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Abstract 

 
It is estimated that approximately half a million women are alive today thanks to 

the use of endocrine therapy in ER+ breast cancer, and even more have 

benefitted from its life-extending affect and palliation. There are two main forms 

of endocrine therapy: aromatase inhibition (the enzyme responsible for 

converting androgens to oestrogen) and direct inhibition of the oestrogen 

receptor with tamoxifen. A large proportion of ER+ breast cancer patients are 

treated with endocrine therapy as a first-line therapy or an adjuvant therapy. 

Several mechanisms have been suggested to explain resistance to tamoxifen, 

but given the complexity of oestrogen signalling itself, there are a number of 

mechanisms that could potentially be altered to result in increased tolerance to 

the drug. Most publications investigate mechanisms of resistance in a single cell 

line setting, here we have systematically generated two panels of 6 ER+ breast 

cancer cell lines in tandem (resulting in a total of 46 sublines) one as a potential 

model for resistance to long-term systemic oestrogen deprivation, like that 

naturally found in postmenopausal women or patients treated with aromatase 

inhibitors (24 sublines), the other a model for acquired resistance to long-term 

tamoxifen exposure (22 sublines). These panels have been characterised for 

response to tamoxifen, clinically relevant metabolites of tamoxifen and other 

commonly used anti-cancer agents to treat breast cancer. Oestrogen receptor 

localisation and expression levels were evaluated for the purpose of gaining an 

idea of changes found in aromatase inhibitor resistance vs tamoxifen resistance. 

Over the course of this thesis, drug response data has been presented for a large 

number of drug-adapted breast cancer cell lines.  

 

Additionally to this, we have investigated cross resistance to DNA damaging 

agents in the advent of resistance to platinum (Pt) based anti-cancer drugs in 

triple negative breast cancer cell lines. We have used a range of DNA-damaging 

agents as preliminary data to gain insight into potential sensitivity or cross-

resistance to other modes of DNA damage in triple negative breast cancer cell 

lines that have acquired resistance to cisplatin, carboplatin and oxaliplatin. We 

also looked at potential changes to MEK/ERK and AKT signalling as a result of 

drug resistance in the Pt-drug resistant sublines compared to parental cell lines, 

along with sensitivity to MEK, AKT and ChK1 inhibitors. 
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Chapter 1: General Introduction 
 

1.1 Introduction to breast cancer in general 
Breast cancer is the most common malignancy seen in women worldwide. It is 

thought that one in every 8-10 women will develop breast cancer during their 

lifetime. However, mortality rates from breast cancer have seen a decline in 

recent years due to better systemic therapies and earlier detection rates in 

developed parts of the world (Sabaila, Fauconnier and Huchon, 2015). Mortality 

rates in the EU were projected to decrease by 8% in 2016 (Malvezzi et al., 2016). 

But, in less developed parts of the world, incidence rates have been increasing, 

mainly due to changes in lifestyle choices and an increased availability of 

screening programmes (Harbeck and Gnant, 2016). With regards to available 

literature on currently accepted dogma for the treatment of breast cancer - it is 

clear that treatment approaches are divided not only by hormone receptor status, 

but also menopausal status. Breast cancer under the age of 40 is known to be a 

more complex disease to manage with fertility having to be taken into 

consideration (Ribnikar et al., 2015).  

 

Breast cancer is a heterogeneous disease – encompassing a considerable 

variability in clinical, morphological and molecular attributes. Traditionally, breast 

cancer has been classified by hormone receptor presenting status by 

immunohistochemistry techniques, but in recent years progress has been made 

towards molecular analysis which will ultimately contribute to our understanding 

of breast cancer classification (Alizart et al., 2012). Around 70% of breast tumours 

are luminal type (positive for either oestrogen or progesterone receptors) and 

HER2 negative. Very few breast cancer centres offer determination of molecular 

subtype by multigene assay, as such, immunohistochemistry from single-area 

biopsy sections is the most routinely used technique to differentiate luminal 

subtypes (between A&B). Currently, luminal subtype is classified by Ki-67 score, 

Ki-67 being a marker of proliferation rate. A score <14% places the tumour in the 

lower risk luminal A subtype (deemed to be a low rate of proliferation), with a 

score above that putting it in the higher risk luminal B category (Sun and 

Kaufman, 2018). The limiting factor for this is that classification by luminal 
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subtype does not necessarily indicate that one group or the other would be more 

responsive to systemic chemotherapy – moreover, immunohistochemistry itself 

has a major flaw in its inability to accurately distinguish intermediates between 

the two classifications. The technique reportedly struggles to define Ki-67 values 

within the 10-30% range (Harbeck and Gnant, 2016), which would influence 

directly false-positives for the groups. 

 

 
Figure 1.1: Schematic of classification system for breast cancer. Taken from Harbeck and 
Gnant (2017). Highlights the currently practised principles for systemic therapy in early breast 
cancer. The source article discusses how individual therapy decisions are highly subjective based 
on presenting disease characteristics and patient preferences. ER = oestrogen receptor. PgR = 
Progesterone receptor. Endocrine therapy is always indicated if ER positive, PgR positive or both. 
 

Premenopausal patients are the group that are most at risk from highly 

aggressive disease and relapse. Women under 40 years of age are statistically 

more likely to develop breast cancer with worse pathological features that are 

associated with a worse recurrence-free survival and overall survival for luminal 

type disease (Ribnikar et al., 2015). Naturally, the generalisation of younger 

women developing worse disease is not accurate for all cases in younger women, 

therefore a controversial prognostic marker by itself. The incidence of breast 

cancer in younger women in general is certainly linked to greater risk of 

psychosocial instability due to the need to cope with factors linked to younger 

families, career progression and fertility/sexual function (Freedman and 

Partridge, 2013).    
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Adjuvant endocrine therapy over the course of 5-10 years is considered the 

standard for luminal type breast cancer, meaning that they are hormone-receptor 

positive (ER or PgR staining >1% positive). Response to endocrine therapy is 

generally considered to correlate directly to hormone receptor positivity (Early 

Breast Cancer Trialists’ Collaborative Group (EBCTCG), (2011).  For luminal-type 

tumours in post-menopausal patients, tamoxifen and aromatase inhibitors are the 

standard therapeutic options. A meta-analysis that compared clinical data 

available for the comparison of aromatase inhibitors vs tamoxifen as an adjuvant 

therapy in postmenopausal women, both as initial monotherapy (cohort 1, n = 

9,856) and as a second-line therapy following 2-3 years of tamoxifen treatment 

(cohort 2, n = 9,015) concluded that aromatase inhibitors produce a significantly 

lower recurrence rate compared with tamoxifen - as both a monotherapy and 2nd-

line following prior tamoxifen treatment, but there was no significant difference in 

overall mortality rates. This meta-analysis also includes a very useful breakdown 

of analyses of patient responses into PgR status, age, nodal state and tumour 

grade – the vast majority of which place aromatase inhibitors as slightly better 

than tamoxifen. However, slightly is an apt word in this context as improvements 

seen, albeit better, are still only marginal (Dowsett et al., 2010). 

 

The idea that oestrogen is implicated as the ‘fuel for the fire’ of breast cancer has 

been ingrained in women’s psyche. It is, after all, one of the main factors for the 

classification of breast cancer and the eventual selection of treatment methods – 

regardless of the undeniably heterogeneous and subjective nature of breast 

cancer in the clinic (when speaking with regards to the cumulative incidence of 

all breast cancers). Professional bodies have engrained this ideal with warnings 

of the dangers of oestrogens for women who have had breast cancer, both 

pharmaceutically and nutritionally (Jordan, 2015). This is, generally speaking, 

correct – but the vast array of literature available on cancer teaches us as 

researchers that in an ideal world, the advancement of treatment of cancer is not 

something to be approached as ‘general’. But looking generally, the success of 

antioestrogens such as tamoxifen and aromatase inhibitors (AIs) proves the point 

that oestrogens play a main role in the progression of breast cancer.  
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1.2 Heterogeneity of cell lines  
The emergence of varied responses to therapy is not just seen in the clinic – as 

researchers we must also be mindful that heterogeneity is also seen in in vitro 

models used to study responses to oestrogen and antioestrogens in breast 

cancer. Whether that be variability between differing cell lines, or variability seen 

in the same cell lines but used in different laboratories and research groups. 

Variability between cells from the same lineage when used in different locations 

(HeLa in this case) has been documented by Liu et al., (2019). A multi-omics 

study by this team documents that a marked difference can be seen between cell 

populations after 50 successive passages. Hence the reason for using a relatively 

large number of cell lines in this study – cell lines can never perfectly be 

compared to those from other labs or used decades prior, but can be directly 

compared when cultured in the same conditions, by the same person, 

systematically and over time.  

 

Upon searching through available literature, regardless of cancer type, it is 

evident that there is never simply one suggested marker of disease or mechanism 

of resistance to any one anti-cancer drug. When reading independent studies and 

reviews alike, authors often document discrepancies in molecular mechanisms 

of resistance from cell line to cell line for individual anti-cancer compounds 

(Dagogo-Jack and Shaw, 2018; Joseph et al., 2018; Panda and Biswal, 2019; 

Yin et al., 2019) – indirectly supporting the necessity of personalised treatment 

regimens. It can naturally be argued that this will be due to discrepancies in 

culture techniques from person to person, human error, difference in media type 

used, apparatus used etc. But what must also be considered is genetic drift in as 

many directions as there are people using the cell line around the world, that will 

be influencing the conclusions taken from each independent study.  
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1.3 Oestrogen signalling in normal breast tissue – the duality of 
oestrogen signalling 
 
The majority of the work described in this thesis will surround the action of the 

anti-oestrogen tamoxifen – but to understand the molecular basis of tamoxifen, 

we must first understand the molecular basis of what it inhibits. Our 

understanding of the roles that oestrogens play in the body has changed 

significantly in recent years. It is well known that oestrogen plays a major role in 

both female and male reproductive function, but it also has functions beyond the 

conventional endocrine system. Firstly, as a generalisation of the function of 

oestrogens, they work by regulating transcriptional processes - mainly those 

related to cellular growth (Carroll, 2016). Oestrogen does not regulate gene 

transcription by any one mechanism, however; which makes its direct effect on 

breast tissue difficult to elucidate completely or describe simply. Rather, the 

mechanisms of oestrogen signalling are controlled by a combination of activation 

of three receptors: ERa, ERb and a G protein-coupled receptor referred to as 

GPER1 or GPR30 in literature. ERa and ERb are thought to both directly and 

indirectly mediate ER-responsive gene transcription (Björnström and Sjöberg, 

2005; Vrtačnik et al., 2014; Lipovka and Konhilas, 2016). The structure of these 

receptors will be described in more detail in section 1.5  of this chapter.  

 

Oestrogen is a generalised term for multiple compounds found in the human body 

that stimulate oestrogen receptors, which mainly consists of three main 

oestrogenic compounds: estrone (E1), estradiol (E2) and estriol (E3). Estradiol is 

the main form found in premenopausal women, and estrone is the predominant 

form in circulation following the menopause and are synthesised by the 

aromatisation of androstenedione and testosterone respectively (Thomas and 

Potter, 2013). Estriol is the main oestrogen synthesised during pregnancy and is 

synthesised from an intermediate of estrone (Ali, Mangold and Peiris, 2017).  
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Figure 1.2: Schematic of the oestrogen metabolic pathway. Adapted from (Sampson et al., 
2017). Schematic of the oestrogen metabolic pathway. The sizes of the chemical structures 
shown are representative to their abundance. Red boxes highlight the three main active forms 
of oestrogen in circulation, mentioned in the body of text for this section. 
 
Oestrogen signalling can be classified into two major categories: classical 

(genomic) and non-classical (non-genomic). The classical pathway results in 

direct modulation of transcription with the ER acting as a transcription factor that 

directly binds to DNA, and the non-classical initiates activation of intra-cellular 

signalling cascades (mainly PI3K/AKT) that in turn regulate gene transcription via 

other transcription factors such as NF-kB. Figure 1.4 (page 32), in a later section, 

shows a simplified diagram of the pathways associated with oestrogen signalling.  

1.4 Oestrogen receptors (alpha and beta) 
The physiological actions of oestrogen are mainly mediated through oestrogen 

receptors (ERs) alpha (ERa) and beta (ERb). Although it is directly stated in 

literature surprisingly sparsely, it should be noted that it is the presence of ERa 

alone is the accepted marker of ER positivity in breast cancer (Molina et al., 2017; 

Girgert, Emons and Gründker, 2019). 

 

The majority of the actions of oestrogen, classical or non-classical, are mediated 

through ERs a and b. These are both members of the nuclear hormone receptor 

family and comprise several functional domains. Spanning from N to C terminus, 

the main functional domains for both isoforms of the receptor are: N-terminal 

domain (NTD), drug-binding domain (DBD) and ligand-binding domain (LBD). 

The size of these receptors vary between the isoform (a or b) and variants of the 
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isoforms themselves, but do not change in order within the structure. These can 

be seen in the schematics of ERs shown in figure 1.3, below. The LBD contains 

the position of hormone binding in the structure of the ER, along with the position 

of binding for co-regulators of ER function and dimerisation interface. The DBD 

contains the region at which the ER docks with EREs in the genome (which as 

previously stated reside near promoter or enhancer regions of target genes, at 

variable distances). There are two activation function (AF) domains present in the 

structure of ERs – AF-1 and AF-2 which reside in the NTD and LBD respectively. 

These are responsible for regulating the function of ERs. As can be assumed 

from the location of these two AFs, AF-1 is not reliant on hormone presence for 

function, whereas AF-2 is (Tora et al., 1989). The C-terminal portion of the 

receptor is also thought to regulate gene transcription by affecting dimerisation of 

the receptors in a ligand-dependent manner (Yang et al., 2008).  

 

 
Figure 1.3: Schematic of oestrogen receptors alpha and beta, and their respective splice 
variant isoforms. Taken from (Lipovka and Konhilas, 2016). Schematic representation of the 
functional domains that make up wild-type oestrogen receptors (ERa-66, ERb1), and their most 
commonly known splice variants. ERs are composed of an N-terminal domain (NTD), DNA-
binding domain (DBD), hinge region, ligand-binding domain (LBD) and C-terminal domain (CTD). 
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ERa and ERb are coded for by two separate genes, on two separate 

chromosomes – loci 6q25.1 and 14q23-24.1 respectively (Menasce et al., 1993; 

Enmark et al., 1997). The 66kDa ERa was discovered first, and thought to be the 

only nuclear receptor stimulated by oestrogen until Kuiper et al., (1996) 

discovered a novel 54kDa nuclear receptor (ERb) that was highly homologous 

with ERa, particularly in the DBD. The wild-type nuclear receptors for a and b 

(ERa-66 and ERb1 in figure 1.3) share a degree of homology, mainly in the DBD 

(~96% amino acid homology) and LBD (~58% homology), the residues that line 

the binding cavity are almost completely conserved between the two receptors 

however with only two amino acid differences. These substitutions are 

conservative, with them having a similar hydrophobicity and side chains that 

occupy a similar volume of space (Kenneth S. Korach et al., 2003). The NTD of 

ERb is much shorter than that of ERa, and only shares a sequence homology of 

15% - the hinge region and CTD are also quite different (Mosselman, Polman 

and Dijkema, 1996).  

 

Additionally to the wild type ERs, there are multiple variant isoforms of both ERa 

and b. The most commonly referred to in literature for ERa, is ERa-46. This 

variant lacks the functional AF-1 domain. Penot et al., (2005) document the 

expression pattern changes of the wild-type ERa and ERa-46 in MCF7 cells – 

the truncated version is seen to be expressed in low levels in the nucleus, 

compared to a relatively large accumulation of the wild type receptor in the same 

place. However, when confluency is reached, the proportions of the two seem to 

switch in the same location. The ERa-36 isoform lacks both the AF-1 and AF-2 

functional domains, making its theoretical function unclear but is still known to 

dimerise with other ERs – this isoform is generally thought to be located at the 

plasma membrane and have the potential to trigger membrane-initiated mitogenic 

oestrogen signalling (non-classical oestrogen signalling) (Zhao et al., 2005).  

 

Since the discovery of ERb in 1996, efforts have been made to elucidate its 

biological function, and how this differs from ERa in particular. Unfortunately, this 

remains relatively poorly understood today. It is generally thought that ERb has 

anti-proliferative function, contrary to the proliferative function of ERa - it 

regulates apoptosis, the control of antioxidant gene expression and certain 



 

 26 

aspects of immune responses (Mosselman, Polman and Dijkema, 1996; Kuiper 

et al., 2002; Leung et al., 2006). We should assume that all prior information that 

has been discussed about ERs in this chapter, and its proliferative directionality, 

is referring to ERa. The question now is, if ERb and ERa are both stimulated by 

oestrogen, how does their mechanism of action differ to elicit differential 

functions? From available literature on the matter, and to follow on from a 

previously mentioned point - it is evident that the two receptors appear to have 

an antagonistic relationship. One signals for enhanced proliferation, one inhibits 

it. Yet both are stimulated by oestrogen – one hormone signal, two opposite 

effects. As an example to support this: in cell lines, specifically HC11 in this 

instance that expresses both ERa and ERb, in the presence of a specific ERa 

agonist proliferation is seen, but proliferation is inhibited in the presence of an 

ERb agonist. These same cells did not seem to proliferate greatly in the presence 

of E2 (which is not selective to either receptor) with expression of both receptor 

isoforms – suggesting that growth is regulated by the control of expression of 

these two antagonistic receptors, and in this case they were close to equally 

expressed (Ström et al., 2004). This gives an insight to the potential of balances 

or imbalances in particular with expression of these receptors for the enhancing 

or inhibitory effects of oestrogen on cancer progression. 

 

ERb has multiple splice variants (ERb2, ERb3, ERb4, ERb5)  – these all differ in 

their ligand binding domain. A more recent study showed that only the wild-type 

ERb/ERb1 showed functional activity, whereas the others were only shown to 

form heterodimers with wild type ERb with no innate activity on their own. 

Interestingly, heterodimerisation between wild type b1 and the other variants is 

much stronger than that of homo-dimers of b1, suggesting that those are the 

preferred binding partners of b1 under standard oestrogen stimulated conditions. 

The isoform variants exhibit a distinct tissue distribution which could potentially 

give an insight into the functionality of ERb in those tissue types (Saji et al., 2000; 

Makinen, 2001; Välimaa et al., 2004).  

 

Before 1995, the word oestrogenic was synonymous to uterotropic. When ERa 

is inactivated in mice, the uterus shows very little response to oestrogen, and 

when there is no circulating oestrogen (due to treatment with aromatase 
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inhibitors), the uterus fails to grow – highlighting the significance of ERa with 

uterine development (Lubahn et al., 1993; Kenneth S Korach et al., 2003). In 

contrast, when ERb is inactivated, the uterus has been observed to grow larger, 

and has a stronger response to E2 stimulation (Weihua et al., 2000). Which, is 

in-keeping with the logic of ERa having an overall proliferative effect, and ERb 

anti-proliferative. In the uterus, ERa is the predominant receptor. 

 

The answer to differences in functionality of the two receptors may lie in the fact 

that the ligand binding domains, specificity of oestrogen binding, and selective 

tissue distribution are different for each isoform of the receptor. We know that 

both ERb and ERa are highly expressed in a wide range of tissues in the body, 

in both males and females; such as the prostate, salivary glands, testis, ovary, 

vascular endothelium and certain cell types in the immune and nervous system 

(Lindner et al., 1998; Makinen, 2001; Weihua et al., 2002; Mitra et al., 2003; Shim 

et al., 2003; Välimaa et al., 2004; Cheng et al., 2005). We also know that ERb 

and ERa have different transcriptional activities in differing ligand, cell-type and 

promoter contexts – and that both receptors are co-expressed in these differing 

tissue types (Matthews and Gustafsson, 2003).  

 

It should also be noted that truncated versions of this receptor isoform have been 

found in ER negative breast tumours but the wild-type is the only form meant to 

be functional (Lipovka and Konhilas, 2016). It is estimated that about 60% of 

tumours that test negative for ERa, tested positive for ERb - as do 44.4% of all 

triple negative breast cancers (Skliris et al., 2006; Litwiniuk et al., 2008).  

 

Interestingly, patients that do not express wild type ERb showed significantly 

worse overall survival than patients with tumours that did express the receptor. 

Patients with tumours that test ERa- and progesterone receptor negative also, 

but expressed ERb presented with a better prognosis – irrespective of HER-2 

expression (Honma et al., 2008).   

 

With regards to the elucidation of any differential responses that the different 

combinations of heterodimers that can be formed from ERa and b produce – 

unfortunately not much is known. It is known that the truncated versions of the 
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receptors have a lower binding affinity to EREs than the wild type receptors, 

which suggests that the actions of ERs are preferentially executed by the wild 

type nuclear receptors (Moore et al., 1998). It is suggested in literature that the 

truncated versions of both ERs, play more of a role in regulating the wild-type 

receptors. For example, a study by Zhao et al., (2007) showed that 

heterodimerisation of ERb2 to ERa causes proteasome-dependent degradation 

of ERa, leading to the suppression of ERa regulated genes. It is even suggested 

that heterodimerisation of the wild type receptors is to regulate the activity of ERa 

- a study by Gruvberger-Saal et al., (2007) as a/b heterodimers have been shown 

to reduce the transcriptional activity of ERa. It is evident however that the specific 

palindromic sequence of the ERE dictates what receptor it can bind (a previously 

mentioned point in this chapter), and perhaps this also regulates the specific 

dimers that can bind.  

 

1.5: Mechanisms of Oestrogen Signalling 
 

1.5.1 Classical Oestrogen Signalling 
The mechanisms of action of nuclear receptors ERa and b is similar. Prior to 

ligand binding, both receptors are localised to the chaperon heat shock protein 

90 (HSP90) in the cytosol. Lipophilic steroid hormones like oestrogen passively 

diffuse into the cell, and the binding of this ligand to the respective receptors 

causes a conformational change that leads to their release from HSP90 and into 

the cytosol (Girgert, Emons and Gründker, 2019). 

 

Following activation by binding to an oestrogenic ligand, receptors dimerise in the 

cytoplasm of the cell (both homo- and hetero-dimers of ERa and ERb are 

possible), and translocate to the nucleus to bind to specific regions of DNA known 

as oestrogen response elements (EREs) - these are 13-15 base pair palindromic 

sequences located in or near to promoters close to target genes, activate 

recruitment of translational machinery and promote gene expression (Klinge, 

2001). It is estimated that there are 70,000 EREs in the human genome, of which 

17,000 are located close to transcriptional start sites (Bourdeau et al., 2004). The 

specific sequence of the ERE affects the binding affinity for ERs, which can in 
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turn affect the extent of activation of particular genes and which particular isoform 

of ER can bind (Yi et al., 2014).  

 

Once bound to EREs, it is purported that ER can initiate gene transcription, 

making the complex of receptor and ligand the sole determinant of its activity. It 

is now understood, after the discovery of several oestrogen receptor associated 

co-factors, that this process actually requires the co-ordination of dozens of co-

factors (Halachmi et al., 1994; Anzick et al., 1997; O ate et al., 2006) to perform 

a multitude of functions. This includes the opening of chromatin for ERs to bind 

and the functionality of numerous co-factors that have enzymatic properties 

required for correct protein assembly and function. 

 

The advent of genome-wide studies have provided the opportunity to access ER 

function – by purifying ER-associated DNA by chromatin immunoprecipitation 

(ChIP) and high-throughput DNA sequencing a number of new conclusions have 

been made. Such as, changes to the way we know that EREs are positioned in 

the genome – ER was thought to bind to the promoters of target genes, but 

unbiased mapping approaches showed that ER can associate typically with 

enhancer elements that can be relatively far away from target genes (Carroll et 

al., 2005). Following on from this, given that the vast majority of ER binding sites 

are not at promoter proximal regions, the challenge was to identify whether all 

binding events of ER to DNA are active or elicit a response. Carroll et al. (2006) 

discusses that a marker of transcriptional activity was the co-presence of ER and 

other important co-factors that demarcate functionality – and that mapping of 

these couplings reveals a sub-set of transcriptionally active sites (Carroll et al., 

2006). Identifying which genes are specifically controlled (whether that be 

induced or repressed) by ER target sites that are conventionally far from their 

target coding region has presented an additional challenge – but, techniques 

such as identifying chromatin loops that form between enhancer regions of DNA 

and promoters of target genes can be performed (Dekker et al., 2002). A 

milestone study by Fullwood et al., (2009) details a global snapshot of the 

interactome that occurs between ERa binding to EREs and their target genes - 

this also shows ERa dimers to function by extensive chromatin looping to bring 

genes together for coordinated regulation of transcription. Showing that the ER 

complex can reach over significant distances to regulate coding genes. 
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A number of oestrogen responsive genes that lack EREs do contain ERE half-

sites (SFREs) – which, are binding sites for the orphan nuclear hormone receptor 

SF-1. Which, interestingly, ERa is known to be able to bind to, but not ERb 

(Vanacker et al., 1999). To further complicate the story of oestrogen-receptor 

mediated transcription - around one third of the genes that are known to be 

regulated by oestrogen do not contain ERE-like sequences, however, which 

much suggest that they are not regulated by ER complexes binding directly with 

DNA and instead rely on the non-classical pathways, which will be elaborated on 

in the next section (O’Lone et al., 2004).  

 

From the perspective of the cumulative methods of oestrogen signalling, both the 

non-transcriptional and transcriptional activity of oestrogen converge to result in 

finely tuned regulation of target gene activity (Lipovka and Konhilas, 2016). 

 

1.5.2 Non-classical Oestrogen Signalling 
It was originally thought that oestrogen must signal in a non-genomic manner 

because oestrogens exert some effects that are so rapid, they must not rely on 

the activation of RNA production and protein synthesis, but rather the activation 

of various protein-kinase cascades, which is where the non-classical method of 

oestrogen signalling comes into play (Lösel and Wehling, 2003).  

 

The non-classical method of oestrogen signalling itself can be split further into 

two parts. The first is through protein-protein interactions with other transcription 

factors, to form complexes that directly bind to DNA and influence gene 

transcription – the second is membrane associated ERs leading to activation of 

protein-kinase signalling pathways. These two non-classical general 

mechanisms allow for a much broader range of gene regulation than the classical 

mechanism (Björnström and Sjöberg, 2005). It should be noted that these two 

methods do not factor in the actions of the oestrogen stimulated G protein-

coupled receptor,  GPER1.  

 

The receptors involved in non-classical signalling are the previously mentioned 

G-protein coupled receptor - GPER1 (which, as a reminder, is also referred to as 

GPR30 in literature but for the sake of simplicity I will continue using GPER1 for 
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the remainder of this work), and variants of the nuclear receptors ERa and ERb 

(Chetana M Revankar et al., 2005; Pedram, Razandi and Levin, 2006). Until 

recently, the idea of oestrogen regulating cellular processes independent of the 

classical nuclear receptors was controversial – now, some publications 

hypothesise that there is a subpopulation of classical ERs that reside near or 

attached to the cell membrane, and upon activation by ligand binding, form 

dimers and activate cell signalling cascades (Levin, 2009; Mermelstein, 2009). If 

this is the case, it does raise the question of how these receptors become 

membrane localised as, unlike GPER1, nuclear receptors like oestrogen 

receptors cannot form associations directly with the plasma membrane due to the 

absence of a trans-membrane domain in their structure. One candidate 

mechanism discussed by Meitzen et al., (2013) is a direct association with 

metabotropic glutamate receptors by a post-translational S-palmitoylation of the 

nuclear receptor, to allow for later organisation of discrete functional 

microdomains with caveolin proteins. For context, caveolin proteins are 

expressed ubiquitously in mammalian tissues but expression levels vary 

considerably between different tissues – they participate in many cellular 

processes, mostly known for caveolin mediated endocytosis, but also for signal 

transduction and tumour suppression (Williams and Lisanti, 2004). The team 

shows this by pharmacologically inhibiting palmitoylation in hippocampal 

neuronal cells, and observing that this eliminated 17b-estradiol mediated 

phosphorylation of cAMP response element-binding protein, a process that is 

known to be dependent on non-classical signalling of oestrogen receptors. It 

should be noted that it is molecular method of localisation is likely to be subjective 

to the tissue type in question.  

 

1.5.3 First Method of Non-Classical Signalling (Forming Complexes With 
Transcription Factors)  
A  number of studies have shown that oestrogen can regulate genes without ERs 

directly binding to DNA. This is where the first method of non-classical signalling 

plays a role. ERs in such cases are tethered through protein-protein interactions 

with other transcription factors to form complexes that in turn bind to DNA. This 

is thought to be because of the previously mentioned lack of oestrogen response 

elements (EREs) for one third of oestrogen regulated genes. In the absence of 

places to bind in the genome, ERs seemingly hijack other transcription factors for 
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the same end (Lösel and Wehling, 2003). An example of protein-protein 

interactions between ERs and other proteins within the cell that regulate gene 

transcription would be the interaction between ERs and an activator protein called 

AP-1 which is known to control a number of cellular processes including 

differentiation, proliferation and apoptosis (Hess, 2004). Whether there are 

differences between the two isoforms of ERs (a and b) and their ability to form 

these interactions is not clear.  

 

To complicate things further, the functions of many transcription factors, including 

AP-1, are regulated through protein-kinase mediated phosphorylation – so the 

signalling pathway can in fact be referred to as a hybrid between non-genomic 

and genomic. It provides a mechanism distinct from classical signalling where the 

oestrogen receptors need to enter the nucleus to control transcription (Björnström 

and Sjöberg, 2005). 

 

1.5.4 Second Method of Non-classical Signalling (Regulating Protein-
Kinase Pathways) 
For the second method of non-classical signalling; oestrogen receptors can form 

direct associations with target protein-kinases following stimulation with 

oestrogen. The receptors are thought to be membrane-associated at this point. 

