2015). 

In a meta-analysis of all SERM prevention trials; (Figure 1.13), tamoxifen was 

shown to reduce the incidence of ER positive breast cancer by approximately 

50%. However, no reduction in ER negative breast cancer was seen (Cuzick 

et al 2013). Of concern the incidence of ER- breast cancer was higher in those 

treated with tamoxifen vs placebo, although this did not achieve statistical 

significance. In further analysis, and disappointingly, tamoxifen did not reduce 

breast cancer or all-cause mortality. 
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Figure 1.13 The Forest plot demonstrates the effects of tamoxifen on breast cancers. 
The left panel is for breast cancer overall. The middle panel is for ER+ breast cancer and the 
right panel is for ER- breast cancer. Square: odd ratio. Diamond: summary measurement at 
the centre line with confidence intervals at lateral tops of the diamond. (*) Adjusted by overall 
tamoxifen effect to give raloxifene versus placebo comparisons. † STAR data not included in 
comparisons. ‡Data for ER-invasive cancer are pooled. Figure adapted from (Cuzick et al., 
2013). 

 

The effects of tamoxifen on the normal breasts of women at increased risk of 

breast cancer were studied by Euhus et al, (Euhus et al., 2011). In this study 

73 pre and post-menopausal women were randomised to tamoxifen (n=40) or 

placebo (n=33) and had core biopsies of the normal breasts at baseline and 

after 3 months of treatment. The primary analysis sought to identify 

homogenous changes in gene expression across all women receiving 

tamoxifen. Only in the 29 premenopausal women (n=14 tamoxifen and n=15 

placebo) was there a uniform regulation of genes (n=18) by tamoxifen not seen 

in the placebo group. The majority of the genes were known estrogen 

regulated genes and were down-regulated by tamoxifen, including ETV4 and 
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ETV5, members of the Ets-oncogene family, known to be important in 

stem/progenitor regulation and normal murine mammary gland development, 

(Kurpios et al., 2009). Tamoxifen also regulated the expression of genes linked 

to epithelial-stromal interaction and tissue remodelling such as PTHLH, PLAT, 

SERPINA3, SERPINA5, SERPING1, DBC1, and EXTL1.  

Hattar and colleagues investigated the effects of tamoxifen on mouse normal 

mammary glands (Hattar et al., 2009). They found that tamoxifen acted to 

inhibit mammary alveoli from developing and prevented mammary epithelial 

cells from proliferating. Furthermore, they suggested that tamoxifen can have 

an impact on stromal cells and ECM. 

In the absence of hormone, ER recruits NCoR1 to the pS2 gene promoter, and 

tamoxifen therapy enhances NCoR recruitment. The existence of both 

coactivators and corepressors indicates a complementary interaction for 

regulation of gene transcription. Tamoxifen treatment can induce growth 

signalling pathways which phosphorylate SRC-3 and enhances its coactivator 

activity in the endometrium. This mechanism leads to stimulate cell growth and 

tamoxifen resistance. 

17b-estradiol (E2) causes the helix (H) 12 in ER-LBD (ligand binding domain) 

to relocate, allowing ER to react with certain coactivators and so initiate 

transcriptional activation, as per X-ray crystal structure analysis. Tamoxifen 

instead displaces H12 from its normal position, which prevents formation of 

the surface for recruitment of numerous coactivators and excludes AF2, 

(Figure 1.14), (Okamoto et al., 2019). Tamoxifen functions identified in the 

mammary gland involve induction of corepressors to target gene promoters; 
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instead it resembles estrogen through recruiting the coactivators to a subset 

of genes in the endometrium. According to Shang et al., (2002), the high level 

of steroid receptor coactivator (SRC-1) expression is required for the agonist 

impacts of tamoxifen in the uterus, (Shang et al., 2002). 

 

 

 

	

	

 

Figure 1.14 The 3D conformational structure of ERα LBD is altered differently by 
estrogen and tamoxifen. (a) Estrogen binds LBD in the ERα.  (b) The active metabolite of 
tamoxifen, 4-hydroxytamoxifen, binds to the LBD and stimulates structural rearrangement of 
helix 12 and interacts with LXXML. This interaction inhibits the access to p160 co-activators 
family and recruits the co-repressors such as NCOR1 and SMART, (Green et al., 2007). 

	

Tamoxifen is metabolized into active metabolites by different cytochrome P450 

enzymes. The primary enzyme which metabolizes tamoxifen is CYP2D6, and 

others include CYP3A4, CYP3A5, CYP2C9 and CYP2C19, (Cronin-Fenton.,  

2014). These enzymes are encoded by polymorphic genes and metabolize 

tamoxifen into metabolites with specific binding affinities for the ER, (Lim et al., 

2005). For example, tamoxifen metabolites with hydroxyl groups attached to 

their C4 atom, such as endoxifen, show highest binding affinities. 

Subsequently, these tamoxifen metabolites are converted into excretable 

forms through the activity of UDP-glucuronosyltransferase and 

sulfotransferase enzymes, (Gjerde et al., 2008; Lazarus et al., 2009). Enzymes 

a b 
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in this metabolic pathway are generally polymorphic, meaning that individuals 

express different variants, which can differ in their activities and can therefore 

impact tamoxifen metabolism and effectiveness of the drug, (De Vries 

Schultink et al., 2015). This phenomen is best described for CYP2D6 

polymorphisms, which are known to impact tamoxifen efficacy in 

premenopausal breast cancer patients, (Saladores et al., 2015). More than 46 

different major polymorphic CYP2D6 alleles were identified, (Ingelman-

Sundberg., 2005). For some SNPs in CYP2D6, their impact on enzyme activity 

and expression is known. For example, the most common allele in the Asian 

population is CYP2D6*10.24, which encodes the CYP2D6.10 enzyme carrying 

the deleterious P34S mutation, which impairs folding of the enzyme and 

reduces its affinity for its substrates,(Johansson et al., 1994). Another major 

variant is the CYP2D6*17 allele, which endodes the CYP2D6.17 enzyme 

carrying three deleterious mutations, T107I, R296C and S486T, which alter 

the active site of the enzyme and therefore its substrate specificity, (Oscarson 

et al., 1997). Additional differences in tamoxifen metabolism can be attributed 

to polymorphisms in CYP3A4, CYP2C9, CYP3D6, CYP2C19, SULT1A1 and 

SULT1A2, among others. 

1.10 Tissue culture systems 
 

The use of in vitro models including cell culture is an essential step to 

understand biological processes or develop new treatments. The first 

documented cell culture was reported in 1907 by Ross Harrison who studied 

the development of neuronal cells, (Harrison et al., 1907). Since then, cell 

cultures became an essential research tool in the medical and biological fields.  



Chapter 1 Introduction 

	 62	

1.10.1 Cell culture characteristics 
 

Controlling cell culture characteristics depends on various factors including the 

growth medium, supplements, induced mutations or culture conditions. For 

general purposes as cytotoxicity or cellular uptake testing, cancer cells are 

commonly used as they grow easily and for indefinite number of passages. 

However, testing of tissue specific properties requires the use of specific cells 

from the corresponding tissues or organs. For example, testing the effects of 

various drugs on the normal growth of breast tissues and mammary glands 

require the use of normal breast cells. Additionally, it is sometimes needed to 

co-culture multiple cell types to study the interactions between cells during 

biological responses or processes.  

Several types of cell cultures have been established for in vitro experiments 

intended for various purposes. Cell cultures can be based on primary cells 

isolated directly from living organisms. These cultures usually include multiple 

types of cells and represent more accurately the genetic profile of the living 

organism. They are useful for several purposes including the preparation and 

testing of personalized therapies for patients as the case with targeted cancer 

therapy. However, primary cell cultures are difficult to isolate and have short 

life span.  

Cell cultures can be classified into 2D or 3D cell cultures. The most commonly 

used type is 2D cell cultures where cells are cultured as a monolayer adhering 

to a culture flask or petri dish. In general cells are more easily grown in 

monolayer resulting in greater experimental efficiency and lower cost. 

However, there are several limitations for the use of 2D cell cultures as they 
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do not reflect accurately the cellular interactions, cellular microenvironment, 

cell morphology, polarity and methods of cellular division, (Pampaloni, et al., 

2007). Growing cells in 2D cultures also result in loss of the phenotype 

diversity which can affect significantly the cell functions. Another limitation of 

2D cultures is that cells have uncontrolled access to nutrients, oxygen, 

metabolites or signalling molecules. On the contrary, normal tissue and organ 

tissues have variable access to these supplies as cells, for example, in the 

core of a tumour are subject to relative hypoxia. This hypoxia results in 

significant changes in the characteristics of the cells and responses to external 

factors including drugs, (Pavlacky et al., 2020). 

The limitations of 2D cell cultures motivated the search for more realistic in 

vitro models that can resemble more closely the human tissues and organs. 

Hamburger and Salmon reported in 1977 the use of soft agar to support the 

growth of tumour stem cells allowing the study of growth characteristics and 

cell colony morphology. The technique was proposed to study the effects of 

anti-cancer agents and irradiation on various types of tumours, (Hamburger et 

al., 1977). Preparation of 3D culture models can be achieved using various 

approaches. Cells can be grown in the form of a suspension grown on non-

adherent plates, (Krishnamurthy et al., 2013). They can also be grown in 

concentrated medium or gel-like substances, (Sodunke et al., 2007), or they 

can be grown on scaffolds prepared to mimic the structure of certain tissues 

as the bones or neurons, (Uebersax et al., 2006). Spheroid models can have 

cavity at the core of the structure which is normally formed through cell 

apoptosis. This cavity at the core resembles the structure of acinar glands in 

the body as the sweat glands and the salivary glands. Additionally, 3D models 
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have variable cell growth rate with cells at the periphery growing at higher rate 

as they have better access to nutrients, oxygen and signalling molecules, 

(Pradhan-Bhatt et al., 2014). 

In general, the use of 2D or 3D culture models depends on the purpose of the 

in vitro testing and the availability of required facilities. However, in general the 

use of 3D is expected to be more common in the future with the improvement 

of automation techniques and the reduction of costs.  

1.10.2 The use of cell cultures to study breast biology 
 

The human female breast has a complex structure and develops through 

several stages that involves interactions with multiple hormones and other 

signalling molecules. Several cell lines have been established to study the 

normal breast tissue. The most common cell line currently used for studying 

normal breast is MCF10A which was derived from non-tumorigenic 

proliferative breast tissue that spontaneously became immortal, (Qu et al., 

2015). However, this cell line does not express the ER which is an important 

limitation for studying the biology of the breast. Another less commonly used 

cell line is 48R which are non-cancerous cells with finite life-span in cell culture, 

(Meadows et al., 2008). Several cells with progenitor/stem characteristics are 

also available to study the development of the breast and mammary glands. 

For example, D492 progenitor cells can differentiate in vitro into both luminal 

and myoepithelial cells, (Briem et al., 2019).  

Despite the availability of normal breast cell lines, the simplicity of these 

models does not accurately reflect the normal structure of female human 

breast. The female breast is a complex structure consisting of multiple types 
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of cells arranged into glands, ducts and alveoli. 3D co-cultures that more 

closely resembles the normal human breast tissue have been developed to try 

and recapitulate some of this complexity. Huss and Kratz reported in 2001 the 

co-culture of mammary epithelial cells and adipocytes in a matrix of collagen 

gel, (Huss et al., 2001). Meng et al. used 3D culture of primary cells derived 

from normal breast tissue to study the propagation of progenitor cells and ER 

positive cells in the tissue. Results of this study showed that it is possible for 

3D culture to overcome the disadvantages of 2D cultures by maintaining the 

endocrine functions of the normal tissue and the growth control of the cells, 

(Meng et al., 2019). Wang et al. developed a co-culture of the MCF10A human 

mammary epithelial cell line with human fibroblasts and adipocytes on 3D 

scaffold of porous silk protein. The 3D culture resembled normal breast tissue 

in that alveolar and ductal structures formed and α- and β-casein expression 

was seen, (Wang et al., 2010).  

In vitro models in which different cellular components are admixed go some 

way to replicate the complexity of normal tissues but cannot do so fully.  

Xenograft models of human tissue can also be used for preclinical testing to 

overcome some of these limitations, (Byrne et al., 2017). This type of model 

involves the direct transplantation of the human tissue in immunodeficient 

mice. This method regardless of the inoculation method (i.e. orthotopically or 

subcutaneously) has resulted in more accurate and predictive models 

compared to in vitro 2D and 3D cell cultures, (Ruggeri et al., 2014). Xenograft 

models have commonly been used for studying the breast structure and 

development. For example, Chew and colleagues studied in 2013 the changes 

occurring to the breast tissue in a xenograft model of low- and high-density 
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human breast tissue in SCID mice which were either pregnant, nulliparous, or 

undergoing lactation or post-partum involution. The model helped to 

demonstrate the dynamic changes occurring in the glandular tissue area, 

stromal areas, and adipose areas as well as changes in the MD observed by 

radiographic measurements, (Chew et al., 2013). In 2014, Chew et. al used 

the same model to study the effects of estrogen and tamoxifen on human 

breast tissues. The low-density tissue did not show any differences between 

the treatment groups while the high-density tissue showed significant 

differences observed by histopathology and radiographic examination, (Chew 

et al., 2014). Another similar study was published in 2015 to evaluate the 

correlation between COX-2 expression and increased MD of breast tissue. The 

study showed that COX-2 is highly expressed in the epithelial and stromal cells 

of breast tissues with increased MD. The expression was also increased by 

estrogen treatment, (Chew et al., 2015). However, the xenograft approach 

does not lend itself to high-throughput screening and novel in vitro approaches 

are required to facilitate this to drive forward breast cancer prevention 

research. 
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1.11 Hypotheses and Objectives  
 

The initial hypothesis of this thesis was that the mechanisms of resistance to 

preventive tamoxifen could be defined by serial biopsy of women starting 

tamoxifen and subsequently supervising molecular analyses by change in 

percentage MD (greater or less than 10% reduction). However, the emerging 

data described above show MD reduction at 1 year is not a reliable biomarker. 

The hypotheses of the thesis is now that: 

1.  changes in molecular analyses in response to tamoxifen treatment can 

be used to predict response/resistance to tamoxifen and  

2. that in vitro whole tissue culture systems can be developed to replicate 

the in vivo findings to further prevention research.  

The aims of the project are: 

1) to investigate the effects of tamoxifen on epithelial and stromal 

compartments of the normal breast in patients commencing preventive therapy 

2) to identify patterns of response and resistance in gene expression and 

proteomic analyses that can be tested as predictive biomarkers in future 

studies. 

3) To develop an in vitro culture model of intact human breast tissue that 

replicates the in vivo effects of tamoxifen.
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2 Materials and Methods 

2.1 Materials 

2.1.1 Antibodies 
	

Table 2.1: Primary antibodies used in IHC   

Primary 
antibody 

Host 
Species Supplier 

Catalogue 
number Dilution Clonality Clone 

CONFIRM 
anti-Ki67 Rabbit Roche,Ventana 790-4286 Ready to 

use Monoclonal 30-9 

CONFIRM 
anti-PR Rabbit Roche,Ventana 790-2223 

Ready to 
use Monoclonal 1E2 

ER Rabbit ThermoFisher 
RM-9101-

S1 1:100 Monoclonal SP1 

 

2.1.2 List of General Reagents 

Table 2.2: List of reagents, suppliers and catalogue numbers 

Reagents Supplier Catalogue Numbers 

0.05% Trypsin Gibco 25300054 

2-Mercaptoethanol (99%) Sigma-Aldrich M7522 

6 cm2 culture petri dish Corning CLS430166 

Amphotericin B Gibco 15290018 

B-27 Supplement Gibco 12587-010 

96-well collection plate ABgene Ab2800 

96-well Elution plate Agilent 5043-9311 

FiltrEXTM96-well White Filter plate membrane 
plate (0.2µm PVDF membrane, Sterile) 

Corning 3505 

BAMBANKER serum free freezing media ThermoFisher NC9582225 

Collagenase 1A/Hylauronidase Sigma-Aldrich C2674 
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Dispase 5U/ml Stem Cell 
Technologies 

07913 

DMEM F12 (1X) + L-Glutamine, phenol red 
free 

Sigma 21041 025 

Ethanol Absolute VWR Chemicals UN1170 

Falcon cell culture insert for 24 well plate 
with 8.0 µm pore transparent PET 
membrane 

Scientific 
laboratory 
supplies 

353097 

Foetal Bovine Serum (FBS) Gibco 10270-106 

Hank’s Balanced salt solution (HBSS) 10X Sigma-Aldrich H1641 

Hank’s Balanced salt solution (HBSS) 
liquid with calcium Chloride and 
magnesium chloride 

Gibco 14025 

Hepes Buffer Sloution Gibco 15630-056 

Human EGF MACS Miltenyi 
Biotec 

130-097-751 

Insulin  Sigma Aldrich I9278 

Methanol Absolute VWR Chemical 67561 

OLIGOTM R3.   ThermoScientific 1-1339-03 

Penicillin-Streptomycin ThermoFisher 15140122 

Poly (2 hydroxyethylmethacrylate) (poly-
HEMA  

Sigma-Aldrich 25249-16-5 

Sodium dodecyl sulfate (SDS) Sigma-Aldrich 75746-250G 

S-Trap micro columns (<100µg) ProtiFi C02-micro-10 

Triethylammonium Bicarbonate (TEAB) Sigma T7408-100ML 

Trypsin-EDTA (0.05%) Gibco 25300-054 

UltraPure Distilled Water DNase/RNase free Invitrogen 10977-035 

Urea  Fisher 57-13-6 

VitroGel-RGD hydrogel (10mL) Tebu-Bio Ltd TWG002 
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2.1.3 Buffers Formulation  

Table 2.3 LCM-MS buffer formulation  

Buffers Composition 

0.1% Formic Acid in water Add 1 mL of 88-100% formic acid to a 1000 mL 

graduated cylinder. Dilute to final volume of 1000 

mL with deionized water and mix well. 

0.1% Formic Acid, 5% CAN Add 1 mL of 88-100% formic acid and 50 mL of 

Acetonitrile to a 1000 mL graduated cylinder. Dilute 
to final volume of 1000 mL with deionized water 

and mix well. 

0.1% Formic Acid,30% Acetonitrile 
(ACN) in water 

 

Add 1 mL of 88-100% formic acid and 300 mL of 

Acetonitrile to a 1000 mL graduated cylinder. Dilute 

to final volume of 1000 mL with deionized water 

and mix well. 

10% Formic Acid Add 100 mL of 88-100% formic acid to a 1000 mL 

graduated cylinder. Dilute to final volume of 1000 

mL with deionized water and mix well. 

12% phosphoric acid Add 120 mL of 100% phosphoric acid to a 1000 mL 
graduated cylinder. Dilute to final volume of 1000 

mL with deionized water and mix well. 

50% Acetonitrile (ACN) Add 500 mL of Acetonitrile to a 1000 mL graduated 

cylinder. Dilute to final volume of 1000 mL with 

deionized water and mix well. 

500mM stocks of DTT  Mw of DTT is 155g/mol-1, weight a small amount on 

a microbalance and add relevant volume of LC/MS 

grade water. 

500mM stocks of Iodoacetamide  Mw of Iodoacetamide is 184g/mol-1 and it was kept 
in darkness. Weight a small amount on a 

microbalance and add relevant volume of LC/MS 

grade water. 
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B1  5% SDS (0.5g in 10ml), 50mM TEAB pH 8.5 

(0.5ml 1M stock in 10ml), total composition of up 

to 10ml with Milli-Q water and a pH value of 7.5 

with HCl (~10µl in 10ml). 

B2 5% SDS (0.5g in 10ml), 10M Urea (6g in 10ml), 

50mM TEAB pH 8.5 (0.5ml 1M stock in 10ml), 

composition of up to 10ml with Milli-Q water and 

pH value of 7.5 with HCl (~10µl in 10ml). 

 

Hydrochloric Acid 

 

Ready to use 

S-Trap binding buffer 100mM TEAB, pH 7.1, 90% Methanol (LC-MS 

grade). 5mL of TEAB at pH 7.1with 45mL of LC-

MS grade 100% methanol 

S-Trap digestion buffer 50 mM TEAB, pH 8.5. 100µL of 1M TEAB stock 

(pH8.5). Diluted in 1.9mL ddH2O will give 2 mL of 

50mM TEAB at pH 8.5 

 

Table 2.4 BenchMark Ultra Medical System bulk reagents 

Buffers Company Catalogue number 

Antibody Dilution Buffer Ventana ADB250 

EZ Prep Concentrate (10X) Ventana 950-102 

Reaction Buffer (10X) Ventana 950-300 

ULTRA Cell Conditioning (ULTRA CC1)  Ventana 950-224 

ULTRA LCS (Predilute)  Ventana 650-210 

SSC (10X)  Ventana 950-110 

Bluing reagent Ventana 760-2037 

Haematoxylin  Ventana 760-2021 
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2.1.4 Kits 

Table 2.5 General kits 

 

2.1.5 Breast Tissue Samples 

2.1.5.1 Manchester Cancer Research Centre (MCRC) biobank breast 

tissue samples 

Normal breast tissue used to investigate in vitro tissue culture systems was 

obtained from women at high risk of breast cancer undergoing reduction 

mammoplasty at Wythenshawe Hospital, Manchester, UK with no previous 

history of breast cancer. Samples were reviewed by consultant breast 

pathologist. All patients provided written informed consent and some basic 

endocrine information (i.e., family history of breast cancer, whether oral 

contraception was being taken, number of children and whether they were 

breast-fed). Clinical data of patients participating in my study is explained in 

table 6. Samples were coded with a unique numerical identifier to ensure 

patient confidentiality. The procedures were approved by biobank research 

ethical guidelines. Samples were kept in 4°C environment; transported fresh 

on the day of surgery and immediately processed as described in chapter 5, 

(Figure 5.1). Patient characteristics is shown in (Table 2.6). 

 

 

 

Kit Company Catalogue number 

RNAeasy Mini Plus Qiagen 74104 

UltraView Universal DAB Detection Kit Roche 760-500 
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Table 2.6 Patient characteristics.	BC= Breast cancer. N/A= not applicable  

 

2.1.5.2 Breast Biomarker Chemoprevention (BBCP) Trial Normal Breast 
Tissue Samples 

 

Premenopausal women at high risk of breast cancer were recruited to a pilot 

trial and received 20mg tamoxifen daily. Mammography must have been 

performed within 6 months of recruitment and was repeated 9-15 months 

thereafter as per standard of care. Sampling procedure was performed using 

9G or 10G Vacuum Assisted Biopsy (VAB) under local anaesthesia and 

ultrasound guidance to obtain sufficient dense tissue for all planned analyses. 

Patient ID Age 

No. of 
children 

No. of 
children 
breast-

fed 

Use of 
contraceptive 

BC 
personal 
history 

BC 
Family 
history 

BRCA-
1/2 

Mutation 
Carrier 

BB7069N 35 Unknown Unknown Unknown No Unknown Unknown 

BB7071N 57 1 Unknown Unknown Yes Yes Yes 

BB7074N 35 2 Unknown Unknown No Yes Unknown 

BB7075N 48 3 Unknown Unknown Unknown Yes Unknown 

BB7078N 55 0 0 Unknown Unknown Yes No 

BB7087N 36 2 2 MIRENA Unknown Unknown YES 

BB7088N 46 Unknown Unknown Unknown YES YES Unknown 

BB7089N 27 1 0 Unknown Unknown Unknown YES 

BB7129T1N 44 Unknown 0 Unknown YES YES Unknown 

BB7130T1N 39 2 1 Unknown NO YES Unknown 

BB7136T1N 45 Unknown 2 Unknown NO YES YES 

BB7145T1N 49 Unknown 2 Yes Unknown NO Unknown 

BB7149T1N 45 Unknown 1 Unknown NO YES Unknown 
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VAB samples were collected before and after 12 weeks of treatment and were 

coded with a unique numerical identifier to ensure patient confidentiality. Two 

biopsy cores were formalin-fixed and two snap-frozen biopsy cores were 

stored in -80°C. An additional 6 VAB cores were placed in DMEM media for 

transport to the lab at 4oC to be digested into single cells suspensions or 

cultured as intact tissue in vitro. Images, weights and total cells yield were 

recorded.  

2.2 Methods 

2.2.1 Tissue Processing and in vitro Tissue Culture 
	

Fresh normal breast tissues were subjected to manual tissue slicing under 

sterile conditions in a flow hood to avoid contaminations. Excess fat tissue was 

discarded using surgical tools and tissue slices of approximately 0.5 mm 

thickness were used. Tissue slices were cultured in DMEM/F-12 medium 

(Gibco® life Technology™) supplemented with different serum constituents; 

100 IU/ml penicillin-100 µg/ml streptomycin, 2.5 µg/ml Amphotericin B (Gibco® 

life Technology™), 10µg/ml Insulin (Sigma Aldrich), 10µg/ml Hydrocortisone 

(Sigma Aldrich) and 5µg/ml Epidermal Growth Factor EGF (Sigma Aldrich) at 

5% CO2 at 37°C and at atmospheric oxygen levels. Medium was replaced 

every 2 days to provide fresh nutrients.  

Tissue slices were cultured in three different culture systems, 6 cm2 plastic 

petri dish (PD), falcon cell culture insert for 24 well plate with 8.0 µm pore 

transparent PET membrane (PI) and the dynamic 3D Rotary Cell Culture 

System (RCCSTM) (Synthecon Inc., Houston TX, USA). In both static 

conditions, tissue slices were cultured in DMEM/F-12 medium with different 

serum constituents; medium alone, 10% foetal bovine serum (FBS) 
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supplemented media and 10% charcoal (Sigma) stripped-FBS supplemented 

media, while explants cultured in the 50 ml-HARV RCCSTM culture vessels 

(Synthecon Inc., Houston TX, USA) were cultured in FBS supplemented 

media. Tissue slices were fixed at Day 0, 7,14 and 21 in 10% neutral buffered 

formalin for 24 hours at room temperature. Subsequently, tissue slices were 

embedded in paraffin and 4 μm sections were generated for histological and 

immunohistochemical analysis. 

2.2.2 Hydrogel culture system 
 

Tissue slices were embedded between two layers of Xeno-free tunable 

hydrogel modified with Arginylglycylaspartic acid (RGD) peptide hydrogel, 

(VitroGel®-RGD hydrogel, TWG002). Falcon cell culture insert for 24 well plate 

with 8.0 µm pore transparent PET membrane was used in this system. To 

prepare the bottom layer of gel, equal volumes of 0.5x PBS, VitroGel 3D-RGD 

gel and DMEM medium supplemented with B27+LGlu (1:1:1) were mixed 

gently to avoid bubbles. 100µl of hydrogel mix was added in each insert and 

700µl medium to each well. The culture plate with inserts were then incubated 

for 1-2 hours at 37°C until set. 1mm3 tissue chunk was added to the top of the 

gel. Top layer of hydrogel was then prepared. The top layer of gel was 

prepared by mixing equal volumes of 0.5x PBS with the gel and Medium 

(1:1:1). The hydrogel was mixed gently and 150 µl of hydrogel was added on 

top of tissue. Plate was incubated overnight at 37°C to set fully. 200µl of 

medium was added to the set gel. Tissue slices were collected at Day 3, 7 and 

14 using tweezers and placed in formalin. Medium in the well was exchanged 
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every 2 days. 50% of medium from the well was exchanged every 3-4 days 

and 200 µl medium was added to the top of the hydrogel.  

2.2.3 Dissociation of normal human mammary tissue - vacuum-
assisted biopsy (VAB) 

 

Normal breast tissues were obtained via VABs from women before and after 

they had received Tamoxifen treatment. Each VAB sample was given a trial 

unique identification code to ensure patient privacy confidentiality. Human 

mammary tissue was transported from the operating room on ice in sterile 

tubes in DMEM/F12 + 1% penicillin-streptomycin and immediately processed. 

Under sterilized conditions, breast material was manually minced into small 

fragments (approximately 2mm cubes) by using a scalpel and incubated in 

Dissociation media: 9.75 mL of phenol red free DMEM medium supplemented 

with 3.75 ml of 7.5% Bovine Albumin Fraction V (BSA Fraction V) solution, 1.5 

mL of 1mg/mL collagenase/hyaluronidase, 7.5 µl of 5μg/mL insulin and 0.5% 

penicillin-streptomycin. The breast tissue was digested overnight at 37oC with 

shaking at 100 rpm. After enzyme digestion, the dissociated breast cell 

suspension was transferred into 50mL centrifuge tubes to be centrifuged at 

450 x g for 5 minutes at 4°C. The fat layer was discarded and the epithelial 

pellet was resuspended in 30-40mL of DMEM/F12 medium to be washed and 

centrifuged at 450 x g for 5 minutes at 4°C. After the wash, the cells were 

resuspended in 10 mL of DMEM/F12 and centrifuged for 4 minutes at 200 x g 

at 4°C. The pellet from this centrifugation is enriched (but is not pure) for 

epithelial cells. The supernatant from this slow centrifugation is enriched for 

human mammary fibroblasts. The pellet was washed until the supernatant 

became clear. Then, 1 mL of pre-warmed 0.05% Trypsin-EDTA was added to 
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the enriched epithelial pellet pipetting it up and down gently with a P1000 

pipette for 2 - 3 minutes. The sample may become stringy due to lysis of dead 

cells and the release of DNA. Next, 10mL of cold Hank’s Balanced salt solution 

liquid with calcium chloride and magnesium chloride (Gibco) supplemented 

with 10mM Hepes (Gibco) and 2% FBS (HF) were added to stop the digestion 

and centrifuged at 450 x g for 5 minutes at 4°C. The supernatant was removed 

carefully with a pipette. Pre-warmed 5 mg/mL dispase (StemCell 

Technologies) was added to the sample and pipetted for 1 minute with a P1000 

pipette to further dissociate cell clumps. Then, 5 mL of cold HF was added and 

the pellet was filtered using 70µm and 40µm sieves to yield a single cell 

suspension and spun at 450 x g for 5 minutes at 4°C. The supernatant was 

discarded carefully, and the pellet was resuspended in 1 mL of HF. Total cell 

concentration was determined using modified Fuchs Rosenthal-counting 

chamber. 

2.2.4 Mammosphere Formation Assay  
 

Normal breast epithelial cells with a concentration of 10,000 cells/well in 2 ml 

of mammosphere media were plated in 6-well plates coated with poly (2 

hydroxyethylmethacrylate) (poly-HEMA,Sigma). PolyHEMA (Sigma) was 

prepared by adding 6g of PolyHEMA (Sigma, Cat# P3932) to 500ml of 95% 

ethanol and stirring constantly on a heated plate until complete dissolution. 1 

ml of polyHEMA was added to each well of a six-well plate and left in an oven 

at 40°C for 48hours. The plates are then ready to use for mammosphere 

forming assays. Cells were plated in phenol red free DMEM/F-12 medium with 

GlutaMAX, supplemented with B27 (Gibco, 12587-010), 20 ng/ml EGF, and 

100IU/mL penicillin-100 μg/mL streptomycin in a humidified atmosphere at 
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37°C in 5% CO2. After 9–11 days, mammospheres with ≥50μm diameter were 

counted microscopically at x40 magnification. Mammosphere forming 

efficiency was calculated by dividing the number of mammospheres in each 

well by the number of cells seeded and expressing this as percentage.  

2.2.5 Morphometric analysis 
 

To investigate morphological alterations in normal breast tissues, a semi-

automated method using Hematoxylin and Eosin (H&E) stained sections was 

applied. Slides stained with H&E were scanned using Aperio Digital Pathology 

Scanner (Leica Biosystems Aperio) at 20X. Aperio ImageScope was then used 

to view digital images and the different tissue compartments were manually 

annotated as shown in (Figure 2.1-a). Each annotation layer was labelled and 

then numerical information was exported to XML files to be processed for 

further calculations. Total tissue area, ductal area, lobular area, stromal area 

and adipose area were identified and measured. Five lobules of the same size 

were chosen randomly and the number and the area of each acinus (blue) as 

well as intralobular terminal duct epithelium (green) within each lobule (red) 

was measured, (Figure 2.1-b). The percentage of area of each breast tissue 

compartments at the baseline and post-treatment were calculated. 
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Figure 2.1 Image analysis of normal breast tissue. Normal breast tissue biopsies were fixed 
in 10% formalin and embedded in paraffin. 4μm sections were then prepared and stained with 
H&E. (a) Total tissue area; lobular area; stromal area and adipose areas were identified and 
measured. (b) Five lobules of the same size were chosen randomly and the number and the 
area of each acinus (blue) as well as intraductal epithelium (green) within each lobule (red) 
was measured. The percentage of area of each breast tissue compartments at the baseline 
and post-treatment were calculated.  Slides were scanned using Aperio Digital Pathology 
Scanner (Leica Biosystems Aperio) at 20X. Aperio ImageScope was then used to view digital 
images and the different tissue compartments were manually annotated. Scale bar: 50 μm. 
	

2.2.6 Immunohistochemistry (IHC) 

2.2.6.1 Hematoxilyn and Eosin Staining 

  
The sections were dewaxed by submerging them into fresh xylene three times 

for 10 minutes each time. Then, they were rehydrated by submerging them 

into absolute ethanol for 5 minutes. This step was repeated twice. Sections 

Intralobular 
terminal duct 

Lobule 

Acini 

(a) 

(b) 

Total tissue area (μm2) Number and area of Lbules (μm2) 

Adipose area (μm2) 

Stromal area (μm2) 
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were then submerged into 70% ethanol for 10 minutes. The slides were 

washed for 1 minute under running tap water. Slides were then submerged 

into Gills twice for 3 minutes and then washed under running water for 2 

minutes. Next, counter-staining with hematoxylin for 1 minute to visualise the 

nuclei and the overall structure of the tissue. Next, they were washed in 

running tap water for 1 minute. The sections were dehydrated by submerging 

the slides into a graded ethanol: 70% alcohol for 1 minute, followed by 1 minute 

in 95% ethanol and then absolute alcohol twice for 1 minute. Slides were kept 

on the bench to dry out at room temperature for 10 minutes. The slides were 

submerged into fresh xylene for 1 minute before coverslips were added using 

Ralmount glue. 

2.2.6.2 Automated immunostaining using Ventana medical system 
 

Immunohistochemistry was performed using an automated method 

(BenchMark Ultra, Ventana medical system 790-2223) to ensure consistent 

staining quality. Confirm Anti-Ki67 (30-9) and Confirm Anti-PR (1E2) 

antibodies were ready to use. ER (RM-9101-S1) antibody was diluted in 

antibody dilution buffer, (1:100). Staining was done using UltraVIEW universal 

DAB detection kit. Slides were de-paraffinized under standardized conditions. 

Then, antibodies were used at defined concentration as described in (Table 

2.1.1) at 37°C. Incubation periods were different for each antibody. Confirm 

Anti-Ki67 (30-9), was incubated for 32 minutes while ER and Confirm Anti-PR 

(1E2) antibodies were incubated for 16 minutes. Sections were blocked by A/B 

block (Biotin Blocking). Sections were counter-stained with haematoxylin II for 

4 minutes followed by bluing reagent for 4 minutes. Next, they were 
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submerged in soap for 10 minutes to get rid of the oil and washed in running 

tap water. The sections were dehydrated to prepare them for coverslip. The 

slides were scanned using a Leica SCN400 slide scanner and visualised using 

Aperio ImageScope Digital Pathology Slide viewer (Leica Biosystems).  

2.2.7 Analysis of IHC staining by automated HALOTM Image Analysis 
software 

 

Quantification of epithelial cells was performed using the automated HALOTM 

Image Analysis software (v3.2.1851). We used the annotation tool to quantify 

epithelial cells in lobules (Green annotation) and duct (Yellow annotation) 

separately, (Figure 2.2, a-b). The software was able to detect the epithelial and 

stromal regions. Tissue Classifier add-on utilizes algorithm to identify different 

regions in the tissue section, depending on region colour, texture, and region’s 

specific features. For example, we had trained Classifier add-on tool by 

highlighting several stromal regions with green colour while highlighting the 

acinar area with red colour. Glass and adipose regions were highlighted in 

yellow and were excluded as well. After labelling both regions, we excluded 

stromal regions from our analysis as shown in (Figure 2.2, c-d). HALOTM 

labelled positive nuclear staining of protein of interest with red, orange and 

yellow while negative cells were labelled with blue colour. Total epithelial cells, 

positive cells and negative cells were quantified by HALOTM, (Figure 2.2 e-f).  

Each paired-sample was represented by two cores at the baseline and post-

treatment. Where possible, I counted a minimum of 1000 epithelial cells per 

sample.  
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Figure 2.2 Quantification of epithelial cells was performed using HALOTM Image 
Analysis software (v3.2.1851). Lobules (a) and duct (b) were annotated and analysed 
separately. Stroma was detected in green and excluded from our analysis. Epithelial cells were 
detected in red and glass area was detected in yellow, (c-d). (e-f) Halo identifies negative 
epithelial cells in blue and positive strong nuclear staining in red, moderate nuclear staining in 
orange and weak nuclear staining in yellow. Each paired-sample was represented by two 
cores at the baseline and post-treatment. Where possible, a minimum of 1000 epithelial cells 
per sample were counted. 
 

2.2.8 Gene Expression Analysis 
 

2.2.8.1 Total RNA extraction 

Snap-frozen patients’ core samples from BBCP trial and MCRC biobank were 

obtained for RNA sequence approach. Total RNA purification was done by 

using RNeasy® Mini kit, (Qiagen®). In brief, 10μl of β-Mercaptoethanol (β-ME) 
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was added to 1ml of lysis buffer (RLT) before use. Frozen tissue was placed 

in liquid nitrogen and ground thoroughly with a RNase-free mortar and pestle. 

Liquid nitrogen was allowed to evaporate, without allowing the tissue to thaw. 

600μl of RLT Buffer was added to tissue powder and the lysate was directly 

transferred into a QIAshredder spin column placed in a 2 ml collection tube 

and centrifuged for 2 min at full speed. Using the micropipette, the supernatant 

(lysate) was carefully transferred into a new microcentrifuge tube and 600μl of 

70% ethanol was added into the cleared lysate and mixed immediately by 

pipetting. The sample was transferred to a RNeasy spin column placed in a 2 

ml collection tube and centrifuged for 15 seconds at ≥ 8000 x g. The flow-

through was discarded. 700μl of RW1 Buffer was added to the RNeasy spin 

column and centrifuged for 15 s at ≥8000 x g (≥10,000 rpm) to wash the spin 

column membrane. The flow-through was discarded. 500μl of Buffer RPE were 

added to the RNeasy spin column and centrifuged for 15 s at ≥8000 x g to 

wash the spin column membrane and the flow-through was discarded. This 

step was then repeated; however, the centrifugation was done for 2 minutes. 

To eliminate RPE buffer, RNeasy spin column was then placed in a new 2 ml 

collection tube and centrifuged at full speed for 1 min. Finally, RNeasy spin 

column was placed in a new 1.5 ml collection tube and 30–50μl RNase-free 

water was added directly to the spin column membrane. The lid of the column 

was gently closed and centrifuged for 1 min at ≥ 8000 x g to elute the RNA 

sample. RNA samples were stored at -80°C.  
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2.2.8.2 RNA Quality Control 

To investigate the quantity and quality of the total RNA extracted from the 

samples before performing RNA sequencing, the 2100 Bioanalyzer (Agilent 

2100 Bioanalyzer system, Agilent Technologies) and the Qubit (Thermofisher 

Scientific) were used. The 2100 Bioanalyzer is a chip-based nucleic acid 

system that performs electrophoresis analysis of DNA, RNA, and protein 

samples. The system was used to evaluate RNA quality by looking at the 

ribosomal RNA (rRNA) peaks (18S and 28S for eukaryotic rRNA). (Figure 2.3-

a) shows an electrophoresis summary of the two integral rRNA subunits. To 

calculate the RNA concentration, the area under the RNA electropherogram 

and the intensity of the bands are measured and compared to that from the 

ladder. The upper band (28s rRNA) intensity is stronger than the lower rRNA 

band (18s rRNA) and this is a good sign of lack of degradation. In general, the 

ratio of 28s rRNA subunits to 18s rRNA subunits derived from mammalian cells 

should be present at a ratio of 2:1. Since those 2 bands appear as distinct 

entities without smearing between or below those subunits, RNA is sufficiently 

intact and not degraded, and therefore, it will work in functional assays. 

RNA Integrity Number (RIN) value was also calculated. It is an important value 

to assure an accurate quantitative measurement of gene expression of the 

sample. It shows how intact and undegraded the RNA is. RIN values range 

from 1, which considered highly degraded, to 10 which means that RNA is 

entirely intact. RIN ≥7 is considered optimal for downstream applications. 

(Figure 2.3, b-i) presents an example of good RNA integrity for one of the 

BBCP samples and (Figure 2.3b-ii) shows an example of a degraded RNA 

sample. 
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[i]                                                               [ii] 

													 	

 

[i]                                                               [ii] 

             

Figure 2.3 Illustration of good and bad RNA quality samples using the 2100 Bioanalyzer. 
Electrophoresis	 was used to measure RNA concentration. The area under the RNA 
electropherogram and the intensity of the bands are measured and compared to that from the 
ladder. (a-i) The upper band (28s rRNA) intensity is stronger than the lower rRNA band (18s 
rRNA).  (a-ii) Smeared bands indicates RNA samples degradation. (b-i) Electropherogram 
graph shows a perfect distinguished peaks for both 18s and 28s rRNA and therefore RIN value 
of 8.20 is assigned to the sample. (b-ii) Graph did not show distinguished peaks which indicate 
that RNA sample is degraded.    
 
 
 
 
 
 
 
 
 
 
 
 

(a) 

(b) 

18
S	

28
S	
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2.2.8.3 RNA-Sequencing  

2.2.8.3.1 Library preparation 

Library preparation was performed through the CRUK Manchester Institute 

Molecular Biology Core Facility. Indexed polyA libraries were prepared using 

the Agilent SureSelect Automated Strand-Specific RNA Library Prep for 

Illumina (G9691B). An input of 200ng of total RNA was used with 14 cycles of 

amplification. Libraries were quantified by qPCR using Kapa Library 

Quantification kit for Illumina (Roche, cat no. 07960336001). Paired-end 

100bp sequencing was performed by loading 500pM equimolar by clustering 

40 million reads per sample of the library pool on a NovaSeq 6000 sequencer 

with standard loading (Illumina inc.). 

2.2.9 Preparation of LCM captured tissue for mass spectrometry 

2.2.9.1 Sample preparation 
	

Six pairs of patients’ samples from BBCP trial were used for mass 

spectrometry analysis. Three pairs of samples were grouped in Responsive 

Group 1 including BCPT03, BCPT06 and BCPT08. The second three pairs 

were included in Responsive Group 2. These samples were BCPT04, BCPT07 

and BCPT11. Blocks of tissue biopsies were used in this approach. Tissue 

sections of 5μm were generated and mounted in (Microdissection-

Micromanipulation-Imaging) MMI membrane slides, RNase free slides. These 

sections were dewaxed and stained with hematoxilyn and eosin staining as 

described in section (2.2.6.1). The methed was illustrated in (Figure 2.4).  
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Figure 2.4: A diagram of samples preparation and computational analysis of LCM-MS 
data for peptides Identification. 5	 µm sections of FFPE tissue were mounted onto MMI 
Membrane Slides (MMI), stained with H&E. From tissue sections mounted on MMI slides, 
equal volumes of lobular epithelium & peri-lobular stroma and were dissected using a MMI 
CellCut Laser Microdissection system. Tissue was collected using MMI transparent isolation 
caps and pooled with dissected tissue from the same region to a final volume of 0.05mm3.  
Formalin-mediated protein cross-linking was reversed by resuspending the dissected tissue 
in 50mM TEAB (triethyl ammonium bicarbonate) containing 5% SDS (w/v) and heating at 95°C 
for 20mins, then 60°C for 2 hours. To assist the solubilisation of extracellular matrix (ECM) 
proteins, urea and DTT (dithiothreitol) was added to the samples to a final concentration of 8M 
and 5mM respectively. Samples were then sonicated in a LE220-Plus focused ultrasonicator 
(Covaris) for 10 mins. Samples were reduced and alkylated, then proteins were isolated and 
digested with trypsin using S-Trap™ spin columns (Protifi) as per the manufacturer’s 
instructions. Peptides were desalted using POROS Oligo R3 beads (Thermo fisher) and 
analysed by LC-MS/MS (liquid chromatography - tandem mass spectrometry) using an 
UltiMate 3000 Rapid Separation LC system (RSLC, Dionex Corporation) coupled to a Q 
Exactive HF™ mass spectrometer (Thermo Fisher). 
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Using MMI CellCut Laser Microdissection system and MMI CellCut software, 

slides were scanned at 4X magnification to visualize total tissue morphology. 