This leads to activation of kinases, phosphatases and increases the flux of ions 

across membranes – examples of this include stimulation of cAMP production, 

increased signalling via the PI3K and AMPK signalling pathways and mobilisation 

of intracellular calcium (Björnström and Sjöberg, 2005). 
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Figure 1.4. Simplified schematic of classical and non-classical oestrogen receptor signalling. 
Classical: (1) Oestrogen passively diffuses into the cell, and binds to either ERa or ERb nuclear 
receptors. These then either homo- or hetero-dimerise and translocate to the nucleus, where they 
then act as transcription factors, forming complexes bound to oestrogen response elements 
(EREs). Non-classical: (2) oestrogen passively diffuses into the cell, binds to 
cytoplasmic/membrane localised ERs, directly interacts with target proteins, which in turn regulate 
gene transcription via other transcription factors such as NF-kB. (3) Non-classical oestrogen 
signalling can be regulated through GPER1. (4) Non-classical oestrogen signalling can be 
regulated by truncated or wild-type membrane localised ERs, by interaction with other growth 
factor receptors and stimulation of PI3K/AMPK signalling pathways. 
 
 
From the perspective of the cumulative methods of oestrogen signalling, both the 

non-transcriptional and transcriptional activity of oestrogen converge to result in 

finely tuned regulation of target gene activity (Lipovka and Konhilas, 2016). 
 

1.6: What genes are regulated by oestrogen? 
Oestrogen regulates a large number of different genes in humans, via a variation 

of mechanisms as has been previously discussed. The role of oestrogen in 

general is to initiate timely cell division, which ultimately contributes to the 

development of mammary tissue, psychological function in adults, and naturally, 

plays a big role in the reproductive system in humans. It is a co-ordinated process 

that also involves other hormones and nuclear receptors including progesterone 

(Brisken and Ataca, 2015).  

 

Speaking generally, and with the points raised in previous sections of this 

introduction in mind – when considering what genes are regulated by oestrogen, 
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there will naturally be a divide between genes regulated by the actions of each of 

the two oestrogen receptors. With regards to  genes regulated by ERa, a recent 

study by Wang et al. (2018) highlighted a total of 267 differentially expressed 

genes using RNA-seq with ER+ breast cancer cell lines, further filtering this with 

a combination of bioinformatics analyses on the same cell lines, and microarray 

data from other oestrogen stimulated MCF7 cells to document 126 genes of 

interest. The expression of ERa was described to be negatively associated with 

metastasis and epithelial-mesenchymal transition (EMT) by the regulation of 

JUNB and ID3. This same study also identified the leading five genes involved in 

cellular proliferation and invasion by ERa activity as FOS, SP1, CDKN1A and 

CALCR (S. Wang et al., 2018).  

 

With regards to ERb, previous studies have found genes involved in cell cycle 

regulation to be specifically downregulated by this receptor. Expression profiles 

of CDC2, CDC6, CKS2 and DNA2L were significantly inversely correlated with 

ERb transcript levels in patients and in vitro studies (Lin et al., 2007). 

 

A surprisingly large proportion of the genome of a breast cancer cell line is 

transcribed in response to oestrogen stimulation. Studies on gene regulation in 

breast cancer cell lines (MCF7 in this instance) have shown that oestrogen 

related gene activation is time dependent, the genome study documents 628 

differentially expressed genes showing a robust pattern of regulation 12hrs after 

E2 stimulation, with a set of 880 different genes differentially regulated after 48hrs 

of E2 stimulation – this highlights the complexity and variability of E2 signalling in 

breast cancer and potential for combinatorial factors (Huan et al., 2014). 

 

Analysis of thousands of ER-DNA interaction sites identified novel ER-associated 

proteins, which contribute to stabilise ER interaction with chromatin, including a 

number of transcription factors that have the potential to assist with the tethering 

of ER to DNA: FOXA1, GATA3, PBX1 and AP2g. The weighting of their specific 

involvement in oestrogen signalling is unclear, but it is known that inhibition of 

these individual factors in breast cancer cell lines perturbs ER-DNA interactions 

(Carroll et al., 2005; Eeckhoute et al., 2007; Magnani et al., 2011; Tan et al., 

2011). 
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Furthermore, a review from Carroll, (2016) discusses the importance of FOXA1, 

and GATA3 specifically for their importance in ER signalling, and for their 

consistent observation in ER+ breast cancer, and requirement for the formation 

of oestrogen-responsive ER complexes.  

 

1.7 GPER1 
In an earlier section, the subject of the oestrogen-responsive G protein-coupled 

receptor, GPER1, was touched upon. Here, it will be described how this fits into 

the mechanics of oestrogen signalling.  

 

To elaborate on previous points made in this chapter – ERs a & b were 

discovered more than 20 years apart (Jensen and DeSombre, 1973; Kuiper et 

al., 1996), and these were thought to be solely responsible for the responses 

elicited by oestrogens. Until six separate laboratories, employing independent 

cloning strategies reported the isolation and characterisation of a GPCR 

homologue that was presumed to have cognate ligand that was a peptide 

hormone, that scientists later identified as oestrogen (Filardo and Thomas, 2012). 

Oestrogen induces observable responses in cells in time frames that are too fast 

for the genomic mechanism induced by the classic signalling mechanism of the 

wild-type nuclear receptors. Bearing in mind the previously mentioned ability of 

membrane-localised truncated versions of ERa (ERa-36) to initiate intracellular 

signalling cascades that could also be responsible for these fast observable 

responses, this does not explain all cases. The study referred to in this instance 

is one pertaining to the transfection of and subsequent expression of GPER1 into 

Cos-7 cells (that are known to not express nuclear ERs). With these cells, an 

intracellular calcium mobilisation was observed in as little as 20 seconds when 

stimulated with 17b-oestradiol (Chetana M. Revankar et al., 2005). GPER1 does 

not only affect intracellular calcium mobilisation however – in rat myometrium 

cells, GPER specific agonists induced membrane depolarisation by opening 

certain calcium channels in the cell membrane that allowed influx of extracellular 

calcium (Tica et al., 2011).  
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The localisation of GPER1 has been a controversial topic in literature since its 

discovery. The fact that GPER1 is a 7-transmembrane receptor implies that is 

characteristically membrane bound, however previous studies have shown that it 

is also intracellularly located, specifically to the endoplasmic reticulum. There are 

conflicting statements in literature however about whether or not intracellularly 

located GPER1 is responsive to oestrogen (Chetana M. Revankar et al., 2005; 

Broselid et al., 2014).  

 

A study by Filardo et al., (2000) that focussed on elucidating the specific signalling 

events triggered by stimulation of GPER1 observed that the activation of 

MAPK/ERK pathways after exposure to 17b-oestradiol in a number of breast 

cancer cell lines, with differing expression levels of ERa. Even in a cell lines that 

expressed neither ERa or ERb, they noticed a marked increase in ERK 

phosphorylation. Whereas, in a cell line that did not express GPER1, there was 

no notable increase in ERK phosphorylation. A comprehensive review on GPER1 

signalling in the context of ERa negative breast cancer by Girgert, Emons and 

Gründker (2019) discusses six different pathways being activated by GPER1 

stimulation: EGFR pathway (indirectly),  calcium-signalling, cAMP-pathway, IcB-

pathway, Hippo-pathway and the HOTAIR-pathway. Figure 1.5, below, shows a 

diagrammatical representation of this.  
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Figure 1.5. Taken from Girgert, Emons and Gründker (2019). A comprehensive map of the 
signalling pathways involved in GPER1 signalling. Six different pathways are distinguished in this 
review article.  
 

GPER1 is especially interesting to consider in the context of triple negative breast 

cancer (TNBC). Dogma surrounding the treatment of breast cancer, if not just the 

classification of it, depends on the expression of growth hormone receptors. Put 

simply for the majority of cases, if a tumour is ER+, it will be considered for 

endocrine therapy. But, it is not commonplace to also consider GPER1 

expression (neither is it commonplace to consider ERb expression, as a side 

note) – this is especially relevant as GPER1 is known to be expressed in TNBC, 

making something thought to be non-responsive to oestrogen, ultimately 

responsive to oestrogen (Yang et al., 2013; Girgert, Emons and Gründker, 2019). 

In fact, TNBC patients with low GPER1 expression have been found to correlate 

with decreased tumour recurrence. After a 36-month follow up, 90.5% of TNBC 

patients with low GPER1 expression were still alive, whereas the cohort with high 

expression were at 77.8% after this time period (Perez et al., 2012). 
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1.8 Cross-talk with other signalling pathways 
The mechanisms of oestrogen signalling discussed so far have been exclusive 

to receptors stimulated by oestrogen, but this does not allow for the potential of 

crosstalk between other nuclear receptors – which has been shown to occur to a 

substantial degree with both the progesterone receptor (PR) and the androgen 

receptor (AR) converging on the ER pathway. When considering on a cellular 

level, under physiological conditions, ER+ breast tissue (cancerous or not) is 

exposed to a complexity of different hormones and growth factors. AR and PR 

can alter ER signalling in a number of ways, through sequestering rate-limiting 

co-factors, direct regulation of ER levels or even direct alteration of ER-DNA 

interactions by AR or PR (Zheng et al., 2008; Peters et al., 2009). The ability of 

nuclear receptors to interact within the same cellular environment highlights the 

potential for them to be substituted for one another – for example, in a rare 

subtype of breast cancer called apocrine (where gene signatures are similar to 

that of ER+ cancers, but are actually ER-), it is believed that AR can substitute in 

the absence of ER as the driving transcription-factor. It is thought that AR 

continues to regulate ER through ER specific transcription factors such as 

FOXA1 (that has been previously mentioned in section 1.6.5). There is also 

evidence to suggest that the downregulation of ER and subsequent mobilisation 

of AR as a response may be a mechanism of resistance to endocrine therapies 

(Robinson et al., 2012).  

 

Another consideration is the known rapid activation of classical second 

messengers such as cAMP and calcium, and stimulation of MAPK and PI3K 

signalling pathways – it has been touched upon that GPER1 and truncated 

version of ERs may be responsible for this, but another explanation may be cross-

talk with membrane receptors that possess intrinsic tyrosine kinase activity. A 

study by Filardo, (2002) shows that oestrogen transactivates the epidermal 

growth factor receptor (EGFR) via GPER1. 

1.9 Oestrogen signalling in cancerous tissue  
The nature of oestrogen signalling in normal tissue is complex, as we have seen, 

and involves the modulation of many different targets, ultimately either favouring 

or counteracting cellular propagation, dependent on a number of different factors. 

Of course, cancer cells (that are ER+) rely on oestrogen signalling for growth in 
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the same way that physiologically normal cells grow, but like any tightly controlled 

growth mechanism, dysregulation is a marker of disease and an oestrogen-

induced tumour (Hanahan and Weinberg, 2011). The question is how is signalling 

in cancerous tissue different from that of physiologically normal tissue? 

 

Essentially, ER continues to operate in its normal role, but ER-mediated cell 

division occurs in an uncontrolled manner, resulting in tumour initiation and 

cancer progression. When we consider the generally opposing roles of ERa or 

ERb, any preference for the activation of genes associated with the pro-

proliferative function of ERa would prove to be a  positive influence on cancer 

progression.  

 

1.10 Phenol red in culture media 
In addition to oestrogen, phenol red is a cell culture medium ingredient, which 

has been shown to exert oestrogenic activity. Oestrogen itself has a high efficacy, 

inducing responses with concentrations as low as nM ranges (Berthois, 

Katzenellenbogen and Katzenellenbogen, 1986), whereas phenol red alone has 

nowhere near this effect. Berthois et al (1986), Rajendran et al (1987) Glover et 

al (1988) and Welshons et al (1988) were some of the first to investigate the effect 

of phenol red in oestrogen-responsive cell lines – MCF7 and T47D in particular, 

which are cell lines used in this work along with being among the most common 

cell lines used to investigate breast cancer in vitro (Penot et al., 2005; Zhao et 

al., 2007; Cochrane et al., 2014). They discuss (amongst many other things that 

are relevant to this work) how in low concentrations, phenol red does not elicit a 

response from oestrogen-responsive cells, but the vast majority of culture media 

harbours phenol red in concentrations somewhere in the range of 15-45µM, 

within which  has been known to exert oestrogenic affects. Notably, they show 

that phenol red has about 0.001% binding affinity to oestrogen receptors when 

compared to oestrogen, but at high enough concentrations, like that of culture 

media, phenol red can independently enhance cell growth rates (Berthois, 

Katzenellenbogen and Katzenellenbogen, 1986; Rajendran, Lopez and Parikh, 

1987; Glover, Irwin and Darbre, 1988; Welshons et al., 1988). Upon inspection of 

the culture media used for the entirety of this study, the company specifies on the 

provided product formulation specifications that phenol red is included at a 
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concentration of 39.9µM. Figure 1.6 below shows the most generally notable 

figures taken from Berthois et al (1986) that display the above points. Looking 

specifically at B, this figure shows that phenol red can independently influence 

MCF7 cell growth when exposed to cells that have been otherwise deprived of 

oestrogens, at a concentration representative of that in phenol-red containing 

culture media. 

 

 

 
Figure 1.6: The effect of phenol red in culture media. taken from Berthois et al, (1986) A: 
shows the structure of phenol red, in both acidic and basic forms, and two structurally related 
non-steroidal oestrogens. B: shows the effect of phenol red, and differing proportions of charcoal 
stripped serum in the culture media on the growth of MCF7 cells. ‘regular MEM’ = MCF7 cells 
grown with phenol red present.  ‘phenol red-free MEM’ = MCF7 cells grown with phenol red 
absent. ‘phenol red-free MEM +30µM phenol red’ = MCF7 cells grown with phenol-red absent 
from the base culture media, but with 30µM phenol red added. C: shows a competitive binding 
assay of phenol red and tamoxifen compared to estradiol in MCF7 cells. Binding of a radioactive 
competitor, [3H]estradiol, was determined to establish concentrations of estradiol, phenol red or 
tamoxifen needed to displace bound [3H]estradiol. Parenteses under each compound indicate 
relative affinities of each compound to oestrogen receptors (estradiol set to 100) – which isoform 
of oestrogen receptor was not specified.  
 

Liu et al., (2013) looked at the effect of phenol red on primary neuronal cultures. 

They documented that phenol red had the capability of suppressing abnormal 

bursts of epileptiform activity in neurones – that culture of hippocampal pyramidal 

neurones cultured in neurobasal culture medium without the presence of phenol 

A 

B C 
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red had large amounts of depolarisation-associated bursts of epileptiform activity, 

that is not seen in mirrored conditions in the presence of phenol red. They 

hypothesise that this is due to the oestrogen receptor activation as the effect of 

phenol red is mimicked when exposed to the oestrogen receptor agonist, 17-b-

estradiol, and inhibited by an oestrogen receptor antagonist. 

 

1.11 Drug resistance in cancer 
Our knowledge, as a scientific community, of the biological characteristics of 

cancer is updating every day – an ever-expanding picture of dynamicity and 

subjectivity. In an ideal world, cancer treatments would be highly personalised to 

account for this, but that is not commonly possible, yet. As such, clinicians and 

scientists alike must be mindful that as no tumour is identical, neither is the 

mechanism at which cells develop acquired resistance, or passively maintain 

intrinsic resistance to anti-cancer drugs. But, patterns can be observed from 

resistance to specific drugs in specific cancers.  

 

Despite advancing technologies with gene therapy and immunotherapies, 

systemic chemotherapy remains a promising and well-established option for 

cancer treatment. But, drug-resistance is a major issue for this type of cancer 

therapy. Resistance can either be intrinsic (meaning present before treatment 

begins) or acquired over time by various exposure-induced adaptive responses 

to an anti-cancer drug. Tumours are heterogenous by nature, and the systemic 

treatment selected by the clinician will naturally select for subpopulations of cells 

that are more drug tolerant, shaping the tumour landscape over time (Holohan et 

al., 2013). Increasingly, high-throughput and systems biology screening 

techniques are being employed to identify novel, and more importantly 

personalised, mechanisms of resistance to anti-cancer drugs; meaning that 

biomarkers of resistance are increasingly being used to guide and stratify patients 

to receive certain therapies (Williams and McDermott, 2017). 

 

Acquired resistance to a drug is first and foremost dependent on the anti-cancer 

drug in question and its mechanism of action. At the tumour level, various 

resistance mechanisms can operate such as increased drug efflux, mutations of 

the drug target, intrinsic alterations to DNA damage repair mechanisms and 
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activation of alternative signalling pathways (Holohan et al., 2013). In this work, 

endocrine therapy is the focus, specifically of tamoxifen and its active 

metabolites, so mutation of target sites and activation of alternate pathways is 

the focus.  

1.12 Endocrine therapy 
Endocrine therapy represents an important and commonly used anti-cancer 

strategy in the management of ER+ metastatic breast cancer. There are two main 

forms of endocrine therapy: aromatase inhibition (the enzyme responsible for 

converting androgens to oestrogen) and direct inhibition of the oestrogen 

receptor with tamoxifen or fulvestrant for example. The former is generally the 

go-to treatment for post-menopausal women, as their primary source of 

oestrogen is by the release of androgens from the adrenal gland and adipose 

tissue and subsequent conversion to oestrogen by aromatase; the latter is 

generally the go-to for premenopausal women. It should be noted however, that 

it is also possible to reduce endogenous oestrogen levels in premenopausal 

women by both surgical (ovariectomy) and pharmacological (luteinizing hormone-

releasing hormone agonists) means. Therefore, endocrine therapy in general 

works by blocking the effects of oestrogen - either at the receptor level or by 

inhibiting its production (Chang, 2012; Reinbolt et al., 2015). 

 

1.13 Tamoxifen (duality of tamoxifen signalling)  
It is estimated that approximately half a million women are alive today thanks to 

the use of tamoxifen in ER+ breast cancer, and even more have benefitted from 

its life-extending affect and palliation (Jordan, 2003). Tamoxifen is known as a 

selective oestrogen receptor modulator (SERM) because of its tissue specific 

activity. To summarise loosely what is meant by tissue specific, tamoxifen is 

thought to be an ER antagonist in the breast, but an agonist in uterine/endometrial 

tissues - hence, why uterine cancers are linked to long-term tamoxifen treatment 

(Pearce and Jordan, 2004). Naturally, the relationship between tamoxifen and 

the two distinct areas of human physiology is more complex than this face value 

summary however.  
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Figure 1.7: Tamoxifen and aromatase inhibits interfere with oestrogen signalling.  
Simplified schematic of classical and non-classical oestrogen receptor signalling, and how 
endocrine therapy affects this. Aromatase inhibitors are represented by navy blue crosses. ER 
antagonists, tamoxifen and fulvestrant are represented by pink crosses and circles.  
 

Tamoxifen (TAM) exerts anti-oestrogenic activity in the breast through partial 

inhibition of ER dimerisation by competitive binding. As has been discussed 

before, ERs are required to either homo- or heterodimerise in order to make 

contact with the palindromic sequences of EREs in the genome. In contrast, 

fulvestrant, another commonly used endocrine therapy completely inhibits ER 

dimerisation. Tamoxifen binds to ERs with a lower affinity than that of oestradiol. 

A complex of tamoxifen and ER forms and dimerises with another TAM-ER 

complex, this inactivates the ligand-dependent AF-2 domain of the ER, and 

activates the ligand-independent AF-1 region (see section 1.8 for more on AF 

domains). The TAM-ER complex binds to the EREs in the genome, in promoter 

regions of oestrogen responsive genes. Transcription of these genes is 

attenuated because of the inactivation of the AF-2 region. ER co-activator binding 

is also reduced by the TAM-ER complex. Partial agonist activity results from the 

AF-1 domain remaining active (Rondon-Lagos et al., 2016). See figure 1.8 below 

for a diagrammatical representation of this. 
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Figure 1.8: Oestrogen receptors dimerise and bind to EREs. Taken from Rondon-Lagos et 
al., (2016). Tamoxifen competitively binds to ERs and inactivates the ligand-dependent AF-2 
domain of ERs – maintaining activation of the ligand independent AF-1 domain. TAM-ER 
complexes bind to EREs and attenuate gene transcription of oestrogen controlled genes. 
 

Tamoxifen itself is metabolised extensively in the liver by cytochrome P450 

enzymes, and to a lesser extent in the breast also. These enzymes mediate the 

transformation of tamoxifen into a several primary and secondary metabolites, 

mainly through hydroxylation and demethylation – these are known to have high 

potencies than the parent drug, and therefore thought to exert the anti-tumour 

effects of tamoxifen in vivo (see figure 1.9 below). The major metabolic pathway 

involves initial conversion of tamoxifen to n-desmethyltamoxifen, then to 

endoxifen. This is the conversion with the highest throughput. The second-most 

preferred conversion is tamoxifen to 4-hydroxytamoxifen, which is in turn also 

converted to endoxifen (Cronin-Fenton, Damkier and Lash, 2014). 

Polymorphisms in several CYP enzymes involved in the metabolism of tamoxifen 

impact on the relative abundance of the metabolites in systemic circulation; 

which, adds to the already existing patient-to-patient subjectivity you would 

expect as these enzymes will be differentially expressed naturally from person to 

person (Rondon-Lagos et al., 2016).  

 

Endoxifen, the major metabolite responsible for the actions of tamoxifen, appears 

to have differential effects on the two nuclear oestrogen receptors – it stabilises 

ERb, promoting hetero-dimerisation and has an increased inhibitory effect on 

oestrogen-responsive genes whilst simultaneously targeting ERa for 

proteasomal degradation (Wu et al., 2011).  
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Figure 1.9: Tamoxifen, tamoxifen metabolites and CYP450s. Shows the primary metabolites 
of tamoxifen that were used in this study. Tamoxifen (green box) and the four primary metabolites 
(red boxes): Endoxifen, (Z)-4-OH tamoxifen, N-desmethyltamoxifen and a-hydroxytamoxifen that 
were used in this study. The size of the arrow is representative of the relative abundance of the 
metabolite. 
 

In premenopausal patients, which are the most commonly treated group with this 

drug; 20mg of tamoxifen per day is the standard endocrine therapy. A meta-

analysis of a breadth of clinical data published in the Lancet by the Early Breast 

Cancer Trialists’ Collaborative Group in 2011 states that five years of adjuvant 

tamoxifen therapy robustly showed a reduced recurrence of disease. But not just 

in the first five years, but also for 5-9 years following the termination of a 

continuous treatment regimen for patients with ER-positive disease. Mortality was 

also documented to be down by a third throughout the first 15 years of follow-up 

care. This effect was documented to be also independent of PR status, 

chemotherapy use and age. 

 

In the case of type B luminal tumours (to recap; those are high Ki-67 expressing 

hormone receptor positive tumours, high risk), chemotherapy is often indicated 

for concurrent use with anti-oestrogen therapy. Naturally, care is taken when 

prescribing any pharmaceutical, regardless of its purpose, for patient 

susceptibility to off-target effects, contraindications and moreover antagonistic 

properties to other pharmaceuticals that the patient is taking. This, naturally, is 
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also the case with the combination of cytotoxic chemotherapy with anti-oestrogen 

therapies. Cytotoxics are known to have certain non-specific effects on the 

endocrine system, which in the case of breast cancers that are potentially 

influenced by fluctuations in steroid hormones, is a very important consideration. 

In assessing the potential for combinations of chemotherapy and anti-oestrogens, 

it is important to note that an increased response rate is not necessarily the most 

important end point. Ideally, the desired combination would harbour an increased 

response rate and an increased response duration compared with the rates 

provided by the same agents used as monotherapies or used sequentially -  

considering that two anti-cancer agents administered together will almost 

certainly increase overall toxicity (Pritchard, 2008). 

1.14 Resistance to tamoxifen 
Despite the obvious benefits of tamoxifen – a large proportion of patients at all 

stages of ERa+ breast cancer treatment with tamoxifen as a first-line therapy or 

an adjuvant therapy eventually relapse. Furthermore, patients with early-stage 

disease that initially respond well to tamoxifen treatment develop recurrent 

tumours not only in the breast, but also in the endometrium (Pearce and Jordan, 

2004).  

 

Several mechanisms have been suggested to explain resistance to tamoxifen, 

but given the complexity of oestrogen signalling itself, there are a number of 

mechanisms that could potentially be altered to result in increased tolerance to 

the drug. The main mechanisms accepted today are alterations to bioavailabilty 

of tamoxifen, changes to both the nuclear receptors and GPER1, alterations to 

oestrogen controlled intracellular signalling pathways (from ERa-36, GPER1 and 

GPER1-EGFR crosstalk) or switching to signalling through other nuclear 

receptors like androgen receptor (which has been previously discussed in section 

1.8). Clinical evidence suggests that patients that over-express HER2 are more 

likely to develop resistance to tamoxifen, which may suggest a switch in 

preference for signalling with certain hormones (Massarweh et al., 2008).  

 

1.14.1 Changes to the nuclear oestrogen receptors 
The most obvious change to the nuclear receptors that could result in increased 

tolerance to tamoxifen would be a downregulation of its target ERs. As ERa out 
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of the two isoforms (ERa and ERb) is the one known to encourage tumour growth 

– that is the one that has always been of the most interest for targeted cancer 

treatments. ERa expression has always been a good predictor of a beneficial 

response to tamoxifen treatment, and patients with higher levels show increased 

beneficial responses compared to those that express it at low levels (Droog et al., 

2013). Loss of ERa expression has mainly been linked with adherent methylation 

of CpG islands and increased deacetylation of histones – this is thought to result 

in more compact nucleosomes structure, and limit transcription (Yang et al., 

2001).  

 

Another logical alteration to ERs, that results in resistance to tamoxifen, would 

be mutations that cause functional differences. In hyperplastic breast lesions, a 

single amino acid substitution (K303R), has been observed to increase the 

sensitivity of ERa to oestrogen and alter cross-talk with other signalling pathways 

that usually negatively control oestrogen signalling (Fuqua et al., 2000). The 

significance of this mutation is unclear however as it has not been detected in 

large publicly available genomic data sets, like the TCGA, nor does it have a high 

frequency in clinical samples (~10%) (Abbasi et al., 2013). Recently, more 

studies have reported mutations to the ligand binding domain of ERa, that 

promote agonist confirmation of ERa, in the absence of oestrogen, leading to 

hormone-independent tumour growth and resistance to endocrine therapy 

(Merenbakh-Lamin et al., 2013; Toy et al., 2013; Jeselsohn et al., 2014). 

Interestingly, the reported incidence of these mutations were low in primary 

tumour samples, but high in samples taken of metastases – and, appear more 

frequently in patients that had previously received hormonal therapy (Niu et al., 

2015). 

 

The modulation of ER activity is another factor to consider when thinking of its 

interaction with both oestrogen and tamoxifen. As we already know, it is the 

modulation of ER activity that is the basis for functionality of tamoxifen. However, 

another consideration is our understanding of the functionality of the ER by post-

translational modifications, such as phosphorylation, and how this affects the 

interaction of ERs with tamoxifen and oestrogen – also in the context of ligand 

independent ER activity. Previous studies have identified that changes to post 

translational modifications, especially phosphorylation, like that of position S305 
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has been shown to have an effect on tamoxifen resistance. As well as observed 

changes to the conformation, dimerisation and DNA binding of ERs. Studies have 

suggested that observed increased phosphorylation to certain sites of ERs 

predict a poor outcome to tamoxifen therapy, as well as an increase in observed 

ligand-independent cell growth and gene regulation. It is therefore an important 

consideration when assessing possible mechanisms of tamoxifen resistance 

(Kastrati et al., 2019). 

 

1.15.2 Differential responses of tamoxifen with truncated ER isoforms 
Resistance to tamoxifen has also been linked with high expression of the 

membrane-localised, truncated version of ERa (ERa-36) that is known to be able 

to stimulate non-genomic intracellular signalling pathways (Wang et al., 2006). 

To support this, clinical data shows that tumours that highly express ERa-36 

appear to benefit less from tamoxifen treatment (Teymourzadeh et al., 2017). 

Upon the commencement of tamoxifen use as an anti-oestrogen, it was 

specifically intended to antagonise ERa. Due to a lack of information about the 

complexity of oestrogen signalling, specifically that pertaining to the discovery of 

the non-genomic signalling capacity of oestrogen mediated by ERa-36 and 

GPER1; the idea that tamoxifen could also have additional effects to the 

antagonism of ERa was not adequately explored. As a delve into available 

literature on this subject, with the intention of finding an explanation for 

tamoxifen’s ability to both antagonise and agonise in in vivo environments - a 

large cohort study by Wang et al., (2018) demonstrates that tamoxifen can 

directly bind to and activate ERa-36 to enhance stemness and metastasis of 

breast cancer cells via transcriptional stimulation of aldehyde dehydrogenase 

1A1. Essentially acting as an agonist in this truncated from of ERa but not in the 

wild-type form. This raise the question of what other effects tamoxifen has on all 

of the other nuclear receptor isoforms, and how this changes if the nuclear 

receptors were mutated.  

 

1.14.3: GPER1 in tamoxifen resistance 
GPER1 is expressed in approximately 50-60% of all breast carcinomas, along 

with endometrial and ovarian cancer cells. Importantly GPER1 is expressed in a 

large proportion of triple negative, and generally ERa- breast cancers, as  
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discussed in section 1.7. It was also mentioned in section 1.7 that GPER1 has 

been found to be both membrane localised (as expected for a G-protein coupled 

receptor) and internally localised. It is this subcellular localisation that is thought 

to contribute to tamoxifen resistance. The exacts of this subcellular localisation is 

a topic of debate in literature and as such has not been clarified. But, studies 

have suggested that GPER1 can be located in the nucleus and in the cytoplasm. 

Perhaps this can be explained by a transport mechanism from the membrane to 

the nucleus. GPER1 localisation has been correlated with differing 

clinicopathological characteristics – for instance, cytoplasmic localisation has 

been associated with low grade tumour stage and high levels of nuclear localised 

GPER1 is associated with poorly differentiated carcinomas and TNBC subtypes 

(Samartzis et al., 2014).   