Manually, we used drawing tool to select area of interest. Laser was used to 

dissect region of interest, (Figure 2.5 a-d) and micro-dissected areas were 

collected in MMI Isolation caps, (Figure 2.5e) Approximately, 6,813,462 μm2 

of Lobules compartments were collected from each sample at baseline and 

after-treatment separately.  Samples were proceeded to peptide extraction. 

 

 

 

 

 

 

	

 

 

 

 

 

 

Figure 2.5 Laser captured micro-dissected tissue. From tissue sections mounted on MMI 
slides, equal volumes of lobular epithelium and peri-lobular stroma, (a-d) were dissected using 
a MMI CellCut Laser Microdissection system. Dissected tissues were collected using MMI 
transparent isolation caps (e) and pooled to a final volume of 0.05mm3.   

 

e

a b 

c d 
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2.2.9.1.1 Crosslink reversal and ECM solubilisation  
 

Equipment required for the method to be completed includes 1.5ml “Safe-

Lock” Eppendorf tubes and Covaris LE220, sonicator and 130µl Covaris tubes. 

Buffers B1 and B2 contain 5% SDS; a protein solvent that dissolves proteins. 

Firstly, the heat block was set to 95°C. Once the block is heated, 25µl of B1 

was poured into a 1.5ml LoBind Eppendorf tube. Yellow pipette tip was cut at 

an angle of 45°, dipped in the buffer B1 to moisten the tip and used to 

scoop/scrape tissue from tissue capture tube cap. After this, tissue was 

transferred into the decanted buffer B1. To ensure that all of the tissue is 

transferred to the liquid a fresh needle was used.  

The samples were incubated at 95°C shaking at 1,400 rpm for 20 min, then 

60°C shaking at 1,400 rpm for 2 hours was progressed. Then, 75µl of buffer 

B2 was added to samples with 1µl of 500mM DTT (fc is 5mM) and they were 

incubated at 60°C for 10 min. DTT is a strong reducing agent and it was used 

to breakdown protein disulfide bonds. It also promotes enzymes and proteins 

stabilization. 

B2 contains Urea which enhances protein unfolding indirectly by altering water 

structure and dynamics, it introduces nonpolar groups to water. This will 

minimize the hydrophobic effect and enable the exposure of the hydrophobic 

core residues. After incubation, samples were transferred to 130µl Covaris 

tube.  Samples were sonicated in covaris LE220 Plus ultrasonicator running 

“130µl” programme. The programme was set up for two rounds of 600s time, 

500w power, 20% duty factor, 200 cycle/burst and 100w average power. 

Finally, samples were transferred into new 1.5ml LoBind Eppendrof tubes. The 
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samples can be frozen until they are required or can be directly used towards 

the alkylation and reduction processes.  

For the reduction and alkylation, 500mM DTT was added to samples, 

increasing final concentration by 5mM. After this, the samples were incubated 

at 60°C for 10 minutes on a covered heat block (to avoid 

evaporation/condensation) to reduce cysteine bonds. The samples were 

allowed to return cool to RT and then the Iodoacetamide was added to give a 

final concentration of 30mM (3x DTT concentration). Alkylation with 

iodoacetamide after cysteine reduction prevents the formation of disulfide 

bonds. Samples were incubated in the darkness for about 30 min at RT. the 

iodoacetamide was quenched by adding enough DTT to increase final 

concentration by 10mM. The samples were clarified from salt particles by 

centrifugation at 14000 RCF for 10 min and the supernatant was poured into 

fresh tube. The samples can be frozen at this point or used directly towards 

the S-trap clean up.  

2.2.9.2 S-Trap clean up and digestion 

The materials which are required for the S-trap clean up along with its digestion 

includes S-Trap micro (ProtiFi) recommended for <100µg protein. The process 

of proteins denaturation was performed by acidification followed by exposure 

to high methanol concentration.  

In the beginning, the samples were acidified with the help of 12% H3PO4 (1:10 

dilution in sample to give a 1.2% final concentration). After acidifying the 

samples, 6x S-trap binding buffer was added to the samples and the S-trap 

columns were placed into the clean tubes having a length of 2 ml. Later on, 
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the columns were loaded to 150µl at a time and were centrifuged at 4000 RCF 

for 1 min. Multiple loads were performed and the flow through was discarded 

after every spin. The liquid coming into contact with binding matrix will 

detrimentally affect peptide yield. After this, the proteins were washed with 

150µl S-Trap binding buffer, spun at 4000RCF for 1 min. The process was 

repeated for a total of 10 washes. S-trap column were placed into the fresh 

1.5ml collection tubes and 2µg trypsin in 25µl of digestion buffer was added to 

the columns, then, columns were incubated for 1 hour at 47°C without shaking.  

Samples can be digested overnight if it is required, this will significantly 

contribute toward the decline in the missing cleavages from 20-30% to 10-

15%. Whilst it must be ensured that column do not dry by adding more 

digestion buffer. After incubation, the columns were moved to the fresh 

collection tubes of 2ml. 65µl of digestion buffer was added to columns and they 

were centrifuged at 4000RCF for 2 min for the elution of peptides. Further 

elution was brought up by the addition of 65µl 0.1% formic acid in water, spun 

at 4000RCF for 2 min.  

For the final elution 30µl of 0.1% formic acid, 30% ACN were added and 

column were spun at 4000RCF for 2 min. The peptides can be stored overnight 

at a temperature of 4°C in this buffer. For prolonged period of storage peptides 

samples were lyophilized in a speedvac and stored at 4°C.  

2.2.9.3 Peptide desalting 

The peptide desalting requires POROS R3 beads. Lyophilized peptides were 

re-suspended in 200µl of 5% acetonitrile (ACN), 0.1% formic acid. The pH of 

the samples was checked with the help of Whatman indicator strips and was 
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adjusted to ~pH 3 with 10% formic acid. Usually, the addition of 10µl 10% 

formic acid will adjust pH close to 3. After preparing 10mg/ml solution of 

POROS R3 beads in 50% ACN, 100µl of 10mg/ml POROS R3 bead solution 

was added into the single well of a 96-well filtration membrane plate (0.2µM 

PVDF membrane).  

A collection plate was placed beneath the membrane plate and both plates 

were gyrated in centrifuge at 200g 1min, which allows the separation of liquid 

phase from the beads. Further, the collection plate was emptied and beads 

were washed once in 0.1% formic acid in ACN, re-suspend gently via pipetting 

and spun out liquid phase and collection plate was emptied again like before. 

The beads were washed for 2 times in 0.1% formic acid in water. After 

washing, beads were re-suspended in 200µl of sample and were placed on 

shaking block at 800rpm for 2 min for centrifugation.  

After this, the beads were washed twice in 0.1% formic acid in water by the 

use of shaking block at 800rpm for 2 min to mix. Then, the collection plated 

was changed with the elution plate and beads were re-suspended in 50µl of 

30% ACN, 0.1% formic acid, spinning was performed for the separation of 

liquid phase but it was not discarded. The step including 30% ACN, 0.1% 

formic acid elution was repeated pooling both fractions and finally the pooled 

elution fractions were transferred to the injection vial and was lyophilized in the 

speed vacuum. To check the concentration of the peptides, peptides were 

resuspended in 10µl 5% ACN, 0.1% formic acid in water; 1µl was used to spot 

on Direct Detect cards and assay peptide concentration with the Direct Detect 

spectrometer. System has poor precision/accuracy, however values above 
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0.2ng/µl are reassuring. Finally, peptides were lyophilized and dried peptides 

were stored at 4°C at dark place.  

2.2.9.4 Liquid chromatography coupled tandem mass spectrometry 
(LC-MS/MS) 

	

Dried peptide samples were submitted to Biological Mass Spectrometry facility 

for analysis using an ultiMate® 3000 Rapid Separation LC system (RSLC, 

Dionex Corporation) coupled to a Thermo Q-Exactive HF (QE) Quadrupole-

Obitrap mass spectrometer. Briefly, 10 µL 0.1% formic acid in 5% acetonitrile 

(ACN) was used to resuspend the dried peptides. The formic acid was 0.1% 

in water at mobile phase A, while at the mobile phase B, the formic acid was 

0.1% in ACN. By employing a flow rate of 300 nL/min and a 75 mm x 250 µm 

inner diameter CSH C18 analytical column (Waters), the solvent gradient was 

modified to be as following: 95% A and 5% B to 18% B at 58 min, 27% at 72 

min, and 60% at 74 min. By using data dependent acquisition (DDA), peptides 

were randomly selected for fragmentation, and data was collected for 90 

minutes in the positive mode. 

2.2.9.5 Mass spectrometry data analysis  
 

MaxQuant (v1.6.14.0, available from Max Planck Institute of Biochemistry,  

Tyanova, Temu and Cox, 2016) was used to assess raw mass data. Features 

were identified using MaxQuant default parameters and afterwards scanned 

against the human proteome (UniProt database, August 2020). Oxidation of 

methionine (M) & proline (P) and Acetylation of protein N-terminus were set as 

variable modifications, whereas Carbamidomethyl (C) was set as a fixed 

modification. Un-modified, unique and with ‘match between runs’ enabled 
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peptides were used for peptide quantitation analysis using label-free 

quantification (LFQ) method. For laser capture microdissection experiments, 

the lobular tissue regions at baseline and post-treatment, were analysed 

independently.  

2.2.10 Bioinformatics and Statistical Analysis 

2.2.10.1 RNA-Seq Analysis 

Unmapped paired-end sequence from NovaSeq 6000 sequencer were tested 

by FASTQC, (http://www.bioinformatics.babraham.ac.uk/projects/fastqc). 

Files were processed with Nextflow (19.10.0), nf-core/rnaseq (1.3) pipeline, 

(Baylis et al., 2020; DI Tommaso et al., 2017). The analysis was performed in 

RStudio Workbench (1.4.1717.3) running R (4.0.3), and deployed as a shiny 

app on a server running R (3.6.0) and shiny (1.6.0). Differentially expressed 

gene analysis was performed with DESeq2 (1.26.0). Additional gene IDs were 

retrieved from Ensembl BioMart website 

(https://www.ensembl.org/biomart/martview/) with Ensembl Genes 101 

dataset and Human Genes to map Ensembl Gene IDs to gene symbols and 

Entrez IDs for downstream analyses using the following attributes: 'Gene 

Stable ID', 'Gene name' and 'NCBI gene (formerly Entrezgene) ID'. Gene set 

enrichment analysis and pathway analysis was performed using ideal (1.10.0), 

fgsea (1.14) with MSigDB gene set collections, https://www.gsea-

msigdb.org/gsea/msigdb/collections.jsp. limma (3.42.2), pathview (1.26.0), 

ggplot2 (3.3.3), pheatmap (1.0.12) were used for making plots. Tidyr (1.1.3), 

tibble (3.1.2), dplyr (2.0.6) and magrittr (2.0.1) were used for general data 

processing and formatting. Analysis was performed by Matthew Roberts at 

Cancer Research UK (CRUK) Manchester Institute. 
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2.2.10.2 Ingenuity Pathway Analysis 
 

Ingenuity Pathway Analysis (IPA) was performed for all differentially expressed 

genes. Ensemble gene IDs were submitted as identifiers and Log2 Fold 

change, p-value, p-adj were used as observation. Filters such as (Homo 

sapiens/Human) were applied to acquire relevant information. Submitting 

Log2 Fold change was applied since it is linked to the activation Z-score, which 

help understanding and predicting the directionality of enriched pathways 

independently from p-value, based on significant pattern match of up/down 

regulation.  

2.2.10.3 Principal components Analysis 
 

Principal component analysis (PCA) is an unsupervised statistical technique 

that have been used to compare variability and relationship between different 

samples. It reduces the dimensionality of large dataset such as RNA seq and 

identify patterns between samples. It transforms large dataset into significant 

smaller dataset without losing important information, (Abid et al., 2018). PCA 

tool was used as exploratory data analysis to visualize samples clustering. 

2.2.10.4 Heatmaps of the fold change of genes 
 

Heatmap figures of the fold change of genes were generated using R function 

(heatmap) from the ggplot2 package by Dalia Alghamdi at University of British 

Columbia (UBC). 
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2.2.10.5 Absolute fold change heatmap of 300 genes 
 

For in vitro culture systems experiments, two groups of tissue explants; Day 0 

(D0) samples and tissue explant cultured for one week (W1), were compared, 

(n=5). The Log2 fold change, p-value and false discovery rate (FDR) was 

generated from DeSeq2. Genes with p value > 0.05 were removed. The top 

300 differentially expressed genes were visualized on heatmaps. Analysis was 

performed by Matthew Roberts at Cancer Research UK (CRUK) Manchester 

Institute. 

2.2.10.6 Statistics 
 

Statistical analysis for IHC, morphometry and MFE experiments was 

performed using GraphPad Prism. Data was assessed using non-parametric 

Wilcoxon matched pairs signed rank test. All P values were two sided and P 

values less than 0.05 were considered significant. P<0.05 (*), P<0.01 (**), 

P<0.001(***). Error bars were generated using standard error of mean (SEM).  

Statistical analysis was performed using MSqRob, (Goeminne et al., 2016; 

Goeminne et al., 2020). The median of peptide intensities was used to 

normalise LFQ data. Core or edge sample regions were considered as fixed 

effects. Run, peptide sequence, and replication (depending on the experiment, 

biological or technical) were all considered as random effects. Peptides from 

contaminating proteins as identified by MaxQuant or proteins with less than 

two peptides were disregarded from statistical analysis. Analysis was 

performed by Robert Pedley at Wellcome Centre for Cell-Matrix Research, The 

University of Manchester. 
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Chapter 3 
The Effects of Tamoxifen on Breast Tissue 

of Women at Increased Risk of Breast 
Cancer 
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3 The effects of tamoxifen on breast tissue of women at increased 
risk of breast cancer. 

3.1 Introduction 

Primary prevention (before cancers develop) is a highly attractive goal as it 

save the physical, psychological and financial burdens of cancer diagnosis, 

(Anthis et al.,2020).  

Chemoprevention is defined as the application of pharmacological agents 

which aim to inhibit carcinogenesis, thus lower the risk of developing a cancer. 

In breast cancer, tamoxifen, which functions by blocking the effects of 

estrogen, was the first medication approved for prevention in both pre- and 

post-menopausal women, (Fisher et al., 1998). According to the Food and 

Drug Administration (FDA), women aged 35 years or older, that  have a 5-year 

risk of invasive breast cancer of at least 1.67%, are eligible for tamoxifen 

therapy, (Freedman et al., 2003). Other authorities, such as The National 

Institute for Health and Care Excellence (NICE) in the United Kingdom, have 

approved the use of tamoxifen for pre- and post-menopausal women, although 

anastrozole is the preferred option in postmenopausal women due to its 

favourable toxicity profile. NICE guidance suggests chemoprevention should 

be recommended for women at high lifetime risk (>30%) of breast cancer and 

considered for those at moderate lifetime risk (17-30%). The recommended 

duration of breast cancer chemoprevention is five years, (Jones et al., 2021).   

Meta-analysis of tamoxifen prevention trials shows a significant reduction in 

ER positive breast cancer but no impact on ER negative breast cancer or 

indeed breast cancer mortality, (Cuzick et al., 2013). A previous study has 

shown that the preventive efficacy of tamoxifen is only seen in women with 
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>10% reduction in mammographic density, (Cuzick et al., 2011). However, 

more recent studies suggest that most women experience density reductions 

with tamoxifen therapy, (Brentnall et al., 2020). Of concern, the meta-analysis 

of tamoxifen studies showed an increase in the number of ER negative breast 

cancers in tamoxifen vs placebo treated women indicating a need to identify 

women at increased risk of such cancers, in whom tamoxifen should perhaps 

be avoided. 

One important and currently unmet clinical need is to identify primary factors 

that predict response to chemoprevention of breast cancer. A clinical trial was 

set up in Manchester, in which women at increased risk of breast cancer had 

breast biopsy immediately prior to commencing preventive tamoxifen and 

again after three months of therapy.  Initially, the plan was to investigate the 

degree of change in mammographic density at the 1-year mark and determine 

whether we can categorize participants in our cohort into those who respond 

and those who are resistant to tamoxifen treatment. Subsequently, we wanted 

to correlate the molecular analysis to the degree of change in mammographic 

density at the 1-year mark. However, data were subsequently published 

showing that density reduction at 1 year is not a good predictor of ongoing 

reduction, (Brentnall et al., 2020). The focus of this study is thus to try to 

identify participants with differential response characteristics to preventive 

tamoxifen that might lead to a biomarker driven approach to personalise 

preventive therapy in future.  

The effect of tamoxifen on proliferation, through changes in Ki67 expression, 

was the primary endpoint of the study. Additional analyses included expression 

of steroid hormone receptors (HRs), lobular morphology and serum hormone 
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levels. These data are presented in the following chapter before transcriptomic 

and proteomic data are presented in chapter 4. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 3  

	 102	

3.2 Results 

3.2.1  Breast Biomarkers Chemoprevention trial 

Normal breast tissues were obtained from premenopausal women at 

increased risk but no previous diagnosis of breast cancer. Moderate or high 

risk of BC was defined by Tyrer-Cuzick 10-year risk, (Cuzick et al., 2013). The 

median age of participants at first biopsy was 43 years (range 35-47). 

Participants’ characteristics are shown in (Table 3.1). The study design is 

shown in (Figure 3.1) 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1 The study design of breast cancer prevention trial BBCP. (i) Eligible 
premenopausal women recruited to the prevention pilot trial. VAB samples were collected 
before and after 12 weeks of TAM treatment. For downstream analysis, 2 VAB cores were 
snap frozen in liquid nitrogen and 2 VAB cores were formalin-fixed. Breast Magnetic 
Resonance Imaging (MRI) screening is being performed at the baseline and at the final time 
point to analyse differences in breast density after treatment. (ii,a). VAB cores were coded 
with a unique numerical identifier. VAB cores were received in DMEM media to be digested 
and cultured in vitro. (ii,b-d) Images, weight and total cells yield with clear description of the 
samples were recorded. 

 

(ii) 
a	 b	 c	 d	

(i) 
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Table 3.1 BBCP Participant characteristics 

FFTP= First full-term pregnancy. OCP= Oral contraceptive pills. FDR= First degree relatives. SDR= Second degree 
relatives. BiRads= Breast Imaging-Reporting and Data System. Nil= none 

	

Patient ID Age at 
1st VAB Menarche FFTP Parity OCP FDR SDR Lifetim

e Risk BiRads 

BCPT02 43 13 Unknown Unknown Unknown 1 4 1 in 3 C 

BCPT03 38 13 30 2 COCP: 17Y-29Y 
Mirena: 34-current 1 1 1 in 3 C 

BCPT04 37 13 Nil 0 COCP: 15Y-30Y 1 0 1 in 3 B 

BCPT05 40 13 35 1 COCP: 17Y-27Y 0 2 1 in 4 C 

BCPT06 46 13 Nil 0 Mirena current 0 0 1 in 3 C 

BCPT07 46 13 33 3 COCP: 23Y-31Y 
Mirena current 2 0 1 in 3 C 

BCPT08 47 13 Nil 0 COCP: 16Y-28Y 1 0 1 in 4 C 

BCPT09 42 13 26 2 COCP: 19Y-25Y 
Mirena: 37Y-current 1 1 1 in 4 C 

BCPT10 35 Unknown Unknown Unknown Unknown 2 1 1 in 2-3 C 

BCPT11 41 10 18 3 COCP: 16Y-25Y 2 0 1 in 4 B 

BCPT12 47 12 29 2 COCP: 10Y-28Y 1 1 1 in 4 B 

BCPT13 44 12 Nil 0 COCP: 16Y-35Y 1 0 1 in 3 C 

BCPT14 40 13 36 2 Prior 1 1 1 in 3 C 

BCPT15 43 13 38 1 Unknown 1 1 1 in 4 B 

BCPT16 48 15 31 11 OCP: 18Y-24Y 1 0 1 in 4 C 

BCPT17 37 13 18 2 None 1 1 1 in 3 B 

BCPT18 41 14 30 3 OCP: 16Y-27Y 0 2 1 in 4 D 
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3.2.2 Tamoxifen significantly increases serum estradiol levels  
 

As a first step, changes in steroid hormones (estradiol and progesterone) 

levels in serum were measured to investigate the response of pre-menopausal 

women to tamoxifen treatment. Data was obtained from the Biochemistry 

Department at Manchester University NHS Foundation Trust, Wythenshawe 

Hospital – a UKAS (United Kingdom Accreditation Service) accredited clinical 

laboratory. A significant increase in median estradiol levels from baseline 

(378.5pmol/L; IQR [307pmol/L-410pmol/L]) to 3 months (1060pmol/L; IQR 

[824pmol/L-1327pmol/L]; p=0.0039) was observed in the group overall, 

(Figure 3.2a-i). In contrast, no significant change in median serum 

progesterone levels were seen with tamoxifen treatment although a numerical 

increase in median levels was seen from baseline (23.05nmol/L; IQR 

[0.5nmol/L-36.5nmol/L]) to 3 months (27.05nmol/L; IQR [1.7nmol/L-

81.1nmol/L]; p=0.1435); (Figure 3.2b-i). There was a great deal of variation in 

both the baseline and on treatment progesterone levels but with no clear 

pattern seen. Of note two participants with the progestin (levonorgestrel) 

releasing Mirena coil in situ (BBCPT03 and BBCPT07) had undetectable levels 

of progesterone at baseline but the implications of this are not clear.  
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Figure 3.2 Serum hormones level in premenopausal women at baseline and after 3 
months TAM treatment. (a-i) A significant increase in median estradiol serum levels. (a-ii) An 
increase in estradiol level in serum was seen in all Participants treated with TAM except for 
Participants BCPT04 and BCPT05 (b-i) No significant change in median progesterone serum 
level is seen after TAM treatment. (a-ii) Progesterone level in serum among Participants after 
TAM treatment. Data in scatter plot indicates individual values. Median is shown by horizontal 
line and interquartile range by the whiskers. Statistical significance was determined by 
Wilcoxon matched pairs signed rank test. N=10. *** p ≤ 0.001. 
 