 

In addition to estradiol, tamoxifen and its metabolite 4-OH-tamoxifen also have a 

high affinity for direct binding to GPER1 -  causing rapid activation of intracellular 

signalling cascades including ERK, PI3K, calcium mobilisation and cAMP 

production (Girgert, Emons and Gründker, 2012). This regards tamoxifen as a 

GPER1 agonist – meaning that the balance between the expression and 

activation of the nuclear receptors and GPER1, together, is important when 

visualising the role that oestrogen, and by extension tamoxifen, plays in breast 

cancer. As already discussed in section 1.10, this not only highlights in role 

GPER1 may play in tamoxifen resistance, but also on in breast cancer 

progression on a larger scale when considering its significance in TNBC.  

 

As tamoxifen acts as a GPER1 agonist – signalling incurred by direct activation 

of GPER1 is not the only thing to consider. Cross-talk with other signalling 

pathways must also be considered. It has been reported thatGPER1-positive 

breast cancer patients, tamoxifen activates cross-talk between GPER1 and 

EGFR. This cross-talk is thought to contribute to an increased cellular growth that 

is associated with tamoxifen resistance, but also with enhanced ability to 

metastasise. It is also thought that in GPER1-positive breast cancer patients, 

treatment with tamoxifen will increase GPER1 expression – in such cases, the 

effects of estradiol will also be enhanced. As such, GPER1 expression should be 

taken into careful consideration by clinicians when contemplating any courses of 

tamoxifen treatment (Rakha, El-Sayed, Green, Andrew H.S. Lee, et al., 2007).  
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1.14.4: Androgen receptor in tamoxifen resistance 
The role of the androgen receptor (AR) in breast cancer remains controversial as 

it is not yet completely clear whether it has an overall proliferative or anti-

proliferative affect. Literature predominantly suggests that the affect is 

proliferative, with the main mechanism being a dysregulation of PI3K/AKT/mTOR 

signalling pathways (Costa, Han and Gradishar, 2018). This would support the 

idea surrounding enhanced tumour propagation and ARs involvement in 

tamoxifen resistance in ER+ breast cancer, considering a switch of predominant 

use between the two is a potential mechanism of resistance.  

 

It has been reported that tamoxifen resistant tumours express high levels of AR, 

while tamoxifen-sensitive tumours show the opposite pattern of expression. This 

observation suggests that high AR expression may be a good prognostic marker 

for intrinsic resistance to tamoxifen – potentially suggesting that high AR 

expression may play a role in enhancing the agonistic properties of tamoxifen 

(De Amicis et al., 2010). A study by Cochrane et al., (2014) postulates that the 

ratio of AR:ER is a better marker of response to tamoxifen in ER+ breast cancer, 

as opposed to expression levels of AR alone. The study states that women 

expressing a high AR:ER ratio (>2.0) had over four times higher risk for failure in 

tamoxifen treatment compared to women with a lower ratio (<2.0). It was also 

postulated in this study that a high ratio would be a marker of de novo or acquired 

resistance to tamoxifen. This accompanies a switch from oestrogen dependence 

to androgen dependence.  

 

It is coming to light, that ARs play a role in the progression of TNBC in particular. 

As (previously discussed) one potential mechanism for tamoxifen resistance is a 

‘switching over’ from the use of ERs to ARs in ER+ breast cancer, this could also 

be an intrinsic mechanism for TNBC that does not express ERs to begin with 

(Rakha, El-Sayed, Green, Andrew H. S. Lee, et al., 2007; Anestis et al., 2019).  

 

Approximately 90% of ER+ tumours are also AR+, and this is associated with a 

favourable prognosis and lower tumour grade and size (Park et al., 2010). 
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1.14.5: Other potential mechanisms of resistance of interest 
The first additional pathway of interest is the hedgehog pathway. This pathway is 

most commonly associated with cell proliferation, embryonic development and 

tissue repair – dysregulation of this pathway is commonly seen with various types 

of cancer, including tumours of the breast, prostate and basal cell carcinoma 

(Bhateja et al., 2019). This naturally raises the question of whether dysregulation 

of the hedgehog signalling pathway is anything to do with tamoxifen-resistance 

in breast cancer, or simply just to do with breast cancer. However,  a study by 

Matevossian and Resh, (2015) has shown that in tamoxifen-resistant cell lines 

(MCF7 in this instance; ERa+, HER2+), an enzyme that catalyses the 

palmitoylation (HH acetyltrasferase) of Sonic HH, the major ligand in the pathway, 

is required for proliferation in breast cancer. Pharmacological inhibition of this 

decreased growth in ERa+ tamoxifen-resistant cell lines, but not in TNBC cell 

lines. Hedgehog signalling has not only been implicated with endocrine therapy 

resistance, but also to chemotherapy resistance in TNBC (Bhateja et al., 2019). 

 

Recent studies have found that the mRNA-editing enzyme APOBEC3B may have 

a role to play in the emergence of endocrine therapy resistance. The insightfully 

written works, by Law et al., (2016) comments on the development of drug 

resistance in the context of anti-cancer therapy as testament to the fundamentally 

evolutionary nature of cancer. They suggest that APOBECs (traditionally 

associated with the immune system) play a role in this evolution towards a higher 

tolerance of tamoxifen in ER+ breast cancer. They state that APOBEC3B levels 

inversely correlate with the clinical benefit of tamoxifen, and that APOBEC3B 

overexpression also correlates with an accelerated development of endocrine 

resistance. Moreover, the team also states that APOBEC3B depletion in ER+ 

breast cancer cell lines results in prolonged tamoxifen responses in in vivo 

models, and that overexpression results in an accelerated development of 

resistance in the same models, by a mechanism that is known to require the 

enzymes catalytic activity.  

1.15 Introduction to the work conducted in this thesis 

The original aims of this project, as determined by our collaborators at Eli Lilly, 

were to produce tamoxifen resistant breast cancer cell lines from a pre-

determined collection of cell lines and have them transferred to the Eli Lilly 
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Corporate Headquarters in Indianapolis, along with myself as the researcher, for 

further investigation using their equipment. This was to include metabolomics and 

proteomics studies on the cell lines in question. Unfortunately Eli Lilly had a 

change in interest in tamoxifen shortly after starting this project, so this was not 

followed up. The work in this thesis therefore pertains solely to investigations 

carried out at the University of Kent.  

 

The use of cell line models has permitted the ability to study adaptation to growth 

in the presence of reduced growth hormones, including oestrogen, from culture 

in order to study the effect that growth hormones have on response to endocrine 

therapy, and their downstream consequences. In this work, we have not studied 

these in-depth mechanisms, but we have created two panels of cell lines to allow 

for this in future works. The ‘workhorse’ in the field of breast cancer research is 

the MCF-7 cell line – which has helped to elucidate a substantial amount about 

ER structure and functionality, but it is only one model and does not allow for 

heterogeneity, which is essentially the pillar issue with cancer research. As such, 

the MCF-7 cell line has been used in this works, along with a number of other 

breast cancer cell lines to directly compare any potential differences. Details of 

these other cell lines are documented in chapter 2 of this thesis.   
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Chapter 2: General Methods and Materials 

2.1 Materials 
2.1.1 Cell Culture – Cells, Media and Other Solutions 
 
MCF-7, BT-474, EFM-19 and T47D lines were purchased from the German 

Collection of Microorganisms and Cell Cultures (DSMZ). CAMA-1 and MDA-MB-

468 cell lines were purchased from the American Type Culture Collection 

(ATCC). SUM159PT (ATCC), CAL51 (DSMZ), HCC1806 (ATCC) and HCC38 

(ATCC) cell lines, The platinum drug-adapted sub-lines of SUM159PT 

(carboplatin-resistant, SUM159PTrCARBO4000; cisplatin-resistant, 

SUM159PTrCDDP1000; oxaliplatin-resistant, SUM159PTrOXALI5000), CAL51 

(CAL51rCARBO5000, CAL51rCDDP1000, CAL51rOXALI5000), HCC1806 

(HCC1806rCARBO2500, HCC1806rCDDP1000, HCC1806rOXALI2500), HCC38 

(HCC38rCARBO3000, HCC38rCDDP3000, HCC38rOXALI5000),   were established 

as previously described (Kotchetkov et al., 2005; Michaelis, Rothweiler, Barth, 

Cinat, M Van Rikxoort, et al., 2011) and obtained from the Resistant Cancer Cell 

Line (RCCL) collection (https://research.kent.ac.uk/industrial-biotechnology-

centre/the-resistant-cancer-cell-line-rccl-collection/; (Michaelis, Wass and Cinatl, 

2016). 

 

Word on the nomenclature of drug-resistant cell lines: The cell line that the 

resistant sub-line originates from is listed first, followed by the letter ‘r’ denoting it 

as a resistant sub-line, and the media condition that it was grown in (if a cell line 

from chapters 3 or 4, the sub-lines from chapter 5 do not have this). Then follows 

the shortening of the drug that it is resistant to, which will either be ‘4-OH’ 

meaning (Z)-4-OH-tamoxifen for chapters 3 and 4, or ‘OXALI’, ‘CDDP’ or 

‘CARBO’ meaning oxaliplatin, cisplatin and carboplatin respectively for chapter 

5. Finally, the number stated at the end refers to the concentration of drug that 

the cell line is maintained in during routine cell culture. For results chapters 3 and 

4, this in in µM, but for results chapter 5, it is stated in nM. This is because the 

cell lines in chapters 3 and 4 were produced during the course of this PhD project 

and were named later than the cell lines for chapter 5, which remains consistent 

with the nomenclature they possess in the RCCL collection. 
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Iscove’s Modified Dulbecco’s Medium (IMDM) was purchased from Thermo 

Fisher Scientific, along with the anhydrous SDS powder, dimethylformamide, 

absolute ethanol, penicillin/streptomycin solution (10,000 units/ml penicillin, 

10,000µg/ml streptomycin) and 0.12% trypsin solution (devoid of phenol red). 

MTT powder was obtained from Universal Biologicals, Cambridge. Foetal bovine 

serum (ref: F7524, lot:BCBV8017) and charcoal stripped foetal bovine serum (ref: 

F6765, lot: 16C075) were obtained from Sigma Aldrich (Shaftesbury, UK). 

 

Tamoxifen, (Z)-4-OH-tamoxifen, alpha-hydroxytamoxifen and endoxifen were all 

purchased from Cambridge Biosciences (UK), N-desmethyltamoxifen was 

purchased from Sigma Aldrich (Shaftesbury, UK). All were dissolved in absolute 

ethanol (Thermo Fisher Scientific, Ashford, UK). All drugs were aliquoted, stored 

at -80°C and thawed immediately before use.  

 

2-methoxyoestradiol (Selleckchem, UK), olaparib (Selleckchem, UK) and 

vincristine (Cambridge Biosciences, Cambridge, UK) were all dissolved in 

DMSO. All were aliquoted, stored at -20°C and thawed immediately before use.  

 

Oxaliplatin and carboplatin were purchased from Stone Healthcare (Derby, UK) 

dissolved 5% (w/v) aqueous glucose solution. Cisplatin was obtained from Sigma 

Aldrich (Shaftesbury, UK) as solution in 0.9% (w/v) aqueous NaCl solution. 

PD0325901 (Selleck Chemicals, Munich, Germany), MK8776 (AdooQ 

Bioscience via Bioquote, York, UK), MK2206 (Selleck Chemicals), mitomycin C 

(Cayman Chemical via Cambridge Bioscience, Cambridge, UK), etoposide 

(Cayman Chemical), and bleomycin (Cayman Chemical) were dissolved in 

DMSO. Zeocin (Thermo Fisher Scientific, Ashford, UK) was dissolved in PBS. All 

drugs were aliquoted, stored at -20°C, and thawed immediately before use.  

 
2.1.2 Glassware and Plasticware   
All plasticware for routine cell culture were purchased from Sarstedt: T25, 75 and 

175cm3 sterile vented cap culture flasks, sterile plastic stripettes of variable sizes 

and sterile falcons tubes (15/50ml). 24- and 96-well plates were purchased from 

Greiner. Glass slides and coverslips were obtained from Thermo Fisher 

Scientific, Ashford, UK). 
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2.2 Methods 
2.2.1: Cell Culture 
All cell lines were initially cultivated in Iscove’s Modified Dulbecco's Medium 

(IMDM) with phenol red as standard, supplemented with 10% foetal bovine serum 

(FBS), 100IU/ml of penicillin, and 100µg/ml of streptomycin. The cells were 

regularly checked and passaged when they reach a confluency of ~70%. To 

passage, culture medium was aspirated off, cells were washed with PBS and 

detached from the flask using 0.12% trypsin solution (which, importantly for this 

work, does not contain phenol red) at 37°C, 5% CO2 and 95% relative humidity. 

When detached, the indicated cell culture medium was added. The cell culture 

media used included IMDM supplemented with 10% FBS and antibiotics 

(IMDM/+FBS), IMDM supplemented with 10% charcoal-stripped (to remove 

oestrogen) FBS and antibiotics (IMDM/+CS), phenol red-free (phenol red exerts 

oestrogenic effects) IMDM supplemented with 10% FBS and antibiotics (IMDM/-

FBS),  and phenol red-free IMDM supplemented with 10% charcoal-stripped FBS 

and antibiotics (IMDM/-CS). Colour coding has also been used consistently in 

this thesis to ease understanding of bar graphs containing large amounts of data. 

Blue = charcoal stripped FBS. Red = Standard FBS. 

 

Each parental cell line is cultured in each of the listed conditions. There are six 

parental cell lines – totalling in 24 individually cultured flasks. No experiments 

were conducted on the cell lines growing in their variable media conditions unless 

they had been growing in it for at least six months to allow for time to adapt to 

their new growth conditions – in the majority of cases, the cell lines had been 

growing in their new media condition for at least one year.  

For chapter 5 of this thesis, both parental cell-lines and platinum drug resistant 

sub-lines were used. For that, the parental lines were cultured in IMDM, with 10% 

FBS and pen/strep as described above, with the addition of the amount of 

platinum drug that they are resistant to, as denoted in the nomenclature of the 

cell line itself. 

 

2.2.2: Cryopreservation of cell lines 
The parental panel of cells were banked down periodically (once per year) during 

culture, and the resistant cell lines were banked down once per year following 

confirmation of resistance. An attempt was made to bank down the drug-resistant 
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cell lines during development, but they proved to be too frail to revive successfully 

afterwards. Cells were banked down using a modification of standard culture 

media, to contain a greater percentage of FBS (20%), 10% DMSO and a greater 

percentage of antibiotics. Recipe below: 

 
Cryoprotectant (to make 50ml): 34.5ml IMDM (containing phenol red for those 

cell lines maintained in culture media containing phenol red, devoid of phenol red 

for those that were not), 10ml FBS (FBS for the cell lines grown in FBS, charcoal 

stripped for those grown in charcoal stripped serum), 5ml DMSO, 0.5ml 
pen/strep solution. These were all the same consumables as those used to 

make up standard culture media, documented in section 2.2.1. All reagents were 

sterile and were prepared in a tissue culture hood. 

 

T75 flasks were grown to 80% confluency, trypsinised, and the cell suspension 

was then centrifuged for five minutes at 1000g to produce cell pellets. Pellets 

were then resuspended in 4.5ml of appropriate cryoprotectant and aliquoted into 

1.5ml fractions in 3 cryovials. The vials (after being appropriately labelled) were 

then frozen down at -20°C in a ‘Mr Frosty’ cell culture cryopreservation aid (which 

ensures freezing at a rate of 1°C per minute to avoid additional cell stress from 

fast freezing due to the addition of isopropanol) for 30 minutes before being 

transferred to a -80°C freezer, after 24 hours they were further transferred to 

storage in liquid nitrogen.  

 

Resuscitation when required, involved transport on dry ice to a (previously 

prepared set-up of culture materials within a tissue culture hood), thawing the 

vials quickly in a water bath and transfer into an excess of complete culture media 

- 10ml sufficed.  The solution was then centrifuged for 5 minutes at 1000g, and 

the resulting cell pellet was resuspended in a further 10ml of complete culture 

media, transferred to a T25 culture flask and left to incubate. This process 

ensured removal of residual DMSO. Speed and diligence was key for this 

process, especially with the more temperamental drug-resistant cell lines. 

 

2.2.3: Adaptation of growth hormone-deprived sub-lines 
Oestrogen/phenol red sub-lines were adapted to growth in their new media by 

constant culture in new media conditions for at least 6 months. Cell lines grown 
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in oestrogen deprived conditions (+CS/-CS) showed very notable decreases in 

cell growth, and complete loss of viability if passaged any lower than 3/10. As 

such, cell lines were passaged 3/10-5/10 (this was determined subjectively after 

visual inspection) for at six months or until cell growth improved to a rate that was 

similar to that of the parental cell line.  

 

2.2.4: Generation of resistant cell lines 
Resistant sub-lines were produced using a dose-escalation method. IC50 

concentrations for the metabolite of tamoxifen selected for this process, (Z)-4-

OH-tamoxifen (as it was the most potent of the metabolites used in this work and 

also the most commonly reported for this purpose in literature), were 

experimentally obtained from respective parental cell lines by MTT assay. The 

parental cell lines were then routinely cultured in the presence of their IC50 

concentration for this drug, being escalated by 0.5µM at a time for around two 

years. Determining when the cell lines were ready for dose-escalation was done 

qualitatively based on the apparent health of the cell line after visual inspection, 

but generally done bi-weekly. Concentrations were also reduced at times when 

necessary. The cell lines were considered resistant when the IC50 against this 

metabolite of tamoxifen was twice that of the parental cell line. Tamoxifen-

resistant sub-lines were generated in the four different media types, from parental 

cell lines that were already adapted to growth in these individual media conditions 

– meaning that the resistant cell lines were generated with differing amounts of 

oestrogenic stimulation. 

 

The drug-resistant sub-lines used on chapter 5 of this thesis were received 

already resistant to platinum drugs. They were obtained from the resistant cancer 

cell line (RCCL) collection, where they would have been developed slightly 

differently to this.  

 

2.2.5: Cell Growth Characterisation 
Cell growth characteristics were evaluated in real-time by the xCelligence system 

(ACEA biosciences) that uses electrical impedance across interdigitated 

microelectrodes, which are embedded in the base of special assay plates, using 

a 96 well plate format according to the manufacturer's instructions. Cells were 

seeded at a density of 5,000 cells per well (n=4) and growth was tracked over 
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144hrs (6 days), with readings being taken every 30 minutes. Parental cell lines 

MCF7, T47D, CAMA-1, MDA-MB-468 and SUM159PT cell lines were all seeded 

at 5,000 cells per well.  BT-474, EFM-19 were seeded at 10,000 cells per well. 

(Z)-4-OH-tamoxifen resistant cell lines were all seeded at this same density for 

respective tamoxifen resistant sublines. Parental and platinum-drug resistant cell 

lines HCC1806, CAL51 and SUM159PT cell lines were all seeded at 5,000 cells 

per well. Parental and platinum-drug resistant HCC38 cells were seeded at 

10,000 cells per well. Cell seeding density was selected by one where the 

respective parental cell lines, or control +FBS cell line remained in log phase of 

growth, and did not enter stationary, up 120 hours of growth. Sublines derived 

from this were  standardised to this same seeding density to observe the effects 

of changes in media/adaptation to growth in the presence of drug had on its 

growth rate. Doubling times were calculated by plotting the data obtained from 

the xCelligence system (impedence readings every 30 minutes for 6 days) in 

Microsoft Excel, and using the line equation (y=mx+c) to extrapolate the number 

of hours taken for the reading to double, using only data from the log phase of 

growth.  

 

2.2.6: The MTT Assay 
Cell viability was determined by 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) dye reduction assay (Mosman et al., 1983), 

modified as previously described (Michaelis et al., 2000) in 96-well plates using 

100µL of medium according to the pipetting scheme below (Figure 2.1). Viable 

cells metabolise yellow MTT into an insoluble purple formazan. After 120h of 

incubation at 37°C, 5% CO2 and 95% relative humidity, 25µL of 2% (w/v) MTT 

solution were added per well followed by a further 4h incubation period at 37°C, 

5% CO2 and 95% relative humidity. Then, 100µL 20% (w/v) sodium dodecyl 

sulfate (SDS) solution in 50% 400ml dimethylformamide (DMF) and 50% water 

adjusted to pH 4 to solubilise the formazan. The formazan content was quantified 

using a standard spectrophotometric microplate reader at a wavelength of 

600nm. After subtracting of the background absorption, the results are expressed 

as percentage viability relative to control cultures which received no drug. Drug 

concentrations that inhibited cell viability by 50% (IC50) were determined using 

CalcuSyn (Biosoft, Cambridge, UK).  
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Figure 2.1: Pipetting scheme of the MTT assay.  

 

2.2.7: Immunostaining 
Cells were grown to a confluency of 70% in standard culture, as stated in 2.2.1. 

Cells are then seeded into 24 well plates, containing sterile glass coverslips at 

the base of the well, at a density of 1x104 and cultured for 48hrs. Then, culture 

media was aspirated and cells were washed 3x with sterile phosphate buffered 

saline (PBS) and fixed for 20 minutes in 0.5mL/well of 4% (w/v) paraformaldehyde 

in PBS at room temperature. Next, cells were washed 3x with PBS and incubated 

for 20 minutes at room temperature with a permeabilisation solution containing 

0.1% (w/v) Triton-X 100 in 3% (w/v) bovine serum albumin (BSA) in PBS. After 

washing 3x with PBS, the coverslips were transferred to a labelled section of 

parafilm and (cell-covered side down) placed onto a 30µL drop of a 3% BSA/PBS 

solution containing two primary antibodies (see section 2.2.1 for more details) 

directed against human oestrogen receptor alpha and beta at a 1:250 dilution. 

This section of parafilm was incubated on a raised platform in a humidity chamber 

overnight at 4°C. Then, the coverslips were washed 4x with PBS and placed onto 

a drop of secondary antibody conjugated to AlexaFluor 647 (red colour) at a 1:500 

dilution in the dark. The coverslips atop the parafilm sheet were placed back into 

the humidity chamber and left to incubate for further three hours at 4°C. The 

secondary antibody corresponding to oestrogen receptor alpha is conjugated to 

AlexaFluor 647 (red colour, oestrogen receptor beta) or AlexaFluor 488 (green 

colour, oestrogen receptor beta), more information about these antibodies can 

be found in table 1.1. The coverslips were then washed 4x with PBS and mounted 

onto glass slides with an anti-fade agent (ProLongä Diamond from Invitrogen) 

with integrated DAPI nucleic acid stain. The samples were imaged using a Zeiss 

LSM 880/Elyra/Axio Observer ZI confocal microscope. UV, 488 and 655 argon 

lasers were used to excite DAPI, green (AlexaFluor 488) and red (AlexaFluor 
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647) colours seen respectively. Laser power (gain) was kept as standard as per 

manufacturer’s instructions. Black (B) and white (W) settings were set to B-10/W-

7000 for DAPI, B-22/W-30,000 for green and B-10/W-25 for red. This remained 

consistent for all images.  

 

 

Antibody Manufacturer Dilution  Product 
Number 

ERa (rabbit) Sigma Aldrich 1:250 MA3-310 

ERb (mouse) Life Technologies 1:250 SAB4500814 

Alexafluor™ 488 
anti-mouse 

Invitrogen – 
Thermo Fisher 
Scientific 

1:500 A21206 

Alexafluor™ 647 
anti-rabbit 

Invitrogen – 
Thermo Fisher 
Scientific 

1:500 A21235 

Table 2.1: List of antibodies used, manufacturer obtained from and working dilutions used for 
western blot analysis. Antibodies were diluted in 3% BSA/PBS. 
 
2.2.8: Quantification of ER expression from immunostain images 
Once the images had been taken using the method described above (2.2.7), and 

importantly saved as split channel images (each fluorophore being individually 

displayed, not as just an overlay of all dyes imaged) as you can see below, they 

were individually analysed using Image J software for the overall fluorescence 

intensity of each target. An n=6 images was acquired for each cell line - this was 

to compensate for the fact that not every image would have exactly the same 

number of cells captured in it as the positions of the images were selected 

randomly. An n=3 was captured for the negative controls. Each cell in the image 

was evaluated manually (by hand drawing the boundaries of the cell membrane 

– this allows for cells being different shapes), an average intensity was taken for 

the cell lines and normalised by the subtracting background/autofluorescence 

elucidated from appropriate negative controls. 
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Figure 2.2: screen shots of the process of quantifying florescence intensity using ImageJ.  
 
2.2.9: Western Blot Analysis 
Cellular proteins were extracted using a cell lysis buffer (containing: 50mM HEPES 

pH7.4, 250mM NaCl, 0.1% v/v NP40, cOmplete™ protease inhibitor as per 

manufacturer’s instructions (Roche), 1mM DTT, 1mM EDTA, 1mM NaF, 10mM ß-

glycerophosphate and 0.1mM Sodium orthovanadate) and quantified by BCA 

(bicinchoninic acid) assay (Sigma Aldrich). 30-40µg/well (dependent on cell line) of 

protein was separated by running on a 12% Bis-Tris polyacrylamide gel. Proteins were 

transferred to a PVDF membrane (Sigma Aldrich), and subsequently blocked in 5% (w/v) 

skimmed milk in TBS-T (Tween-20, 0.1% v/v) for one hour at room temperature, prior to 

incubation with primary antibody. The membranes were incubated overnight at 4°C with 

primary antibody (see table 1.2) diluted in 5% milk in TBS-T. Membranes were washed 

for 4x 10 minutes in TBS-T, followed by an incubation with HRP-conjugated secondary 

antibody (see table 1 for manufacturer, also diluted in 5% milk) for one hour at room 

temperature. Antibody complexes were detected using ECL reagent (Thermo-Fisher 

Scientific) and Amersham Hyperfilm™ chemiluminescence detection film (GE 

Healthcare).  

 
Antibody Manufacturer Dilution  Product Number 

pAKT Cell Signalling 1:1000 4060S 

AKT Cell Signalling 1:1000 4691S 

pERK Cell Signalling 1:1000 4370S 

ERK Cell Signalling 1:1000 4695S 

pGSK3b Cell Signalling 1:1000 5558S 

GSK3b Cell Signalling 1:1000 9315S 

pS6RP Cell Signalling 1:2000 2211S 

S6RP Cell Signalling 1:2000 2217S 

pMEK Cell Signalling 1:1000 9154S 

MEK Cell Signalling 1:1000 9122S 

b-actin Santa Cruz Biotechnology 1:1000 H1914 
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GAPDH Santa Cruz Biotechnology 1:100,000 - 

Anti-mouse HRP Sigma-Aldrich 1:10,000 A9044 

Anti-rabbit HRP Sigma-Aldrich 1:10,000 A0545 

Table 2.2: List of antibodies used, manufacturer obtained from and working dilutions used for 

western blot analysis. Antibodies were diluted in 5% milk/TBS-T. 

 

 
 
 
 
 
 
 
2.2.10: Statistical Analysis 
Statistical analysis for comparison between IC50 values and fold change values 

in this work conducted using two-way ANOVA with tukeys or bonferonnis 

correction dependent on the data set (**** - p<0.0001)(*** - p<0.001)(** - 

p<0.01)(* - p<0.05). Simpler comparisons between single data values were 

conducted by students t-test (* - p<0.05). Which statistical tests were used is 

stated in the figure legends of the appropriate figures. GraphPad 6.0 software 

package was used to conduct statistical analyses.   
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Chapter 3: Production and characterisation of growth 
hormone deprived breast cancer cell lines 

 

3.1 Introduction 
 

3.1.1 Introduction to the Data in This Chapter 
This chapter uses five oestrogen-receptor (ER) positive, and one triple negative 

breast cancer cell line as a control (see table 3.1 below). Each has been 

separated to grow in four media conditions with different levels of oestrogenic 

activity. Oestrogenic activity was reduced by replacing FBS with charcoal 

stripped FBS and eliminating phenol red from culture, which is known to be 

oestrogenic (Welshons et al., 1988). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 3.1: list of parental cell lines utilised for this project, descriptions of hormone receptor 
expression and phenotypes of these selected cell lines. Information taken from (Kao et al., 
2009). All information on the cell lines documented in the table was obtained from their 
respective provider (ATCC or  DSMZ) as documented in section 2.1.1. 

Cell Line Hormone Receptor 
Expression 

Brief Description 
of the Cell Line 

Origin of 
Tumour 

MCF7 ER+, PR+, HER2- Luminal A 
epithelial 
phenotype 

Pleural effusion 
of metastatic 
disease, 69yr 
female 

BT-474 ER+, PR+, HER2+ Luminal B 
epithelial 
phenotype 

Ductal 
carcinoma, 60yr 
female 

EFM-19 ER+, PR+, HER2- Luminal B 
epithelial 
phenotype 

Pleural effusion 
of ductal type 
carcinoma, 50yr 
female 

T47D ER+, PR+, HER2- Luminal A 
epithelial 
phenotype 

Pleural effusion 
of metastatic 
disease, 54yr 
female 

CAMA-1 

 

 

MDA-MDA-468 

ER+, (expression of other 
receptors is ambiguous in 
literature) 

 

ER-, PR-, HER2- 

Epithelial 

 

 

Basal (triple 
negative) 

Pleural effusion 
of metastatic 
disease, 51yr 
female 

Pleural effusion of 
metastatic 
disease, 51 yr 
female 
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The cell lines stated above were grown in the absence of phenol red and in 

charcoal stripped serum for a period of at least 6 months and characterised for 

cell growth before and after adaptation. Cells were grown in the presence of 

charcoal stripped serum to characterise adaptation of the cell lines due to the 

absence/reduced levels of growth hormones, including estradiol. The oestrogen-

deprived cell lines were then analysed for response to tamoxifen and a range of 

its primary metabolites to evaluate the effect of oestrogen-deprivation on this, as 

well as other anti-cancer compounds. The cell lines were also evaluated for 

oestrogen receptor expression as a result of oestrogen deprivation. The purpose 

of this study was to investigate these factors on a comparatively larger number 

of cell lines to most studies of its kind, evaluate comparisons between individual 

cell lines, and to also evaluate the effect that the presence of phenol red has on 

oestrogen deprivation.  