3.2.3 Ki67 expression is reduced after tamoxifen treatment  
 

To investigate proliferation in epithelial cells, the proliferation marker Ki67 was 

determined by immunohistochemistry (IHC). Formalin-fixed paraffin-

embedded (FFPE) biopsies of participants’ samples at the baseline and after 

treatment were sectioned and stained with Ki67 antibody and positive cell 

nuclei counted as a percentage of all epithelial nuclei. The median percentage 

of total epithelial Ki67 reduced with treatment from baseline 4.4% (IQR [3.8%-
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7.4%]) to 3 months 2.9% (IQR [2.1%-5.4%]; p=0.0181); (Figure 3.3a-i).  A 

similar pattern was seen in the acinar epithelium from baseline 4.3% (IQR 

[2.7%-5.9%]) to 3 months 2.1% (IQR [1.3%-3.05]; p=0.0125); (Figure 3.3b-i) 

and the ductal epithelium baseline 4.3% (IQR [4.1%-6.4%]) to 3 months 2.1% 

(IQR; [0.9%-4.7%]; p=0.058); (Figure 3.3c-i) although the latter did not reach 

statistical significance, (Figure 3.3. The response in the ducts appeared to be 

more heterogenous across the participants group than that in the acini (Figure 

3.3c-ii).  
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(d) 

  

  

  
 
Figure 3.3: The percentage of Ki67 positive cells and representative images of nuclear 
staining in normal breast tissue. Changes in Ki67 expression after 12 weeks of TAM 
treatment was assessed by immunohistochemistry (IHC). Percentage of Ki67-positive cells in 
total epithelium (a), acini (b) and ducts (c) as detected by IHC analysis (n=15). (d) 
Representative images of normal breast sections at the baseline (left column) and after 12 
weeks of treatment (right column) stained with Ki67 antibody. Arrows indicate positive (brown) 
chromogenic staining in the normal breast. Data in scatter blots represent values of individual 
samples. Median is shown by horizontal line and interquartile range by the whiskers. The 
statistical significance was determined using by Wilcoxon matched pairs signed rank test.  
*p< 0.05. Scale bars for total epithelium, acini and ducts are 50μm, 20μm and 20μm 
respectively.  

Baseline Post-treatment Ki67 Ki67 

Baseline Post-treatment Ki67 Ki67 

Baseline Post-treatment Ki67 Ki67 
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3.2.4 Tamoxifen treatment reduces intralobular epithelial and acinar 

areas 

Considering the differences in proliferation, we next accessed whether 

tamoxifen could influence normal breast tissue architecture. For this aim, 

quantitative morphological analysis was performed on 14 pairs of samples. 

Five lobules of the same size were chosen randomly and the total number of 

acini, the area of each acinus as well as the area of intralobular terminal duct 

epithelium within each lobule were measured, see (Figure 2.1-b) in method 

section.  

We observed a reduction in total epithelial area within the lobules including 

acini and ductules, (Figure 3.4a-i), however it was not significant. Separately 

we have analysed acinar epithelial area and a significant decrease in acinar 

epithelial area was seen with tamoxifen treatment from baseline 38.4% (IQR 

[31.8%-47.4%]) to 3 months 30.8% (IQR [25.9%-36%]; p=0.02); (Figure 3.4b-

i). There was some apparent heterogeneity in response with a reduction in 

acinar epithelial cells within lobules seen in eight participants with minimal 

change in four and an apparent increase in two participants, (BBCPT04 and 

BBCPT13) (Figure 3.4b-ii). The area of each individual acinus and the number 

of acini were quantified. A significant decrease in median acinar area was 

observed with tamoxifen treatment from baseline 1241μm2 (IQR [1052.2 μm2-

1655.7 μm2) to 3 months 815μm2 (IQR [542 μm2-958.2 μm2; p=0.0006); 

(Figure 3.5a-i), whereas a non-significant increase in the number of acini was 

seen (Figure 3.5b-i). 
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(a)	     i                                                 ii 

   

 

 

 

 

 

(b)      i                                                 ii 

(c) 

 

 

 

 

 

 

Figure 3.4: Tissue morphology in normal breast biopsies of women before and after 
receiving TAM treatment. The median (a,i) and the percentage of total epithelial area for 
individuals (a,ii) at the baseline and after 12 weeks of  treatment. The median (b,i) and the 
percentage of acini epithelium for individuals (b,ii) at the baseline and post-treatment. (c) 
Representative images of FFPE sections stained with H&E at baseline and post-treatment 
(n=14). Arrows indicate epithelial cells within each acinus in the normal breast. Data in scatter 
blots represent values of individual samples and median. The statistical significance was 
determined using Wilcoxon matched pairs signed rank test. * p < 0.05. Scale bars are 20μm. 
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(a)        i                                                   ii 

 

 

  

 

 

 

(b)       i                                                  ii 
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Figure 3.5: Acini average area and numbers in normal breast biopsies of women after 
receiving TAM treatment. The median acini area (a,i) and the median area of acinus in each 
sample (a,ii) at the baseline and after 12 week of TAM treatment are quantified.  The median 
total number of acini in 100μm2 (b,i) and the median number of acini per 100μm2 of lobule for 
individuals (b,ii) at the baseline and post-treatment. (c) Representative images of FFPE 
sections stained with H&E at baseline and post-treatment (n=14). Arrows indicate the area of 
acinus in the normal breast. Data in scatter blots represent values of individual Participants 
and median. The statistical significance was determined using Wilcoxon matched pairs signed 
rank test. *** p< 0.001. Scale bars are 20μm. 
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3.2.5 Tamoxifen treatment reduces both estrogen and progesterone 

receptor expression   

We next sought to understand whether tamoxifen therapy could affect 

expression of the ER and PR.  To this end, we quantified expression of both 

after 12 weeks of tamoxifen treatment. We observed a significant reduction in 

ER-positive cells in both acinar baseline 23.2% (IQR [19.1%-40%]) to 3 

months 16.1%; (IQR [11.9%-27%]; p=0.02); (Figure 3.6a-i) and ductal 

epithelium baseline 18.5% (IQR [10.4%-29.5]) to 3 months 12.8% (IQR [4.8%-

25.1%];p=0.02); (Figure 3.6b-i). The reduction in acini was seen across all 

participants except for participants BCPT04 and BCPT10 where there was a 

slight increase in ER expression, and BCPT08 where there was no appreciable 

change, (Figure 3.6ii). PR expression was seen to be reduced in participants 

in acinar epithelial cells in both baseline 33.6% (IQR [20.2%-48.8%] to 3 

months 14.5% (IQR [5.8%-20.6]; p<0.0001); (Figure 3.7a-i) and ductal 

epithelial cells baseline 36.6% (IQR [26.8%-44.4%] to 3 months 13.3% (IQR 

[4.9%-21.2%]; p<0.0001); (Figure 3.7b-i). This reduction in acini epithelium 

was seen across almost all participants’ samples (Figure 3.7a-ii) although 

participants BCPT10 and BCPT15 displayed little change with treatment.   
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(c) 

   

 

 

 

 

 

 

Figure 3.6: The percentage of ER positive cells and representative images of nuclear 
staining in normal breast tissue. Changes in ER expression after 12 weeks of TAM 
treatment were assessed by immunohistochemistry (IHC). Median ER positive cells in acinar 
(a) and ductal (b) epithelial cells as detected by IHC analysis (n=12). (c) Representative 
images of normal breast sections at the baseline (left column) and after 12 weeks of treatment 
(right column) stained with ER antibody. Arrows indicate positive (brown) chromogenic 
staining in the normal breast. Data in scatter blots represent values of individual Participants. 
Median is shown by horizontal line and interquartile range by the whiskers. The statistical 
significance was determined using Wilcoxon matched pairs signed rank test. * p<0.05. Scale 
bars are 20μm. 
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(c) 

  

 

 

 

 

 

 

Figure 3.7: The percentage of PR positive cells and representative images of nuclear 
staining in normal breast tissue. The change in PR expression after 12 weeks of TAM 
treatment was assessed by immunohistochemistry (IHC). Percentage of PR positive cells in 
acinar (a) and ductal (b) epithelial cells as detected by IHC analysis (n=16). Arrows indicate 
positive (brown) chromogenic staining in the normal breast. (c) Representative images of 
normal breast sections at the baseline (left column) and after 12 weeks of treatment (right 
column) stained with PR antibody. Data in scatter blots represent values of individual 
Participants. Median is shown by horizontal line and interquartile range by the whiskers. The 
statistical significance was determined using Wilcoxon matched pairs signed rank test. 
****p<0.0001. Scale bars are 20μm. 

3.2.6 Mammosphere forming efficiency was not affected by tamoxifen 
treatment 

As a next step, we examined the effects of tamoxifen on colony formation using 

the mammosphere formation efficiency (MFE) assay, (Shaw et al., 2012). MFE 

was carried out on baseline and post-treatment samples following dissociation 

into single cell suspensions. In these experiments, no significant difference in 

MFE was seen with treatment across the whole group (Figure 3.8a-i) due to 

marked heterogeneity in response between individual participants (Figure 

3.8a-ii). 

Baseline Post-treatment PR	 PR 

Baseline Post-treatment PR PR 
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 (a)           i                                               ii 

 

 

 

 

 

 

 

Figure 3.8: Mammosphere forming efficiency of normal breast biopsies of women after 
receiving TAM treatment. Samples were collected before and after TAM treatment and were 
enzymatically digested into single cell suspensions and plated in non-adherent 6-well plates 
(10,000 cells/well). Plates were incubated for 10 days. (i) Mammospheres with diameter above 
50μm were quantified and data is presented as percentage. (ii) Error bars represent SEM from 
6 independent wells (n=15). Data in scatter blots represents values for individuals and the 
median is shown by horizontal line while the interquartile range by the whiskers. The statistical 
significance was determined using Wilcoxon matched pairs signed rank test. 

 

3.2.7 Participants with higher baseline Mammographic Density show 
greater proportional reduction with treatment 

	

We next investigated changes in breast density using digital mammography 

images. To minimise interobserver error we utilised Volpara® Health software 

for quantitative image analysis (Alonzo-Proulx et al., 2015). We examined the 

differences in Volpara Breast Density (VBD) read-outs at one year of follow-

up, (n=9 only as several participants are yet to reach the one-year timepoint). 

Overall, there was a significant reduction in median VBD at baseline 12.6% 

(IQR [9.1%-17%]) to one year follow-up 8.5% (IQR [6.8%-12.5%]; p=0.0039); 

(Figure 3.9, a-i). Of note all participants showed >10% relative reduction in 

VBD with treatment except for participant BCPT04 where there was no change 

in MD after treatment, (Figure 3.9ii). This reduction was not significantly 

BCPT03

BCPT04

BCPT05

BCPT06

BCPT07

BCPT08

BCPT09

BCPT10

BCPT11

BCPT12

BCPT14

BCPT15

BCPT16

BCPT17

BCPT18
0.0

0.2

0.4

0.6

Patient ID

M
am

m
os

ph
er

e 
Fo

rm
in

g 
Ef

fic
ie

nc
y 

(%
)

Baseline

Post-Treatment 

Bas
eli

ne

Post
-T

re
at

m
en

t 
0.0

0.2

0.4

0.6

M
am

m
os

ph
er

e 
Fo

rm
in

g 
E

ff
ic

ie
nc

y 
(%

)

ns



Chapter 3  

	 117	

correlated with the change in Ki67, ER, PR and acinar area. Again, the 

mammographic data suggests that quantitative reduction in density may not 

be an appropriate biomarker of tamoxifen response. 

(a)      i                                               ii 

 

 

         

 

 

 

 

 

(b)   i: Case with high dense tissue at the baseline 
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ii: Case with low dense tissue 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.9: Breast density change at the baseline and one year follow-up after receiving 
TAM treatment. Changes in breast density in healthy women after one year of TAM treatment 
was assessed by using Senographe EssentialTM Mammography System from General Electric 
(GE). (a-i) the median of VBD in all women (n=9). (a-ii): Changes in VBD in each individual. 
(b) Representative digital mammography images of right (R) side of the woman’s breast. 
Bilateral craniocaudal (CC) and mediolateral oblique (MLO) views are presented. (i) Patient 
with high dense breast tissue at the baseline and one year follow-up, (ii) Patient with low dense 
breast tissue at the baseline and one year follow-up. Data in scatter blots represent values of 
individuals. Median is shown by horizontal line and interquartile range by the whiskers. The 
statistical significance was determined using Wilcoxon matched pairs signed rank test. * 
p<0.05 
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3.3 Discussion 
 

Identifying predictive biomarkers of preventive tamoxifen efficacy is a 

significant clinical priority. In our cohort, tissue biopsies and blood samples 

were collected at luteal phase before treatment began and again in the 12th 

week of therapy. In our assessments we first determined the level of estradiol 

and progesterone in blood. The normal range of estradiol in premenopausal 

women during the luteal phase of the menstrual cycle is 82-1251 pmol/L, 

whereas it is below 110 pmol/L in postmenopausal women, (Frederiksen et al., 

2020). In comparison to the baseline, we noted a considerable increase in the 

estradiol levels. In our cohort, the baseline median of estradiol blood levels in 

women was 354.7 pmol/L and considerably raised to 1043.4 pmol/L, 

representing a nearly three-fold increase. These findings support Groom and 

Griffiths hypothesis that tamoxifen has direct effects on ovarian function, which 

cause an elevation of circulating estradiol level, (Groom et al., 1976). The 

agonist action of tamoxifen can enhance ovarian hyper-stimulation, resulting 

in higher luteinizing, follicle stimulation, estradiol, progesterone hormones 

through the hypothalamic-pituitary axis, (Madeddu et al., 2014). In conflict with 

our data, progesterone blood levels did not increase after tamoxifen treatment. 

Interestingly, in our investigations two participants (BCPT04 and BCPT05) did 

not show any change in estradiol blood level. This heterogeneity could 

potentially identify participants less likely to respond to tamoxifen, with a 

hypothesis that those exhibiting the greatest increase in serum estradiol levels 

may have reduced anti-estrogenic effect on the breast tissue. Notably, in 

cancer treatment, ovarian function suppression (OFS) in combination with 

tamoxifen has been shown to be superior to tamoxifen alone, potentially as it 
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counters the effect of increased estrogen with tamoxifen treatment, (Kim et al., 

2020). However, we did not observe any correlation between change in 

estradiol levels and reduction in Ki67, ER, PR and acinar area, (data not 

shown).  

As part of our investigations, patient samples were prepared for IHC and 

morphometric analysis. These samples displayed a variety of ducts and TDLU 

structures, which enabled us to analyse these morphological features 

separately. It was hypothesized that exposing epithelial cells in dense breast 

tissue and mature TDLU to steroid hormones and growth factors stimulates 

cell proliferation, accumulation of genetic damage, and increase in the 

probability of transformation, (Ginsburg et al., 2008).  

Ki67 is a nuclear protein that is expressed in cycling cells. It was shown to be 

a more accurate and predictive marker of cancer cell proliferation than mitotic 

counts  for breast cancer participants, (Brentnall et al., 2020; Cuzick et al., 

2011; Viale et al., 2008).  

We demonstrated significant reduction in Ki67 expression after treatment with 

tamoxifen.  Reduction in Ki67 was most obvious in acini epithelial cells and 

was borderline significant in ductal epithelial cells. We determined the Ki67 

expression median to be 4.4%, which is similar with a prior studies that 

indicated Ki67+ cells comprises around 4% of total epithelium in normal breast 

in premenopausal women with high risk of breast cancer, (Huh et al., 2016; 

Oh et al., 2016).   

The hormones estradiol and progesterone can directly and indirectly stimulate 

the proliferative activity of luminal epithelial cells, (Brisken et al., 2010). Sensor 
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luminal cells release paracrine growth factors when estradiol and 

progesterone hormones bind with ER and PR receptors. This influences the 

downstream activity of responder luminal cells that do not express hormone 

receptors, (Brisken et al.,2010). Since PR and paracrine signalling are 

downstream of ER-related signalling pathways, the inhibition of ER via 

tamoxifen lowers the activity of ER, and thus reduced PR expression and 

paracrine signalling activity. This may serve as one potential explanation for 

the decreased proliferation observed in our cohort. 

In normal breast tissue, myoepithelial cells do not express hormone receptors. 

Prior studies have showed that both ER and PR are expressed in less than 

15% of the luminal cells in normal breast tissue, (Clarke et al., 1997; Oh et al., 

2016). In a study by Oh et al., the expression of ER was inversely related with 

subsequent risk. PR and Ki67 expression were non-significant, however they 

were reported to be strongly linked with subsequent risk, (Oh et al., 2016). 

However, in their study the percentages of ER and PR positive cells were 

higher than in our data. Moreover, a recent study has revealed that increased 

stiffness can have an impact on ERα signalling. Munne et al., cultivated 

patient-derived breast luminal ERα+ epithelial cells and breast cancer explant 

in various three-dimensional matrix scaffolds. They found that the matrix 

stiffness regulates ERα signalling via stress-mediated p38 activation in breast 

tissue, (Munne et al., 2021).  

In our cohort, both ER and PR receptors were significantly reduced after 

treatment with tamoxifen. Euhus et al., has reported that tamoxifen suppressed 

ERα by a median of 27% when evaluated by IHC, however, this was not 

statistically significant (P= 0.058). However, tamoxifen treatment was shown 
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to reduce ESR1 gene expression levels by approximately 50%, (Euhus et al., 

2011).  

Morphometric characteristics of the normal breast were analyzed to visualize 

changes in TDLU architecture. We performed quantitative measurements of 

lobules, and quantified acini total number and area within lobules. The results 

showed a statistically significant reduction in the percentage of total acinar 

epithelium within lobules area as well as individual acinar area after tamoxifen 

treatment. This data suggests that reduction in the acinar area could be 

correlated with reduced epithelial cell proliferation. In contrast, after three 

months of tamoxifen treatment, Euhus et al. (2011) reported no differences in 

morphological aspects of benign breast tissue. The researchers utilized 

computer-assisted tissue component analysis to evaluate the morphologic 

characteristics of breast tissue, but they manually calculated the number of 

acini in each lobule and the number of epithelial cells. Furthermore, they did 

not observe changes in the frequency of cytologic atypia, using Masood 

scoring approach to access the cell structure, (Euhus et al., 2011).  

In a study looking at a longer duration of tamoxifen treatment (12 months) 

Baker et al. showed that Masood cytology scores, indicating the degree of 

cellular atypia, were reduced suggesting that longer treatment periods may be 

necessary to translate into morphologic changes, (Baker et al., 2008). 

Some women still go on to develop breast cancer, sometimes even ER+ BC, 

despite tamoxifen therapy. The reasons for this tamoxifen resistance are yet 

unknown, however, it is possible that stem-like activity may contribute to 

tamoxifen resistance since stem/progenitor cells are likely to be the cells that 
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are transformed into breast cancers, and stem-like activity may contribute to 

tamoxifen resistance, (Piva et al., 2014). As such, we investigated whether 

tamoxifen could affect stem cell properties, such as 3D colony formation. For 

this we employed the MFE assay on single cell suspensions generated from 

participants’ baseline and post-treatment samples. We noticed a differential 

response to tamoxifen treatment among participants and a statistically non-

significant reduction in MFE overall. According to our current findings and 

earlier reported data results on normal breast tissue, tamoxifen does not 

significantly change the proportion of stem-like cells following treatment, nor 

does it appear to affect stem-like cells in the normal breast, (Raffo et al., 2013; 

Simões et al., 2011). Although tamoxifen could influence paracrine signalling 

downstream of the targeted ER+ cells, our data do not currently support an 

effect on stem-like cell activity. It is tempting to speculate that this maybe why 

there is no reduction in ER- breast cancer with tamoxifen as these tumours are 

thought to originate from the ER- luminal progenitor cell population, (Hein et 

al. 2016; Keller et al. 2012; Van Keymeulen et al. 2015; Koren et al. 2015; 

Molyneux et al. 2010; Pelissier Vatter et al. 2018). 

Overall mammographic density in this study was reduced by a median of  

22.4% at one year, comparable to a recent study that reported a mean 

reduction in mammographic density by (17-25%) of the inter-quartile range, (-

11: [-21.6-2.6-2.7, -74.2-26.5]), (Brentnall et al., 2020). We sought to 

understand the variability among our participants. There was an indication that 

participants with high MD would exhibit a greater reduction after a one year of 

tamoxifen treatment. Chew et. al found that only human breast tissue of high 

MD, transplanted into immunosuppressed mice, showed reduced MD in 
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response to 3 months’ tamoxifen treatment, (Chew et al., 2014). Following 

tamoxifen treatment, the percentage area of adipose tissue in the high MD 

biochamber tissue was increased, whereas after estrogen treatment, they 

noticed an increase in MD and a reduction in adipose tissue, (Chew et al., 

2014). They did not detect the status of epithelial proliferation markers 

following tamoxifen treatment, but they did imply that the decrease in MD in 

dense tissue is linked to the maturation of stromal cells into adipocytes. 

According to clinical studies, it is suggested that high breast cancer risk is 

linked with longer steroid hormone exposure using HRT, (Ross et al., 2000; 

Weiss et al., 2002), while tamoxifen treatment has been linked to a reduction 

in estrogen impacts on the breast. However, we did not observe a correlation 

between reduction in density and reduction in other markers; such as Ki67, ER 

or acinar area. It is possible that this is due to the relatively small number of 

patients that we have analysed to date. As further participants are recruited 

and the data analysed, we will be able to determine whether there or not a 

direct correlation between density reduction and molecular analyses exists. 

The conclusions from this chapter are that tamoxifen treatment inhibits ER 

activity and leads to a reduction in epithelial cell proliferation. The reduction of 

Ki67 protein expression following tamoxifen treatment is linked to reduced 

acinar area. Secondly, we conclude from the mammosphere data that 

tamoxifen therapy exerts no direct or indirect effects on the activity of stem-

like cells. Finally, all participants treated with tamoxifen displayed reduction in 

MD. Accordingly, we speculate that evaluating the reduction in MD could not 

help us discriminate who responded to tamoxifen treatment and those who are 

resistant. From the data presented in this chapter, we cannot yet identify those 
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who will gain benefit from preventive tamoxifen. I have thus gone on to 

investigate transcriptomic and proteomic approaches to try and uncover 

signatures of response/resistance to tamoxifen treatment. The following 

chapter will elaborate further on our gene expression and proteomic analyses. 
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Chapter 4 

Investigating Mechanisms of Tamoxifen 
Resistance in Breast Cancer Preventive 
Therapy Using Genomic and Proteomic 

Analyses
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4 Investigating Mechanisms of Tamoxifen Resistance in Breast 
Cancer Preventive Therapy Using Genomic and Proteomic 
Analyses. 

	

4.1 Introduction 

Our initial hypothesis for the tamoxifen study was that we would be able to 

correlate the molecular analysis of breast tissue to the mammographic data at 

1 year. However, even though earlier studies showed density reduction 

predicted preventive efficacy, (Cuzick et al., 2011), subsequent studies using 

automated methods of density assessment suggest that density change at 1 

year does not predict density at year 2, (Brentnall et al., 2020). We thus 

changed our approach and looked for patterns of differential gene and protein 

expression that may define response vs resistance to tamoxifen prevention. 

In Chapter 3 we identified variability in response in terms of changes in 

proliferation, morphology and steroid receptor expression. Here, we wanted to 

try and identify mechanisms of resistance to preventive tamoxifen in women at 

increased risk for breast cancer. By using RNA sequencing and LCM-MS 

approaches, we sought to identify signalling pathways and proteomic 

signatures that may be affected by tamoxifen treatment and whether these 

changes could help discriminate between responders, whom we hypothesise 

would gain preventive benefit, and resistant participants who would not. 

One emerging challenge for the use of tamoxifen in chemoprevention is the 

development of drug resistance. As such, further research into the molecular 

and cellular mechanisms underlying tamoxifen resistance will be key in 

overcoming resistance, uncovering novel therapeutic agents for the prevention 

of breast cancer, as well as designing more efficacious therapeutic strategies 
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for the clinic. Moreover, there is an urgent clinical need for biomarkers to 

identify women who will be resistant to preventive tamoxifen and who can thus 

be spared the toxicities. 
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4.2 Results 

4.2.1 Unsupervised transcriptomic analysis  

To investigate the effects of tamoxifen on the normal breast transcriptome, 10 

paired samples, taken before and after 12 weeks of tamoxifen therapy, were 

subjected to RNA sequencing (RNAseq) analysis. In RNA sequencing data 

sets, Principal Components Analysis (PCA) can be used to visualize baseline 

samples to post-treatment samples distances, highlight variation and capture 

significant patterns. In a PCA, the data points (samples) are presented on a 

2D plane where they spread out in two directions. Principal component 1 (PC1) 

and PC2 account for the greatest and second greatest variation in gene 

expression between samples respectively. In the PCA of our 10 paired 

samples (Figure 4.1a), 45% of the variation was explained by PC1 and 11% 

by PC2. There was no clear separation of the baseline and post-treatment 

samples into groups suggesting that both inter-patient variability and tamoxifen 

treatment effect are both important.   

A similar result was found using a heatmap of distance matrix, which can be 

used to give an overview of similarities and dissimilarities between paired 

samples, (Figure 4.1b). Overall, it explains how samples at baseline and post-

treatment are clustered. The colours in the heatmap indicate similarities across 

samples. The distance between samples at the baseline and post-treatment 

indicates that tamoxifen is driving changes in the gene expression profile in all 

samples apart from BCPT07 where the baseline and post treatment samples 

cluster together.  
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Figure 4.1 The unsupervised analysis of the normal breast biopsies shows the changes 
in post-treatment versus baseline in gene expression in women who received 
preventive TAM therapy for 12 weeks. (a) A Principal Component Analysis (PCA) plot of the 
normal breast biopsies at the baseline and 12 weeks of TAM treatment. Sample condition can 
be seen in the key. PCA plot was generated using the function plotPCA in the DESeq2 
package. (b) A heatmap of gene expression shows pair-wise distances across baseline and 
post-treatment samples using a variance-stabilizing transformation. The heatmap with a 
hierarchical clustering function was generated based on the sample distances between the 
rows/columns of the distance matrix. Sample IDs can be found at the bottom and right- hand 
borders of the heatmap. The scale represents the similarities across samples. Blue colour 
means short distance and high similarity between samples. Red colour means long distance 
and low similarity between samples. The diagonal has dark blue colour which represent the 
distance of each individual sample with itself. To generate the heatmap, a function in R 
software was used. RNAseq was performed on 10 pairs of normal breast tissues at the 
baseline and 12 weeks of TAM treatment. 
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4.2.2 Identification of differentially expressed genes in women receiving 
tamoxifen treatment.  

 

To further explore the effects of tamoxifen on the normal breast transcriptional 

profiles we performed differentially expressed genes (DEG) analysis of the 10 

paired samples. Each participant’s post-treatment gene expression profile was 

compared to the baseline profile in the analysis and DEGs were evaluated. By 

using the DEseq2 package with an adjusted p-value threshold of <0.05, 54 

differentially expressed genes were identified (Figure 4.2; Table 4.1; 4.2). 

Many of the differently expressed genes are known to be regulated by estrogen 

signalling and were consistently down-regulated by tamoxifen treatment. 

Despite the fact that the majority of these genes were uniformly up or down 

regulated by tamoxifen, unsupervised clustering analysis demonstrated 

separation of the samples into two broad groups, (Figure 4.2) 
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Figure 4.2 Heatmap displaying the 54 differentially expressed genes. Genes are 
displayed as log2 fold change and p of 0.05 was used. Each column on the heatmap 
represents an individual participant; Red indicates an upregulation and blue a downregulation, 
the degree to which can be seen on the colour key scale.  
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Table 4.1 Down-regulated genes identified in the normal breast tissue of pairs of 
samples from 10 women who received TAM treatment. Log2FC = log2 fold change. FDR= 
False Discovery Rate.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 4.2 Up-regulated genes identified in the normal breast tissue of pairs of samples 
from n=10 women who received TAM treatment. Log2FC = log 2 fold change. FDR= False 
Discovery Rate.  

 

 

 

 

 

 

 

GENE NAME  LOG2FC P-VALUE FDR 

PTHLH -2.41 2.14E-12 0.0000004 
AREG -1.71 6.07E-11 0.0000006 
TFF3 -1.03 1.74E-09 0.000009 
ESRRB -1.42 1.89E-09 0.000009 
RP1 -1.51 3.18E-09 0.00001 
TFF1 -2.64 7.82E-08 0.0002 
PRSS23 -0.52 2.52E-07 0.0006 
SLITRK4 -0.75 4.34E-07 0.0008 
RASL10A -0.9 4.83E-07 0.0008 
PNMT -1.21 7.79E-07 0.001 
DCX -1.35 1.19E-06 0.002 
CACNA1G -1.11 2.98E-06 0.003 
WNT4 -1.12 2.98E-06 0.003 
TNFSF11 -1.85 4.59E-06 0.005 
SERPINA5 -1.09 5.40E-06 0.006 
FLT3 -1.15 5.54E-06 0.006 
PGR -1.1 7.58E-06 0.007 
UPK3A -1.22 9.71E-06 0.009 
RNF223 -1.15 1.08E-05 0.009 
CAPN8 -0.84 1.10E-05 0.009 
GREB1 -1.12 1.34E-05 0.01 
DLG5 -0.44 1.49E-05 0.01 
FAM83E -0.84 1.50E-05 0.01 
SERPINA11 -1.51 1.71E-05 0.01 
ETV5 -0.53 4.01E-05 0.02 
DOK7 -1.41 2.03E-05 0.01 
CHGA -1.32 2.74E-05 0.01 
CAPN6 -0.91 3.73E-05 0.02 
CLIC6 -0.81 6.34E-05 0.03 
EGR2 -1.02 4.99E-05 0.03 
AC100801.1 -1.41 6.17E-05 0.03 
KCNC2 -1.71 6.62E-05 0.03 
TPBG -0.62 6.71E-05 0.03 
PMAIP1 -0.79 7.39E-05 0.03 
IL17B -1.25 8.54E-05 0.04 
ETV4 -1.11 9.97E-05 0.04 
HEPH -0.52 1.00E-04 0.04 
KCNK5 -0.71 1.03E-04 0.04 
EXTL1 -1.25 1.04E-04 0.04 
AC037198.2 -1.73 1.09E-04 0.04 
RBBP8 -0.61 1.23E-04 0.05 
APLN -1.16 1.25E-04 0.05 

GENE NAME  LOG2FC P-VALUE FDR 

MPPED1 1.42 1.43E-07 0.0004 
AC110285.6 1.22 3.12E-07 0.0006 
ANGPT2 0.67 6.10E-07 0.0009 
GVINP1 0.47 3.14E-05 0.02 
UBE2L5 0.82 4.06E-05 0.02 
HCAR3 0.82 5.90E-05 0.03 
PTGIS 0.5 6.06E-05 0.03 
KCNK15 0.66 6.45E-05 0.03 
MCTP1 0.51 1.01E-04 0.04 
AC008875.3 0.53 1.19E-04 0.05 
STARD9 0.51 1.34E-04 0.05 
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Using Gene Set Enrichment Analysis (GSEA) of these 54 DEGs, no single 

pathway was enriched significantly (data not shown), despite the observation 

that multiple ER targets were down-regulated. We next undertook a PCA using 

Log2 fold-change (Log2FC) values to further evaluate the spatial separation of 

the samples with respect to their intrinsic response characteristics. In this PCA 

(Figure 4.3), PC1 accounts for 45.6% of the variance and PC2 17.2%. Samples 

BCPT04,7,10 and 11 separate out from BCPT02,3 and 12 on PC1 with the 

remaining three samples showing variance in PC2 predominantly. Broadly 

defining the samples into two groups by PC1, acknowledging that samples 

BCPT5,6 and 8 show minimal variance in PC1, shows consistency with the 2 

major clusters in the previous heatmap (Figure 4.2). We have tentatively 

labelled these as response group 1 (RG1) that includes BCPT02, BCPT03, 

BCPT06, BCPT08 and BCPT12 and response group 2 (RG2) which includes 

BCPT04, BCPT05, BCPT07, BCPT10 and BCPT11.  
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Figure 4.3 Principal component analysis (PCA) shows samples cluster according to 
their response to TAM treatment. Sample IDs are shown on the PCA itself. The PCA is used 
to define 2 clusters, based on PC1 with the blue line separating participants into response 
group 1 (RG1) on the left and response group 2 (RG2) on the right. n=10 participants.  
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4.2.3 Tamoxifen treatment modulation of luminal hormone receptor 
positive cell gene expression. 

To further evaluate the patterns of gene expression we next analysed the 

epithelial and stromal gene set signatures in our cohort. Epithelial and stromal 

cell gene set signatures were identified from published single cell RNAseq 

datasets (Bach et al., 2017; Kanaya et al., 2019; Twigger et al., 2020). First, 

we examined the epithelial cell signatures, including genes expressed 

predominantly in luminal hormone receptor positive, luminal hormone receptor 

negative, both luminal subtypes or basal cells, and examined their differential 

expression in response to tamoxifen (Figure 4.4). In contrast to the initial DEG 

analysis (Figure 4.2) many of the selected genes showed wide variation in 

expression in response to tamoxifen, the same gene often showing significant 

upregulation in some and downregulation in other samples.  Although 

hierarchical clustering showed some separation of samples across all 

epithelial lineages combined (Figure 4.4), we next looked at the luminal HR+ 

subset individually as these are the cells on which tamoxifen acts through 

expressed ER, (Figure 4.5). Several of the genes in this cluster (ESR1, TFF1, 

TFF3, PGR, and AREG) showed almost uniform down regulation by tamoxifen. 

However, the other genes (PRLR, AGR2, PIP, AZGP1 and FOXA1) were 

upregulated in some and downregulated in other samples. Interestingly these 

two main clusters were concordant with RG1 and RG2 defined from the DEG 

PCA analysis. We did not observe the same separation among participants in 

5 stromal gene set signatures analysed (data not shown).	
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Figure 4.4 Heatmap displaying the gene set signature associated with mammary 
epithelial cells. Genes are displayed as log2 fold change. n=41genes. Each column on the 
heatmap represents an individual participant; Red indicates an upregulation and blue a 
downregulation, the degree to which can be seen on the colour key scale. 
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Figure 4.5 Heatmap displaying the gene set signature associated with Luminal hormone 
positive cells. Genes are displayed as Log2 fold change. n=10 genes. Each column on the 
heatmap represents an individual participant; Red indicates an upregulation and blue indicates 
a downregulation, the degree to which can be seen on the colour key scale  
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We next performed pathway enrichment analysis of differentially expressed 

genes in response to tamoxifen within RG1 and RG2 independently. We found 

that differentially expressed genes in RG1 were significantly enriched in seven 

pathways (Table 4.3. and Figure 4.6). Adipogenesis, fatty acid metabolism, 

myogenesis and oxidative phosphorylation related pathways were upregulated 

whereas estrogen response, G2M checkpoints and E2F target related 

pathways were downregulated in this group.  In contrast, there were no 

significantly enriched DEG pathways in RG2 suggesting a lack of ‘classical’ 

antiestrogen response. 

Table 4.3: Pathway enrichment analysis for differentially expressed genes in Response 
Group 1 after TAM treatment. NES = Normalized enrichment score, Padj= adjusted P 
value. Size = number of genes included in each pathway  

 

 

 

 

Pathway NES Padj Size Biological 
Process 

Adipogenesis 4.04 0.00 62 Metabolic 

Estrogen response early -4.06 0.00 73 Signalling 

Estrogen response late -3.64 0.00 75 Signalling 

Myogenesis 2.35 0.01 46 Development 

G2M checkpoint -2.19 0.02 24 Proliferation 

E2F targets -2.09 0.02 21 Proliferation 

Oxidative phosphorylation 2.11 0.03 20 Metabolic 

Fatty acid metabolism 1.99 0.05 37 Metabolic 
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Figure 4.6 Analysis of pathway enrichment using Gene Ontology. The pathways 
enrichment scores for each enriched pathway in RG1. Rank represents the position in the 
ranked list at which the maximum enrichment score occurred. The most interesting gene sets 
achieve the maximum enrichment score near the top or bottom of ranked list. For inferring 
GSEA pathways, MsigDB database was used which contain HALLLMARK pathways. For 
conducting GSEA analysis R packages FGSEA, MSIGDBR and cluster profiler were used.  
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4.2.4 Tamoxifen mediated expression of proliferation associated genes 

We next investigated a proliferation related gene set consisting of MKI67, 

BUB1, MYBL2, E2F1 and PLK1 genes (Figure 4.7). Interestingly three of RG2 

(BCPT04,7 and 11) clustered together and showed increase in proliferative 

gene expression with tamoxifen including MKI67 which is the gene for the Ki67 

protein, regulation of which was the primary endpoint of this prevention clinical 

trial, (See methods section 2.1.5.2). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.7 Heatmap displaying the 5 gene set signature associated with proliferation. 
Genes are displayed as log2 fold change. Each column on the heatmap represents an 
individual participant; Red indicates an upregulation and blue a downregulation, the degree to 
which can be seen on the colour key scale. 
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Interestingly BCPT10 showed marked downregulation of all proliferation genes 

despite aligning with RG2 samples generally and showing stimulation of 

expression of the luminal HR+ genes. This suggests there may be a 

decoupling of proliferative and HR+ cell gene expression in response to 

tamoxifen in some patients that could have important implications for 

biomarker selection. 

To investigate further we examined the correlation between Ki67 protein 

expression and MKI67 gene expression (Figure 4.8c) and showed a moderate 

correlation (r=0.71; p=0.023). Interestingly the three main outliers in this 

analysis were from RG2 (BCPT04,7 and 10) suggesting the association 

between RNA and protein expression, at least for Ki67/MKI67, is weaker in the 

less responsive subgroup. With the exception of MKI67 expression in BCPT10 

waterfall plots of the changes in expression of Ki67 and MKI67 with treatment 

separated RG1 and RG2, (Figure 4.8a,b).  

 

 

 

 

 

 

 

 



Chapter 4  

	 143	

(a)                                                                       
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Figure 4.8 Ki67 protein and MKI67 gene as biomarkers for TAM response in 
premenopausal women. Waterfall plots of fold change differences in (a) Ki67 protein, (b) 
MKI67 gene relative to the baseline values. Ki67 protein expression was detected by 
Immunohistochemical analysis. MKI67 gene expression was detected by RNAseq analysis. 
The blue bars represent participants included in RG1 while red bars represent participants 
included in RG2 (c) Scatter plots showing the correlation between the change in Ki67 
expression and MKI67 gene expression after 12 weeks of TAM treatment. The best-fit linear 
regression line (solid line) of each scatter plot is shown together with the Pearson correlation 
coefficient (r). Dotted lines represent 95% confidence intervals (CI). n=10.  
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We next examined whether changes in either MKI67 gene or Ki67 protein 

expression correlated with changes in acinar area. A very strong positive 

correlation was observed for reduction in MKI67 gene expression and 

reduction in acinar area with tamoxifen treatment (r=0.9102; p=0.0003: Figure 

4.9c), with a weaker but still significant association between change in %Ki67 

and acinar area, (r=0.6542. p=0.0402: Figure 4.9b). Again, the waterfall plot 

for acinar area reduction broadly separated RG1 and RG2 albeit with BCPT10 

exhibiting reductions similar to most RG1 samples (Figure 4.9a), consistent 

with the more marked reduction in MKI67 expression. 
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Figure 4.9 Scatter plots showing the correlation between Ki67 protein and MKI67 gene 
expression and acinar area after 12 weeks of tamoxifen treatment. (a) Waterfall plots of 
fold change differences in the acinar area. Scatter plots showing the correlation between the 
change in Ki67 expression and acinar area (b) and the change in MKI67 expression and acinar 
area (c) after 12 weeks of TAM treatment. The best-fit linear regression line of each scatter 
plot (solid line) is shown together with the Pearson correlation coefficient (r) Dotted lines 
represent 95% confidence intervals (CI). n=10. 
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4.2.5 Tamoxifen effects on ER and PR protein and related gene 
expression   

	

We have previously shown (chapter 3 and Figure 4.5 that both ER protein and 

ESR1 gene expression are down regulated by tamoxifen in the majority of 

participants in the tamoxifen study. All participants showed a reduction in PR 

and PGR expression. Plotting these data as waterfall plots one can see that 

the majority of RG1 cases group together with more marked responses and 

RG2 with less marked (PR/PGR) or even stimulatory (ER/ESR1) responses 

(Figure 4.10 a-d). There are, however, outliers in each analysis. The reduction 

of ER protein expression was strongly positively correlated with the 

downregulation of ESR1 gene expression (r=0.88, p=0.0008: Figure 4.10e). 

However, there was no comparable correlation between PR and PGR 

expression (r=0.40, p=0.26: Figure 4.10f).  
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Figure 4.10 Waterfall and scatter plots showing the correlation between change in 
protein and gene expression of steroid receptors with TAM treatment. Waterfall plots of 
fold differences in ER and PR protein expression and ESR1 and PGR gene expression relative 
to the baseline values. (a) ER and (c) PR protein expression was detected by 
Immunohistochemical analysis and the percentage of hormone receptor positive epithelial 
cells after treatment was compared to the baseline values. ESR1 (b) and PGR gene 
expression levels (d) were derived from RNAseq data analysis. Blue bars represent 
participants classified in RG1 while red bars represent participants classified in RG2. The best-
fit linear regression line of each scatter plot is shown (e and f) between protein and gene 
expression, together with Pearson correlation coefficient (r). n=10. 
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4.2.6 Proteomic analysis of breast lobules reveals differences between 

RG1 and RG2. 

We next sought to identify proteins that may have been potentially affected by 

tamoxifen in the lobular compartment of the normal breast. To this end, we 

utilized laser capture microdissection -coupled mass spectrometry (LCM-MS). 

This technology enables distinct tissue regions, including subpopulations or 

individual cells, to be excised and harvested for downstream proteomic 

analyses.  

For our studies, we utilized only six pairs of samples to reduce cost. Three 

pairs of samples were analysed from Response Group 1 (BCPT03, BCPT06, 

BCPT08) and three pairs in Response Group 2 (BCPT04, BCPT07, BCPT11). 

We first performed LCM to collect equal volumes of the breast lobular 

compartment from each baseline and 12-week sample. Collected tissues were 

then processed for proteomic analyses. Volcano plots were generated using a 

-Log 10 (FDR) and fold change ≥2.  

In the lobular compartments of the six pairs of samples, we identified 37 

significantly differentially expressed proteins. Among those proteins, 19 

proteins were up-regulated (Table 4.4) and 18 proteins were down-regulated 

(Table 4.5). Using the KEGG method did not reveal any enriched pathways 

perturbed by tamoxifen across all 6 paired samples (data not shown). 
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Table 4.4 Up-regulated proteins identified in the lobular compartment of pair of samples 
from 6 participants. Log2FC = log fold change. FDR= False discovery rate. P value ≤ 
0.05. N=6. 

 

 

 

 

 

 

 

 

 

Table 4.5 down-regulated proteins identified in the lobular compartment of pair of 
samples from 6 participants. Log2FC = log fold change. FDR= False discovery rate. P 
value ≤ 0.05. N=6. 