 

Cell lines were grown in four different media conditions as stated below. To 

reiterate what is stated about the nomenclature of the culture media throughout 

this chapter (see section 2.2.1): 

 

+FBS = IMDM with added phenol red and 10% FBS  

-FBS = IMDM with no added phenol red and 10% FBS 

+CS = IMDM with added phenol red and 10% charcoal stripped FBS 

-CS = IMDM with no added phenol red and 10% charcoal stripped FBS 

 

3.1.2: The use of 2D cell culture methods 
2D cell culture is a widely used in vitro cell culture method that has a long history 

of helping us, as researchers, understand the mechanisms of cancer 

propagation, drug action and cell biology in general. However, it should not be 

overlooked that 2D culture methods also have many limitations, namely the 

discrepancy between mimicking the extracellular environment that in vivo models 

provide, and the observable changes in morphology tumour cells that can be 

observed in transferring isolated tissues to 2D culture. This led to the creation of 

in vitro models that are able to more closely mimic these in vivo systems, as a 

potentially better approach to study the processes associated with exposure to 

chemotherapeutics – namely, 3D culture (Kapałczyńska et al., 2018). The work 
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displayed in this chapter, and all chapters henceforth is based on in vitro 

experiments carried out in 2D culture models – and although this method may 

not be the most closely related to the aforementioned 3D culture models, they 

are still a well trusted and practiced method routine research in cell biology as 

pre-clinical models. The advantage of 2D culture models is its simplicity and low 

cost maintenance of the cell lines. All data points and presented experiments in 

this thesis have been carried out in a reproducible and standardised manner, but 

the fact that they have been carried out using 2D culture methods should be taken 

into account when considering the potential clinical implications of this work. 
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3.2: Results 
3.2.1: Images of the Oestrogen/Phenol Red Starved Cell Lines 
Figures 3.1-3.7 show images taken of all of the cell lines, that have been adapted 

to growth in the presence of 10% charcoal stripped serum and/or the absence of 

phenol red as elaborated upon in section 2.2.1. Images were taken using an 

Olympus CKX52 light microscope with image capture capabilities.   
 

In a clinical setting, histologists use qualitative measures of cell morphology to 

roughly scale with severity of malignancy. Observing morphological changes of 

cancer cells in vitro can also be a useful tool for hinting at changes to things like 

migration potential and cytoskeleton structure (Pasqualato et al., 2012). There 

are plenty of resources available in literature that report changes in cellular 

response to oestrogen or other anti-cancer compounds, or changes to the 

genomic landscape as a result of oestrogen deprivation, but very little to suggest 

morphological changes as a result of this. Figures 3.1-3.7 of this chapter 

systematically catalogue representative images of each of the oestrogen/phenol 

red deprived cell lines in this chapter at both low and high confluences, along with 

low and high magnifications. These images show how the cell lines selected for 

this study cover a wide range of morphologies as standard, from island-forming 

cell lines like BT-474 and EFM-19, to grape-like spherical cells like CAMA-1. It is 

clear from the images which of the cell lines form uniform monolayers during 

culture (MCF-7, T47D, MDA-MB-468), and which prefer to grow in more 3D-like 

structures or mounds of cells (BT-474, EFM-19). Generally speaking, an 

observation that applies to the cell lines that grew in the -CS media condition, a 

number of the cell lines began to grow in this much more clustered fashion, 

neglecting to spread out into even monolayers like that of the respective parental 

cell lines. Other than this, the cell lines did not appear to change morphology 

greatly as a result of oestrogen deprivation, nor from phenol red deprivation. The 

only exception to this rule are the MCF-7 and BT-474 cell lines. For MCF7, during 

the initial stages of adaptation to growth in oestrogen deprived media, it consisted 

of much larger (increased diameter), flatter cells that looked similar to that you 

would expect from senescent cells (like the tamoxifen-resistant sub-lines 

generated from MCF-7 that can be seen in a later chapter of this thesis, in figure 

4.2). These cells reverted to a more similar morphology to that of the +FBS 
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parental cell line after around 6 months of adaptation which is what can be seen 

in Fig. 3.1.  
 

 
Figure 3.1: Images of MCF-7 cell line and derived oestrogen/phenol red deprived sub-lines. 
Images were taken at both a low and high confluency to show differences in cell morphology 
when given a greater amount of space to grow at a lower confluency, and when more tightly 
packed at a higher confluency. There are also images at a lower magnification (x40) and a higher 
one (x100). Scale bars are representative of 50 microns. 
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Figure 3.2: Images of BT-474 cell line and derived oestrogen/phenol red deprived sub-lines. 
Images were taken at both a low and high confluency to show differences in cell morphology 
when given a greater amount of space to grow at a lower confluency, and when more tightly 
packed at a higher confluency. There are also images at a lower magnification (x40) and a 
higher one (x100). Scale bars are representative of 50 microns. 
 

 
Figure 3.3: Images of EFM-19 cell line and derived oestrogen/phenol red deprived sub-lines. 
Images were taken at both a low and high confluency to show differences in cell morphology 
when given a greater amount of space to grow at a lower confluency, and when more tightly 
packed at a higher confluency. There are also images at a lower magnification (x40) and a higher 
one (x100). Scale bars are representative of 50 microns. 
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Figure 3.4: Images of T47D cell line and derived oestrogen/phenol red deprived sub-lines. Images 
were taken at both a low and high confluency to show differences in cell morphology when given 
a greater amount of space to grow at a lower confluency, and when more tightly packed at a 
higher confluency. There are also images at a lower magnification (x40) and a higher one (x100). 
Scale bars are representative of 50 microns. 

 

 
Figure 3.5: Images of CAMA-1 cell line and derived oestrogen/phenol red deprived sub-lines. 
Images were taken at both a low and high confluency to show differences in cell morphology 
when given a greater amount of space to grow at a lower confluency, and when more tightly 
packed at a higher confluency. There are also images at a lower magnification (x40) and a higher 
one (x100). Scale bars are representative of 50 microns. 
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Figure 3.6: Images of MDA-MB-468 cell line and derived oestrogen/phenol red deprived sub-
lines. Images were taken at both a low and high confluency to show differences in cell morphology 
when given a greater amount of space to grow at a lower confluency, and when more tightly 
packed at a higher confluency. There are also images at a lower magnification (x40) and a higher 
one (x100). Scale bars are representative of 50 microns. 
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3.2.2: Growth kinetics 
The cell lines were adapted to growth in medias with differing levels of oestrogen 

and phenol red content, as described in section 2.2.3. Cell growth was then 

characterised as stated in section 2.2.5. Growth of the cell lines before adaptation 

was completed was evaluated and is displayed in figure 3.7 – this is where the 

cells have only been in their respective new medias for around one month and 

are most are struggling to grow in +CS/-CS conditions. Once the cell lines had 

begun to comfortably grow in their new culture medias, which was determined 

visually, their growth was characterised as is shown in Fig. 3.8. The adaptation 

process took around 6 months to complete, particularly with the cell lines grown 

in -CS conditions.  Cells were seeded as stated in section 2.2.5. The cells were 

grown over a period of 6 days (one day longer than the five-day time-course used 

for the viability assays in this chapter). A measure of cell growth was taken by 

electrical impedance at 30-minute intervals. Figure 3.8 (a-f) below shows growth 

curves generated from the cell lines before the adaptation process was 

completed. 

 

Most oestrogen deprived sub-lines (+CS/-CS) show a marked reduction in cell 

growth compared to their oestrogen containing counterparts before adaptation 

was completed. The MDA-MB-468 cell line was selected as a control cell line for 

this work – as a triple negative breast cancer cell line, this was the only one 

expected to show little to no response to being transferred to oestrogen deprived 

conditions. It should be noted that charcoal stripped calf serum is not only devoid 

of oestrogen, but also of other growth hormones so the assumption that this 

would not affect the cell line at all could not be made. However, the MDA-MB-

468-CS subline still showed reduced growth compared to the other growth 

conditions (this is also reflected in the calculated doubling time shown in Fig 

3.10). All other +CS/-CS sublines show little to no cellular growth during this 

period. These cell lines were still observed to grow, yet slowly, during routine 

culture - the purpose of this experiment was to compare the growth rate to that of 

the respective control +FBS cell lines so the seeding density was kept the same. 

It is possible that the reason for the failure to grow may be due to the seeding 

density being too low for the establishment of autocrine signalling which breast 

cancer cells are thought to do (Tan, Zhong and Pan, 2009). 
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Figure 3.9 (a-f) below shows a comparison from the growth of the non-adapted 

oestrogen deprived sublines shown in Fig. 3.8. The growth curves for the cell 

lines after the adaptation process (Fig 3.9) show that although growth rates are 

ubiquitously still slower than those of the +FBS control sublines (which is reflected 

in the doubling times shown in Fig 3.10), they do now all show increased cellular 

growth compared to their non-adapted counterparts.  The MDA-MB-468 set of 

sub-lines showed comparatively little change during the adaptation process. 

 

The subtraction of phenol red alone from culture media affects the growth of a 

number of the cell lines when comparing sublines cultivated in -FBS conditions 

compared to those in +FBS conditions in (figures 3.7). -FBS counterparts of MCF-

7, BT-474 and CAMA-1 groups all show reduced growth compared to their +FBS 

subline. Slight changes are also evident in the adapted sub-lines (Fig. 3.8), but 

this does not appear to have a marked effect on their doubling times after 

adaptation (Fig. 3.10). Suggesting that phenol red affects growth during routine 

culture enough to require adaptation to its absence. This cannot be attributed to 

other changes in base culture media as they are identical, excluding phenol red 

content.  
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Figure 3.7: Growth curves of all of the oestrogen/phenol red deprived cell lines generated, and 
their respective control cell lines that are grown in conventional, FBS containing media. Each cell 
line was grown for 6 days, and cell density was measured using electrical impedance every 30 
minutes for that length of time. Graphs are colour coded for the type of culture media they were 
grown in as noted in the key. A) MCF-7, B) BT-474, C) EFM-19, D) T47D, E), CAMA-1, F) MDA-
MB-468. Each individual graph title includes the word ‘parental’ to differentiate these growth 
curves/cell lines from the drug-resistant cell lines that were generated from these in chapter 4. 
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Figure 3.8: Growth curves of all of the oestrogen/phenol red deprived cell lines generated after 
adaptation to growth in their respective media conditions, and their respective control cell lines 
that are grown in conventional, FBS containing media. Each cell line was grown for 6 days, and 
cell density was measured using electrical impedance every 30 minutes for that length of time. 
Graphs are colour coded for the type of culture media they were grown in as noted in the key. A) 
MCF-7, B) BT-474, C)EFM-19, D) T47D, E), CAMA-1, F) MDA-MB-468. Each individual graph 
title includes the word ‘parental’ to differentiate these growth curves/cell lines from the drug-
resistant cell lines that were generated from these in chapter 4.
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Figure 3.9, below, accompanied by table 3.2, depict and state the doubling times 

of these growth-hormone/phenol red deprived sub-lines as calculated from the 

growth curves in figure 3.8. Doubling times for the oestrogen deprived sublines 

have generally higher doubling times than those in oestrogen containing 

conditions. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.9: Doubling times for all of the growth-hormone/phenol red deprived cell and sub-lines. 
The graph is colour-coded to represent the media type that each cell line was grown in. Data 
points are representative of n=4 repeats. Error bars are representative of +/-SD. Doubling times 
were calculated as per section  2.2.5.
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 Doubling time in hours (+/- SD) 
Cell Line +FBS -FBS +CS -CS 

MCF7 23.5 (+/-0.00) 20.5 (+/-1.16) 31.5 (+/-1.00) 32.3 (+/-3.38) 
BT-474 28.4 (+/-4.73) 29.0 (+/-0.00) 47.8 (+/-6.9) 33.4 (+/-2.96) 
EFM-19 25.4 (+/-2.17) 23.7 (+/-1.7) 23.5 (+/-1.63) 28.9 (+/-2.36) 

T47D 21.0 (+/-1.91) 23.3 (+/-0.29) 23.5 (+/-0.00) 23.5 (+/-0.00) 
CAMA-1 17.5 (+/-1.00) 19.5 (+/-1.63) 25.00 (+/-1.00) 21.5 (+/-2.31) 

MDA-MB-468 17.38 (+/-2.06) 15.5 (+/-1.00) 25.1 (+/-2.29) 42.1 (+/-19.43) 
Table 3.2: Doubling times of each growth hormone/phenol red deprived cell and sub-line, 
organised by the originating control/parental cell line and the media condition in which it has been 
adapted to. Each value is the average of n=4, that standard deviation of which accompanies the 
value in brackets. 
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3.2.3: Response to b-oestradiol 
Figure 3.10 looks at the response of the oestrogen/phenol red deprived sub-lines 

to the addition of b-oestradiol, compared to those of the control, non-oestrogen 

deprived sub-lines. The rationale behind this being to evaluate whether the 

oestrogen-deprived cell lines show a marked increase in growth to reintroduction 

of b-oestradiol, despite long-term adaptation to the absence of it. A study by 

Darbre, (2014) states that long-term oestrogen deprivation results is eventual 

hypersensitivity to oestrogen, meaning enhanced cellular growth compared to 

controls (MCF7 cells were used in this particular study). Looking at figure 3.10, 

this did not appear to be the case for the group of MCF-7 cells used in this study 

- cell growth was not increased for the oestrogen deprived sublines compared to 

the other conditions. This may suggest that adaptation to growth in the absence 

of oestrogen, if not just in lower levels of oestrogen, makes this cell line 

unresponsive to growth stimulation by oestrogen. Increased cell growth was 

observed in all of the sublines compared to the vehicle control apart from MDA-

MB-468. T47D, EFM-19 and CAMA-1 cell lines had oestrogen deprived sub-lines 

that showed enhanced growth compared to the +FBS parental lines, these cell 

lines show hypersensitivity to oestrogen as a result of long-term deprivation. 

Whereas this is not seen with the MCF7 or BT-474 cell lines. As there were 

differential responses to the re-introduction of oestrogen to the culture media 

between the cell lines, this suggests that the acquisition of unresponsiveness to 

oestrogen due to complete deprivation is a subjective observation. This could be 

applied to a clinical setting by suggesting the importance of identifying 

responsiveness to oestrogen prior to treatment using aromatase inhibitors – if 

cells are unresponsive to high concentrations of oestrogen (like the MCF7 and 

BT-474 cell lines in Fig. 3.11), this could mean a aggregatory effect of aromatase 

inhibitor action, as the cell population may prefer growth in lower levels of 

oestrogen. As some of the cell lines become hypersensitive to b-oestradiol 

compared to control cell lines, this shows that response to oestrogen deprivation 

has the potential to work to two extremes and is subjective to the cell line in 

question.  

 

Phenol red inclusion in the +CS media does not appear to affect growth differently 

to -CS sublines in any other cell line than T47D (-CS subline shows enhanced 

growth with the reintroduction of b-oestradiol, but the +CS subline doesn’t), 
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perhaps suggesting that oestrogenic activity elicited by phenol red is enough to 

mimic maximum oestrogenic requirements in routine culture, and stop any 

adaptation to become hypersensitive to oestrogen that its -CS counterpart may 

have undergone.  

 

Cell viability begins to decrease, until an eventual large decrease in viability for 

all of the cell line groups towards the higher concentrations of b-oestradiol, 

showing that high doses of oestrogen show a similar level of anti-cancer effects 

to some of the metabolites of tamoxifen that will be discussed later in this chapter 

– high doses of oestrogen are seen to have anti-cancer effects and has been 

shown to be successful option for the treatment of breast cancer (Jordan, 2015).  

 

This data gives insight into the potential for high dose oestrogens to be used as 

a treatment option in the event of resistance to aromatase inhibitors. Fig. 3.11 

shows the IC50 values calculated from the growth curves presented in Fig. 3.10 – 

here three of the six -CS cell lines are significantly less sensitive to beta-

oestradiol than their corresponding +FBS counterpart, with the MCF7 cell line 

standing as the least sensitive. This could suggest the contraindication of high-

dose oestrogens in the instance of resistance to aromatase inhibition, but would 

need to be coupled with clinically relevant serum concentrations taken from 

patients treated with high-dose oestrogens to make that inference.  Unfortunately, 

although there is a wealth of information available about treatment regimes, there 

is little information about serum concentrations of oestrogens following treatment 

(Coelingh Bennink et al., 2017). 
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Figure 3.10: Growth curves for oestrogen deprived adapted breast cancer cell lines MCF-7 (A), 
BT-474 (B), EFM-19 (C), T47D (D), CAMA-1 (E), MDA-MB-468 (F) when grown in the presence 
of additional b-oestradiol over a range of concentrations. Each subline was cultivated in their 
respective media type, but with additional b-oestradiol. Each data point represents the average 
of three biological repeats – error bars are representative of +/-SD. Viability is relative to control 
cells that were grown in the absence of b-oestradiol. Vehicle control is ethanol. The graphs are 
colour coded to be representative of the media that the cell lines and growth oestrogen-deprived 
sub-lines were cultivated in for this experiment. 
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Figure 3.11: (A) b-oestradiol IC50 values experimentally obtained from originating control cell lines 
and the oestrogen-deprived sub-line, indicated on the y-axis of the graphs. The graph is colour 
coded for the cell line that the data is related to. Data is representative of n=3 biological repeats, 
error bars are representative of +/- SD. Statistical analysis was conducted using two-way ANOVA 
with tukeys correction. (**** - p<0.0001)(*** - p<0.005)(** - p<0.01)(* - p<0.05).

0 50 10
0

15
0

20
0

MCF-7

BT-474

EFM-19

T47D

CAMA-1

MDA-MB-468

β-oestradiol

Concentration (µM)

+FBS
-FBS
+CS
-CS

****

*

*

*
**

***



 

 81 

3.2.4: Qualitative evaluation of ERa and ERb expression  
The physiological actions of oestrogen are mainly mediated through oestrogen 

receptors (ERs) alpha (ERa) and beta (ERb). Although it is directly stated in 

literature surprisingly sparsely, it should be noted that it is the presence of ERa 

alone is the accepted marker of ER positivity in breast cancer (Molina et al., 2017; 

Girgert, Emons and Gründker, 2019). The locality and expression levels of the 

two wild-type ER isoforms (a and b) were qualitatively assessed by 

immunofluorescence (figures 3.13-18). The primary antibodies used for this 

purpose were monoclonal. 

Figure 3.12 shows whole unedited western blots using the same antibodies 

utilised for the immunostaining protocol and both show specific binding to the 

sizes expected of the wild-type nuclear receptors. Western blots were performed 

as per section 2.2.9. The antibody for ERb shows another faint band just below 

the expected size of ERb, which is likely a smaller splice variant of ERb due to 

the size.  

 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.12: Uneditted scans whole developed western blots of cell lysates from CAMA-1 cell line 
to show specificity of the antibodies used for immunofluorescence. Samples were loaded from 
left to right in each of the blots: CAMA-1+FBS4-OH10, CAMA-1-FBS4-OH10, CAMA-1+CS4-OH10, 
CAMA-1-CS4-OH10. CAMA-1 that is known to be ER+, hence selection for this experiment. Left – 
antibody for ERa. Right – antibody for ERb. b-actin loading control is included to show correct 
loading. A  single band can be seen for ERa. A single main band can be seen for ERb, but also 
a very faint second band can be seen just below this – this is likely specific to a smaller splice 
variant of  ERb due to the size of the band.  
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Distribution of oestrogen receptors is known to differ in normal and cancerous 

breast tissue. Oestrogen receptors alpha and beta are expressed in a manner 

that warrants a balance of pro- and anti-proliferative properties (Saji et al., 2000; 

Makinen, 2001; Penot et al., 2005; Mermelstein, 2009). This balance may be 

altered in cancer. 

 

ER expression is used as a clinical marker to ascertain cancer malignancy 

(Shoker et al., 1999). Previous studies showed that breast cancer cells can adapt 

to growth in oestrogen-deprived conditions by upregulation of oestrogen 

receptors and their signalling (Jeng et al., 1998). However, little has been 

published to describe how the location of these receptors changes as a result of 

oestrogen deprivation. Table 3.2 below documents observations that can be 

made from the representative immunofluorescence images in figures 3.13-18 on 

the locations of the two oestrogen receptors in the four media conditions 

investigated. 
Figure Cell Line Observation 
3.13 MCF7 Nuclear localisation for oestrogen deprived 

conditions only for both ERa and ERb, in 
defined punctate regions. ERs are cytoplasm 
localised in +FBS/-FBS conditions 

3.14 BT-474 No apparent nuclear localisation – all 
cytoplasmic for both receptor isoforms and 
sub-lines. Observed phenomenon of ERb 
lining up in a similar position to the spindle 
fibres in dividing cells. ERa does not localise in 
the same place 

3.15 EFM-19 Cytoplasmic localisation for both receptor 
isoforms – no apparent difference elicited from 
oestrogen deprivation  

3.16 T47D  Nuclear localisation observed in +CS/-CS 
conditions only for ERa, nuclear localisation is 
seen in all conditions for ERb. Cytoplasmic 
localisation observed for all.  

3.17 CAMA-1 Mainly nuclear localisation for all sub-lines and 
both receptors. Some membrane localisation, 
limited cytoplasmic localisation.  

3.18 MDA-MB-468 No nuclear localisation observed for either 
receptor or any condition. Mostly cytoplasmic 
localisation. Very minimal staining for ERa 
which is in-keeping with TNBC status of the 
cell line, but ERa expression is observed in 
other media conditions. 

Table 3.2: Comments on observations made on oestrogen receptor locality from 
immunofluorescence images of six breast cancer cell lines: MCF-7, BT-474, EFM-19, T47D, 
CAMA-1, MB-MB-468, and the effect of growth in oestrogen-deprived conditions on this. 
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Although all parameters of the confocal microscope used to capture the 

immunofluorescence images were kept constant, such as laser power, post-

imaging processing, expression of ERa and ERb intensity shouldn’t be compared 

directly. The antibodies used for the experimental procedure are not equal in 

single molecule florescence intensity when stimulated by the lasers of the 

confocal microscope. The changes between individual ER isoform expression 

however, can be commented on.  

 
Although the main controls for this study were the parental cell lines (+FBS), the 

MDA-MB-468 cell line was selected for this study with the intention of serving as 

an additional triple negative breast cancer control cell line. The cell line positively 

stained for ERa, which is the oestrogen receptor that determines oestrogen 

receptor positivity or negativity in a clinical setting (Molina et al., 2017; Girgert, 

Emons and Gründker, 2019). As the antibodies used for this procedure had been 

previously confirmed for specific binding, this confirms positive staining is not due 

to non-specific binding (Fig 3.12). This negates the use of the MDA-MB-468 cell 

line henceforth for comparison as a true triple negative breast cancer cell line for 

comparison, and will be considered as an additional ER+ cell line. 
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Figure 3.13: Representative 
immunofluorescence 
images of an N=6 images of 
the MCF-7 cell line and all 
phenol red/growth hormone 
deprived sub-lines as 
indicated by the labelling on 
the left hand side of the 
figure. Lanes are divided into 
single channels and labelled 
appropriately. RED - ERa, 
GREEN - ERb, BLUE – 
DAPI/nucleic acids. 
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Figure 3.14: Representative 
immunofluorescence 
images of an N=6 images of 
the BT-474 cell line and all 
phenol red/growth hormone 
deprived sub-lines as 
indicated by the labelling on 
the left hand side of the 
figure. Lanes are divided into 
single channels and labelled 
appropriately. RED - ERa, 
GREEN - ERb, BLUE – 
DAPI/nucleic acids. Scale 
bar is reprehensive of 10 
microns. Note: +FBS cell-
line in this figure is less 
magnified than the others 
– this is represented by 
the scale bar of 20 
microns.   
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Figure 3.15: Representative 
immunofluorescence 
images of an N=6 images of 
the EFM-19 cell line and all 
phenol red/growth hormone 
deprived sub-lines as 
indicated by the labelling on 
the left hand side of the 
figure. Lanes are divided into 
single channels and labelled 
appropriately. RED - ERa, 
GREEN - ERb, BLUE – 
DAPI/nucleic acids. Scale 
bar is representative of 10 
microns.  
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Figure 3.16: Representative 
immunofluorescence 
images of an N=6 images of 
the T47D cell line and all 
phenol red/growth hormone 
deprived sub-lines as 
indicated by the labelling on 
the left hand side of the 
figure. Lanes are divided into 
single channels and labelled 
appropriately. RED - ERa, 
GREEN - ERb, BLUE – 
DAPI/nucleic acids. Scale 
bar is representative of 10 
microns.  
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Figure 3.17: Representative 
immunofluorescence 
images of an N=6 images of 
the CAMA-1 cell line and all 
phenol red/growth hormone 
deprived sub-lines as 
indicated by the labelling on 
the left hand side of the 
figure. Lanes are divided into 
single channels and labelled 
appropriately. RED - ERa, 
GREEN - ERb, BLUE – 
DAPI/nucleic acids. Scale 
bar is representative of 10 
microns.  
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Figure 3.18: Representative 
immunofluorescence 
images of an N=6 images of 
the MDA-MB-468 cell line 
and all phenol red/growth 
hormone deprived sub-lines 
as indicated by the labelling 
on the left hand side of the 
figure. Lanes are divided into 
single channels and labelled 
appropriately. RED - ERa, 
GREEN - ERb, BLUE – 
DAPI/nucleic acids. Scale 
bar is representative of 10 
microns.  
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  3.2.5: Quantification of ERa and ERb expression 
 
Oestrogen receptor expression was quantified using ImageJ software and is 

representative of the average expression of each receptor per cell, calculated 

from n=6 images of each sub-line of similar confluency. Part B to both figures 

3.19 and 3.20 show the fold changes of ERa and ERb expression, both whole 

cell (i) and nuclear only (ii) fluorescence respectively, compared to that of the 

originating parental cell line. These have been normalised for autofluorescence 

and non-specific antibody binding by subtracting the fluorescence intensity of 

appropriate negative controls. This should act as preliminary data in the absence 

of other quantifying techniques such as western blotting.  

 

Although all parameters of the confocal microscope used to capture the 

immunofluorescence images were kept constant, such as laser power and 

magnification (as this would affect the area of the cell used to calculate the 

intensity of it relative to its size), expression of ERa and ERb shouldn’t be 

compared directly. The antibodies used for the experimental procedure are not 

equal in single molecule florescence intensity when stimulated by the lasers of 

the confocal microscope. The changes between individual ER isoform expression 

from cell-line to cell-line however, can be commented on. 

 

Changes in ER expression levels appear to be cell line specific. Looking at figure 

3.19, ERa expression is significantly changed in 15/18 of the sublines compared 

to their parental cell line. Literature suggests an upregulation of ERa as a 

response to long-term oestrogen deprivation (Darbre, 2014), which was not 

necessarily the case here. Significantly increased expression of ERa was seen 

in the BT-474, EFM-19, T47D and MDA-MB-468 cell lines, as can be seen in (B) 

of Fig. 3.19. However, this was not just seen in oestrogen-deprived conditions, 

this was also seen in -FBS conditions that had only been modified by phenol red 

content compared to the parental cell lines. There is no literature that documents 

the effect of phenol red on oestrogen receptor expression, but this may suggest 

that removing phenol red from culture media is enough of a change in oestrogenic 

stimulation to warrant a change in oestrogen receptor expression, or the change 

in receptor expression is due to adaptation to a new culture media in general. No 

change was seen in the MCF7 cell line as a result of oestrogen deprivation, but 
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downregulation of ERa was seen in the CAMA-1 cell line. Oestrogen deprivation 

resulted in a significant decrease of ERa in this case. Receptor expression 

profiles for the data pertaining to whole cell fluorescence are all consistent with 

the data for nuclear only, suggesting that expression is fairly ubiquitous for these 

cell lines, and is relatively unaffected by media conditions. The CAMA-1 cell line 

has a comparatively higher intensity for the nuclear readings compared to whole 

cell, which is consistent with the images in figure 3.17, placing this cell line as the 

only one of the cohort that displays a preference for nuclear localisation for ERa.  

 

 
 

Figure 3.19: (A) Fluorescence intensity of ERa in each of the originating breast cancer cell lines 
and all of the oestrogen/phenol red deprived sub-lines generated from those. A) Whole cell 
fluorescence, B) Nuclear only expression, i) fluorescence intensity values, ii) fold change in 
fluorescence intensity values respectively.  Data points are representative of the average of n=6 
images per cell line, and of the average intensity of a single cell. Each data point is therefore 
roughly representative of the intensity of 50 individual cells. Error bars are representative of +/-
SD. Statistical analysis was conducted using two-way ANOVA with bonferroni correction (**** - 
p<0.0001)(*** - p<0.001)(** - p<0.01)(* - p<0.05) – data points were compared to originating +FBS 
cell line for statistical analysis.  (B) Plotted fold changes from fluorescence intensity of originating 
+FBS control cell line., calculated from (A) 
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Changes to ERb expression were seen in in 12/18 of the sublines compared to 

their parental counterparts (Fig. 3.20). No significant difference was seen in the 

MCF7 or EFM-19 cell lines. Significant increases in ERb expression was seen in 

the BT-474, T47D and MDA-MB-468 cell lines. However, fold change values in 

(B) of Fig 3.20, show only moderate changes in ERb expression in the BT-474 

and T47D cell lines, a notable increase is seen in the MDA-MB-468 cell line. 

When comparing expression levels between whole cell and nuclear positions, like 

that of ERa, expression patterns appear to be relatively consistent for the majority 

of the cell lines – suggesting that receptor expression is fairly ubiquitous in the 

cell also for ERb. However, when comparing the fold changes for whole cell vs 

nuclear expression for the T47D cell line, there does appear to be a higher levels 

of nuclear expression, which is consistent with the images in figure 3.16.  