 

 

 

 

 

 

 

 

 

PROTEIN 
NAMES 

LOG2FC P-VAL FDR 

LTF 0.82 1.46E-12 9.00E-10 
COL7A1 0.34 1.19E-09 3.00E-07 
APCS 0.61 5.68E-09 1.20E-06 
HSPA1A 0.5 2.17E-08 4.00E-06 
HSPA1B 0.5 2.17E-08 4.00E-06 
TMEM43 0.4 6.70E-06 0.0009 
LMNB2 0.28 1.03E-05 0.0013 
IGHM 0.27 1.78E-05 0.002 
H1F0 0.52 2.24E-05 0.002 
FTL 0.71 5.55E-05 0.004 
HIST1H4A 0.31 6.93E-05 0.005 
TXNDC5 0.41 0.00028909 0.02 
MFAP4 0.63 0.00077073 0.03 
PGK1 0.3 0.00090591 0.04 
ANXA5 0.5 0.00099926 0.04 
SLC25A11 0.26 0.00101876 0.04 
OGN 0.41 0.00112449 0.04 
ANXA3 0.44 0.00138336 0.05 
MUC1 2.11 0.00146345 0.05 

PROTEIN NAMES LOG2FC P-VAL FDR 
DSP -0.31 1.00E-12 9.00E-10 
COL14A1 -0.65 7.00E-11 2.00E-08 
AZGP1 -0.91 2.00E-06 0.00031 
CKAP4 -0.36 1.00E-05 0.001 
HAL -1.81 4.00E-05 0.004 
CDSN -0.81 5.00E-05 0.004 
DSC1 -0.71 7.00E-05 0.005 
DSG1 -0.48 7.00E-05 0.005 
EEF2 -0.23 8.00E-05 0.005 
VCL -0.15 0.0001 0.006 
A2ML1 -1.2 0.0003 0.02 
JUP -0.35 0.0005 0.02 
PSMA5 -0.42 0.0005 0.02 
SERPINB12 -0.46 0.0006 0.03 
PKP2 -0.62 0.001 0.04 
IDH1 -0.47 0.001 0.04 
EMILIN1 -0.28 0.001 0.04 
CALML5 -0.71 0.001 0.05 
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Our data in chapter three and transcriptomic analysis showed distinctive 

responses to tamoxifen treatment between RG1 and RG2. Accordingly, 

the proteomic data from RG1 (n=3) and RG2 (n=3) samples were 

examined separately. In the lobular compartment of Response Group 1, we 

identified 66 significantly differentially expressed proteins, (Figure 4.11a; Table 

4.6; 4.7). Gene Ontology (GO) analysis indicated that proteins involved in 

extracellular matrix (ECM) composition, fibrillar collagen trimerization, ECM 

organization, ECM-receptor interaction and focal adhesion pathways were 

upregulated. Tamoxifen significantly reduced the expression of fibronectin 

(FN1) and proteins related to epithelial-stromal interaction and tissue 

remodelling, such as SERPINA3 and SERPINH, Figure 4.11b).  
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(a) 

 

 

 

 

 

 

 

 

 

(b) 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.11: Differentially expressed proteins in the lobular compartment of RG1 
samples after TAM treatment. A total of 1278 proteins were identified. 66 differentially 
expressed proteins were identified. (a) Volcano plot using a -Log 10 (FDR) and fold change 
≥2. Significantly differentially expressed proteins are labelled in red, where q value < 0.05. 
Proteins that pass the fold change cut-off but not the q-value cut-off are labelled in green. (b) 
Gene Ontology (GO) analysis of differentially expressed proteins using KEGG database. Bars 
in green represent the down-regulated pathways while bars in red represent the up-regulated 
pathways.  
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Table 4.6 Up-regulated proteins identified in the lobular compartment of pair of samples 
from participants included in RG1. Log2FC= log fold change. P value ≤ 0.05. FDR= False 
discovery rate.  N=3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Protein names LOG2FC P-val FDR 
COL7A1 0.84 1.0983E-15 1.2411E-12 
COL3A1 0.94 2.0792E-13 1.1748E-10 
OGN 1.16 8.2686E-11 3.1145E-08 
HIST1H4A 0.71 5.3619E-08 9.3092E-06 
COL1A2 0.61 5.7668E-08 9.3092E-06 
HSPA1B 0.78 1.131E-06 0.0001 
HSPA1A 0.79 1.131E-06 0.0001 
COL6A1 0.43 1.1842E-05 0.0001 
H1F0 0.82 0.00002 0.0001 
CPA3 1.81 0.00003 0.002 
CTSG 1.12 0.00005 0.003 
H3F3B 1.21 0.00008 0.004 
COL1A1 0.39 0.0001 0.005 
LUM 0.82 0.0001 0.006 
ANXA5 0.57 0.0005 0.02 
DPT 0.98 0.0008 0.02 
PRELP 0.71 0.0008 0.02 
APCS 0.52 0.0009 0.02 
LMNB2 0.28 0.001 0.03 
COL5A3 1.36 0.002 0.04 
COL5A1 0.87 0.002 0.04 
BCAM 0.87 0.003 0.05 
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Table 4.7 Down-regulated proteins identified in the lobular compartment of pair of 
samples from participants included in RG1. Log2FC= log fold change. P value ≤ 0.05. 
FDR= False discovery rate.  N=3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

PROTEIN NAMES LOG2FC P-VAL FDR 
HSPA5 -0.45 4.46E-10 1.2592E-07 
CKAP4 -0.8 7.9224E-09 1.7905E-06 
EEF2 -0.4 1.2611E-07 0.00002 
AZGP1 -1.56 3.8628E-07 0.00005 
VCL -0.34 1.1773E-06 0.0001 
DDX17 -0.47 9.8467E-06 0.0009 
CRABP2 -0.79 0.00001 0.001 
PRKDC -0.36 0.00003 0.002 
UGDH -1.12 0.00003 0.002 
IARS -0.52 0.00005 0.003 
ITIH1 -1.89 0.00005 0.003 
YWHAE -0.61 0.00007 0.003 
SERPINA3 -1.21 0.00007 0.003 
EIF4A1 -1.91 0.0002 0.008 
FGG -0.92 0.0002 0.008 
SERPINA3 -1.61 0.0003 0.01 
EML4 -1.04 0.0003 0.01 
VCAN -2.23 0.0003 0.01 
SLC25A5 -0.51 0.0004 0.01 
EEF1G -0.45 0.0004 0.01 
CRABP1 -1.51 0.0005 0.01 
RPL34 -0.61 0.0005 0.01 
FN1 -1.01 0.0006 0.01 
PSMA7 -0.62 0.0006 0.02 
LAP3 -0.61 0.0006 0.02 
ASAH1 -0.51 0.0007 0.02 
LARS -0.59 0.0008 0.02 
CCT7 -0.52 0.0009 0.02 
PDIA3 -0.31 0.0009 0.02 
LDHB -0.65 0.001 0.03 
SERPINH1 -1.1 0.001 0.03 
IDH1 -0.81 0.001 0.03 
TF -0.44 0.002 0.03 
DSC1 -0.62 0.002 0.03 
RPS25 -0.41 0.002 0.04 
FSCN1 -0.72 0.002 0.04 
TAGLN -0.42 0.002 0.04 
HNRNPL -0.71 0.002 0.05 
CFAP20 -1.51 0.002 0.05 
RCN1 -1.12 0.002 0.05 
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4.2.7 Potential biomarkers associated with poor response to tamoxifen  
 

In contrast to RG1, there were only 32 proteins differentially expressed in RG2, 

(Figure 4.12a; Tables 4.8-4.9). We noted that six proteins involved in ECM 

organisation tended to downregulate, however, this was only statistically 

significant for the COL14A1 protein. GO analysis further indicated that the 

ECM-receptor interaction pathway was reduced significantly by tamoxifen 

treatment in RG2, (Figure 4.12b).  
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(a) 
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Figure 4.12: Differentially expressed proteins in the lobular compartment of RG2 after 
TAM treatment. A total of 1151 proteins were identified. 32 differentially expressed genes 
were identified. (a) Volcano plot generated using a -Log 10 (FDR) and fold change ≥2. 
Significantly differentially expressed proteins are labelled in red, where q value < 0.05. 
Proteins that pass the fold change cut-off, but not the q-value cut-off, are labelled in green. (b) 
Gene Ontology (GO) analysis of differentially expressed proteins. Bars in green represent the 
down-regulated proteins while bars in red represent the up-regulated proteins.  
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Table 4.8 Up-regulated proteins identified in the lobular compartment of pairs of 
samples from participants included in RG2. Log2FC= log fold change. P value ≤ 0.05. 
FDR= False discovery rate.  N=3 pairs 

 

PROTEIN NAMES LOG2FC P-VAL FDR 

LTF 1.1 1.1719E-13 3.0879E-11 
C3 0.71 7.6204E-11 1.6064E-08 
PDIA4 0.57 0.000002 0.0002 
APOA1 0.96 0.000002 0.0002 
HSPD1 0.61 0.000002 0.002 
IGHM 0.37 0.00002 0.002 
HADHA 0.57 0.0001 0.008 
APCS 0.52 0.0001 0.008 
TF 0.43 0.0003 0.02 
PDIA3 0.21 0.0003 0.02 
VPS35 0.26 0.0004 0.02 
TXNDC5 0.49 0.0004 0.02 
TMEM43 0.32 0.0005 0.02 
A2M 0.43 0.0006 0.02 
LMNB2 0.27 0.0006 0.02 
FASN 0.29 0.0001 0.04 
SLC25A11 0.36 0.001 0.04 
SPTAN1 0.16 0.001 0.04 
HEL-S-117 0.94 0.001 0.04 
PIP 0.73 0.001 0.04 
RPN1 0.28 0.001 0.05 

 

Table 4.9 Down-regulated proteins identified in the lobular compartment of pair of 
samples from participants included in RG2. Log2FC= log fold change. P value ≤ 0.05. 
FDR= False discovery rate.  N=3 

 

 

 
	

	

	

	

	

	

	

	

	

	

PROTEIN NAMES LOG2FC P-VAL FDR 

DSP -0.85 1.1407E-24 6.0113E-22 
COL6A1 -0.43 4.7185E-07 0.00008 
JUP -0.91 5.6875E-06 0.0007 
FBN1 -0.26 0.00002 0.002 
DSG1 -0.92 0.00004 0.004 
COL14A1 -1.21 0.0002 0.01 
COL3A1 -0.24 0.0002 0.01 
CALML5 -1.06 0.0006 0.02 
COL6A2 -0.48 0.0007 0.03 
LAMC2 -0.3 0.0009 0.04 
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4.2.8 Functional protein associated networks modified by tamoxifen 
therapy 

	

To investigate the patterns of protein regulation in response to tamoxifen 

further we used STRING-DB and Ingenuity Pathway Analysis (IPA) 

approaches to assess functional protein networks. In RG1 samples, collagen 

and collagen associated proteins were upregulated within the lobular 

compartment, (Figure 4.13). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.13: Functional protein association networks within breast lobules in RG1. 
Differentially expressed proteins were identified and their network connection investigated 
using STRING-DB.org. Red and blue halos indicate up- and down-regulation respectively. 
Collagen and collagen associated proteins are upregulated in the RG1.  
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In contrast in RG2 samples only 2 small networks were perturbed, (Figure 

4.14). Intriguingly, and at least partially validating the RNAseq data proteins 

involved in the androgen receptor signalling pathways, including PIP and 

APOA1, were upregulated in RG2, (Figure 4.14b). Moreover, we found that 

lactotransferrin (LTF) expression by luminal cells was increased, which is 

associated with milk production and secretory molecules (Nguyen et al. 2018).  
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Figure 4.14: Functional proteins association networks within RG2 lobules. (a-b) 
Differentially expressed proteins were identified and their network connection investigated 
using STRING-DB.org. Red and blue halos indicate up- and down-regulation respectively. 
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Then, we aimed to determine pathways and proteins structures that were up 

and down regulated in the post-treatment samples versus the baseline. The 

Ingenuity Pathway Analysis (IPA) software was used to analyse the differently 

expressed proteins in RG1 and RG2, Figure 4.15 shows the affected pathways 

in each group by tamoxifen treatment. This analysis verifies the responses 

variations of participants within each group. The activity of steroid receptors 

ER and AR signalling pathway were downregulated in RG1 (z-score -3.024; -

0.8 respectively), however both were upregulated in RG2 (z-score 2.746 and 

1.134 respectively). The activity of EIF2 signalling was also downregulated in 

RG1 (z-score -3.703) and upregulated in RG2 (z-score 2.722). The wound 

healing signalling pathway, including collagen and collagen related proteins, 

was activated in RG1 and (z-score 1.333) and trended to increase in RG2 (z-

score 0.06). 
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Figure 4.15 Differentially regulated pathways in the different responsive groups as 
predicted by IPA approach. (a): Response Group 1, (b) Response Group 2 
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4.3 Discussion 
	

The purpose of this study was to identify potential signalling pathways that 

drive tamoxifen resistance. As tamoxifen is a SERM that has been shown to 

have agonistic effects in the body to produce some of its side effects, such as 

venous thrombosis and uterine cancer, we hypothesized that tamoxifen may 

also have agonistic effects in breast tissue in some women. As a first step, we 

established our RNAseq analysis with unsupervised analysis to determine how 

gene patterns overall respond to tamoxifen treatment in paired samples. Our 

preliminary findings show in the PCA that seven post treatment samples 

responded similarly, while BCPT05, BCPT07, and BCPT11 participants 

reacted differently, indicating that breast tissues in this cohort were responding 

in different ways to tamoxifen treatment. In addition, applying a variance 

stabilization paired wise distance analysis showed that paired sample from 

BCPT07 participants did not separate Using the differential expression PCA 

we were able to define two lead-groups of response characteristics for further 

evaluation. The low number of differentially expressed genes observed in our 

cohort might be explained by variability in response but also interpatient 

heterogeneity as we only found 54 differently expressed genes across all 

participants. As a result, we adapted a targeted approach to determine any 

differential response using gene set signatures. As tamoxifen binds to the ER, 

we hypothesized that the greatest effect in differential response characteristics 

may be seen in the HR+ luminal cells signatures. Tamoxifen did indeed impact 

the expression of genes normally expressed in HR+ luminal cells and we noted 

a separation of participants into two differential response groups.  
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Of particular interest the Ki67 expression data broadly agreed with the luminal 

ER+ epithelial cell signature data in dividing responders above and below the 

median change in Ki67 to the same RG1 and RG2 response groups. Samples 

in RG1 exhibited a reduction in proliferation, while participants in RG2 showed 

an increase in proliferation except for one participant (BCPT10).  

54 genes showed differential regulation by tamoxifen therapy across all paired 

samples. Despite the fact that many of the genes regulated by tamoxifen are 

known to be involved in ER signalling, and have previously been shown to be 

down regulated by tamoxifen in a similar study, (Euhus et al. 2011), no discrete 

pathways were significantly enriched. This could be due to heterogeneity in 

baseline expression or the small sample size, but a differential response 

remains a possibility. Interestingly we noted that certain endocrine regulated 

genes such as, AGR2, PRLR, PIP and AZGP1 were upregulated in RG2.	

AGR2 and PRLR genes have been linked with tamoxifen resistance based on 

examination of breast cancer cell-lines (Elias et al. 2014; Wang and Wang 

2021). While, androgen signalling has been demonstrated to regulate PIP, 

AZGP1 and KLK3 genes, (Hanamura et al. 2021), the higher expression of 

these genes in the breast suggests androgen signalling activity. The activity of 

AR signalling pathway has been linked to poor response to endocrine therapy, 

(Basile et al. 2017) and thus required a consideration of different therapeutic 

strategies.  

The AR signaling pathway has been previously suggested to promote 

tamoxifen resistance in breast cancer, (De Amicis et al. 2010; Ciupek et al. 

2015). One possibility is that AR interacts with ER to mediate tamoxifen 

resistance. In support of this, it has been previously shown that the presence 
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of tamoxifen can cause AR and ERα to physically interact and that their 

recruitment to ER-responsive gene promoters can drive transcription and 

promote cell cycle progression, (De Amicis et al. 2010). In their study De 

Amicis et al. reported that tamoxifen promotes AR transcriptional activity, 

which was suppressed by Casodex, an anti-androgen receptor drug, implying 

that AR expression promotes tamoxifen's agonistic activity. Their findings 

indicate that AR expression may play a role in hormone resistance as a novel 

mechanism, and thus it might be a potential clinical treatment target in human 

breast cancer and potentially a biomarker of inactivity for prevention. 

Tamoxifen binds to ER, preventing estrogen hormone binding, which 

downregulates ER target gene expression. Normally, the net outcome of 

tamoxifen is a block in the G1 phase of the cell cycle, which prevents cell 

proliferation, (Criscitiello et al. 2011). In our investigations, we determined that 

better response of RG1 to tamoxifen could be based on lower Ki67 protein 

expression and changes in the acinar area.  

In our transcriptomic analyses, we determined that tamoxifen treatment led to 

downregulation of genes normally enriched in proliferation in RG1. However, 

we determined that three proliferation-related genes, MKI67, BUB1, MYBL2, 

were upregulated in participants BCPT04, BCPT07 and BCPT11 from RG2. 

This finding corresponded with our immunohistochemical and morphometric 

data where Ki67 protein expression and the acinar area of these participants 

were increased.  

To date, while effects of tamoxifen treatment on breast cancer proliferation 

have been reported, (Osborne et al. 1983; Zhang et al. 2003), it remains less 
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clear how tamoxifen resistance affects proliferation in high-risk participants 

and whether proliferation can serve as a robust biomarker of tamoxifen 

resistance in this setting. In our small trial cohort, we determined that 

expression of ER and PR were downregulated after tamoxifen treatment at 

both the gene expression and protein levels. Moreover, we determined that the 

expression of downstream ESR1 genes, including PGR and AREG, were also 

down regulated and correlated positively with lower ESR1 expression. 

Intriguingly, autocrine amphiregulin expression has been previously implicated 

in expansion of ER-negative breast cancer cells, (Peterson et al. 2015; 

Willmarth and Ethier 2006) However, its role in mediating breast cancer 

development and therapy resistance has received very little attention. Future 

work investigating the contributions of amphiregulin towards resistance 

against hormone therapy may shed much needed light on downstream 

mechanisms that confer resistance and elucidate new therapeutic targets.   

Interestingly, our analyses indicated upregulation of the androgen receptor 

related gene PIP (encoding Prolactin-Induced Protein) in women in RG2.  

Interestingly PIP (GCDFP-15) expression in nipple aspirates from non cancer 

bearing breasts was shown to increase with suppression of ovarian function 

and reduction in estrogen levels in one study (Harding et al. 2000). In breast 

cancers the expression of PIP is higher in tumours with better prognostic 

features and has been shown to be closely correlated to AR expression and 

the molecular apocrine subtype. Lower grade tumours (<0.0001) and negative 

nodal status (p=0.008) had higher rates of positive PIP expression (Darb-

Esfahani et al. 2014).  Therefore, it will be important to further characterize PIP 
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dynamics and its effects in this context of chemoprevention and normal tissue 

endocrine resistance. 

In our proteomic analyses, we have uncovered proteins involved in ECM 

compositions. Fibrillar collagen trimerization, ECM organization, ECM-

receptor interaction and focal adhesion pathways are upregulated within 

lobules. Moreover, tamoxifen significantly reduced the expression of FN1 

(encoding fibronectin), proteins related to epithelial-stromal interaction, as well 

as tissue remodelling. This finding is in agreement with a previous study by 

Euhus et al., who similarly showed that tamoxifen reduces the expression of 

SERPIN3, (Euhus et al. 2011). In the previous chapter, we demonstrated that 

the acinar area and proliferation of epithelial cells were significantly diminished 

within the lobules. Although we used LCM to isolate breast lobules from the 

surrounding stroma, it is possible that we saw an increase in stromal signalling 

and collagen networks in RG1 due to the relative reduction in the epithelial 

compartment.  

We also noted an elevation in the expression of ApoA1 and LTF proteins in 

RG2. According to Martin et al. (2015), ApoA1 is linked with 28% higher breast 

cancer risk, and they discovered that serum lipids to be an independent risk 

factor in women with high mammographic density, (Martin et al., 2015). 

Lactoferrin (LTF), an iron-binding glycoprotein, is an estrogen responsive gene 

whose expression is upregulated in the normal breast by estrogen, (Pentecost 

et al., 1987; Teng et al., 1986). Lactoferrin (LTF) presents in human breast 

milk and it is found in most of secretions from the exocrine gland and human 

uterine endometrium, (Walmer et al., 1992; Yanaihara et al., 2000). 
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As mentioned previously, tamoxifen behaves as an estrogen agonist in the 

endometrium leading to endometrial hyperplasia and endometrial carcinoma 

formation, (Wallach et al., 1996). Lactoferrin been shown to be estrogen 

responsive in both the breast and endometrium, (Park et al. 2005; Teng 2002)  

and its increased expression in the normal breast in RG2 suggests a possible 

estrogen agonist action in these women. Interestingly LTF itself has been 

shown to have mitogenic effects on normal and malignant human endometrial 

epithelial cells and its expression was stimulated by tamoxifen in human 

endometrial cancer cells, again suggesting agonism, (Albright et al., 2001).  

ER activity is regulated by a family of transcriptional coregulators which either 

repress or stimulate downstream ERE transcription. The agonist effect of 

tamoxifen on breast tissue have been identified as one of the factors that 

develop tamoxifen resistance, (Graham et al., 2000). It is believed that the 

levels of transcripts encoding coactivators and corepressors might dictate the 

activity of tamoxifen on breast tissues. This suggest that the agonist effect of 

tamoxifen in RG2 may be explained by the relative levels of coactivators 

versus corepressors. 

One notable finding in our analyses is that osteoglycin (OGN) expression had 

increased in RG1 in response to tamoxifen. In previous reports, it has been 

shown that OGN functions as a tumour suppressor and was downregulated in 

higher grades of breast cancers (Xu et al., 2019). As such, the observed 

increase in OGN in RG1 may suggest a regulatory role in mammary epithelial 

cell maintenance and the potential as a predictive biomarker.  
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By performing pathway analysis using Ingenuity Pathway Analysis (IPA), we 

confirmed a reduction in eukaryotic initiation factor 2 (eIF2) signalling in RG1, 

but an increase in RG2. The eIF2 signalling pathway has been reported to play 

an important role in regulating cellular homeostasis and cell growth, (Hao et 

al., 2020). Further, ERα has been shown to control eukaryotic translation 

initiation factor 3 subunit f (eIF3f) at both the transcriptional and translational 

levels via the mTORC1 pathway, (Cuesta et al., 2019). Moreover, decreased 

eIF3c can suppress proliferation and can lead to apoptosis via mTOR 

signalling. It is possible that, like the activity of eIF3f and eIF3c, the anti-

estrogenic effects of tamoxifen could affect eIF2 signalling components, 

possibly also via mTOR. This may explain the observed decrease in epithelial 

cell proliferation and possibly, as a result, increased collagen components in 

the lobules.  

Eigeliene et al. (2016) demonstrated that SERM-mediated mammary 

proliferation suppression is linked to the maintenance of the androgen 

receptor. In their study AR had an antiproliferative and E2-opposing activity at 

relatively high SERM concentrations in normal human breast tissue culture ex 

vivo. On AR-positive cell populations, the SERMs had an ER-agonist activity, 

(Eigeliene et al., 2016).  

In summary, our findings suggest that alterations in ER signaling and AR 

signaling may serve as indicators and potential mechanisms of tamoxifen 

resistance in women at increased risk of breast cancer. The agonist effects of 

tamoxifen may drive resistance and could potentially be harnessed as dynamic 

biomarkers of tamoxifen activity. Ideally any changes seen in the breast tissue 

should be replicated in the blood to facilitate the development of more 
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acceptable predictive biomarkers. To this end serum proteomic analyses of the 

women in this study and a second cohort of 10 women have been undertaken 

and the results are eagerly awaited. Further longitudinal studies will then be 

required to prospectively test whether such changes in tissue proteomics truly 

represent accurate and reliable biomarkers of tamoxifen’s preventive activity.  
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Chapter 5 

Can In vitro Tissue Culture Systems 
Replicate In vivo response to Tamoxifen? 
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5 Can In vitro Tissue Culture Systems Replicate In vivo Response to 
Tamoxifen? 

5.1 Introduction 
 

Optimisation of normal intact breast tissue in vitro models may allow them to 

more closely mimic in vivo breast tissue characteristics and responses to 

therapy.  Current In vitro models have variable degrees of complexity and can 

be classified into 2 dimensional or 3-dimensional cell cultures. The most 

complex models are useful for demonstrating cell-to-cell interaction and cell-

to-matrix interaction. Accordingly, they can be used to study abnormalities or 

dysregulation involved in cancer formation and progression.  

The first attempt to culture the intact mammary gland of pregnant rat in 1959 

maintained tissue viability up to 6 days (Trowell et al., 1959). Afterwards, the 

organotypic human tissue slice technique was established in 1967 but it was 

considered unsuccessful, probably because large samples were used. Thick 

slices do not allow enough oxygen and nutrient to penetrate into deep tissue 

resulting in cell death (Matoska et al., 1967). Other investigators attempted to 

improve the culture technique by thinly slicing the tissue to be cultured, thus 

reducing the distance media required to travel by diffusion.  Studies attempting 

to culture breast cancers suggested that slices of 200-300 μm were optimal for 

this culture system, as cells did not undergo necrosis and maintained their 

healthy status for at least seven days, (Holliday et al., 2013; Naipal et al., 

2016). However, the fatty nature of normal breast tissue prevented sectioning 

to this thickness, (Holliday et al. 2013). 

Eigeliene et al developed a method to optimize intact human mammary gland 

tissue culture with an air-fluid interface to investigate responses to hormones 
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in vitro (Eigeliene et al., 2006). Instead of culturing explant directly on the top 

of a plastic surface, a porous membrane was used that enabled nutrients, 

signalling molecules, growth factors, and test agents to penetrate inside the 

explant from its underside. The usage of the porous membrane was reported 

to minimise the limitation caused by the absence of the blood supply. The 

investigators placed tissue explants onto lens papers lying on stainless steel 

grids in Petri dishes and reported culture of normal mammary tissue samples 

for three weeks and demonstrate responses to steroid hormones and 

antiestrogens. However, limited data on changes from the baseline uncultured 

condition of the tissue were reported.  

The attempt to maintain tissue culture over a long duration of time is important 

to study tissues in terms of morphology and function, and for drug sensitivity 

analyses. This could be achieved by the use of dynamic 3D approaches for 

culturing tissues, such as the Rotatory Cell Culture System (RCCSTM, 

Synthecon Inc., Houston TX, USA), (Ferrarini et al., 2013). The bioreactor was 

invented in 1990 by Engineers Charles D. Anderson and Ray Schwarz of the 

North American Space Agency (NASA). This system applies novel 

microgravity technology aiming to replicate the weightlessness of space.  

The bioreactor rotates horizontally, and the medium is enclosed in liquid, with 

no contact with the surrounding air. The 3D samples of tissue are kept in ‘free 

fall’ state which minimises turbulence and mechanical strain (shear) 

associated with impeller bioreactors (Tai et al., 2014). Meanwhile, nutrient 

exchange is thought to be enhanced due to the sample being constantly in 

motion, reviewed in (Lovett et al., 2009) 
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In this chapter, we set out to evaluate human breast tissue slice culture under 

different in vitro culture conditions with the goal of identifying a system that 

most faithfully replicated the in vivo response to tamoxifen in women receiving 

preventive therapy. We used static culture in plastic and air fluid interface 

culture on insert and compared these to the novel rotatory culture system.  
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5.2 Results 

5.2.1 Morphometric analysis 
 

Normal breast samples were obtained from reduction mammoplasty and risk-

reducing mastectomies and cultured under three different culture conditions. 

The static petri dish culture system (PD), the static plate with insert culture 

system (PI) and rotatory culture system (RCCS) were used in our investigation. 

Tissue fragments were cultured in serum free media (SF), FBS-supplemented 

media (FBS) and CSS-supplemented media (CSS). It is noteworthy that 

cryotome technique was initially used to prepare tissue samples of thin 

thickness. However, we also found that it was not possible to prepare thin 

slices of normal breast tissue, likely due to the high fat content of the samples, 

(Vandeweyer et al., 2002; Holliday et al., 2013). Therefore, we prepared the 

tissue fragments manually using a scalpel under sterile conditions. 

Experimental design was illustrated in (Figure 5.1).  
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Figure 5.1: Illustration of 3D tissue culture systems. Fresh normal breast tissues were 
subjected to manual tissue slicing under sterile conditions. Excess fat tissue was discarded. 
Tissue slices of approximately 0.5mm3 thickness were cultured in DMEM/F-12 medium 
(Gibco® life Technology™) supplemented with different serum constituents; 10μg/ml Insulin 
(Sigma Aldrich), 10μg/ml Hydrocortisone (Sigma Aldrich) and 5ng/ml Epidermal Growth Factor 
EGF (Sigma Aldrich) 1% penicillin-streptomycin, 1% Amphotericin B (Gibco® life 
Technology™), at 5 % CO2 at 37°C and at atmospheric oxygen levels. Tissue slices were 
cultured in three different culture systems, plastic petri dish (PD), plate with insert (PI) and the 
dynamic 3D Rotatory Cell Culture System (RCCS) culture systems in a medium with different 
serum supplementation; medium alone (Serum Free; SF), 10% foetal bovine serum (FBS) 
supplemented media and 10% charcoal stripped-FBS (CSS) supplemented media. Medium 
was replaced every 2 days. Tissue slices were fixed in 10 % neutral buffered formalin for 24 
hours at room temperature. Subsequently, tissue slices were embedded in paraffin and 4μm 
sections were generated for histological and immunohistochemical analysis.  
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Morphometric analysis demonstrated that the mean acinar area within the 

breast lobules increased significantly in the PD culture system from baseline 

to day 7, (Figure 5.2 i-a-; 5.2 ii-b; p= 0.0140) and then reduced thereafter at 

day 14, (p= 0.0174). The morphological lobular structure was significantly 

perturbed at day 21, (Figure 5.2, i-a, 5.2, ii-[c-d]). A similar increase in acinar 

area was observed in tissue cultured in the RCCS at day 7 (Figure 5.2, i-b, 

5.2, ii-e; p <0.0001), with the mean area of acini reducing at day14, (p=0.0177), 

and then again at day 21 with apparent maintenance of morphological tissue 

structure (Figure 5.2 i-b; 5.2, ii-[f-g]).  There was no significant difference in the 

acini area between samples at baseline and day 21 in samples cultured in the 

RCCS with FBS.  
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Figure 5.2: Quantification of the mean acini area of normal breast tissues from healthy 
women cultured in vitro for 21 days. (i) The mean acinar area (µm2) within lobules in normal 
breast samples at Day 0, 7, 14 and 21 days in culture was measured. 5 lobules of the same 
size were chosen randomly from each sample included in the analysis. Tissue sections were 
stained with H&E staining and scanned using Aperio Digital pathology Scanner and digital 
images visualized by Aperio ImageScope for measurement. (ii) Representative images of acini 
at D0 (a), PD-FBS at day 7, 14, and 21; ii (b - d) and RCCS-FBS at day 7, 14 and 21 ii (e – g). 
Arrows point out the mean average of the acini area. The mean acini area in tissues cultured 
in PD-FBS and RCCS-FBS were determined and represented. Data in scatter plots represent 
values of individual samples from 5 different patients and mean ±SEM of PD-FBS in ii-a and 
RCCS-FBS. The statistical significance was determined using paired t-test. *p<0.05, 
****p<0.0001. Scale bars are 50μm. 
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5.2.2 Proliferation assessment of in vitro tissue culture of normal 
breast tissue samples 

	

To evaluate the cause of this increase in acinar area at day 7, we evaluated 

proliferation using Ki67 expression. Positive Ki67 expression was defined as 

a nuclear brown stain and the test score was measured as the number of 

positively stained epithelial cells divided by the total number of epithelial cells 

in acini and presented in percentage as shown in Figure 5.3-i. Breast samples 

obtained from 6 different patients were used for this analysis. The mean Ki67 

of all samples at baseline was 3.6%±1.1. On day 7, Ki67 was increased in 

epithelial cells in tissue samples compared to day 0 in all culture systems. The 

percentage increased to approximately 30-40% in all culture systems and was 

not obviously impacted by the media constituents. Thereafter, Ki67 level 

decreased in all culture conditions to day 14 and then further to day 21. Ki67 

had returned to baseline or below in all conditions apart from that cultured in 

FBS in the RCCS where Ki67 remained significantly raised over the baseline 

levels. 
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Figure 5.3: The percentage of Ki67 positive cells and nuclear staining in normal breast 
tissue in three different culture conditions with different serum constituents at Day 0, 
7, 14, and 21 days, respectively. (i) Percentage of acinar epithelial cells positive for Ki67 
expression as detected by immunohistochemical analysis. (ii) Representative images of tissue 
explants cultured in FBS supplemented media in RCCS and stained with Ki67 antibody at the  
(a) D0, (b) 7-,(c) 14-, and (d) 21-day, respectively. The statistical significance was determined 
using 2 way ANOVA. *p<0.05; **p<0.01 and ****p<0.001. Scale bars are 20μm. IHC was 
performed using an automatic approach (BenchMark Ultra, Ventana medical system 790-
2223). Staining was done using UltraVIEW universal DAB detection kit. n=6 Data in (i) 
represents mean ± SEM. 
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5.2.3 Estrogen receptor expression of normal breast tissue cultured in 
vitro 

	

ER expression was assessed to investigate whether hormonal receptors 

expression could be maintained by mammary epithelial cells during in vitro 

tissue culture. ER expression was determined by immunohistochemical 

staining. Positive staining was defined as a nuclear brown stain, and the 

percentage ER-positive cells of the total acinar epithelium calculated (Figure 

5.4). ER protein was assessed on days 0,7,14 and 21 in samples obtained 

from six patients. The mean number of ER-positive cells was 37.3%±8.1 

positive on day 0 (n=6). On day 7, the ER expression had reduced significantly 

in all culture systems. The decline in ER expression was least in tissue cultured 

in the RCCS, with maintenance of some ER expression at day 21 whereas this 

was almost completely lost in the other culture methods. There was some 

evidence that culture medium could support ER expression with serum free 

medium resulting in a more rapid loss of ER expression in the static culture 

conditions.  

 

 

 

 

 

 

 



Chapter 5  

	 180	

 

 

	 

 

 

 

 

 

                 

 

 

 

 

 

Figure 5.4: The percentage of ER positive cells and nuclear staining of normal breast 
tissue slices cultured in three different culture conditions with different serum 
constituents at D0, 7, 14, and 21 days. (i) Percentage of acinar epithelial cells positive for 
ER expression as detected by immunohistochemical analysis. (ii) Representative images of 
tissue explants cultured in FBS supplemented media in RCCS and stained with ER antibody 
at Day 0 (a), (b) 7,(c) 14, and (d) 21 days, respectively. The statistical significance was 
determined using 2 way ANOVA. ****p<0.0001. Scale bars are 20μm. IHC was performed 
using an automatic approach (BenchMark Ultra, Ventana medical system 790-2223). Staining 
was done using UltraVIEW universal DAB detection kit. n=6 Data in (i) represents mean ± 
SEM. 
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5.2.4 PR expression of in vitro tissue culture of normal breast tissue 
slices 

	

PR was assessed by IHC to examine its expression level in normal breast 

tissue cultured in the 3 different culture methods. The assessment was 

obtained by immunohistochemical staining as shown in (Figure 5.5). At D0, the 

mean number of PR-positive cells across the six patient samples was 

14.8%±8.9. In contrast to ER expression, in the presence of serum PR 

expression was either maintained or significantly increased at day 7 across all 

culture conditions. This increase was maintained until day 21 with the RCCS 

in the presence of FBS but not CSS and in all other conditions PR expression 

reduced to sub-baseline levels by day 14, with the exception of PD culture with 

FBS where the decline only became significant at 21 days.  
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Figure 5.5: The percentage of PR positive cells and nuclear staining of normal breast 
tissue slices cultured in 3 different culture conditions with different serum constituents 
at D0, 7, 14, and 21 days. (i) Percentage of acinar epithelial cells positive for PR expression 
as detected by immunohistochemical analysis. (ii) Representative images of tissue explants 
cultured in FBS supplemented media in RCCS and stained with PR antibody at the (a) D0, (b) 
7, (c) 14, and (d) 21 days, respectively. The statistical significance was determined using 2 
way ANOVA *p<0.05, **p<0.01and ****p<0.0001. Scale bars are 20μm. IHC was performed 
using an automatic approach (BenchMark Ultra, Ventana medical system 790-2223). Staining 
was done using UltraVIEW universal DAB detection kit. n=6 Data in (i) represents mean ± 
SEM. 
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5.2.5 Gene Expression of normal breast tissue samples cultured in 
vitro 

	

Even though we had demonstrated perseverance of relatively normal tissue 

architecture, ER and PR expression, in particular with the RCCS we were 

concerned that the large, early spike in proliferation may make all culture 

conditions non-representative of the in vivo situation. To examine this, we 

studied gene expression pattern for 5 different patients on day 0 (D0) and after 

one week (W1) of culture in RCCS and PD systems in either CSS or FBS using 

STAR RNA-seq reads aligner. Reads associated with genes were counted and 

the data was then run through differential gene expression analysis tool 

(DESeq2). DEseq2 normalizes read count data and then performs statistical 

analysis to investigate quantitative changes in gene expression levels within 

samples cultured in different culture systems and conditions. Overall, data 

showed that more than 18,000 genes were differentially expressed between 

(D0) samples and (W1) samples of the same patients. The heatmap illustrated 

below (Figure 5.6), shows the top 150 differentially expressed genes that were 

up or downregulated from baseline to W1 samples in all patients. The 

horizontal dendrogram displayed at the top of the heatmap represents a clear 

separation between (D0) and (W1) independently of the origin of tissues.  
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Figure 5.6: Heatmap of top 150 significant differentially expressed genes in patients’ 
samples cultured in vitro at D0 and week 1. Samples from 5 different individuals; BB7129, 
BB7130, BB7136, BB7145, and BB7149, were cultured in vitro in static (PD) and rotatory 
(RCCS) systems and in two different conditions FBS-supplemented medium and CSS 
supplemented medium systems, and were collected at week 1. For clinical information refer 
to Table 2. Orange and Blue colors represent upregulated and downregulated genes, 
respectively. 

 

 

 

 

 

 

 

D0 
W1 



Chapter 5  

	 185	

Pathway enrichment analysis was performed using the differentially expressed 

genes to identify significant differences among different culture systems and 

to compare (D0) vs (W1). There were 6 gene set signatures related to the 

proliferation process with a positive enrichment score consistent with the 

increase in Ki67 by immunohistochemical analysis, (Table 5.1). Immune 

response pathways were not maintained during tissue culture; there were 

blood component-related genes such as haemoglobins and immunoglobulins 

that were down-regulated at W1 presumably due to haematopoietic and 

immune cell death in the culture conditions, at least in part due to loss of the 

vascular supply. DNA damage was also evident with two pathways indicating 

increased DNA strand or nucleotides abnormalities.  
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Table 5.1: Pathway enrichment analysis for differentially expressed genes in patients’ 
samples cultured in vitro at D0 and week 1. NES = Normalized enrichment score, Padj= 
adjusted P value. Size = number of genes included in each pathway. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Hallmark Name NES Padj Size Process Category 

E2F TARGETS  3.23 0.00 129 Proliferation 

G2M CHECKPOINT  3.40 0.00 130 Proliferation 

MITOTIC_SPINDLE  1.71 0.01 109 Proliferation 

MYC TARGETS V1  3.48 0.00 142 Proliferation 

MYC TARGETS V2  1.86 0.02 28 Proliferation 

P53 PATHWAY  2.17 0.00 123 Proliferation 

ALLOGRAFT REJECTION  -2.95 0.00 131 Immune 

COAGULATION  1.94 0.00 83 Immune 

INFLAMMATORY RESPONSE  -1.62 0.02 122 Immune 

INTERFERON ALPHA RESPONSE  -1.78 0.02 56 Immune 

DNA_REPAIR  2.10 0.00 80 DNA damage 

UV_RESPONSE_UP  1.72 0.01 90 DNA damage 

ESTROGEN_RESPONSE_LATE  1.75 0.01 129 Signalling 

MTORC1 SIGNALING  3.53 0.00 157 Signalling 

PI3K AKT MTOR SIGNALING  1.59 0.05 60 Signalling 

TGF BETA SIGNALING  2.01 0.01 31 Signalling 

TNFA SIGNALING VIA NFKB  -2.26 0.00 119 Signalling 

HYPOXIA  2.86 0.00 130 Pathway 

PROTEIN_SECRETION  1.97 0.00 57 Pathway 

REACTIVE_OXYGEN_SPECIES_PATHWAY  2.03 0.01 35 Pathway 

UNFOLDED PROTEIN RESPONSE  2.27 0.00 67 Pathway 

APICAL JUNCTION  1.70 0.01 107 
Cellular 
Component 

ANGIOGENESIS  2.03 0.01 20 Development 

EPITHELIAL MESENCHYMAL TRANSITION  2.55 0.00 137 Development 

CHOLESTEROL HOMEOSTASIS  2.29 0.00 53 Metabolic 

GLYCOLYSIS  3.75 0.00 138 Metabolic 

OXIDATIVE PHOSPHORYLATION  2.68 0.00 120 Metabolic 
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A principal component analysis confirms this separation with 65% of the 

variance explained by PC1 (Figure 5.7-a). Analysis of only the W1 samples in 

a separate PCA (Figure 5.7b) shows that there is some evidence of clustering 

according to the culture condition. In particular, in all samples the RCCS FBS 

and CSS appear to cluster more closely to each other than the PD FBS and 

CSS samples.  
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Figure 5.7 Principal Component analysis. (a) PCA diagram of cultured tissues at D0 and 
after one week of treatment (b) PCA of W1 samples. Clustered samples demonstrate the 
ability to retain transcriptional memory of their origin. STAR RNA read Aligner guide software 
was used to plot the diagrams. Square and plus icons represent rotatory culture system 
(enriched in blue) while circle and triangle represent static system (enriched in red). 
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5.2.6 Hydrogel culture system 
	

In cooperation with Dr.Hannah Harrison, a member of Breast Biology group in 

Manchester university, we have investigated a hydrogel tissue culture system 

using intact normal breast tissue. We hypothesised that the use of a semi-solid 

support system might better maintain tissue characteristics.  

5.2.6.1 Acinar area was maintained in hydrogel culture system 
	

Morphometric analysis was done to investigate the morphological features of 

normal breast tissue slices that have been cultured in vitro using hydrogel 

culture system for up to 7 days. The results demonstrated that the mean acinar 

area within lobules was not significantly increased over baseline values for at 

least seven days in culture, (Figure 5.8). 
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(i) 

 

 

 

 

 

 

Figure 5.8: Quantification of the mean average acini area of normal breast tissues from 
healthy women cultured in vitro for 7 days using hydrogel culture system. Tissue 
sections were stained with H&E staining and scanned using Aperio Digital pathology Scanner 
and digital images visualized by Aperio ImageScope for measurement. (i) The mean acini area 
of breast tissues cultured in hydrogel were determined and represented. (ii) Representative 
images of acini at Day 0 (a) and Day 7 Scale bars are 50μm. Data in scatter blots represent 
mean average of acini area values of individual samples from 3 different patients and 
mean±SEM. The statistical significance was determined using 2 way ANOVA.  
 
 
5.2.6.2 Ki67 expression 
	

Samples obtained from 12 different women were cultured in hydrogel and 

proliferation assessed by Ki67 at baseline, day 3,7 and 14. During the first 

week of culture, the percentage of Ki67 positive cells increased by 1.41±0.2 

and 1.7±0.2 fold on days 3 and 7 respectively, however, after 14 days of culture 

levels returned to baseline (Figure 5.9).  
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Figure 5.9: Fold change of Ki67 positive cells in normal breast tissue slices cultured in 
the hydrogel with FBS and B27 constituents at D0, 3, 7, and 14 days. The fold change	of 
acinar epithelial cells positive for Ki67 expression as detected by immunohistochemical 
analysis. IHC was performed using automatic approach (BenchMark Ultra, Ventana medical 
system 790-2223). Staining was done using UltraVIEW universal DAB detection kit. n=12. The 
statistical significance was determined using 2 way ANOVA. Data in the graph represents 
mean ± SEM. *p<0.05, **p<0.01. 
 

5.2.6.3 ER and PR expression 
	

ER and PR expression was examined in the hydrogel culture system over 14 

days culture period. A significant reduction in ER expression was seen after 3 

days with further decline to day 14 (Figure 5.10a). There was a non-significant 

trend to reduced PR expression at day 3, however, PR expression was 

maintained throughout the culture period, (Figure 5.10b). There was no 

significant difference in PR expression when comparing baseline expression 

levels and any of the culture time points. 
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 (a)                                                                                (b) 

 

 

 

 

   

 

 

 

Figure 5.10: Fold change of cells positive for ER and PR expression in normal breast 
tissue slices cultured in the hydrogel with FBS and B27 constituents at D0, 3, 7, and 14 
days, respectively. (a) The fold change	of acinar epithelial cells positive for ER expression 
as detected by immunohistochemical analysis. (b) The fold change of acinar epithelial cells 
positive for PR expression as detected by immunohistochemical analysis, (n=12). IHC was 
performed using an automatic approach (BenchMark Ultra, Ventana medical system 790-
2223). Staining was done using UltraVIEW universal DAB detection kit. n=15. The statistical 
significance was determined using 2 way ANOVA. Data in the graph represents mean ± SEM. 
**p<0.01, ***p< 0.001 
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5.3 Discussion 
	

Optimizing 3D normal breast models in vitro might allow close mimicking of in 

vivo breast tissue characteristics maintaining cell-to-cell and cell-to-matrix 

interactions. In this chapter, we aimed to investigate 3D in vitro culture models 

of intact human breast tissue with the hope that we would be able to refine 

such models to test whether they recapitulated the in vivo responses seen in 

patients receiving preventive tamoxifen therapy. Several model systems using 

disaggregated cells of various lineages have been developed previously. 

Nash et al. reported the development of a 3D in vitro model of normal breast 

that composed of three co-cultured cell lines. The culture was prepared from 

myoepithelial cells, fibroblasts and luminal epithelial cells isolated from breast 

reduction mammoplasty samples and cultured in collagen-1. The model was 

evaluated after 21 days and confirmed epithelial polarization with the formation 

of microstructures with lumens and basement membrane, (Nash et al., 2015). 