 

 
 
 

Figure 3.20: Fluorescence intensity of ERb in each of the originating breast cancer cell lines and 
all of the oestrogen/phenol red deprived sub-lines generated from those. Data points are 
representative of the average of n=6 images per cell line, and of the average intensity of a single 
cell. A) Whole cell fluorescence, B) Nuclear only expression, i) fluorescence intensity values, ii) 
fold change in fluorescence intensity values respectively.  Each data point is therefore roughly 
representative of the intensity of 50 individual cells. Error bars are representative of +/-SD. 
Statistical analysis was conducted using two-way ANOVA with bonferroni correction (**** - 
p<0.0001)(*** - p<0.001)(** - p<0.01)(* - p<0.05) – data points were compared to originating +FBS 
cell line for statistical analysis. (B) Plotted fold changes from fluorescence intensity of originating 
+FBS control cell line, calculated from (A).  
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Furthermore, the fluorescence intensity data plotted in figures 3.19, and 3.20 

(above) were used to calculate the ratio of expression between whole cell and 

nuclear only. A value below 1 is indicative of a preference for nuclear localisation 

within the cell. Looking at the data displayed in figure 3.21, below, it is evident 

that the only cell line to display a preference for nuclear localisation is the CAMA-

1 cell line in all media conditions for both receptors ERa and ERb. However, for 

the rest of the cell lines and their differing media conditions, the values all appear 

to remain around a value of 1, suggesting again, the receptor expression is fairly 

ubiquitous throughout the panel of cell lines, with the exception of the T47D+FBS 

cell line, that shows a greater amount of cytoplasmic localisation compared to the 

other cell lines.  

 
 

 
 
Figure 3.21: (A) Fluorescence intensity ratios of ERa (A) and ERb (B) in each of the originating 
breast cancer cell lines and all of the oestrogen/phenol red deprived sub-lines generated from 
those. Data points are representative of the average of the data obtained from n=6 images per 
cell line, and of the average intensity of the whole cell divided by the average intensity of the 
nuclear only reading. Values below one are indicative of a preference for nuclear localisation. 
Colour coding is consistent with the media condition in which the cell line was cultivated in.  
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3.2.6: Response to tamoxifen and its primary metabolites 
The majority of anti-cancer effects in response to tamoxifen treatment are thought 

to be elicited through primary tamoxifen metabolites which have a greater 

potency than tamoxifen itself (Helland et al., 2017). The oestrogen-deprived sub-

lines established in this chapter have been characterised for their response to the 

most clinically relevant tamoxifen metabolites – (Z)-4-OH-tamoxifen, alpha-

hydroxytamoxifen, endoxifen and N-desmethyltamoxifen (Kisanga et al., 2004a; 

Madlensky et al., 2011; Helland et al., 2017), and in each of the four media types 

described in section 2.2.1. This was to assess the effect of differing levels of 

oestrogenic stimulation on the breast cancer cells, and on their response to 

tamoxifen and these primary metabolites. The metabolites of tamoxifen used for 

this study have differing potencies as can be seen in figures 3.22-26.  

 

Long term oestrogen-deprivation of breast cancer cells in vitro may be a method 

of mimicking resistance to aromatase inhibitors as these share a commonality of 

growth in the absence of oestrogen. Therefore, we can here look at the effect of 

tamoxifen and its active metabolites on a sub-set of oestrogen-deprived sublines 

(modelled as potentially aromatase inhibitor resistant ER+ breast cancer cell 

lines), and compare them to their counterpart parental cell lines as controls.  

 

There is a physiological bias, from patient to patient, as to the proportions of these 

metabolites that are synthesised after administration of bolus and continuous 

doses of tamoxifen – a number of CYP450 enzymes facilitate this synthesis, 

which are notoriously polymorphic and differentially expressed (Kisanga et al., 

2004b; Ahmad et al., 2010; Madlensky et al., 2011). This makes the anti-cancer 

activity of each individual metabolite an important experimental question as 

preference for lesser potent metabolites could carry negative implications in the 

clinic.  

 

It is clear from figures 3.22-3.26, that the metabolites all have differing potencies, 

but none more so than that of alpha-hydroxytamoxifen, showing the highest IC50 

values. Figures 3.22-3.26 show IC50 values for each of tamoxifen, (Z)-4-OH-

tamoxifen, alpha-hydroxytamoxifen, endoxifen and N-desmethyltamoxifen. 

These figures are also accompanied by calculated fold changes relative to their 

respective originating parental cell line (+FBS). This makes trends in either 
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reduced or increased sensitivity to these compounds as a direct result of 

oestrogen deprivation easier to interpret.  

 

Tamoxifen is thought to be metabolically converted to form pharmacologically 

active metabolites that mediate the majority of anti-cancer effects that can be 

seen from the drug (Chang, 2012). This would suggest that tamoxifen itself is not 

as potent as its ‘active’ metabolites. Most tamoxifen IC50 values, regardless of 

oestrogen deprivation, fall below 4µm (displayed in fig. 3.22), which is most 

similar to those of (Z)-4-OH-tamoxifen (Fig. 3.22), which presents the lowest IC50 

values of all metabolites investigated in this section. This may suggest that either 

tamoxifen is just as potent as (Z)-4-OH-tamoxifen, or that there is an intracellular 

metabolic activity and preference for this metabolite as breast cancer cell lines 

are known to express low levels of the CYP450 enzymes that facilitate the 

transformation of tamoxifen to its active metabolites (Mitra et al., 2011). Other 

than the EFM-19-FBS subline, the set of CAMA-1 cell lines appears to be the only 

cell line to show a consistent change in response to tamoxifen compared to its 

control +FBS subline. Comparing the response of these cell lines to the other 

metabolites, the CAMA-1 (+CS/-CS) sublines also show sensitivity to n-

desmethyltamoxifen (Fig. 3.26B) which could suggest similarities in the 

mechanisms of actions of these two compounds and dissimilarities with the 

others, however, the EFM-FBS and CAMA-1-FBS sublines do not share sensitivity 

to n-desmethyltamoxifen also. This may be explained by sensitivity to 

tamoxifen/n-desmethyltamoxifen being caused by differing factors in oestrogen 

deprived conditions compared to in the presence of oestrogen.  

 

When all six cell lines are grouped into media conditions, the average tamoxifen 

IC50 values are as follows (in µM): +FBS: 3.6 ± 2.22, -FBS: 2.7 ± 2.20, +CS: 3.3 

± 1.86, -CS: 2.9 ± 2.02. The average fold changes are as follows: +FBS 1 ± 0,  

-FBS: 0.97 ± 0.06, +CS: 1.12 ± 0.11, -CS: 0.91 ± 0.11. 
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Figure 3.22: (A) Tamoxifen IC50 values experimentally obtained from the originating control cell 
lines and the oestrogen-deprived sub-lines in this chapter, indicated on the y-axis of the graphs. 
The graph is colour coded for the cell line that the data is related to. Data is representative of n=3 
biological repeats, error bars are representative of +/- SD. Statistical analysis was conducted 
using two-way ANOVA with tukeys correction. (**** - p<0.0001)(*** - p<0.005)(** - p<0.01)(* - 
p<0.05).  (B)  Fold change values obtained from (A) that have been calculated relative to the 
control originator from that particular cell line (coloured in black).  Horizontal blue line marks when 
x=0.5, whilst horizontal red line marks where x=2. A value below 0.5 indicates increased 
sensitivity to the compound relative to the respective parental cell line, whereas a value above 2 
indicates cross-resistance relative to the respective parental cell line.  Bars are coloured to reflect 
this – blue = sensitive.
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Figures 3.23-3.26 display data in the same way to figure 3.22 above, with the 

same statistical analysis carried out -  they show data obtained from the tamoxifen 

metabolites considered to be most clinically relevant: (Z)-4-OH-tamoxifen, alpha-

hydroxytamoxifen, endoxifen, and n-desmethyltamoxifen (Madlensky et al., 

2011). (Z)-4-OH-tamoxifen, endoxifen and n-desmethyltamoxifen in particular 

have focus  placed on them as candidates for eliciting the majority of ‘beneficial’ 

anti-cancer effects of tamoxifen. N-desmethyltamoxifen has previously been 

found to be the most abundant metabolite found in serum from clinical data 

(Robinson et al., 1991; Kisanga et al., 2004). 

 

For (Z)-4-OH-tamoxifen (figure 3.23), only the BT-474 cell line (in both +CS and 

-CS conditions) becomes markedly more resistant to this metabolite – this is the 

only cell line to show this trend. It does not appear to be resistant to any of the 

other metabolites (Fig. 3.22-26), however it is sensitive to n-desmethyltamoxifen, 

suggesting that the two compounds have opposing effects on oestrogen deprived 

BT-474. The presence of phenol red does not affect the trends seen. It should be 

noted that the BT-474+FBS cell line is particularly sensitive to (Z)-4-OH-tamoxifen, 

as is its phenol red deprived counterpart. Again, suggesting that phenol red does 

not have an effect on this. 

 

When all six cell lines are grouped into media conditions, the average (Z)-4-OH-

tamoxifen IC50 values are as follows (in µM): +FBS: 2.99 ±1.79, -FBS: 2.53 ± 

1.50, +CS: 3.83 ± 1.00, -CS: 3.42 ± 3.42. The average fold changes are as 

follows: +FBS 1 ± 0, -FBS: 0.83 ± 0.09, +CS: 4.84 ± 0.95, -CS: 2.74 ± 1.16. 
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Figure 3.23: (A) (Z)-4-OH-tamoxifen IC50 values experimentally obtained from the originating 
control cell lines and the oestrogen-deprived sub-lines in this chapter, indicated on the y-axis of 
the graphs. The graph is colour coded for the cell line that the data is related to. Data is 
representative of n=3 biological repeats, error bars are representative of +/- SD. Statistical 
analysis was conducted using two-way ANOVA with tukeys correction. (**** - p<0.0001)(*** - 
p<0.005)(** - p<0.01)(* - p<0.05).  (B)  Fold change values obtained from (A) that have been 
calculated relative to the control originator from that particular cell line (coloured in black).  
Horizontal blue line marks when x=0.5, whilst horizontal red line marks where x=2. A value below 
0.5 indicates sensitivity to the compound, whereas a value above 2 indicates resistance.  Bars 
are coloured to reflect this – blue = sensitive, red = resistant.  
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Alpha-hydroxytamoxifen (figure 3.24) has the highest IC50 values against the cell 

lines, with most data points ranging from 30-40µM. This is considerably higher 

considering all other metabolites display IC50 values of below 10µM (Fig 3.22-26). 

Oestrogen deprivation does not appear to affect cellular response to this 

metabolite generally, however the MDA-MB-468-FBS cell line does show 

increased sensitivity to this metabolite – this is the only significant difference seen 

here. The higher IC50 values here suggest that alpha-hydroxytamoxifen is an 

unfavourable metabolite when considering clinical response. Oestrogen 

deprivation or the presence of phenol red do not have an effect on response to 

alpha-hydroxytamoxifen.  

 

When all six cell lines are grouped into media conditions, the average 

alphahydroxytamoxifen IC50 values are as follows (in µM): +FBS: 38.35 ±3.18, -

FBS: 38.25 ± 3.5, +CS: 35.36 ±1.45, -CS: 33.27 ± 3.77. The average fold changes 

are as follows: +FBS 1 ± 0, -FBS: 0.98 ± 0.04, +CS: 0.92 ± 0.04, -CS: 0.87 ± 0.05. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Figure 3.24: (A) Alpha-hydroxytamoxifen IC50 values experimentally obtained from the originating 
control cell lines and the oestrogen-deprived sub-lines in this chapter, indicated on the y-axis of 
the graphs. The graph is colour coded for the cell line that the data is related to. Data is 
representative of n=3 biological repeats, error bars are representative of +/- SD. Statistical 
analysis was conducted using two-way ANOVA with tukeys correction. (**** - p<0.0001)(*** - 
p<0.005)(** - p<0.01)(* - p<0.05).  (B)  Fold change values obtained from (A) that have been 
calculated relative to the control originator from that particular cell line (coloured in black).  
Horizontal blue line marks when x=0.5, whilst horizontal red line marks where x=2. A value below 
0.5 indicates sensitivity to the compound, whereas a value above 2 indicates resistance.  Bars 
are coloured to reflect this – blue = sensitive
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From the endoxifen fold changes in Fig. 3.25B, no ubiquitous trend can be seen 

between the oestrogen deprived sublines and their parental cell lines apart from 

the T47D cell line. T47D-FBS and T47D-CS qualify as resistant compared to their 

parental cell line, and although the fold change value for T47D+CS is below 2, it 

still shows an increase from the parental cell line.  

 

Looking at the endoxifen IC50 values in figure 3.25A, no significant difference is 

seen between the culture medias for MCF-7 and EFM-19. A significant difference 

can be seen in the -CS conditions for CAMA-1 and BT-474 only, marking a 

decrease in IC50 value relative to the parental +FBS condition. The T47D cell line 

shows a significant increase in IC50 value for all of the adapted sublines – with 

the greatest increase seen in the -CS counterpart. The opposite trend to the T47D 

cell line is seen in the MDA-MB-468 cell line, that shows a significant decrease 

in IC50 value in the oestrogen deprived sub-lines. Therefore, over the panel of cell 

lines used in this study, we have seen a range of responses to endoxifen as a 

result of  oestrogen deprivation – no response, an increase in IC50 and a decrease 

in IC50. As no steps have been taken to evaluate the mechanisms of action of this 

metabolite, it cannot be commented on as to why this is, but it can be assumed 

that there are individual adaptation processes that are specific to each cell line 

and have caused differences in response to this metabolite. The trend seen with 

this metabolite is individual to all of the other metabolites looked at in this study. 

 

When all six cell lines are grouped into media conditions, the average endoxifen 

IC50 values are as follows (in µM): +FBS: 7.15 ± 3.28, -FBS: 8.10 ± 2.22, +CS: 

7.40 ± 2.1, -CS: 7.16 ± 0.93. The average fold changes are as follows: +FBS 1 ± 

0, -FBS: 1.1 ± 0.08, +CS: 0.99 ± 0.07, -CS: 1.37 ± 0.09. 
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Figure 3.25: (A) (Z)-Endoxifen IC50 values experimentally obtained from the originating control 
cell lines and the oestrogen-deprived sub-lines in this chapter, indicated on the y-axis of the 
graphs. The graph is colour coded for the cell line that the data is related to. Data is representative 
of n=3 biological repeats, error bars are representative of +/- SD. Statistical analysis was 
conducted using two-way ANOVA with tukeys correction. (**** - p<0.0001)(*** - p<0.005)(** - 
p<0.01)(* - p<0.05).  (B)  Fold change values obtained from (A) that have been calculated relative 
to the control originator from that particular cell line (coloured in black).  Horizontal blue line marks 
when x=0.5, whilst horizontal red line marks where x=2. A value below 0.5 indicates sensitivity to 
the compound, whereas a value above 2 indicates resistance.  Bars are coloured to reflect this – 
blue = sensitive. 
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From literature, endoxifen and (Z)-4-OH-tamoxifen are thought to have the most 

comparable anti-oestrogenic activity, and have 30-100 times the affinity for ERs 

compared to n-desmethyltamoxifen (Jager et al., 2014). Fig 3.26 shows that this 

is not the case in the context of the cell lines used for this study. All n-

desmethyltamoxifen data points range from 2.26-9.69µM which displays a very 

similar range in IC50 values to endoxifen (2.22-10.4 µM). IC50 values for (Z)-4-OH-

tamoxifen  range from 0.21-6.75µM. 

 

Fold change values in (B) of figure 3.26 (below), show this metabolite to be the 

only one of those tested in this chapter to have cell response affected by growth 

in growth hormone reduced conditions – with four of the cell lines having both 

hormone-deprived sub-lines under the threshold for ‘increased sensitivity’ (fold 

change below 0.5) to the drug when compared to the control cell line (CAMA-

1+cs/-cs, T47D+cs/-cs, EFM-19+cs/-cs and BT-474+cs/-cs). The MCF7 and MDA-MB-468 

cell lines do not have fold changes lower that 0.5 to qualify as sensitive to this 

metabolite compared to parental controls, however a reduction in IC50 value is 

apparent (Fig 3.26A) in the MDA-MB-468 cell line. No difference is seen in the 

MCF7 sublines.  

 

These is currently no report of this finding in literature with regards to its effect on 

growth hormone deprivation – phenol red does not appear to have an effect on 

this apart from the T47D-FBS cell line that shows a significant reduction in n-

desmethyltamoxifen IC50 when compared to its parental cell line.   

 

When all six cell lines are grouped into media conditions, the average n-

desmethyltamoxifen IC50 values are as follows (in µM): +FBS: 7.65 ± 0.96, -FBS: 

7.02 ± 2.05, +CS: 6.71 ± 2.22, -CS: 3.99 ± 2.67. The average fold changes are 

as follows: +FBS 1 ± 0, -FBS: 0.9 ± 0.1, +CS: 0.52 ± 0.06, -CS: 0.55 ± 0.05. 
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Figure 3.26: (A) N-desmethyltamoxifen IC50 values experimentally obtained from the originating 
control cell lines and the oestrogen-deprived sub-lines in this chapter, indicated on the y-axis of 
the graphs. The graph is colour coded for the cell line that the data is related to. Data is 
representative of n=3 biological repeats, error bars are representative of +/- SD. Statistical 
analysis was conducted using two-way ANOVA with tukeys correction. (**** - p<0.0001)(*** - 
p<0.005)(** - p<0.01)(* - p<0.05).  (B)  Fold change values obtained from (A) that have been 
calculated relative to the control originator from that particular cell line (coloured in black).  
Horizontal blue line marks when x=0.5, whilst horizontal red line marks where x=2. A value below 
0.5 indicates sensitivity to the compound, whereas a value above 2 indicates resistance.  Bars 
are coloured to reflect this – blue = sensitive.
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3.2.7: Response to other anti-cancer compounds 
The oestrogen deprived sublines were then evaluated for response to 2-

methoxyoestradiol (Fig 3.27), vincristine (Fig. 3.28) and olaparib (Fig. 3.29). 

 
2-methoxyoestradiol is an endogenous metabolite of oestrogen, that lacks 

oestrogenic activity, but has been shown to bind to GPER1 with a high affinity 

(Thekkumkara, Snyder and Karamyan, 2016), and acts as a tubulin binding agent 

(Dumontet and Jordan, 2010). The mechanism of action of 2-methoxyoestradiol 

is largely unknown (quantifying binding affinities of steroid hormones is 

notoriously difficult because they are lipophilic, and prone to non-specific binding 

in lipid-rich membrane preparations), but has been seen to exhibit 

antiproliferative, antiangiogenic and anti-tumour properties in an in vivo setting. 

(Bansal and Acharya, 2014; Thekkumkara, Snyder and Karamyan, 2016; Tao, 

Mei and Tang, 2019).  

 

Figure 3.27A shows 2-methoxyoestrodiol IC50 values for the oestrogen-deprived 

sub-lines. No significant difference in response is observed between sublines BT-

474, CAMA-1 and MDA-MB-468. A significant increase in IC50 is seen in the 

MCF7 cell line - the presence of phenol red did not have an effect on this. IC50 

values were generally higher for this particular cell line, perhaps showing intrinsic 

resistance to 2-methoxyoestradiol. Fig 3.27B shows sublines EFM-19+CS, EFM-

19-CS, T47D-FBS and T47D-CS. 5/6 of the sublines found to be resistant are adapted 

to growth in the presence of reduced levels of oestrogen – suggesting that in 

these cell lines, an increase in tolerance to 2-methoxyoestradiol could be a result 

of oestrogen deprivation. As this compound is a known tubulin-binding agent 

also, it should be compared to another known tubulin binding agent to elucidate 

whether the response seen is due to tubulin interference of another mechanism 

of action.  

 

When all six cell lines are grouped into media conditions, the average 2-

methyoxyoestradiol IC50 values are as follows (in µM): +FBS: 2.51 ± 4.3 -FBS: 

2.03 ± 3.6, +CS: 18.05 ± 42.77, -CS: 15.07 ± 34.26. The large standard deviation 

for +CS and -CS conditions show a great deal of variability is hormone deprived 

subline response to this compound. The average fold changes are as follows: 

+FBS 1 ± 0, -FBS: 1.17 ± 0.17, +CS: 0.49 ± 0.09, -CS: 0.59 ± 0.15. 
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Figure 3.27: (A) 2-methoxyoestradiol IC50 values experimentally obtained from the originating 
control cell lines and the oestrogen-deprived sub-lines in this chapter, indicated on the y-axis of 
the graphs. The graph is colour coded for the cell line that the data is related to. Data is 
representative of n=3 biological repeats, error bars are representative of +/- SD. Statistical 
analysis was conducted using two-way ANOVA with tukeys correction (**** - p<0.0001)(*** - 
p<0.001)(** - p<0.01)(* - p<0.05).  (B)  Fold change values obtained from (A) that have been 
calculated relative to the control originator from that particular cell line (coloured in black).  
Horizontal blue line marks when x=0.5, whilst horizontal red line marks where x=2. A value below 
0.5 indicates sensitivity to the compound, whereas a value above 2 indicates resistance.  Bars 
are coloured to reflect this – blue = sensitive. 
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The sublines were then investigated for response to another known tubulin 

binding agent – the vinca alkaloid, vincristine. Vinca alkaloids are a group of anti-

mitotic and anti-microtubule alkaloid compounds that block beta-tubulin 

polymerisation and therefore cell division. Microtubule-interfering drugs, like 

vincristine, are used as part of treatment regimens for advanced stage metastatic 

breast cancer. Vincristine itself is a microtubule-destabilising agent and an 

example of a vinca alkaloid that is most commonly used to treat leukaemia and 

lymphomas (Avramis, Kwock and Avramis, 2001; Escuin, Kline and 

Giannakakou, 2005; Park et al., 2016). Here, we looked at the effect of vincristine 

on the panel of oestrogen-deprived sublines.  

 

From Fig 3.28, the growth hormone deprived MCF7 cell lines showed the same 

pattern of response to vincristine as to 2-methoxyoestradiol (Fig 3.27) – exhibiting 

higher IC50 values for both of the hormone deprived sublines. This suggests that 

the effects of 2-methoxyoestroadiol on this cell line are caused by tubulin binding. 

This is interesting considering that 2-methoxyoestradiol and vincristine interact 

with tubulin at two different sites - colchicine site and the vinca site respectively 

(D’Amato et al., 1994; Dumontet and Jordan, 2010). A number of other cell lines 

are also resistant to vincristine: BT-474-CS, EFM-19-FBS, EFM-CS, T47D+CS, T47D-

CS, MDA-MB-468+CS and MDA-MB-468-CS. 8/9 sublines resistant to vincristine are 

also oestrogen deprived, suggesting that oestrogen deprivation may have an 

effect on tubulin structure or function.  

 

When all six cell lines are grouped into media conditions, the average vincristine 

IC50 values are as follows (in µM): +FBS: 0.45 ± 0.35, -FBS: 0.66 ± 0.64, +CS: 

1.09 ± 1.49, -CS: 1.8 ± 2.40. The average fold changes are as follows: +FBS 1 ± 

0, -FBS: 1.17 ± 0.26, +CS: 2.39 ± 0.65, -CS: 3.2 ± 0.78. 
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Figure 3.27: (A) Vincristine IC50 values experimentally obtained from the originating control cell 
lines and the oestrogen-deprived sub-lines in this chapter, indicated on the y-axis of the graphs. 
The graph is colour coded for the cell line that the data is related to. Data is representative of n=3 
biological repeats, error bars are representative of +/- SD. Statistical analysis was conducted 
using two-way ANOVA with tukeys correction (**** - p<0.0001)(*** - p<0.001)(** - p<0.01)(* - 
p<0.05).  (B)  Fold change values obtained from (A) that have been calculated relative to the 
control originator from that particular cell line (coloured in black).  Horizontal blue line marks when 
x=0.5, whilst horizontal red line marks where x=2. A value below 0.5 indicates sensitivity to the 
compound, whereas a value above 2 indicates resistance.  Bars are coloured to reflect this – blue 
= sensitive. 
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Olaparib is one of the most widely investigated PARP inhibitors for the treatment 

of triple negative breast cancer (TNBC), as BRCA1/BRCA2 mutations are found 

in a relatively large percentage of patients with TNBC tumours (Lord and 

Ashworth, 2016; Robert et al., 2017). Olaparib has proven to be a successful 

treatment option for ovarian, prostate and pancreatic cancers (Kamel et al., 

2018), following the dogma of synthetic lethality when coupled with inherent 

deficiencies in DNA repair that accompany BRCA mutations. However, relatively 

little is reported in literature as to its effect on ER+ tumours, or its effect on breast 

cancers that are BRCA wild-type.  

 

The MDA-MB-468 cell lines show the most sensitivity to olaparib of all of the cell 

lines investigated. A significant reduction in IC50 values are seen in sublines of 

EFM-19, BT-474 and CAMA-1 (Fig. 3.29A). Fold changes (Fig 3.29B) shows the 

cell lines MDA-MB-468, CAMA-1, T47D and EFM-19 to contain sub-lines that 

show increased sensitivity to olaparib as a result of oestrogen deprivation, 

showing that this may bring about increases in homologous recombination DNA 

damage repair faults. The MDA-MB-468 cell line appears to be the most sensitive 

to olaparib of all of the cell lines tested, regardless of growth media. 

 

When all six cell lines are grouped into media conditions, the average olaparib 

IC50 values are as follows (in µM): +FBS: 31.47 ± 31.1, -FBS: 30.46 ± 23.81, +CS: 

18.05 ± 17.2, -CS: 19.4 ± 17.11. High standard deviations highlight a great deal 

of variability that can be observed between the individual cell lines, average 

values for hormone deprived sublines are on average higher than those grown in 

the presence of growth hormone. The average fold changes are as follows: +FBS 

1 ± 0, -FBS: 1.29 ± 0.3, +CS: 2.1 ± 0.53, -CS: 3.02 ± 0.52. 
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Figure 3.29: (A) Olaparib IC50 values experimentally obtained from the originating control cell 
lines and the oestrogen-deprived sub-lines in this chapter, indicated on the y-axis of the graphs. 
The graph is colour coded for the cell line that the data is related to. Data is representative of n=3 
biological repeats, error bars are representative of +/- SD. Statistical analysis was conducted 
using two-way ANOVA with tukeys correction (**** - p<0.0001)(*** - p<0.001)(** - p<0.01)(* - 
p<0.05).  (B)  Fold change values obtained from (A) that have been calculated relative to the 
control originator from that particular cell line (coloured in black).  Horizontal blue line marks when 
x=0.5, whilst horizontal red line marks where x=2. A value below 0.5 indicates sensitivity to the 
compound, whereas a value above 2 indicates resistance.  Bars are coloured to reflect this – blue 
= sensitive. 
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3.3: Discussion 
 
3.3.1: Oestrogen deprivation as a potential mimic for aromatase inhibitor 
resistance 
The treatment of ER+ breast tumours with aromatase inhibitors (AIs) seeks to 

deprive oestrogen dependent tumour cells of this hormone by blocking the 

conversion of androgens to oestrogen in a physiological system (Dowsett and 

Howell, 2002). AIs have improved the treatment of ER+ breast cancer since their 

introduction to use in the clinic, but like other endocrine therapies, the biggest 

hurdle in clinical management of hormone receptor positive breast cancer is the 

emergence of endocrine resistance (Martin et al., 2011). In an in vivo system, the 

majority of aromatase is produced in the ovaries of females (Stocco, 2012), 

making in vitro systems that model physiological conditions tricky to  produce. 

Studies have been conducted that focus on the identification of molecular 

mechanisms associated with relapse to endocrine therapy by means of 

adaptation to growth in the presence of charcoal stripped serum – these can be 

seen to model relapse to treatment with AIs (Coutts and Murphy, 1998; Chan et 

al., 2002; Martin et al., 2011). The long term oestrogen-deprivation of breast 

cancer cells in vitro, and their adaptation to become oestrogen independent may 

therefore be a model method of mimicking resistance to AIs as these share a 

commonality of preference to growth in reduced levels or the absence of 

oestrogen.  

 
3.3.2: The use of MDA-MB-468 as an additional control cell line 
The MDA-MB-468 cell line was included in this work with the intention of serving 

as an additional control to the parental cell lines used in this study, to allow 

comparisons between ER+ breast cancer cell lines and a triple negative breast 

cancer cell line. Qualitative assessment of oestrogen receptor expression 

showed that both oestrogen receptors were expressed in this cell line (Fig. 3.19), 

negating their ability to be a true triple negative breast cancer control. The 

antibodies used to assess this were confirmed for specific target binding (Fig 

3.13). This cell line should therefore be considered as an additional ER+ cell line 

when the data in this chapter. However, initial growth of this cell line in hormone 

deprived conditions (Fig. 3.7) showed similarly comparable growth patterns to 

those of the adapted counterparts (Fig. 3.8), which was the only cell line observed 

to not show cell line quiescence upon exposure to growth hormone deprived 
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conditions, showing characteristics separate from the other cell lines. It was also 

the only cell line for none of its sublines to show any response to additional b-

oestradiol (Fig. 3.11F) – showing that although the cell line stains positively for 

oestrogen receptor alpha, it is still unresponsive to b-oestradiol compared to 

control cell lines.  

 

3.3.3: Cell line adaptation to growth in conditions in low levels of growth 
hormones 
The effect of hormone deprivation on breast cancer cells in vitro was first 

examined by Katzenellenbogen et al (1987), both short-term and long-term, 

where FBS was replaced for dextran treated charcoal-stripped foetal calf serum 

and growth was observed. This study was conducted using only MCF7 cells. The 

team reported that for periods of up to one month in the absence of oestrogens 

for growth (and in the absence of phenol red), estradiol stimulated growth and 

the anti-oestrogen, tamoxifen, inhibited proliferation. Following deprivation for a 

period of 5-6 months, the team noticed a marked increase in the basal rate of cell 

proliferation that is unaffected by the reintroduction of oestrogen or tamoxifen to 

culture media – showing that time frames of longer than one month of oestrogen 

deprivation are needed for the adaptation of breast cancer cell lines to grow in 

the absence of oestrogen.  

 

This effect was found in the MCF7 and BT-474 cells used in this study when re-

introduced to oestradiol after at least 6 months in oestrogen deprived conditions 

(Fig. 3.11) as they display similar cellular growth to control cell lines that have not 

been growth hormone deprived. However, three of the other cell lines that were 

cultivated in reduced oestrogen remain responsive to the re-addition of oestradiol 

(EFM-19, T47D and CAMA-1) and show increased cellular growth compared to 

the vehicle control and counterpart cell lines that have been cultivated in FBS. 

This shows potential variance in time needed for the adaptation process, or 

perhaps even the possibility that some cells lines do not become completely 

independent of oestrogen stimulation following long-term oestrogen deprivation, 

and instead become hypersensitive to oestrogen stimulation. Hypersensitivity to 

oestrogen is also a documented phenomenon in literature as a result of long term 

oestrogen deprivation (Darbre, 2014).  
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The observed quiescence of the all cell lines, apart from MDA-MB-468, after initial 

cultivation in growth hormone deprived media (Fig 3.7), compared to 6 months 

later (Fig. 3.8) shows that adaptation has occurred.  

 

3.3.4: Potential variability of residual growth hormones in foetal bovine 
serum after charcoal stripping 
Charcoal-stripped bovine serum is a critical reagent for the study of steroid 

hormones. However, charcoal stripped serum will have moderate lot-to-lot 

variabilities in residual growth factor and steroid hormone content. The charcoal 

stripped serum used in this study originated from a single batch to ensure 

hormone content consistency throughout. The non-charcoal stripped FBS used 

in this study was also batch tested and used consistently. Batch and lot 

references are provided in section 2.2.1. A study by Sikora et al., (2016) 

discusses the implication of this with regards to studies on endocrine resistance 

and differential phenotypes that can arise from this, which should be kept in mind 

when comparing data between different models of endocrine resistance. The 

study uses the observed response on the growth of breast cancer cell lines to 

differentiate between partial and complete reduction in growth hormone content 

of several batches of charcoal stripped serum. The study states that if only partial 

reduction of growth hormones is identified in charcoal stripped media, cells are 

observed to continue to grow, just at a reduced rate compared to control cell lines. 

Fig 3.7 shows that all cells but MDA-MB-468 showed almost complete 

quiescence when introduced to growth in the presence of charcoal stripped 

serum, suggesting near-complete reduction in growth hormone content. The 

presence of phenol red for the CAMA-1+CS and MCF7+CS sublines (Fig. 3.7) 

appeared to stimulate growth enough to show enhanced growth compared to -

CS counterparts. Upon inspection of the culture media used for the entirety of 

this study, the company specifies on the provided product formulation 

specifications that phenol red is included at a concentration of 39.9µM. Welshons 

et al., (1988) discusses how in low concentrations, phenol red does not elicit a 

response from oestrogen-responsive cells, but the vast majority of culture media 

harbours phenol red in concentrations somewhere in the range of 15-45µM, 

within which it has been known to exert oestrogenic affects. 
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3.3.5: Clinical implications of toxic effects of high dose oestrogen seen in 
growth hormone deprived breast cancer cell lines 
The use of endocrine therapy, such as tamoxifen for the treatment of ER+ breast 

cancer is the gold standard for treatment of ER+ breast cancer (Nass and 

Kalinski, 2015) via inhibition of oestrogen receptors. However - the use of 

synthetic high-dose oestrogens used to be the standard treatment for breast 

cancer before the introduction of tamoxifen in the 70s - and has become a 

successful therapy option for post-menopausal women with metastatic breast 

cancer due to oestrogen-induced apoptosis in more recent years (Jordan, 2015). 

 

A quandary, aptly referred to as the ‘estrogen paradox’ in literature, with regards 

to the use of high dose oestrogens, has existed in the clinic since the end of the 

20th century. Breast cancer has always thought to be relatively dependent on 

oestrogen for growth, yet in high doses it causes regression of tumours. It also 

refers to there being a clear, and mostly unexplained, divide in responses to 

oestrogen replacement therapy observed in post-menopausal women resulting 

in either cancer cell growth or regression. This appears to be dependent on time 

since initiation of the menopause for response rates for breast cancer patients, 

and successful attainment of sufficient oestrogen induced apoptosis is now 

thought to be reliant on prior selection of cell populations that are resistant to 

long-term oestrogen deprivation (Jordan, 2015). The differential responses seen 

to the reintroduction of growth-hormone deprived cell lines in this study (Fig 3.11) 

show a similar trend. Some of the oestrogen-deprived cell lines showed no 

difference in growth compared to control cell lines (MCF7, BT-474). The naturally 

low levels of circulating oestrogen in post-menopausal women can be compared 

to the low levels of oestrogen in the growth-hormone deprived conditions in this 

study, and comparison between the cell lines, and how we see subjectivity 

between development of oestrogen independence in some of the cell lines 

(MCF7 and BT-474), and continue to see enhanced response to oestrogen 

stimulation following long term deprivation with others (EFM-19, CAMA-1 and 

T47D).  

 
3.3.6: Clinical implications of differential responses to tamoxifen, 
tamoxifen metabolites and other anti-cancer drugs 
Tamoxifen is metabolised extensively in the liver by cytochrome P450 enzymes, 

and to a lesser extent in the breast also. These enzymes mediate the 

transformation of tamoxifen into a several primary and secondary metabolites, 
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mainly through hydroxylation and demethylation – these are known to have 

higher potencies than the parent drug, and therefore thought to exert the anti-

tumour effects of tamoxifen in vivo. The major metabolic pathway involves initial 

conversion of tamoxifen to n-desmethyltamoxifen, then to endoxifen. This is the 

conversion with the highest throughput. The second-most preferred conversion 

is tamoxifen to 4-hydroxytamoxifen, which is in turn also converted to endoxifen 

(Cronin-Fenton, Damkier and Lash, 2014). Polymorphisms in several CYP 

enzymes involved in the metabolism of tamoxifen impact on the relative 

abundance of the metabolites in systemic circulation; which, adds to the already 

existing patient-to-patient subjectivity you would expect as these enzymes will be 

differentially expressed naturally from person to person (Rondon-Lagos et al., 

2016).  

 
From literature, endoxifen and (Z)-4-OH-tamoxifen are thought to have the most 

comparable anti-oestrogenic activity, and have 30-100 times the affinity for ERs 

to that of N-desmethyltamoxifen (Jager et al., 2014). Literature suggests that 

endoxifen is an important metabolite with regards to eliciting the majority of 

beneficial antagonist effects as it is thought to be the most pharmacologically 

available and is the most correlated with patient outcome - low levels in serum = 

poor outcome (Madlensky et al., 2011; Jager et al., 2014). This metabolite is 

thought to remain in a steady state in patient serum longer that of (Z)-OH-

tamoxifen (Teunissen et al., 2011). CYP2D6 and CYP3A4 are thought to play the 

biggest role in the production of these metabolites, highlighting the importance of 

individual genotyping (Madlensky et al., 2011; Mitra et al., 2011). When 

evaluating the active concentration ranges of tamoxifen and the metabolites used 

in this study, it is evident that they differ, which should be considered in a clinical 

setting. On the other hand, the administration of individual metabolites as a first 

line therapy could also be considered to overcome any unfavourable metabolic 

bias. 

 

2-methoxyoestradiol and vincristine, which are both known tubulin binding agents 

(D’Amato et al., 1994; Dumontet and Jordan, 2010) were also tested against the 

growth hormone deprived sublines to evaluate therapeutic potential. There is no 

literature currently to expand on our understanding on the use of tubulin binding 

agents in the advent of adaptation to growth in the absence of growth hormones, 
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that may mimic its use in endocrine therapy resistance, or post-menopausal 

women. 5/6 of the sublines found to be resistant to vincristine were growth 

hormone deprived. This is preliminary data, but it suggests that changes to 

tubulin structure and organisation should be investigated to explain this. As 2-

methoxyoestradiol is both a known tubulin binding agent and a substrate for 

GPER1, we are unable to draw conclusions from the mechanism of action on 

these subline, however 8/9 of the sublines found to be resistant to this compound 

were growth hormone deprived – showing that growth hormone deprivation has 

an effect on response. GPER1 expression should be evaluated to allow more 

conclusions to be drawn between any differential responses seen between these 

two compounds. 

 

No notable trend was observed in response to olaparib due to growth hormone 

deprivation. The only conclusion that can be drawn from this data is that more 

differences were observed between individual cell lines than there is between 

growth hormone deprived lines. Response is likely due to individual capacity for 

DNA repair than for growth hormone deprivation. 

 

3.3.7: Conclusion and General Summary 
This chapter documents the adaptation of six oestrogen-receptor (ER) positive 

cell lines to cultivation in the absence of growth hormones by supplementation 

with charcoal stripped bovine serum. The cell lines were observed to become 

quiescent upon initial exposure to growth hormone reduced conditions, 

confirming growth hormone reduced status of the culture media. Adaptation to 

growth took around six months. The cells were evaluated for response to b-

oestradiol after long-term oestrogen deprivation – response was seen to be cell 

line specific, with some cell lines exhibiting growth independence from oestrogen, 

with others exhibiting hypersensitivity. The cell lines were then characterised for 

oestrogen receptor expression and found to either upregulate or down regulate 

receptors in a cell line specific manner. This may carry clinical significance if 

tumours have the ability to either upregulate or downregulate oestrogen receptors 

as a response to oestrogen deprivation – this should be evaluated before 

treatment regimens are decided in the advent of resistance to endocrine therapy. 

The effects of tamoxifen and four of its clinically relevant metabolites were 

investigated on the growth hormone deprived sublines – the only notable trend 
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between oestrogen deprivation and response to tamoxifen was seen with the 

metabolite n-desmethyltamoxifen. A trend was seen between growth hormone 

deprivation and a reduction in IC50 value to n-desmethyltamoxifen. No trend was 

observed in cellular response to olaparib, but a decrease in sensitivity was seen 

to vincristine and 2-methoxyoestroadiol in growth hormone deprived sublines.   
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Chapter 4: Production and characterisation of (Z)-4-OH-
tamoxifen resistant breast cancer cell lines 

 
4.1: Introduction 

4.1.1 Tamoxifen resistance in breast cancer 
The main mechanisms underlying intrinsic resistance to tamoxifen are a lack of 

ERa expression and a failure to convert tamoxifen into its active metabolites, 

while acquired resistance is thought to be associated with a plethora of 

mechanisms (Rondon-Lagos et al., 2016). Several mechanisms have been 

suggested to explain resistance to tamoxifen, but given the complexity of 

oestrogen signalling itself, there are a number of mechanisms that could 

potentially be altered to result in increased tolerance to the drug. The main 

mechanisms accepted today are alterations to bioavailabilty of tamoxifen, 

changes to both the nuclear receptors and GPER1, alterations to oestrogen 

controlled intracellular signalling pathways (from ERa-36, GPER1 and GPER1-

EGFR crosstalk) or switching to signalling through other nuclear receptors like 

the androgen receptor. Though many studies have been conducted using in vitro 

models of endocrine resistance, no definitive consensus has yet been reached 

as to the main underlying mechanisms of resistance (Poulard et al., 2019). 

 

4.1.2: Generating drug-resistant cell lines and their significance in cancer 
research 
Acquired resistance to anti-cancer drugs is a serious impediment to successful 

treatment of patients suffering from a variety of cancer-types – hence, an 

understanding of the development of resistance is needed to improve therapy in 

the clinic (Salgia and Kulkarni, 2018). Drug-adapted cancer cell lines are a 

preclinical model of drug-resistance that have been shown to reflect  mechanisms 

of acquired resistance in the clinic (Crystal et al., 2014). Studying the acquisition 

of resistance over time is essential to obtaining a complete understanding of the 

difference between innate and acquired resistance to anti-cancer drugs, and to 

evaluate how these drugs play a role in tumour recurrence and progression 

(Steding, 2016). 

 

There are several commonly employed methods of establishing anti-cancer drug 

resistant cell lines, and is generally thought to take from 3 to 18 months. However, 

relatively little has been published on comparing methodologies in doing so. The 

first acknowledged published strategy came in 1970 (Biedler and Riehm, 1970), 
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and involved the stepwise increase of exposure to a drug continuous manner 

(meaning that the cells were never without exposure to the drug for any length of 

time). Then, with the advent of consideration of what would be more clinically 

relevant as a way to adapt cells to exposure of chemotherapeutics, pulsing 

methods were also practiced in laboratories – where cell lines are exposed to 

drug for a short length of time, and then released from this to recover until the 

next dosing stage. This was considered to be more closely related to the way that 

cancer cells in patients are exposed to chemotherapeutics in dosing regimens 

(McDermott et al., 2014). Ultimately, when considering data obtained from drug 

resistant cell lines, it should be taken into consideration how the cell line was 

initially adapted to the drug, as should be with the data in the upcoming chapters 

results.  

 

For the data in this chapter, it was experimentally obtained, the concentration at 

which the viability of the cells was decreased by 50%, and dose-escalated, in a 

continuous culture, until a fold change greater than twice that of the originating 

cell line was reached. The important aspect of this, is that this was standardised 

for all of the cell lines, from which data is presented in this chapter. But as 

previously mentioned, this is not the only method in which to establish drug-

resistant cancer cell lines. First, the researcher needs to decide whether their 

model of resistance is to be one that is just clinically relevant (when resistance 

generation only spans so far as to encompass drug concentrations that are seen 

in the clinic, in patient serum samples), or a high-level laboratory model (where 

the sky is the limit, and dose-escalation is taken past this point). Either way, drug 

naïve cells are to exposed to increasing concentrations of anti-cancer drugs, in 

either a continuous of pulsed fashion (McDermott et al., 2014). 

 

Another factor to consider is whether this method selects for cells that have either 

acquired or innate immunity to the anti-cancer drug in question. Dose escalation 

methods will be selecting cell populations over a long span of time, and will allow 

for time-dependent adaptation and alterations to the phenotype of the cell 

population, whereas selecting cells via exposure to a high concentration of the 

drug, followed by clonal selection (cells that are immediately intrinsically resistant 

to an anticancer drug) will allow for models of intrinsic resistance as opposed to 
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acquired resistance, like the cell lines discussed and displayed in this chapter 

(Franken et al., 2006). 

 

4.1.3: Introduction to the results in this chapter 
In this part of the work, the cell lines established in chapter 3 were adapted to 

grow in the presence of increasing concentrations of (Z)-4-OH-tamoxifen, the 

tamoxifen metabolite generally considered to be the most potent against ER+ 

breast cancer cells and the most commonly used to generate tamoxifen-resistant 

sub-lines with (Gao et al., 2018; Wu et al., 2018). We found this metabolite to be 

the most active in this study (Fig. 3.22). (Z)-4-OH-tamoxifen-resistant cell lines 

were established by cultivating them in increasing drug concentrations starting 

an appropriately selected concentration of (Z)-4-OH-tamoxifen for each cell line 

and applying 0.5µM increments. Unlike most other studies into acquired 

tamoxifen resistance in breast cancer cell lines, resistant sub-lines were 

cultivated in the absence of endogenous oestrogen and phenol red to assess 

their impact on the generation of resistance. The cell lines were assessed for 

stability of resistance, oestrogen receptor expression, response to tamoxifen 

metabolites and a set of anti-cancer agents. 
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4.2 Results 
4.2.1: Generation of resistant cell lines 
Figure 4.1 shows the (Z)-4-OH-tamoxifen concentrations that the cell lines were 

cultured in, starting with the IC50 concentration rounded to the nearest 0.5µM 

(Table 4.1) and applying 0.5µM dose increments over 52 weeks. Concentrations 

were increased when the cells looked healthy and were growing well. The 

splitting rate was 3/10, this remained consistent for the entirety of the project. 

Cells were passaged when they reached ~80% confluency. Cultivation of the 

MCF-7 sublines grown in media containing charcoal stripped serum did not result 

in readily growing cell lines, over multiple attempts, which enabled to increase 

the (Z)-4-OH-tamoxifen concentration. Dose escalation was continued until 

subsequent increases resulted in loss of viability – at that point, provided 

resistance was confirmed, the concentration was lowered or maintained until the 

cells grew happily. Figure 4.1C plots the IC50 values obtained at select intervals 

(as shown in figure 4.1A&B) throughout cell line development. 

 

 

Cell Line Initial (Z)-4-OH-tamoxifen concentration used to begin resistant 

sub-line development (µM) 

Media Condition 

+FBS -FBS +CS -CS 

MCF7 2.5 1 4.5 3.5 

BT-474 0.5 0.5 5.5 3.5 

EFM-19 6 3 3.5 4 

T47D 3.5 3 3 3 

CAMA-1 3.5 4 4 4 

MDA-MB-468 3 3.5 3 3 

Table 4.1: Concentration of (Z)-4-OH-tamoxifen used to begin establishing drug-resistant sub-
lines 
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Figure 4.1: Shows the dose-escalation of (Z)-4-OH-tamoxifen used to produce the tamoxifen 
resistant cell lines used in this works. A) dose-escalation regime used for the cell lines grown in 
the presence of phenol red, including both +FBS and +CS culture medias. Vertical lines indicate 
the stage of cell-line production that resistance status was determined, and shown in C) B) dose-
escalation regime for the cell lines grown in conditions devoid of phenol red, also including both -
FBS and -CS conditions. Vertical lines indicate the stage of cell-line production that resistance 
status was determined, and shown in C).  C) (Z)-4-OH-tamoxifen IC50  values of the (Z)-4-OH-
tamoxifen resistant sub-lines during different stages of cell-line production compared to their 
respective parental sub-lines (PTL)
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4.2.2: Cell line morphology 

Figures 4.2-4.7 show images taken of all resistant sub-lines in the panel of cell 

lines used in this works. Images were taken using an Olympus CKX52 light 

microscope with image capture capabilities.   

 

Section 3.2.1 discussed observed changes in morphology in the panel of parental 

oestrogen-deprived sub-lines – no changes in morphology were seen in the 

tamoxifen-resistant sub-lines in this chapter compared to these despite cultivation 

in growth hormone deprived conditions also; the parental BT-474 and EFM-19 

cell lines from chapter 3 grew in a more tightly packed ‘island like’ manner when 

exposed to growth hormone deprived conditions, forming mounds of cells of 

greater height that that seen from the other cell lines. This was not seen in the 

tamoxifen-resistant cell lines generated for this chapter – suggesting that 

exposure to tamoxifen inhibits the morphological changes that the cell lines 

exhibit in response to growth hormone inhibition alone. The most notable 

changes in morphology were observed in the 4-OH-tamoxifen-adapted MCF7 

sublines. 4-OH-adapted MCF-7 cells displayed a reduction in cellular height and 

an increase in cellular diameter, compared to parental MCF-7 cells. 4-OH-

tamoxifen adaptation of CAMA-1, T47D, and MDA-MB-468 cells did not 

substantially change cell morphology.  

 

 
Figure 4.2: Images of the tamoxifen resistant MCF-7 sub-lines. Images were taken at both a low 
and high confluency to show differences in morphology when spread vastly across the base of 
culture flasks, and more tightly packed at higher confluences. There are also images at both a 
lower magnification (x40) and a higher one (x100). Scale bars are representative of 50 
microns. 
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Figure 4.3: Images of the BT-474 (Z)-4-OH-tamoxifen resistant sub-lines. Images were taken at 
both a low and high confluency to show differences in morphology when spread vastly across the 
base of culture flasks, and more tightly packed at higher confluences. There are also images at 
both a lower magnification (x40) and a higher one (x100). Scale bars are representative of 50 
microns. 

 
 

 
 
Figure 4.4: Images of the EFM-19 (Z)-4-OH-tamoxifen resistant sub-lines. Images were taken at 
both a low and high confluency to show differences in morphology when spread vastly across the 
base of culture flasks, and more tightly packed at higher confluences. There are also images at 
both a lower magnification (x40) and a higher one (x100). Scale bars are representative of 50 
microns. 
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Figure 4.5: Images of T47D (Z)-4-OH-tamoxifen resistant sub-lines. Images were taken at both a 
low and high confluency to show differences in morphology when spread vastly across the base 
of culture flasks, and more tightly packed at higher confluences. There are also images at both a 
lower magnification (x40) and a higher one (x100). Scale bars are representative of 50 
microns. 
 
 
 

 
 
Figure 4.6: Images of CAMA-1 (Z)-4-OH-tamoxifen resistant sub-lines. Images were taken at both 
a low and high confluency to show differences in morphology when spread vastly across the base 
of culture flasks, and more tightly packed at higher confluences. There are also images at both a 
lower magnification (x40) and a higher one (x100). Scale bars are representative of 50 
microns. 
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Figure 4.7: Images of MDA-MB-468 (Z)-4-OH-tamoxifen resistant cell lines. Images were taken 
at both a low and high confluency to show differences in morphology when spread vastly across 
the base of culture flasks, and more tightly packed at higher confluences. There are also images 
at both a lower magnification (x40) and a higher one (x100). Scale bars are representative of 
50 microns.
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4.2.3: Growth Kinetics 
Once the resistant sub-lines were determined to be resistant to (Z)-4-OH-

tamoxifen, their growth was characterised as is described in section 2.2.5. The 

cells were grown over a period of 6 days, in the presence of (Z)-4-OH-tamoxifen 

(concentration stated in the sub-line name), with a measure of cell count taken 

(by electrical impedance) taken every 30 minutes of culture. Cells were seeded 

as per section 2.2.5, at the same cell density as their parental counterparts in 

chapter 3. Care was taken to ensure that the cells were not disturbed at all during 

this time. Figure 4.8 below shows the growth curves generated from this data. 

 

As a comparison between the drug-resistant sub-lines and their respective 

parental sub-lines in chapter 3; parental sub-lines in the presence of phenol red, 

and oestrogen (in FBS) grew faster than those deprived of oestrogen – even after 

adaptation to growth in growth hormone-deprived media over time (Fig 3.7 & 3.8). 

When looking at the drug-resistant cell lines in this chapter, a number of the 

oestrogen-deprived sub-lines grow faster than those in the presence of oestrogen 

– which is the opposite trend to that seen in their parental counterpart cell lines). 

This can be seen by the growth curves and doubling times in figures of 3.8 and 

4.8, and 3.9 and 4.9 respectively. In a clinical setting, this in vitro finding may 

highlight differences between treatment with tamoxifen and aromatase inhibitors 

as cell lines that have been adapted to growth in the presence of reduced levels 

of growth hormone exhibit a slower rate of proliferation compared to those that 

are both growth hormone deprived and tamoxifen resistant. Serum starvation has 

been previously shown to reduce cellular proliferation in breast cancer cell lines, 

but nothing thus far has been reported on the affect that serum starvation has on 

cellular proliferation when coupled with resistance to tamoxifen (Nakhjavani, 

Stewart and Shirazi, 2017). Phenol red only appears to make a notable difference 

to the BT-474R+CS4-OH6 sub-line, perhaps suggesting that the reduced 

oestrogenic stimulation that phenol red only provides is beneficial for this cell line.  
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Figure 4.8: Growth curves of all of the (Z)-4-OH-tamoxifen resistant cell lines generated. Each 
cell line was grown for 6 days, and cell density was measured using electrical impedance every 
30 minutes for that length of time. Cells were grown in the presence of (Z)-4-OH-tamoxifen 
(MCF7, CAMA-1 and MDA-MB-468 in 10µM, BT-474, EFM-19 and T47D in 6 µM. These 
concentrations are equal to standard culture conditions). Graphs are colour coded for the type of 
culture media they were grown in as noted in the key. All cell lines were seeded as per section 
2.2.5).  
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Figure 4.9 below, accompanied by table 4.2, depict and state the doubling times 

of these resistant sub-lines as calculated from linear growth phase of the growth 

curves in figure 4.8.  

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.9: Doubling times for all of the (Z)-4-OH-tamoxifen resistant sub-lines. The graph is 
colour-coded to represent the media type that each cell line was grown in. Data points are 
representative of n=4 repeats. Error bars are representative of +/-SD. Doubling times were 
calculated as per section 2.2.5.
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 Doubling time in hours (+/- SD) 

Cell Line +FBS -FBS +CS -CS 

MCF7R 18.9 (+/- 0.63) 22.1 (+/- 1.7) N/A N/A 
BT-474R 23.4 (+/- 2.04) 23.2 (+/- 2.60) 44.3 (+/- 4.58) 46.8 (+/- 3.57) 
EFM-19R 32.7 (+/-2.39) 33.4 (+/-3.88) 25.56 (+/-1.98) 20.37 (+/-2.06) 

T47DR 27.01 (+/- 
2.52) 

35.9 (+/-15.32) 30.6 (+/-2.56) 29.3 (+/-5.43) 

CAMA-1R 24.0 (+/- 3.00) 18.1 (+/-0.95) 25.5 (+/-2.82) 20.8 (+/-2.31) 
MDA-MB-

468R 
20.8 (+/-0.87) 25.2 (+/-2.60) 17.4 (+/-0.25) 18.3 (+/-0.80) 

 
Table 4.2: Doubling times of each resistant sub-line, organised by originating parental cell line, 
and the media condition in which it was developed in. Each value is the average of n=4, the 
standard deviation of which accompanies the value in brackets.  
 
 
4.2.4: Response to tamoxifen and tamoxifen metabolites 
In chapter 3, the effect of oestrogen deprivation was examined on the counterpart 

parental cell lines of the tamoxifen resistant sub-lines in this chapter. There, it 

was explained that the majority of anti-cancer effects in response to tamoxifen 

treatment are thought to be elicited through primary tamoxifen metabolites which 

have a greater potency than unmetabolised tamoxifen (Helland et al., 2017); 

these same metabolites have been used to assess cellular response in the 

advent of acquired tamoxifen resistance in order to compare responses to our 

model of aromatase inhibitor resistance. This also allows us to speculate on the 

use of tamoxifen as a second-line therapy after potential aromatase inhibitor 

failure in the clinic – as has been discussed in literature previously (Dowsett et 

al., 2010). MTT viability assays were used to assess response to tamoxifen, (Z)-

4-OH-tamoxifen, alpha-hydroxytamoxifen, endoxifen and n-desmethyltamoxifen. 

This was also to provide data to elucidate whether acquired resistance to (Z)-4-

OH-tamoxifen (the previously identified most potent metabolite from chapter 3; 

see figure 3.23), also conferred resistance to the other metabolites, or perhaps if 

they became more susceptible to reductions in cell viability from these other 

metabolites as a result of this. Changes in response to acquired tamoxifen 

resistance as a result of hormone deprivation could also carry clinical significance 

for the use of tamoxifen as a second-line therapy in the advent of endocrine 

resistance. 
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IC50 values for tamoxifen and the four most abundant tamoxifen metabolites were 

compared to the IC50 values of the respective parental cell lines. In the appendix, 

(appendix I-VII) the IC50 values for other points in time during the development of 

the resistant cell lines can be found.  

 

Figures 4.1 and 4.10 show us that all cell lines and sub-lines, apart from EFM-

19R+FBS4-OH6 and EFM-19R-FBS4-OH6 became resistant to (Z)-4-OH-tamoxifen 

over the time-course of cell line production. There were no notable differences 

between the cell lines generated in the presence of growth hormone, and those 

generated in the absence of oestrogen, apart from those of BT-474-CS (figure 

4.10). It was shown in fig 3.23, in the aromatase inhibitor resistance model, that 

response to (Z)-OH-tamoxifen is not affected by growth hormone deprivation in 

the majority of cases. Here, in figure 4.10 (below), we see the same effect, just 

with reduced sensitivity to (Z)-4-OH-tamoxifen across the panel of 22 sublines.  

 

When looking at figures 4.11-4.15 (tamoxifen and all of the four metabolites 

analysed), with regards to response to the other metabolites, resistance to (Z)-4-

OH-tamoxifen also instigates cross-resistance to tamoxifen, and slightly less so 

to n-desmethyltamoxifen. The effects of these metabolites will be discussed 

individually. Which highlights that resistance to one metabolite of tamoxifen does 

not necessarily confirm resistance to the others as this is not seen with response 

to endoxifen. Cross-resistance to endoxifen and alpha-hydroxytamoxifen was not 

as common in the panel of cell lines as to n-desmethyltamoxifen (only present in 

one cell line, MDA-MB-468R+FBS4-OH10, for alpha-hydroxytamoxifen). Cross-

resistance to n-desmethyltamoxifen was the only metabolite that seemed to show 

preference to cell lines that had been grown in the absence of oestrogen (those 

in either +CS or -CS media).  

 

When all six 4-OH resistant cell lines are grouped into media conditions, the 

average (Z)-4-OH-tamoxifen IC50 values are as follows (in µM): +FBS: 6.22 ± 

1.38, -FBS: 6.12 ± 1.26, +CS: 5.59 ± 1.20, -CS: 6.43 ± 0.92. The parental 

counterparts: +FBS: 2.99 ±1.79, -FBS: 2.53 ± 1.50, +CS: 3.83 ± 1.00, -CS: 3.42 

± 3.42. The average fold changes are as follows: +FBS 2.1 ± 0.79 , -FBS:  3.1 ± 

1.1 , +CS: 2.23 ± 0.46 , -CS:  3.1 ± 0.47 .
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Figure 4.10: (A) (Z)-4-OH-tamoxifen IC50 values experimentally obtained from the originating 
parental cell lines (n=3, mean +/-SD) and the tamoxifen-resistant sub-lines generated in this 
chapter (n=1, as this is reprehensive of the most recent IC50 data only), indicated on the y-axis of 
the graphs. The graph is colour coded for the cell line that the data is related to. Blue coloured 
bar = resistant sub-line generated in conditions containing charcoal-stripped FBS, Red coloured 
bar = resistant sub-line generated in conditions containing FBS. (B)  Fold change values obtained 
from (A) that have been calculated relative to the control parental from that particular cell line 
(coloured in black, and equal to 1).  Horizontal blue line marks when x=0.5, whilst horizontal red 
line marks where x=2. A value below 0.5 indicates sensitivity to the compound, whereas a value 
above 2 indicates resistance.  Bars are coloured to reflect this – blue = sensitive. 
 