Marchese and Silva developed another 3D in vitro model for breast using 

breast epithelial MCF-12A cells cultured in reconstituted basement membrane 

matrix. These cells express ER and GPER proteins. The model resulted in the 

formation of acini with basement membrane and hollow lumen. The 3D culture 

retained this gland-like structure after 16 days albeit with 5 – 10% of the cells 

going into apoptosis. 17β-oestradiol deformed acini and filling of the acinar 

lumen in a dose-dependent manner, (Marchese et al., 2012). This disruptive 

effect of estrogen could be antagonised successfully using the ER antagonist 

fulvestrant. In another study, Carter and colleagues developed a 3D model of 

the human breast duct. For this purpose, myoepithelial and luminal cells were 

isolated from reduction mammoplasty specimens and cultured separately. 
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Thereafter, the cells were co-cultured in collagen gels and developed into 

spheroidal structures after 10 days, forming more complex structures after 21 

days, (Carter et al., 2017). Despite these advances regarding the in vitro 

models, the reliability of these models to accurately represent the normal 

breast is still an open question, as in vitro system may have a certain limitations 

with regard to reproducing an in vivo-like microenvironment, (Nerger et al., 

2019; Vidi et al., 2012) 

In the current study, we used three models to investigate in vitro culture 

systems in the presence of serum-supplemented media using intact human 

breast tissues. Herein, we first investigated whether the morphology of tissues 

can be effectively maintained using static (the petri culture dish and the static 

plate with insert culture) and rotatory culture systems. It has been suggested 

that dynamic culture systems maintain cultured cells in a continuous flow of 

growth medium at least partially mimicking in vivo conditions, (Sacco et al. 

2011).  

Results from our study showed that the average acinar area increased by 

approximately 2-fold after 7 days in culture. The morphological analysis 

showed that the tissue appearance was disrupted after 7 days in culture with 

an increase in the acinar area. Glandular morphological feature was retained 

after 7 days. The normal breast structure appeared to be better maintained in 

the RCCS compared to static culture conditions. Although the morphology of 

the lobular structures at 2-3 weeks was maintained the increase in acinar area 

at day 7 was a concern. We thus conducted. immunohistochemical and 

transcriptomic analyses to further evaluate the models.   
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Immunohistochemical analysis for Ki67 and hormone receptors expression 

was performed to investigate whether normal breast tissue can maintain its 

physiological characteristics in vitro. Moreover, basal media and serum-

supplemented media were used to examine different culture conditions. Foetal 

Bovine serum and charcoal striped serum were used in our culture systems to 

investigate whether hormones and growth factors contents would better 

maintain tissue explant physiology. Level of hormones and growth factors level 

in FBS-supplemented media were not measured. Epithelial cells proliferation 

was investigated at several time points using Ki67 expression as a proliferation 

marker.  The baseline Ki67 of 3.6% is higher than others have reported for the 

normal breast epithelium. However, our samples were obtained from women 

at increased risk of breast cancer in whom Ki67 has previously been reported 

to be higher than those at normal risk, (Huh et al., 2016). Our data shows that 

there was a dramatic increase in epithelial proliferation at 7 days in all culture 

systems by approximately 10-fold followed but a tendency to reduced Ki67 

levels thereafter, albeit levels were still above the D0 values at 21 days.  These 

women had not received hormone replacement therapy for at least 6 months 

and as such one would expect their baseline Ki67 to be a median of 

approximately 1% from previously published studies, (Cheng et al., 2013; 

Harper-Wynne et al., 2002). To our knowledge there are no published data 

that report the change in epithelial cell proliferation from excision to organ 

culture ex vivo. In the study by Eigeliene et al. (2006), the lens paper culture 

system was used to culture pieces of normal breast tissue from 

postmenopausal women aged 48-66 years undergoing breast reduction 

surgery. The group used protocol for an ex vivo breast tissue culture system 
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prepared on lens paper on stainless steel grids, which serve as support and 

tissues holders. In that protocol, explants are cultured in DMEM/F12 medium 

supplemented with 10% dextran-charcoal stripped fetal calf serum. The 

explants were grown on lens paper that is slightly submerged from one end in 

the growth medium. The system provides controlled diffusion of the growth 

medium. This tissue culture approach allows easy replacement of the medium 

without disturbing the explants. The control Ki67 reported by Eigilene et al. 

after 7 days in culture, was 12-13% suggesting that their culture conditions 

also resulted in at least a 10-fold artefactual increase in proliferation, (Eigeliene 

et al., 2006). Furthermore, no significant decline in Ki67 was seen in day 14 

controls with their approach.   

Eigeliene et al. (2016) used human breast tissue explants on a lens paper 

culture system to test the effects of several SERMs (Ospemifene, Raloxifene, 

and Tamoxifen) on the breast tissue, (Eigeliene et al., 2016). ER expression 

was detected in approximately 20% of epithelial cells at 7 days in culture. 

Despite a similar increase in Ki67 expression as seen in our culture systems, 

the authors demonstrated that estrogen supplementation could increase 

proliferation and estrogen responsive gene expression in vitro, (Eigeliene et 

al., 2016) In addition they showed that the anti-estrogens fulvestrant and 

tamoxifen could antagonize the effects of estrogen suggesting that the ER was 

functional.  

The same tissue culture model was used to evaluate the effects of hormonal 

therapy on the breast tissues from pre- and post-menopausal. Results showed 

that tissues from post-menopausal women are more sensitive to hormone 

therapy compared to pre-menopausal tissues. This observation was 
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expressed in the form of increased cyclin D1 and decreasing p27 expression 

in tissues obtained from postmenopausal women and not in pre-menopausal 

tissues, (Eigeliene et al., 2008).  This argues in favor of detailed analyses, 

such as RNA sequencing, being needed to properly assess culture conditions. 

Although several studies reported the development of tissue culture 

approaches that can maintain normal breast tissue structure, there is little 

information provided in these studies about the gene expression profile of 

cultured tissues. Gene expression data evaluated by RNAseq showed 

important differences between the cultured tissues and the normal tissues in 

vivo. These differences can easily be missed when evaluating only the crude 

morphological structure of the tissues. Genetic analysis in our studies 

indicated the differential expression of 18,000 genes for samples from the 

same patient between D0 and W1.  

We investigated the mechanisms that drive this proliferative activity through 

the assessment of gene expression profiles after one week of culture in both 

static and rotatory culture systems. Pathway enrichment analysis 

demonstrated multiple dysregulated pathways in all samples cultured in vitro 

and heatmaps and PCA clearly show that the cultured samples exhibit 

transcriptional profiles markedly different from the uncultured samples, snap 

frozen immediately after excision from the breast.   

It is not clear what mediates the increase in proliferation and acinar area in 

vitro. We can speculate from our transcriptional data that the reduction in 

immune signalling may play a role as three immune pathways and one 

inflammatory pathway were significantly reduced through culture. The breast 

microenvironment is mainly composed of the ducts and stroma which includes 
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immune cells, fibroblasts, adipocytes, blood vessels and microbiome.  Immune 

cells have a significant role in the development of breast cancer starting with 

immune surveillance in normal breast and progressing through primary and 

metastatic breast cancer, reviewed in (Goff et al., 2021).  

The ductal cellular layer in the normal human breast contains the CD8+ and 

CD4+ T cells, B cells, dendritic cells, macrophages, natural killer cells (NK), 

and other immune cell subtypes, (Degnim et al., 2014). The epithelium layer 

depends on these immune cells for protection from exogenous and 

endogenous agents, as well as the breast cancer initiation and progression, 

(Degnim et al., 2014). 

It has previously been shown that multiple immune cells are found in breast 

tissue and, in particular, are intimately related to lobular epithelial cells, 

reviewed by  (Goff et al., 2021). If in vitro cell culture results in loss of such 

cellular interactions this could in turn result in dysregulated proliferation. To 

investigate this hypothesis, one could examine the breast tissue for cellular 

components such as macrophages and T lymphocytes and consider 

stimulating immune signalling pathways, for example with IFNa (T lymphocyte) 

or CSF (macrophage) to assess the impact on the proliferative response to 

culture. Such additions to the culture media could potentially enhance ex vivo 

breast tissue culture systems. 

Maintenance of estrogen and progesterone receptors expression is a 

fundamental requirement for normal breast culture models that seek to test 

endocrine prevention approaches. In static culture systems, ER expression 

could not be maintained throughout the culture period while in the rotatory 
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culture system, ER expression was reduced significantly by 1.8-fold. 

Maintenance of ER expression has been previously reported in different cell 

culturing techniques.  

In spite of the fact that static and rotatory culture systems presented with 

mostly typical morphology after 7 days in culture, a more detailed analysis 

showed an increased acinar area, Ki67 protein and proliferation pathways 

suggesting a systematic problem with the culture systems. Therefore, a fourth 

system, a hydrogel culture, was investigated. In the hydrogel culture system, 

DMEM media supplemented with B27TM and L-Glutamine was used. The 

present study showed that hydrogel culture system maintained normal breast 

characteristics better than rotatory and static culture systems for up to 14 days.  

In the hydrogel culture system, there was no significant difference in acinar 

area up to 7 days compared to D0. In comparison to static and rotatory culture 

systems, Ki67 expression was increased by only 1.7-fold at week one and no 

significant change in Ki67 expression was detected at week two.  

Under our different culture conditions and systems, ER protein expression was 

better maintained in RCCS and hydrogel culture system and certainly at week 

1 and 2. There was 0.2-fold reduction in ER expression in hydrogel after one 

week in culture. Furthermore, our data demonstrate that PR expression was 

maintained in petri dish, rotatory, and hydrogel culture systems up to day 14 

suggesting an estrogenic signalling.  

Even though we observed a reduction in ER protein expression, our gene 

expression data shows an increase in estrogen response signalling. This 

suggests that it is important to examine the effects of estrogen and tamoxifen 
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on the models to determine the biological implications of reduced ER 

expression. Low levels of ER expression can still simulate the effects of ER 

signalling on tissues.  

The major challenge for developing 3D cultures is to recreate a 

microenvironment sufficiently close to the in vivo conditions to allow 

appropriate differentiation into phenotypically normal tissues. Development 

and optimization of 3D in vitro models requires precise comparison to in vivo 

tissues. An ECM-like hydrogel foundation and a suitable medium should be 

carefully picked, to provide conditions pertinent to the organ in vivo. Besides 

the morphology of the tissues, the genetic profile should be investigated to 

confirm the validity and accuracy of the tissue culture as a representation to 

the normal tissues in vivo.  

For example, the use of biochambers maintained the expression of ER for up 

to 6 weeks in vivo. In this technique, breast cells were cultured in Matrigel 

supplemented with FGF-2 and then implanted in silicon chambers in the groin 

of SCID mice. Although this model maintained the characteristics of the cells, 

the use of mice for incubation does not make it an ideal model as it includes 

the cost and time requirements of in vivo models, (Chew et al., 2012). 	

Despite the different trials to prepare representative intact breast tissue in vitro, 

one of the major limitations remains to be the absence of a complex vascular 

system. This system is vital for oxygenation, nutrient diffusion, and waste 

removal. We tried preparing thin tissue slices of 200-300 μm to overcome 

limitations related to diffusion. However, this was not possible since breast 

tissue has a very fatty texture. Therefore, the cutting process was done 
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manually making the tissue thickness unknown, which may limit the diffusion 

of nutrients to the central portions of the tissue.   

Accordingly, current in vitro culture systems without hydrogels have limitations, 

and organ tissue culture systems could not provide an alternative system to 

organoids or xenograft culture systems that have been used to investigate the 

impact of SERMs on normal breast explants, despite maintaining some 

hormonal responsiveness. The hydrogel system appears to restrain the 

significant increase in proliferation, indicating that it might be an effective 

model for further investigation, but additional optimization is required. 

In conclusion, the present study demonstrates that culturing intact normal 

breast tissue poses significant challenges and requires further improvement of 

culture conditions to maintain original epithelial proliferation and hormone 

receptors expression. Our data shows that hydrogel culture system can 

maintain normal breast characteristics better than rotatory and static culture 

systems for up to 14 days. Overall, all four tested culture systems 

demonstrated nearly normal tissue morphology, however, more detailed tests 

revealed transcripyomics and proliferative changes that are of significant 

concern. For example, in rotatory and static culture systems the expression of 

the proliferation marker Ki67 was dramatically increased, and RNA 

sequencing revealed marked upregulation of proliferation-related genes. 
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6  Discussion and Future Directions 
	

Breast cancer incidence continues to rise despite the role of mammography 

on reducing the mortality rate, (Sun et al., 2017). According to the latest 

statistics by GLOBOCAN on cancer incidence and mortality, breast cancer is 

the leading cancer worldwide.  In women, breast cancer accounts for 24.5% 

and 15.5% of all cancer incidence and mortality respectively, (Sung et al., 

2021).  

BC development is a multi-step process involving different cell types, and 

various risk factors can increase the chances of developing the disease. To 

fully utilise the factors that contribute to an increased risk of breast cancer, 

these factors can be combined into risk estimation tools. There are available 

options including surgery, medication, and lifestyle adjustment for women at 

high risk to reduce their risk.  

In the clinic, mammograms can be used to define the mammographic density 

(MD), which is an indication of the proportion of these cell types and amount 

of dense tissue within the entire breast, (Nazari et al., 2018). Women who 

exhibit higher MD typically harbour less adipose tissue, more epithelial and 

stromal cells and are placed at higher risk of developing breast cancers, 

(Nazari et al., 2018).  Modification of this risk factor is a key goal of 

chemoprevention studies, (Boyd et al. 2009; McCormack et al., 2006; Ursin et 

al., 2003).  

In healthy women, increased mammographic density was associated with a 

higher level of epithelium, stroma (collagen deposition), and immune cells than 

women with low mammographic density, (Huo et al. 2015). Selective estrogen 
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receptor modulators (SERMs) such as tamoxifen and raloxifene, as well as the 

aromatase inhibitors exemestane and anastrozole, are recommended for risk-

reducing medications in international guidelines, (National Comprehensive 

Cancer Network. Breast cancer risk reduction 2020). All of them, however, 

have been demonstrated to lower the incidence of ER+ breast cancer but not 

breast mortality rates,  

Studies have found that those women who received tamoxifen and who had a 

least 10% reduction in breast density experienced a 63% reduction in breast 

cancer risk, (Cuzick et al., 2011). For these patients, the risk is reduced not 

only during the five years of taking the medication, but also for at least 15 years 

after cessation. Accordingly, it is the treatment of choice for premenopausal 

women, as it grants prolonged benefits for more than 20 years after initiation 

of treatment. Cuzick et al (2015)  reported that tamoxifen showed a continued 

reduction in the incidence of breast cancer; invasive ER-positive cancer, and 

ductal carcinoma in situ, (Cuzick et al. 2015).  

Although the risk is relatively small, there is a reported risk that tamoxifen may 

develop endometrial cancer in postmenopausal women, (Nelson et al., 2013). 

Tamoxifen has an agonist effect in certain tissue in women’s body (Fisher et 

al., 1998). It was reported by several studies that longer duration and higher 

doses of tamoxifen; 20 mg daily for prevention and 40 mg daily for breast 

cancer treatment, are linked with high risk of developing endometrial diseases 

by 3-4 fold (Bergman et al., 2000; Fisher et al., 1998). Adjusting the dose and 

delivery mode is a new approach for existing risk reducing medications to 

reduce the negative side effects. According to biomarker investigations, the 5 

mg of tamoxifen daily is equivalent to 20 mg daily in reducing the progression 
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of breast cancer, indicating that low-dose tamoxifen might be effective as 

preventative dose, (DeCensi et al., 2003). In addition, a recent randomized 

experiment found that lowering the dose and duration of tamoxifen 5 mg daily 

for 3 years is equivalent to 20 mg daily for 5 years in breast cancer prevention 

with a fewer side effect, (DeCensi et al. 2019). According to De Lima, et al. 

(2003), low doses of tamoxifen did not significantly elevate oestradiol blood 

level, (De Lima et al. 2003). Meanwhile, our data presented an elevation in 

oestradiol levels after tamoxifen treatment, this finding agrees with a previous 

study which reported that tamoxifen treatment was associated with an 

elevation in oestradiol blood levels, (Bernardes et al., 1999). It has been 

suggested that tamoxifen may decrease breast cancer risk in a dose-

dependent manner, (Bernardes et al. 1999; De Lima et al. 2003). The effect of 

tamoxifen either the 10 mg or 20 mg daily was investigated on normal breast 

tissue from premenopausal patients. Both doses significantly inhibit 

proliferating activity of lobular epithelium (Bernardes et al., 1999). Another 

study examined the impact of different doses of tamoxifen on normal breast 

tissue samples, the findings of this study reported that Ki67 labelling index 

expression was reduced in patients receiving 5, 10, or 20 mg/ day of tamoxifen 

after 50 days of treatment when compared to placebo group. They stated that 

lowering tamoxifen doses could lessen the negative side effects of tamoxifen 

when using for prevention of breast cancer, (de Lima et al., 2003).  

Another selective estrogen receptor modulator is raloxifene which is only 

undergone trials in postmenopausal women. In the study of tamoxifen and 

raloxifene (STAR) trial, they compared raloxifene (60 mg daily for five years) 

with tamoxifen (20 mg daily for five years), the findings at the 81-month median 
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follow-up raloxifene was only 76% as effective at reducing ER+ breast cancer 

compared with tamoxifen. However, long term follow up is highly desirable for 

raloxifene as prevention as a long-term issue, (Vogel et al., 2010). 

Aromatase inhibitors are more effective than either of these agents but can 

only be used in postmenopausal women as they are ineffective in women with 

functioning ovaries. Randomized controlled trials of the aromatase inhibitors 

exemestane and anastrozole have also shown that these medications can 

reduce the breast cancer risk by 60% at a median 2.5 years of follow- up and 

by 49% at a median 10.9 years of follow- up, respectively, (Cuzick et al., 2014, 

2020; Goss et al., 2011). 

Metformin, a diabetic medicine, appears to reduce the risk of cancer, and 

longer-term usage is associated with a reduced, adjusted odds ratio of 0.63 

for developing breast cancer. Bisphosphonates have also been shown to 

minimize the risk of breast cancer. Retinoids are another class of medicine 

now being tested in breast cancer prevention studies. Evidence in preclinical 

studies employing retinoids fenretinide proceeded to a phase III preventive 

study in the late 1980s, (Bodmer et al., 2010) 

In clinical studies, current preventative drugs could not lower ER- breast 

cancer in BRCA1 mutant carriers, accordingly, the breast cancer prevention in 

BCRA1 mutation carriers has been controversial. In a phase III randomized 

study, researchers will see if giving denosumab once every six months for five 

years reduces the risk of breast cancer in BRCA1 mutation carriers. Anti-

progestins (synthetic progesterone) are also being studied for breast cancer 

prevention, (Phillips et al., 2013; Xu et al., 2015). Determining the appropriate 
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timing for all of these preventive agents will helps in providing preventive care 

before age of onset of women at high risk for breast cancer.  

Tamoxifen resistance in women was reported and the mechanism of 

resistance is still unclear. Our main objective was to investigate the molecular 

mechanism of tamoxifen resistance in healthy women with high risk for breast 

cancer. Our primary endpoint was to determine the expression of the 

proliferation marker, Ki67 after tamoxifen treatment. Our finding indicated that 

Ki67 expression was reduced at protein and RNA levels. These results were 

validated by investigating the morphometric data that confirmed the reduction 

in the average acinar area within lobules is correlated with the reduction in 

Ki67 expression. Despite that we found a significant in Ki67 expression, some 

patients did not show a reduction and/or had an increase in Ki67 expression. 

So we needed different approach to group patients in our cohort into different 

responsive groups. To do this we selected different gene set signatures and 

generated heatmaps to visualize patients clustering. We found that according 

to hormone positive luminal cells, patients were grouped into two responsive 

groups that corresponding with Ki67 expression data. These two responsive 

groups show a reduction in ER related genes; however, PRLR, PIP, AGR2, 

ANKRD30A, AZGP1 and FOXA1 genes were upregulated in the group that did 

not show a reduction in Ki67 expression. We therefore hypothesized that 

tamoxifen resistance is promoted by the signalling activity of androgen 

receptor related pathway. Future work to better develop this hypothesis would 

be investigating the protein expression of biomarkers related to androgen 

receptor pathway using an IHC approach, validating the ‘omics’ approaches 

presented.  
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We next wanted to compare the effect of tamoxifen on the lobular 

compartments in both responsive groups by using LCM-SM approach. We 

showed that collagenous proteins were increased after tamoxifen treatment 

within the lobules in patients’ samples who experienced a reduction in cell 

proliferation and average acinar area. We suggested that lobule had less 

epithelial cells and reduction in epithelial cells led to increase collagenous 

contents. We also found that these samples had significant reduction in PIP 

protein expression while there was an increase in the protein expression in the 

other group. As such, it will be interesting in future to map AR and ER genome-

wide binding sites, which may provide insight into this phenomenon, as well as 

enable the development of new therapeutic targets and combinatorial 

chemopreventive therapies. Future investigation could be carried out on 

investigation the role of PIP on promoting epithelial cells proliferation. In the 

future, we could investigate whether androgen receptor related pathway 

activity in tamoxifen-resistant patients and whether available targeted therapy 

could enhance patients’ responsiveness to tamoxifen treatment. 

In chemoprevention clinical trials, the evaluation of the efficacy of preventive 

medications is critical in order to identify the responders and resistance 

patients to the treatment. By assessing Ki67 expression level, we were able to 

identify the effect of tamoxifen on normal breast tissue. Multiple studies have 

shown an interest in identifying the biomarkers to predict responsiveness. The 

nipple secretion protein level was evaluated in a preventive study using anti-

estrogen preventive therapy. After 3 months of treatment, tamoxifen lowered 

pS2 and increased Apolipoprotein D (Apo D) levels, (Harding et al., 2000). It 

is important to mention that Apo D levels is suppressed by estrogen and 
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stimulated by androgen. These protein levels might be taken into account in 

our chemoprevention clinical trial of tamoxifen. 

Our study had a small sample size for both RNA seq and proteomic analyses. 

An additional 10 women with paired biopsies have been recruited and 

analyses are ongoing to try and validate the findings presented here. 

Translation of these findings to predictive serum or plasma biomarkers will be 

vital. Avoidance of tamoxifen in women with an estrogen agonist signature in 

their breast tissue may save them the side effects of treatment. Furthermore, 

if there is truly an increase in ER negative BC with tamoxifen, as seen in meta-

analysis of prevention trials, it is likely that this would be seen in women with 

such ‘agonist’ signatures. Predictive biomarkers are vital to enhance the safety 

of preventive tamoxifen and further investigation from this thesis hold promise 

in their identification. 
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