 
18/20 of the (Z)-4-OH-tamoxifen resistant cell lines showed cross resistance to 

tamoxifen (fig. 4.11). Here we  evaluate cross-resistance by a fold change value 

greater than 2. This is the compound that has the greatest number of (Z)-4-OH-

tamoxifen-resistant sublines to show cross-resistance to. This is the strongest 

trend that can be taken from the data in this section. In section 3, it was shown 

that although tamoxifen is thought to have a vastly reduced potency compared to 

its ‘active’ metabolites (Chang, 2012), cell viability data shows that it has an active 

concentration range relatively similar to these metabolites that are thought to be 

more active. This is also likely either explained by underestimated similarities in 

binding efficacies or due to metabolic conversion of tamoxifen within the breast 

cancer cells themselves. They are known to express low levels of the CYP450s 

that are responsible for these conversions (Mitra et al., 2011). This same trend 

can be seen between cellular responses to tamoxifen and (Z)-4-OH-tamoxifen in 

the 4-OH resistant sublines, indicating that although the 4-OH resistant sublines 

show reduced sensitivity to (Z)-OH-tamoxifen compared to the parental lines, it 

does not affect the trend in relationship between response to tamoxifen and (Z)-
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4-OH-tamoxifen. As a large degree of cross-resistance is seen between these 

two compounds, and not with the other tamoxifen metabolites (fig 4.12, 13 &14). 

Figure 1.8, and Cronin-Fenton, Damkier and Lash, (2014) describes the CYP450 

enzymes involved in metabolism of tamoxifen. Tamoxifen can be metabolised to 

either N-desmethyltamoxifen (largely by CYP3A4) or 4-OH-tamoxifen (largely by 

CYP2D6) first. Then, both of these compounds are converted into endoxifen. 

Perhaps this relationship between cellular response to tamoxifen and (Z)-OH-

tamoxifen may be due to naturally higher levels of CYP2D6 in the cell lines.  

 

Fig 3.22 (tamoxifen IC50s) from the previous chapter chow all IC50 values for the 

MCF7 cell line to be comparatively higher than the other cell line groups (perhaps 

showing some intrinsic resistance – oestrogen deprivation had no effect on this). 

Both MCF7 (Z)-4-OH-tamoxifen resistant sublines do not have a fold change >2 

compared to their parental cell lines, therefore are not considered cross-resistant 

by adaptation to growth in the presence of (Z)-4-OH-tamoxifen. Fig 3.22 also 

shows the CAMA-1-FBS, CAMA-1+CS and CAMA-1-cs sublines to show sensitivity 

to tamoxifen (FC<0.5), but in the 4-OH adapted sublines they are the only subline 

in the group to show cross-resistance to tamoxifen (FC>2) – showing a reversal 

in response due to drug resistance.  

 

When all six 4-OH resistant cell lines are grouped into media conditions, the 

average tamoxifen IC50 values are as follows (in µM): +FBS: 6.22 ± 1.38, -FBS: 

6.12 ± 1.25, +CS: 5.59 ± 1.20, -CS:  6.44 ± 0.92. Parental counterparts: +FBS: 

3.6 ± 2.22, -FBS: 2.7 ± 2.20, +CS: 3.3 ± 1.86, -CS: 2.9 ± 2.02. The average fold 

changes are as follows: +FBS  1.2 ± 0.5, -FBS: 1.36 ± 0.23 , +CS: 1.2 ± 0.26 , -

CS: 1.3 ± 0.2. 
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Figure 4.11: (A) Tamoxifen IC50 values experimentally obtained from the originating parental cell 
lines (n=3 +/-SD) and the tamoxifen-resistant sub-lines generated in this chapter (n=1, as this is 
reprehensive of the most recent IC50 data only), indicated on the y-axis of the graphs. The graph 
is colour coded for the cell line that the data is related to. Blue coloured bar = resistant sub-line 
generated in conditions containing charcoal-stripped FBS, Red coloured bar = resistant sub-line 
generated in conditions containing FBS. (B)  Fold change values obtained from (A) that have 
been calculated relative to the control parental from that particular cell line (coloured in black, and 
equal to 1).  Horizontal blue line marks when x=0.5, whilst horizontal red line marks where x=2. 
A value below 0.5 indicates sensitivity to the compound, whereas a value above 2 indicates 
resistance.  Bars are coloured to reflect this – blue = sensitive. 
 
 
Only 3/22 sublines showed cross-resistance to alpha-hydroxytamoxifen (MDA-

MB-468R+FBS4-OH10, MCF7R+FBS4-OH10 and MCF7R-FBS4-OH10; fig. 4.12). The 

MCF7R-FBS4-OH10 subline also shares this increased IC50 value over the time 

course of resistance development (see appendix II), so this result is not an 

anomaly. As discussed in chapter 3, this metabolite presents the highest IC50 

values of all the metabolites assessed. 

 

When all six 4-OH resistant cell lines are grouped into media conditions, the 

average tamoxifen IC50 values are as follows (in µM): +FBS: 39.75 ± 7.96, -FBS: 

45.33 ± 14.9, +CS: 42.7 ± 6.7, -CS:  33.02 ± 4.28.  Parental values are as follows: 

+FBS: 38.35 ±3.18, -FBS: 38.25 ± 3.5, +CS: 35.36 ±1.45, -CS: 33.27 ± 3.77. This 

shows little difference in response to alpha-hydroxytamoxifen, regardless of 

resistance to (Z)-4-OH-tamoxifen.  Slight differences in fold change that can be 

seen in fig 4.12B are cell line specific (BT-474 and T47D), media conditions do 

not seem to affect this.  The average fold changes are as follows: +FBS 1.6 ± 

0.32, -FBS: 1.31 ± 0.19 , +CS: 1.76 ± 0.4, -CS: 1.41 ± 0.29.
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Figure 4.12: (A) Alpha-hydroxytamoxifen IC50 values experimentally obtained from the originating 
parental cell lines (black; n=3 +/-SD) and the tamoxifen-resistant sub-lines generated in this 
chapter (n=1, as this is reprehensive of the most recent IC50 data only), indicated on the y-axis of 
the graphs. The graph is colour coded for the cell line that the data is related to. Blue coloured 
bar = resistant sub-line generated in conditions containing charcoal-stripped FBS, Red coloured 
bar = resistant sub-line generated in conditions containing FBS. Asterix* marks data points that 
went above the maximum drug dilution of the viability assay (B)  Fold change values obtained 
from (A) that have been calculated relative to the control parental from that particular cell line 
(coloured in black, and equal to 1).  Horizontal blue line marks when x=0.5, whilst horizontal red 
line marks where x=2. A value below 0.5 indicates sensitivity to the compound, whereas a value 
above 2 indicates resistance.  Bars are coloured to reflect this – blue = sensitive. 
 
 
The comparable data for endoxifen in chapter 3 (Fig. 3.25) displays only two cell 

lines to show decreased sensitivity to endoxifen T47D-CS and T47D-FBS. These 

two cell lines also show decreased sensitivity to endoxifen in their tamoxifen-

resistant counterparts (FC>2) – given this was seen as a result of the change in 

growth conditions in the previous chapter, it is likely also due to media condition 

adapted to, rather than drug exposure, in the context of tamoxifen-resistance. In 

light of this, 3/22 4-OH sublines were cross-resistant to endoxifen (MDA-MB-

468R-CS4-OH10, MDA-MB-468R+CS4-OH10, MDA-MB-468R+FBS4-OH10).   

 
When all six 4-OH resistant cell lines are grouped into media conditions, the 

average endoxifen IC50 values are as follows (in µM): +FBS: 7.42 ± 0.72, -FBS: 

9.95 ± 0.56, +CS: 9.17 ± 1.71, -CS: 8.61 ± 1.42. Parental lines are: 7.15 ± 3.28, 

-FBS: 8.10 ± 2.22, +CS: 7.40 ± 2.1, -CS: 7.16 ± 0.93. The average fold changes 

are as follows: +FBS 1.26 ± 0.14 , -FBS: 1.48 ± 0.32, +CS: 2.5 ± 0.66, -CS:  2.7 

± 0.61.
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Figure 4.13: (A) Endoxifen IC50 values experimentally obtained from the originating parental cell 
lines (n=3 +/-SD) and the tamoxifen-resistant sub-lines generated in this chapter (n=1, as this is 
reprehensive of the most recent IC50 data only), indicated on the y-axis of the graphs. The graph 
is colour coded for the cell line that the data is related to. Blue coloured bar = resistant sub-line 
generated in conditions containing charcoal-stripped FBS, Red coloured bar = resistant sub-line 
generated in conditions containing FBS. (B)  Fold change values obtained from (A) that have 
been calculated relative to the control parental from that particular cell line (coloured in black, and 
equal to 1).  Horizontal blue line marks when x=0.5, whilst horizontal red line marks where x=2. 
A value below 0.5 indicates sensitivity to the compound, whereas a value above 2 indicates 
resistance.  Bars are coloured to reflect this – blue = sensitive. 
 
 
Before response to the final metabolite is discussed, the directionality or order of 

metabolism to form these compounds from the parental drug should be 

reiterated; dependent on the most prevalent CYP450 to facilitate transformation, 

n-desmethyltamoxifen and (Z)-4-OH-tamoxifen are separately produced, which 

are both later converted to endoxifen by second pass metabolism (Cronin-

Fenton, Damkier and Lash, 2014). It is interesting to consider the effects of these 

two former compounds compared to the later for this reason. It is not clear from 

literature how long these individual compounds are bioavailable for, but much 

emphasis is placed on serum concentrations of endoxifen for treatment success 

(Ahmad et al., 2010; Helland et al., 2017). Fig 4.14 shows us that far more cell 

lines are cross-resistant to n-desmethyltamoxifen (10/22) than to endoxifen (3/22) 

in the advent of resistance to (Z)-4-OH-tamoxifen. Furthermore, in chapter 3 we 

saw that n-desmethyltamoxifen was the only metabolite to show trend in 

difference in response across many of the sublines used (that was influenced by 

growth hormone deprivation) – compared to the rather more heterogeneous 
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response seen with the other compounds. This is an interesting observation as 

this trend appears to be reversed by the addition of adaptation to growth in the 

presence of (Z)-4-OH-tamoxifen as the same hormone deprived parental 

sublines that showed increased sensitivity to n-desmethyltamoxifen in chapter 3 

(fig 3.26B, can also be seen in fig 4.14B), present with a decreased sensitivity to 

this compound in these conditions here (fig 4.14). This presents the question, 

would n-desmethyltamoxifen be a successful treatment option in 

postmenopausal women that would mimic the same conditions that our AI 

adapted model does initially?  

  

When all six 4-OH resistant cell lines are grouped into media conditions, the 

average n-desmethyltamoxifen IC50 values are as follows (in µM): +FBS: 8.61 ± 

0.96, -FBS: 8.39 ± 1.38, +CS: 7.92 ± 1.76, -CS: 8.2 ± 1.46. Parental lines are: 

+FBS: 7.65 ± 0.96, -FBS: 7.02 ± 2.05, +CS: 6.71 ± 2.22, -CS: 3.99 ± 2.67. The 

only apparent difference with these figures is the switch from increased sensitivity 

of the parental cell lines to n-desmethyltamoxifen in our model for resistance to 

AIs, to a more consistent response across all levels of oestrogenic stimulation in 

our model for tamoxifen resistance. The average fold changes are as follows: 

+FBS 0.84 ± 0.34 , -FBS: 0.66 ± 0.38 , +CS: 3.4 ± 2.66 , -CS: 2.43 ± 1.59 .
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Figure 4.14: (A) N-desmethyltamoxifen IC50 values experimentally obtained from the originating 
parental cell lines (n=3 +/-SD) and the tamoxifen-resistant sub-lines generated in this chapter 
(n=1, as this is reprehensive of the most recent IC50 data only), indicated on the y-axis of the 
graphs. The graph is colour coded for the cell line that the data is related to. Blue coloured bar = 
resistant sub-line generated in conditions containing charcoal-stripped FBS, Red coloured bar = 
resistant sub-line generated in conditions containing FBS. (B)  Fold change values obtained from 
(A) that have been calculated relative to the control parental from that particular cell line (coloured 
in black, and equal to 1).  Horizontal blue line marks when x=0.5, whilst horizontal red line marks 
where x=2. A value below 0.5 indicates sensitivity to the compound, whereas a value above 2 
indicates resistance.  Bars are coloured to reflect this – blue = sensitive.
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4.2.5: Qualitative evaluation of ERa and ERb expression in tamoxifen-
resistant sub-lines 
 

The immunofluorescence images in figures 4.15-4.20 show varying localities of 

both oestrogen receptor isoforms across the 6 originating cell lines. As a 

generalisation, there does not appear to be any obvious trend between media 

type cultivated in and locality of the two receptors – the locality of the receptors 

appears to be cell-line specific, but trends can be seen within the individual sets 

of cell lines. The table below contains a summary of the conclusions that can be 

made from the observed locations of the oestrogen receptors. 

 

Table 4.3 summarises the observations that can be made from figure 4.15-4.20. 

 

Figure Cell Line Observation 

4.15 MCF7R4-OH10 ERb in punctate spots within the 
nucleus in -FBS only, generally 
clustered around the nucleus in both 
media conditions otherwise in similar 
location to endoplasmic reticulum 
within the cell. No nuclear localisation 
for ERa in either. Overlay looks 
generally red for predominant ERa 
expression.  

4.16 BT-474 R4-OH6 +FBS/-FBS look very similar for ERa, 
no nuclear localisation, generally 
clustered on the cell membrane. All 
sub-lines have no obvious nuclear 
localisation for ERb, mostly 
cytoplasmic localisation. Overlay looks 
generally green, for predominant ERb 
expression. 

4.17 EFM-19 R4-OH6 Only nuclear localisation for -CS 
condition for both ERa and ERb. +FBS 
image is a good example of how the 
population of cells is polyclonal, two of 
the cells have lower expression than a 
neighbouring two for both ERs. Mainly 
cytoplasmic localisation for all cell 
lines, not obvious membrane 
localisation.  

4.18 T47D R4-OH6 Nuclear localisation for both ERs in 
+CS/-CS conditions only. Mainly 
cytoplasmic locality for all conditions. 
Overlay is generally red for 
predominant ERa expression. 
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4.19 CAMA-1R4-OH10 Mainly nuclear localisation for all cell 
lines, some membrane localisation. 
This cell line showed relatively little 
cytoplasmic localisation compared to 
the other cell line groups. Overlay is 
predominantly green for ERb 
expression preference.  

4.20 MDA-MB-468R4-OH10 More nuclear localisation in +FBS/-
FBS conditions. Localisation is mainly 
cytoplasmic. Overlay images are 
predominantly red for ERa expression.  

Table 4.3: Comments on observations made on oestrogen receptor locality from 
immunofluorescence images of the tamoxifen-resistant sub-lines and the effect of growth in 
oestrogen-deprived conditions on this.  
 

 

Although all parameters of the confocal microscope used to capture the 

immunofluorescence images were kept constant, such as laser power, 

magnification (as this would affect the area of the cell used to calculate the 

intensity of it relative to its size) and post-imaging processing, expression of ERa 

and ERb shouldn’t be compared directly. The antibodies used for the 

experimental procedure are not equal in single molecule florescence intensity 

when stimulated by the lasers of the confocal microscope. This was unfortunately 

unavoidable. The changes between individual ER isoform expression however, 

can be commented on. 
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Figure 4.15: 
Representative 
immunofluorescence 
images of an N=6 
images of the MCF-7r4-
OH tamoxifen-resistant 
cell line and all phenol 
red/growth hormone 
deprived sub-lines as 
indicated by the 
labelling on the left 
hand side of the figure. 
Lanes are divided into 
single channels and 
labelled appropriately. 
RED - ERa, GREEN - 
ERb, BLUE – 
DAPI/nucleic acids. 
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Figure 4.16: 
Representative 
immunofluorescence 
images of an N=6 
images of the BT-474r4-
OH tamoxifen-resistant 
cell line and all phenol 
red/growth hormone 
deprived sub-lines as 
indicated by the 
labelling on the left 
hand side of the figure. 
Lanes are divided into 
single channels and 
labelled appropriately. 
RED - ERa, GREEN - 
ERb, BLUE – 
DAPI/nucleic acids. 
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Figure 4.17: 
Representative 
immunofluorescence 
images of an N=6 
images of the EFM-
19r4-OH tamoxifen-
resistant cell line and all 
phenol red/growth 
hormone deprived sub-
lines as indicated by the 
labelling on the left 
hand side of the figure. 
Lanes are divided into 
single channels and 
labelled appropriately. 
RED - ERa, GREEN - 
ERb, BLUE – 
DAPI/nucleic acids. 
Scale bar is 
representative of 10 
microns. 
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Figure 4.18: 
Representative 
immunofluorescence 
images of an N=6 
images of the T47Dr4-
OH tamoxifen-resistant 
cell line and all phenol 
red/growth hormone 
deprived sub-lines as 
indicated by the 
labelling on the left 
hand side of the figure. 
Lanes are divided into 
single channels and 
labelled appropriately. 
RED - ERa, GREEN - 
ERb, BLUE – 
DAPI/nucleic acids. 
Scale bar is 
representative of 10 
microns. 
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Figure 4.19: 
Representative 
immunofluorescence 
images of an N=6 
images of the CAMA-
1r4-OH tamoxifen-
resistant cell line and all 
phenol red/growth 
hormone deprived sub-
lines as indicated by the 
labelling on the left 
hand side of the figure. 
Lanes are divided into 
single channels and 
labelled appropriately. 
RED - ERa, GREEN - 
ERb, BLUE – 
DAPI/nucleic acids. 
Scale bar is 
representative of 10 
microns. 
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Figure 4.20: 
Representative 
immunofluorescence 
images of an N=6 
images of the BT-474r4-
OH tamoxifen-resistant 
cell line and all phenol 
red/growth hormone 
deprived sub-lines as 
indicated by the 
labelling on the left 
hand side of the figure. 
Lanes are divided into 
single channels and 
labelled appropriately. 
RED - ERa, GREEN - 
ERb, BLUE – 
DAPI/nucleic acids. 
Scale bar is 
representative of 10 
microns. 
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4.2.6: Quantification of ERa and ERb expression in the tamoxifen-resistant 
sub-lines 
 
In parallel to the evaluation of our AI resistant model in chapter 3, figures 4.15-

4.20, above, show a representative image from n=6 images taken of each 

tamoxifen-resistant cell line, of ER expression in our cell lines. These are  

separated into appropriately labelled differentially phenol red/hormone deprived 

sub-lines. The figures contain a breakdown of the individual fluorophore channels 

(from the confocal microscope imaging software) that rendered images of ERa 

and ERb, along with an overlay of the two and a separate channel for nucleic acid 

staining with DAPI. Further elaboration of the immunofluorescence and imaging 

protocols can be found in section 2.2.5. Figures 4.21 and 4.22, below, show the 

quantification of average cellular fluorescence intensity that have been 

ascertained using ImageJ software from these images. These have been 

normalised for autofluorescence and non-specific antibody binding by subtracting 

the fluorescence intensity of appropriate negative controls. Furthermore, these 

figures also contain graphs representing the fold changes in intensity seen 

compared to the appropriate control originator parental cell line – for example, 

the CAMA-1r4-OH+FBS cell line has been compared to the CAMA-1+FBS parental 

cell line and the CAMA-1r4-OH+CS resistant sub-line has also been compared to 

the parental CAMA-1+FBS cell line, as well as being compared to its same media 

parental counterpart, CAMA-1+CS.  

 

Although all parameters of the confocal microscope used to capture the 

immunofluorescence images were kept constant, such as laser power, 

magnification (as this would affect the area of the cell used to calculate the 

intensity of it relative to its size) and post-imaging processing, expression of ERa 

and ERb shouldn’t be compared directly. The antibodies used for the 

experimental procedure are not equal in single molecule florescence intensity 

when stimulated by the lasers of the confocal microscope. This was unfortunately 

unavoidable. The changes between individual ER isoform expression however, 

can be commented on. 

 

When visually inspecting both figures 4.21Bi)and ii) (ERa) and 4.22Bi) and ii) 

(ERb) the changes in levels of expression ER appear to be cell-line specific and 
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vary from general upregulation or downregulation of the receptors as a response 

to drug adaptation. These figures show changes relative to their parental cell lines 

that are grown in +FBS conditions. Fig 4.21B shows upregulation of ERa in 

MCF7, T47D and MDA-MB-468, downregulation in the BT-474 and CAMA-1 cell 

lines, and no change in the EFM-19 cell line. This is based on fold changes of 

receptor expression deviating from 1, to either fall below 0.5 or increase above 2. 

 

There is a switch in this trend for expression of ERb. The MCF7, EFM-19, T47D 

and CAMA-1 cell lines all show a decrease in ERb expression compared to the 

+FBS parental cell line, which is not seen in oestrogen deprivation alone from the 

previous chapter (fig 3.21B). No notable change in ERb expression was seen in 

cell lines from oestrogen deprivation alone. This may highlight an important 

difference between resistance to aromatase inhibitors and resistance to 

tamoxifen.  

 

As well as looking at general trends in receptor expression changes for the cell 

lines, the figures in question below (4.21 and 4.22) are also divided into receptor 

expression for the whole cell and for the nucleus alone, in an attempt to quantify 

receptor localisation. We saw in the previous chapter, and in the parental cell 

lines counterparts to those in this chapter, that receptor expression was generally 

ubiquitous throughout the cell, with the exception of the CAMA-1 cell line that 

showed some preference for nuclear localisation. Comparing the fold changes 

for the cell lines, with regards to nuclear localisation for ERa, the cell lines do not 

appear to display any shift in trend in preference for either cytoplasmic or nuclear 

localisation, aside from the T47D and the MDA-MB-468 set of cell lines that show 

a decrease in nuclear localisation, compared to whole cell. Particularly all media 

conditions aside from +FBS for T47D.  
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Figure 4.21: Fluorescence intensity of ERa in each of the tamoxifen-resistant breast cancer cell 
lines and all of the oestrogen/phenol red deprived tamoxifen-resistant sub-lines generated also. 
A) Whole cell fluorescence, B) Nuclear only expression, i) fluorescence intensity values, ii) fold 
change in fluorescence intensity values respectively.  Data points are representative of the 
average of n=6 images per cell line, and of the average intensity of a single cell. Each data point 
is therefore roughly representative of the intensity of 50 individual cells. Error bars are 
representative of +/-SD. Statistical analysis was conducted using two-way ANOVA with bonferroni 
correction (**** - p<0.0001)(*** - p<0.001)(** - p<0.01)(* - p<0.05) – data points were compared 
to originating +FBS cell line for statistical analysis.  (B) Plotted fold changes from fluorescence 
intensity of originating +FBS parental control cell line. Horizontal lines indicate 0.5 on the y-axis.  
 
 

Figure 4.22 below shows fluorescence intensity and fold change values for this 

for  ERb. In the previous chapter, we saw that ERb expression, like that of ERa 

remained generally ubiquitously localised throughout the cell. Comparing Ai) and 

Bi) shows us that there are some notable differences in localisation with regards 

to this isoform of the receptor. Decreases in nuclear localisation can be seen in 

various media conditions in the BT-474r4-OH and CAMA-1r4-OH cell line groups, 

and increases can be seen , specifically in the growth hormone deprived 

conditions of the EFM-19r4-OH and T47Dr4-OH cell lines.  These points pertain 

specifically to the raw fluorescence intensity values. However , when addressing 

the fold change values in Aii) and Bii)  (which compares to the originating +FBS 

control cell line), marked decreases in expression can be seen across the cell 

line groups when compared to the whole cell fluorescence fold changes. This 
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may suggest that a decrease in nuclear localisation of ERb may be a factor in 

tamoxifen resistance.
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Figure 4.22: Fluorescence intensity of ERb in each of the tamoxifen-resistant breast cancer cell 
lines and all of the oestrogen/phenol red deprived tamoxifen-resistant sub-lines generated also. 
A) Whole cell fluorescence, B) Nuclear only expression, i) fluorescence intensity values, ii) fold 
change in fluorescence intensity values respectively.   Data points are representative of the 
average of n=6 images per cell line, and of the average intensity of a single cell. Each data point 
is therefore roughly representative of the intensity of 50 individual cells. Error bars are 
representative of +/-SD. Statistical analysis was conducted using two-way ANOVA with bonferroni 
correction (**** - p<0.0001)(*** - p<0.001)(** - p<0.01)(* - p<0.05) – data points were compared 
to originating +FBS cell line for statistical analysis.  (B) Plotted fold changes from fluorescence 
intensity of originating +FBS parental control cell line. Horizontal lines indicate 0.5 and 2 on the 
y-axis.  
 

Furthermore, the fluorescence intensity data plotted in figures 3.21, and 4.22 

(above) were used to calculate the ratio of expression between whole cell and 

nuclear only. A value below 1 is indicative of a preference for nuclear localisation 

within the cell. Looking at the data displayed in figure 4.23, below, it is evident 

that a number of the drug resistant cell lines have values above 1 for the ratio of 

ERa, yet not greatly above a value of 1 - suggesting that cytoplasmic localisation 

may show a preference, but not greatly if this is the case. This description would 

also fit when looking at the ratios of ERb. The most notable point to be observed 

from this figure, is an increased ratio of the CAMA-1 cell lines, for both expression 

of ERa and ERb. Suggesting that nuclear localisation is not preferred in the drug-

resistant lines, like it is in the parental counterparts.  
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Figure 4.23: (A) Fluorescence intensity ratios of ERa (A) and ERb (B) in each of the tamoxifen-
resistant breast cancer cell lines and all of the oestrogen/phenol red deprived tamoxifen-resistant 
sub-lines generated also. Data points are representative of the average of the data obtained from 
n=6 images per cell line, and of the average intensity of the whole cell divided by the average 
intensity of the nuclear only reading. Values below one are indicative of a preference for nuclear 
localisation. Colour coding is consistent with the media condition in which the cell line was 
cultivated in.  
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4.2.7: Stability of drug-resistance to (Z)-4-OH-tamoxifen, tamoxifen and 
tamoxifen metabolites after cryopreservation 
 
There is a wealth of information in literature surrounding the effect that 

cryopreservation has on cells, particularly on clinical samples used for 

characterisation and preservation of other biological components used for 

industrial purposes (Schumacher, Westphal and Heine-Dobbernack, 2015; 

Westfalewicz, Dietrich and Ciereszko, 2015; Conde et al., 2016). Slight negative 

effects have been reported with regards to the use of previously cryopreserved 

clinical samples for diagnostics or characterisation compared to fresh samples, 

but these generally pertain to losses of cell viability with samples that contain 

small amounts of target cells (like circulating tumour cells in blood samples for 

example)  (Nejlund et al., 2016), but very little information is available on the effect 

that cryopreservation has on drug-resistance status of mammalian cell lines. 

Figures 4.24 and 4.25, below, show IC50 fold change values from their respective 

parental cell lines for all tamoxifen resistant sub-lines generated, after undergoing 

cryopreservation on two separate occasions and lengths of time into the 

adaptation process. MTT viability assays were performed one month after 

resuscitation, after culture in the presence of drug had been reintroduced. Figures 

4.24 and 4.25 show data for tamoxifen, and the clinically relevant metabolites 

from January 2018 (one year after beginning to generate the resistant sub-lines) 

and January 2019 (two years after beginning to generate the resistant sub-lines) 

respectively.  

 

In order for resistance to be deemed ‘stable’, meaning that the cell lines can 

endure the process of cryopreservation without losing resistance to the drug, the 

fold change difference between the cryopreserved cells and non-cryopreserved 

cells must remain at value of 1. There is nothing in currently existing literature 

that documents any evaluation of resistance retainment to tamoxifen after 

cryopreservation. Far more cell lines retained cryopreservation naïve cell 

response values to tamoxifen, alpha-hydroxytamoxifen, endoxifen and n-

desmethyltamoxifen in 2019 compared to 2018. If there is no data point for a cell 

line – it means that the sub-line did not recover from the resuscitation process at 

all and was discarded. Fewer sub-lines retained the same level of response to 

(Z)-4-OH-tamoxifen compared to cryopreservation naïve cells, however than to 
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the other metabolites – further investigation into the cause of this would be 

needed to suggest why.  

 

Commenting on the most recent cryopreservation data (figure 4.24; from early 

2019), cell lines that retained resistance to (Z)-4-OH-tamoxifen after 

cryopreservation, also retained the same level of response to the other 

metabolites, none gained resistance compared to cryopreservation naïve sub-

lines. The BT-474 and T47D cell lines appeared to be more susceptible to a 

reduction fold change in response to all metabolites relative to naïve cells.  

 

This experiment was performed to highlight the necessity of confirming drug 

resistance before any experimentation on drug-resistant cell lines, as these are 

often shared between research labs, and therefore cryopreserved for 

transportation. Here we have shown that this process has the potential to 

drastically alter drug-resistance status. 
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Figure 4.24: This set of data was obtained from cell lines that were banked down during the ‘early 2018’ stage of cell line development. Fold changes calculated from 
experimentally obtained tamoxifen/tamoxifen metabolite IC50 values for each of the tamoxifen-resistant cell lines. Red = resistant sub-line IC50 fold change from the 
resistant cell line that had previously been cryopreserved. Black =resistant cell line that has not previously been cryopreserved, this will always be equal to 1. Control 
IC50 values (those that were not previously cryopreserved, coloured in black) were obtained simultaneously to the drug-resistant sub-lines. Horizontal blue line marks 
when x=0.5, whilst horizontal red line marks where x=2. A value below 0.5 indicates sensitivity to the compound, whereas a value above 2 indicates resistance.  
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Figure 4.25: This set of data was obtained from cell lines that were banked down during the ‘early 2019’ stage of cell line development Fold changes calculated from 
experimentally obtained tamoxifen/tamoxifen metabolite IC50 values for each of the tamoxifen-resistant cell lines. Red = resistant sub-line IC50 fold change from the 
resistant cell line that had previously been cryopreserved. Black =resistant cell line that has not previously been cryopreserved, this will always be equal to 1. Control 
IC50 values (those that were not previously cryopreserved, coloured in black) were obtained simultaneously to the drug-resistant sub-lines. Horizontal blue line marks 
when x=0.5, whilst horizontal red line marks where x=2. A value below 0.5 indicates sensitivity to the compound, whereas a value above 2 indicates resistance. 
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4.2.8: Response to other commonly used chemotherapeutics used to treat 
breast cancer 
 
Here, like in the previous chapter, we investigated the response of the cell lines 

to 2-methoxyoestroadiol (a drug that is a known agonist of GPER1 and a known 

tubulin-binding agent), olaparib (PARP inhibitor) and vincristine (tubulin binding 

agent) (D’Amato et al., 1994; Dumontet and Jordan, 2010; Kamel et al., 2018). 

 

Cross-resistance to 2-methoxyoestradiol is seen in 14 of the 20 confirmed 

tamoxifen-resistant cell lines – suggesting that the causative factors for tamoxifen 

resistance in these cells may be directly or indirectly inferring cross-resistance to 

2-methoxyoestradiol - further investigation would be required to confirm or deny 

this. A suggestion for future work on this topic would be quantitative evaluation of 

GPER1 function and expression, and how these change in response to 

tamoxifen-resistance. Response to 2-methoxyoestradiol was evaluated in the 

oestrogen-deprived parental cell lines in chapter 3 (figure 3.27) and fewer cell 

lines were resistant to 2-methoxyoestradiol than seen here in figure 4.26 that 

refers to tamoxifen-resistant sub-lines. For the cell lines that were seen to be 

resistant in figure 3.27, 4/5 of them were generated in the absence of endogenous 

oestrogens in culture media - suggesting that resistance to aromatase inhibitors 

may also have an effect of reduced sensitivity to 2-methoxyoestradiol. The MCF7 

cell lines presented a much higher IC50 value compared to the other cell lines in 

the previous chapter, perhaps suggesting it possesses intrinsic mechanisms of 

resistance to 2-methoxyoestradiol (as can be seen in fig. 4.26A). This cell line is 

the only one to show increased sensitivity here, suggesting that adapted growth 

to (Z)-4-OH-tamoxifen induces sensitivity. There is no obvious trend throughout 

the cell lines presented by the presence of phenol red.  

 

When all six 4-OH resistant cell lines are grouped into media conditions, the 

average 2-methoxyoestradiol IC50 values are as follows (in µM): +FBS: 13.47 ± 

26.03, -FBS: 17.7 ± 26.03, +CS: 24.48 ± 35.12, -CS: 19.73 ± 40.94. The parental 

counterparts: +FBS: 2.51 ± 4.3 -FBS: 2.03 ± 3.6, +CS: 18.05 ± 42.77, -CS: 15.07 

± 34.26. High standard deviations highlight a great deal of variability of response 

between the cell lines, but average IC50 values of the  parental cell lines are lower 

than those of their tamoxifen resistant counterparts. The average fold changes 
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are as follows: +FBS 0.84 ± 6.1, -FBS: 5.73 ± 5.84, +CS: 31.94 ± 19.94, -CS: 

20.13 ± 1.57. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.26: (A) 2-Methoxyoestradiol IC50 values experimentally obtained from the originating 
parental cell lines (n=3 +/-SD) and the tamoxifen-resistant sub-lines generated in this chapter 
(n=1, as this is reprehensive of the most recent IC50 data only), indicated on the y-axis of the 
graphs. The graph is colour coded for the cell line that the data is related to. Blue coloured bar = 
resistant sub-line generated in conditions containing charcoal-stripped FBS, Red coloured bar = 
resistant sub-line generated in conditions containing FBS. (B)  Fold change values obtained from 
(A) that have been calculated relative to the control parental from that particular cell line (coloured 
in black, and equal to 1).  Horizontal blue line marks when x=0.5, whilst horizontal red line marks 
where x=2. A value below 0.5 indicates sensitivity to the compound, whereas a value above 2 
indicates resistance.  Bars are coloured to reflect this – blue = sensitive. Asterisks mark the colour 
of the bar if data point was too small to be made interpretable by eye. 
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As previously discussed in section 3.2.7 microtubule-interfering drugs, such as 

vincristine, are commonly used in the treatment of many cancers, including 

leukaemia/lymphoma, non-small cell lung cancer and metastatic breast cancer 

(Park et al., 2016). Microtubule-binding agents are one of the oldest and most 

diverse families of compounds in the context of anti-cancer therapeutics. 

Vincristine, which binds to the vinca site of microtubules, is an example of this 

(Dumontet and Jordan, 2010). 

 

Looking at the data in figure 4.27, below there is no obvious trend in response 

from the media condition that the sub-line was cultivated in, nor are there a large 

number of tamoxifen-resistant sub-lines that are cross-resistant to vincristine 

(6/22). Aside from this trend, the MCF-7 cell line in particular does show cross-

resistance to vincristine in both of the tamoxifen-resistant sub-lines. The 

oestrogen-deprived parental counterparts of these cell lines from chapter 3, are 

also resistant to vincristine, suggesting that there may be a common cellular 

adaptation of a change to tubulin organisation/mechanism of resistance to 

vincristine between oestrogen starvation and resistance to inhibition of oestrogen 

receptors. It may be a commonality between transport of the drug into/out of the 

cell, and therefore a question of access to the drug to its target. Its effect on cell 

lines with acquired tamoxifen-resistance has not been reported in literature. 

 

In chapter 3, the MCF7+FBS and MCF7-FBS cell lines did not show cross-resistance 

between 2-methoxyoestroadiol and vincristine compared to its parental cell line 

(fig. 3.27 and 3.28). The (Z)-4-OH-tamoxifen resistant subline counterparts show 

increased response to both of these compounds, in opposing fashions. They 

show sensitivity to 2-methoxyoestradiol, but resistance to vincristine. Therefore 

this cell line presents as an interesting model to study the effect of 2-

methoxyoestradiol and the proportion of its actions that are elicited through 

tubulin binding vs GPER1 interaction.  
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When all six 4-OH resistant cell lines are grouped into media conditions, the 

average vincristine IC50 values are as follows (in µM): +FBS: 0.5 ± 0.41, -FBS: 

1.83 ± 2.36, +CS: 1.15 ± 0.79, -CS: 0.97 ± 1.03. The parental counterparts: 0.45 

± 0.35, -FBS: 0.66 ± 0.64, +CS: 1.09 ± 1.49, -CS: 1.8 ± 2.40. No significant 

difference can be drawn from this. The average fold changes are as follows: 

+FBS 0.85 ± 0.66 , -FBS: 2.25 ± 2.1, +CS: 1.9 ± 1.7, -CS: 1.2 ± 0.7 . 

 

 

 
Figure 4.27: (A) Vincristine IC50 values experimentally obtained from the originating parental cell 
lines (n=3 +/-SD) and the tamoxifen-resistant sub-lines generated in this chapter (n=1, as this is 
reprehensive of the most recent IC50 data only), indicated on the y-axis of the graphs. The graph 
is colour coded for the cell line that the data is related to. Blue coloured bar = resistant sub-line 
generated in conditions containing charcoal-stripped FBS, Red coloured bar = resistant sub-line 
generated in conditions containing FBS. (B)  Fold change values obtained from (A) that have 
been calculated relative to the control parental from that particular cell line (coloured in black, and 
equal to 1).  Horizontal blue line marks when x=0.5, whilst horizontal red line marks where x=2. 
A value below 0.5 indicates sensitivity to the compound, whereas a value above 2 indicates 
resistance.  Bars are coloured to reflect this – blue = sensitive. Asterisks mark the colour of the 
bar if data point was too small to be made interpretable by eye.  
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Figure 4.28 shows olaparib IC50 values across the panel of tamoxifen-resistant 

cell lines. The fold changes of this relative to the originating parental cell line (fig 

4.28B) suggests that growth in the absence of endogenous oestrogen does affect 

this – as only sub-lines generated in +CS/-CS conditions are cross-resistant to 

olaparib (MDA-MB-468, CAMA-1, T47D, EFM-19 and BT-474 all either have 

+CS, -CS or both, sub-lines that qualify as resistant). Our results suggest that 

growth in the absence of oestrogen may therefore affect DNA repair in tamoxifen-

resistance. The MDA-MB-468 cell line group appears to be particularly sensitive 

to olaparib. An interesting observation can be made when comparing the fold 

changes of the cell lines that were considered sensitive to olaparib in the model 

for aromatase inhibitor resistance in the previous model – 7/12 sublines that were 

hormone deprived showed sensitivity (FC<0.5), this effect is reversed in the 

context of resistance to tamoxifen. The same sublines that were previously 

considered sensitive, are considered resistant (FC<2) in the context of (Z)-4-OH-

tamoxifen resistance.  

 

There is nothing in literature at present to report the affect PARP inhibition has 

on tamoxifen-resistant breast cancer sub-lines, nor is there anything to report the 

effect that growth hormone-depletion has. Here we show that growth-hormone 

depletion does have an effect on response to olaparib, as does direct inhibition 

of ERs.  

 

When all six 4-OH resistant cell lines are grouped into media conditions, the 

average olaparib IC50 values are as follows (in µM): +FBS: 22.10 ± 22.83, -FBS: 

18.96 ± 16.88, +CS: 32.91 ± 33.11, -CS: 35.71 ± 50.33. The parental 

counterparts: +FBS: 31.47 ± 31.1, -FBS: 30.46 ± 23.81, +CS: 18.05 ± 17.2, -CS: 

19.4 ± 17.11. High standard deviations highlight a great deal of variability that can 

be observed between the individual cell lines, average values for hormone 

deprived sublines are on average higher than those grown in the presence of 

growth hormone. The average fold changes are as follows: +FBS 0.84 ± 0.34 , -

FBS: 0.67 ± 0.39, +CS: 3.4 ± 2.66 , -CS: 2.4 ± 1.6.
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Figure 4.28: (A) Olaparib IC50 values experimentally obtained from the originating parental cell 
lines (n=3 +/-SD) and the tamoxifen-resistant sub-lines generated in this chapter (n=1, as this is 
reprehensive of the most recent IC50 data only), indicated on the y-axis of the graphs. The graph 
is colour coded for the cell line that the data is related to. Blue coloured bar = resistant sub-line 
generated in conditions containing charcoal-stripped FBS, Red coloured bar = resistant sub-line 
generated in conditions containing FBS. (B)  Fold change values obtained from (A) that have 
been calculated relative to the control parental from that particular cell line (coloured in black, and 
equal to 1).  Horizontal blue line marks when x=0.5, whilst horizontal red line marks where x=2. 
A value below 0.5 indicates sensitivity to the compound, whereas a value above 2 indicates 
resistance.  Bars are coloured to reflect this – blue = sensitive. Asterisks mark the colour of the 
bar if data point was too small to be made interpretable by eye. 
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Similarly to the tamoxifen metabolites, the response of the sub-lines to these 

other chemotherapeutics was investigated after cryopreservation (Fig. 4.29). This 

applies to the cell lines cryopreserved during the ‘early 2019’ stage of cell line 

development. Response to olaparib did not appear to be drastically altered, but 

the majority cell lines appeared to have a decreased sensitivity to both 2-

methoxyoestradiol and vincristine. Since the response to tamoxifen metabolites 

was not markedly altered after resuscitation, this may indicate that cell line 

storage in liquid nitrogen and resuscitation may impact on cellular cross-

resistance profiles beyond the drug of adaptation. 
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Figure 4.29: Fold changes calculated from experimentally obtained 2-methoxyoestradiol, olaparib and vincristine IC50 values for each of the tamoxifen-resistant cell 
lines. Red = resistant sub-line IC50 fold change from the resistant cell line that had previously been cryopreserved. Black =resistant cell line that has not previously 
been cryopreserved, this will always be equal to 1. Control IC50 values (those that were not previously cryopreserved, coloured in black) were obtained simultaneously 
to the drug-resistant sub-lines. Horizontal blue line marks when x=0.5, whilst horizontal red line marks where x=2. A value below 0.5 indicates sensitivity to the 
compound, whereas a value above 2 indicates resistance.
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4.3: Discussion 
 
4.3.1: Generation of resistant sub-lines 
The first breast cancer cell lines to be investigated for intrinsic mechanisms of 

resistance to tamoxifen were created in 1981, when certain monoclonal 

populations of MCF7 were found to be unresponsive to growth inhibition from the 

drug (Nawata, Bronzert and Lippman, 1981). Since then, many breast cancer cell 

lines have been studied for acquired drug resistance by long-term exposure to 

tamoxifen (usually (Z)-4-OH-tamoxifen, like in this study) which has been 

documented to occur with varying protocols of tamoxifen treatment, 

concentrations and serum supplementation (Martin et al., 2011; Nass and 

Kalinski, 2015). It would therefore not be surprising to find a number of different 

mechanisms of resistance to tamoxifen in an in vitro setting, just as would be the 

case for individual breast cancer patients. Here, a comparatively large number of 

tamoxifen-resistant cell lines have been developed simultaneously, and under 

the same selection protocol during this works, which allows for the future 

opportunity to study differences in the emergence of mechanisms of tamoxifen 

resistance between individual cell lines and under different growth conditions.  

 

In this chapter, 22 (Z)-4-OH-tamoxifen resistant breast cancer sub-lines have 

been produced using the dose escalation method. It has been reported that the 

development of acquired drug-resistance in cancer cell lines can take anything 

from 3 to 18 months using this method, however, relatively little is published on 

the development of this process. It has also been reported that it is difficult to 

develop stably resistant cancer cell lines (McDermott et al., 2014). We have 

shown here that resistance to tamoxifen can be obtained in around one year – 

this has been shown to be stable in the majority of cases with MTT data over 

three timepoints (Fig 4.1C), and after cryopreservation (Fig. 4.25). This is 

provided the cells remain constantly exposed to the drug, however. Resistance 

stability has not been assessed if the cell lines are released from drug at set 

intervals.
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4.3.2: Response to Tamoxifen and Metabolites 
Similarly to the concepts discussed in chapter 3, the idea of bias to the 

physiological production of certain metabolites (because of variation in CYP450 

enzyme expression in the liver from patient to patient) having a notable 

association with cancer patient outcome has been discussed to varying degrees 

in the literature (Helland et al., 2017). Polymorphisms to these enzymes, among 

a select few others, is a candidate mechanism for resistance to tamoxifen. 

Tamoxifen, as a pro-drug, is thought elicit the majority of anti-cancer effects 

though enzymatic conversion to ‘active’ metabolites (Helland et al., 2017) – which 

is opposed to what was seen in this work, as the IC50 values for tamoxifen were 

similar to that of the other ‘active’ metabolites rather than something expected to 

have a 30-100 times lower affinity. As tamoxifen can be metabolised to an extent 

in breast tissue, CYP450 profiling of the breast cancer cell lines used in this 

chapter would be a logical next-step for this work – perhaps this would suggest a 

preference for metabolism towards n-desmethyltamoxifen or (Z)-4-OH-tamoxifen 

as these are the metabolites the tamoxifen IC50 values most closely matched.  

 

The general consensus that is to be gained from searching through literature is 

that serum concentrations of endoxifen is key, closely followed by N-

desmethyltamoxifen and (Z)-4-OH-tamoxifen for preferential response to 

tamoxifen treatment – due to them being extensively metabolised from tamoxifen 

by CYP3A4 and CYP2D6 (Ahmad et al., 2010). Looking at responses of the (Z)-

4-OH-tamoxifen resistant sub-lines to endoxifen (Fig. 4.12) and n-

desmethyltamoxifen (Fig. 4.14), most cell lines do not appear to be cross-

resistant to endoxifen. This suggests the potential for endoxifen to be used as a 

second-line anti-oestrogen therapy in the advent of resistance to tamoxifen. 

Similarities can be drawn between the resistance profiles of tamoxifen (Fig. 4.11) 

and (Z)-OH-tamoxifen (Fig. 4.10), suggesting that a mechanism of action is 

shared between these two compounds or that tamoxifen is metabolised to (Z)-4-

OH-tamoxifen within the breast cancer cell lines. Further investigation would be 

needed to investigate this.  
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The data in this chapter pertaining to response of the (Z)-4-OH-tamoxifen 

resistant cells to tamoxifen and other clinically relevant primary metabolites, is 

based on resistance to this one particular metabolite. The vast majority of 

literature that documents in vitro studies into resistance mechanisms to tamoxifen 

is based on acquired resistance to this compound (Nass and Kalinski, 2015; Gao 

et al., 2018). We saw in both chapters 3 and 4 that (Z)-4-OH-tamoxifen shows 

the lowest IC50 values of all of the metabolites tested here (fig 3.23 & 4.10), which 

is reason why this is used to model tamoxifen resistance in a variety of other 

studies. But, this may be wrong as it has always been assumed that the 

metabolites have the same effect on ERs. As we have seen in this chapter, 

resistance to one metabolite of tamoxifen does not infer resistance to the others 

investigated – this raises the question of how this would change if drug-resistance 

was generated to any of the other metabolites. This idea would be a good 

candidate for further investigation and future work.  

 

4.3.3: Oestrogen receptor expression changes as a result of acquired 
resistance to tamoxifen 
Even though oestrogen receptor expression is considered a marker for predicting 

likelihood of response to endocrine therapy, some patients that test positive for 

oestrogen receptor expression still result as unresponsive to tamoxifen (Murphy 

et al., 2002). This may be due to a remiss in differentiating between oestrogen 

receptor isoforms in the clinic. Differences in ERa and ERb expression have 

previously been proposed to be involved in tamoxifen sensitivity (Paech et al., 

1997). However, as the ER expression data in this study is only preliminary data, 

a good future study would be to sort cells into differentially highly expressing 

populations of ERa and ERb expression by flow cytometry to investigate the 

effect this has on response to tamoxifen. Another potential future investigation 

would be the use of cellular fractionation techniques, coupled with western 

blotting, the elucidate the exact cellular location and proportions of which of  
 

It has been reported that loss of ERa expression has been observed as a result 

of tamoxifen resistance in breast cancer cell lines, since the effects of tamoxifen 

are thought to primarily be mediated through this receptor (Rondon-Lagos et al., 

2016). Here we see that this can be seen in some of the cell lines, but that it is 
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specific to the individual cell line. Fig. 4.21 shows that compared to respective 

parental +FBS cell-lines, a reduction in expression was seen in the BT-474 and 

CAMA-1 cell lines, but an increase in expression was seen with MCF7, EFM-19, 

T47D and MDA-MB-468 cell lines. The location of ERs in the (Z)-4-OH-tamoxifen 

resistant sublines seems only to be affected by growth in oestrogen deprived 

conditions, this was not seen in the counterpart cell lines from chapter 3 (fig 4.15-

20)– there is nothing currently in literature that documents this.  

 
Murphy et al., (2002) and Hopp et al., (2004) discuss the observation of an 

increased amount of wild type ERb in tamoxifen sensitive cell lines compared to 

tamoxifen resistant cell lines. The data presented in this study (Fig. 4.23) also 

shows a decrease in ERb expression in a number of cell lines, but was not 

consistently influenced by media condition it is cultivated in. Clinical data states 

that patients that express high levels of ERb have a significantly better overall 

survival after tamoxifen treatment than those that do not (Mann et al., 2001). It Is 

thought that ERb has a modulatory effect in breast tissue (Hall and McDonnel, 

1999) – loss of this could also be an explanation to decreased sensitivity to 

tamoxifen, as ERa is shown to be upregulated in a number of the tamoxifen-

resistance sub-lines in this study, this could dysregulate balance with ERb in 

these cell lines. The location of ERb only seems to be affected by oestrogen 

deprivation (+CS/-CS) in the majority of cell lines during the development of 

resistance (Fig. 4.15-20). There is currently nothing in the literature to support 

this finding.  

 

Figure 4.23 looks at the ratio of whole cell: nuclear localisation of both receptor 

isoforms, we saw in this figure that both ERa and ERb expression appears to be 

slightly more highly expressed in the cytoplasm compared to the nucleus, with 

the most notable trend with this seen in the CAMA-1r4-OH. As this data is only 

preliminary, in terms of quantification, it can only be speculated what this could 

mean in terms of whether this is a potential mechanism of resistance to 

tamoxifen. As previously mentioned, subcellular fractionation techniques 

combined with western blotting would be a potential next step to aid in further 

elucidating the exact locations of these receptors and their isoforms. As for how 

localisation links to functionality of these receptors, chromatin 

immunoprecipitation could be performed to investigate the interaction of these 
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proteins with DNA, which may give further insight into the relevance of nuclear 

localisation, and gene expression (Gade and Kalvakolanu, 2012). 

 

4.3.4: Response to other anti-cancer compounds  
Here, the effect of 2-methoxyoestrodiol has been documented on the tamoxifen-

resistant cell lines (Fig. 4.26). It should be noted that this compound is also a 

known tubulin binding agent, making it impossible to accurately differentiate 

between observed effects of the drug because of GPER1 stimulation and its 

tubulin-binding properties. However, the effect that 2-methoxyoestradiol exerts 

on the tamoxifen-resistant cell lines in this work can be compared to the cell 

response data from that displayed for vincristine (another tubulin-binding agent) 

(Fig. 4.28). These compounds, or a comparison between the two, has not been 

examined in the advent of tamoxifen-resistance in literature previously. The most 

notable difference between the cell line responses to these two drugs, is from the 

(Z)-4-OH-tamoxifen resistant MCF7, which are resistant to vincristine yet more 

sensitive to 2-methoxyoestroadiol, BT-474R+CS4-OH and BT-474R-CS4-OH shows 

the inverse of this. Suggesting that the compounds have completely different 

properties. But resistance is shared between a number of the other cell lines, 

such as that of EFMr-cs4-OH6, the +FBS/-FBS MDA-MB-468r sub-lines. A more 

generalised resistance mechanism to may be responsible for observed cross 

resistance to either of these two compounds from tamoxifen. Such as an 

upregulation of drug efflux transporters that has been linked to drug-resistance in 

many tumour types (Wu et al., 2013; Li et al., 2015).  

 

More similarities are shared between these two compounds when looking at fold 

changes observed before and after cryopreservation of the tamoxifen-resistant 

sub-lines in figure 4.29. A notable decrease in sensitivity to both of these 

compounds is seen following cryopreservation which may suggest changes to 

tubulin-arrangement and accessibility as a result of cryopreservation. This has 

not previously been reported in literature.  

 

Much attention has been made in recent years to olaparib for the treatment of 

TNBC or ovarian cancer, with a focus on treating individuals with BRCA mutations 

(Lord and Ashworth, 2016). This induces synthetic lethality due to already 

existing faults in homologous combination repair. Olaparib was used in this study, 
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not only to look at the effect that tamoxifen-resistance has on the effectiveness 

of this drug, but to give an insight into effect changes that are potentially due to 

changes in DNA repair as a result of tamoxifen-resistance. Here we show that 

compared to parental cell lines that are grown in the same media condition, 

oestrogen deprivation causes a decrease in sensitivity to olaparib in tamoxifen-

resistant breast cancer cell lines. Nothing has been reported in literature to further 

discussion on this matter, but if this finding suggests an alteration in DNA damage 

repair as a direct effect of tamoxifen resistance in oestrogen deprived conditions 

(which may mimic tamoxifen-resistance in post-menopausal women) an 

investigation into the use of DNA damaging agents in tamoxifen-resistance in 

these conditions would be a logical next step.  

 

4.4: Conclusion and general summary 
In this chapter we described the production and characterisation of a panel of 22 

(Z)-4-OH-tamoxifen resistant breast cancer cell lines. Resistance to (Z)-4-OH-

tamoxifen was evaluated at three separate stages of cell line development, 

ranging between 1 and 2 years after development initiation. The effect of 

cryopreservation was assessed on the cell lines, with most displaying similar 

levels of resistance post-resuscitation, confirming cell lines are not completely 

resensitised to (Z)-4-OH-tamoxifen after cryopreservation.  We have investigated 

sensitivity to tamoxifen and a range of clinically relevant primary tamoxifen 

metabolites, compared them to their parental counterparts, and found that 

resistance to (Z)-4-OH-tamoxifen does not infer cross-resistance to other 

metabolites in all cases. But does show a trend of cross-resistance with 

unmetabolised tamoxifen, suggesting that all other metabolites may be potentially 

successful alternatives if patients show high serum levels of (Z)-4-OH-tamoxifen 

during tamoxifen treatment regimes in the clinic. The effect of oestrogen 

deprivation on these metabolites was seemingly only affected with regards to n-

desmethyltamoxifen, which showed an interesting reversal in cellular response 

in our model of aromatase inhibition compared to those that have acquired 

resistance to tamoxifen. Further investigation is needed to elucidate a reason for 

this. Oestrogen receptor expression and location was also evaluated in these cell 

lines, with an observed nuclear localisation in oestrogen deprived conditions, 

increased in ER alpha expression in a number of cell lines and decrease in ER 

beta expression. However this was not observed in all cell lines – highlighting 
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heterogeneity that can be observed between cell lines in response to drug 

adaptation.  The drug-resistant sub-lines were also evaluated for response to 2-

methoxyoestradiol, olaparib and vincristine. Oestrogen deprivation affected 

response to olaparib, suggesting that abnormalities to DNA damage repair may 

be accentuated by oestrogen deprivation in the advent of tamoxifen resistance. 

The process of cryopreservation decreased sensitivity of the tamoxifen-resistant 

sub-lines to both vincristine and 2-methoxyoestradiol. These two compounds 

were assessed for similarities in cellular response as they are both known to be 

tubulin-binding agents – ubiquitous similarities in response to these two drugs 

was not observed suggesting that these two drugs have differing effects on 

tamoxifen-resistant sub-lines.    
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Chapter 5: Evaluation of Cross-Resistance to DNA Damaging Agents in 
Platinum Drug-Resistant Triple Negative Breast Cancer 
 
 

The results in this chapter were a collaborative effort between the following individuals: 

Joanna. L. Bird1, Helen. E. Grimsley1, Genevieve Rogers1, Thomas Jackon-Soutter1, 

Hollie N.A. Brissenden1, Amy J. Cooke1, Amy J. Cox1, Matthew D. Hogg1, Rebecca A. 

Jones1, Jade M.C. Stephens1, Alba Subiri Verdugo1, Gabrielle A. Wishart1 

 
1 School of Biosciences, University of Kent, Canterbury, United Kingdom 
 
Breakdown of contribution to this work is as follows and is the result of data mostly 
generated by Joanna. L. Bird, and partly through supervision and training of the 
listed individuals by Joanna. L. Bird. This chapter was originally the result of a 
collaborative taught MSc project that was taken over and completed by Joanna. 
L. Bird. Routine culture of all of the cell lines in this chapter was maintained by 
Joanna. L. Bird. Other authors listed are taught MSc students, other than Helen 
Grimsley and Thomas-Jackson Souter who are postgraduate research students 
that assisted with some of the execution of practical work. 
 
MTT data generated by: Joanna. L. Bird, Genevieve Rogers, Thomas Jackson-Soutter, Hollie 
N.A. Brissenden, Matthew D. Hogg, Rebecca A. Jones, Jade M.C. Stephens, Alba Subiri-
Verdugo and Gabrielle A. Wishart 
 
Western blots conducted by: Joanna. L. Bird, Helen. E. Grimsley, Amy J. Cooke and Amy J. 
Cox 
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5.1: Introduction 
Breast cancers that express neither hormone receptors nor HER2 are usually 

categorised as triple-negative breast cancer (TNBC), although this is a 

heterogeneous group (Denkert et al., 2017). TNBC accounts for 15% of breast 

cancer cases (Siegel, Miller and Jemal, 2015) and is currently treated using 

cytotoxic chemotherapy. Although many TNBCs are initially highly sensitive to 

therapy, recurrence and resistance formation are common, providing TNBC 

patients with the worst prognosis among breast cancer patients (Denkert et al., 

2017). Improved treatment options are therefore needed for those TNBC patients 

whose tumours have stopped to respond to the available treatment options. 

 

Platinum (Pt)-based compounds are among the most commonly used anti-cancer 

agents (Kelland, 2007; Armstrong-Gordon et al., 2018). Following the discovery 

of cisplatin in the 1960s (Rosenberg, Van Camp and Krigas, 1965), further Pt-

based compounds have been synthesised and tested for anti-cancer activity 

resulting in the approval of cisplatin, carboplatin, and oxaliplatin for the treatment 

of for many cancer types (Kelland, 1993, 2007; Dilruba and Kalayda, 2016; 

Lambert and Sørensen, 2018). Cisplatin and carboplatin are commonly used as 

part of treatment regimens for TNBC (Gerratana et al., 2016; Huang et al., 2017; 

Foukakis, 2018; Poggio et al., 2018; Zhang et al., 2018). However, therapy 

outcomes are often unsatisfactory and acquired resistance formation after initial 

therapy response is common (Denkert et al., 2017; Zhang et al., 2018). 

 

Oxaliplatin, the third Pt-based drug, which is widely approved, has only been 

occasionally tested in clinical trials for the treatment of TNBC (Hwang et al., 2005; 

Liu et al., 2015). Based on the analysis of drug-DNA adducts, oxaliplatin seems 

to differ in its mode of action from cisplatin and carboplatin, which appear to cause 

very similar effects (Ruggiero et al., 2013; Perego and Robert, 2016). Moreover, 

cross-resistance profiles between oxaliplatin and cisplatin/carboplatin may be 

incomplete, and oxaliplatin may have potential as next-line therapeutic after 

failure of cisplatin or carboplatin and vice versa (Rixe et al., 1996; Faivre et al., 

2002; Raez, Kobina and Santos, 2010; Mir et al., 2012; Ruggiero et al., 2013; 

Perego and Robert, 2016). However, there is a very limited number of studies 

that directly compare the three approved Pt-based drugs in the same system. 

The question whether acquired resistance to one Pt-based drug is associated 
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with cross-resistance to other Pt-based drugs has not been systematically 

investigated. 

 

The pathways involved in cisplatin-induced cytotoxicity have been nicely 

explained previously by (Siddik, 2003), and how the steps between DNA adduct 

formation and the completion of cytotoxic processes is complex (Siddik, 2003). 

Such as preferential cisplatin-DNA adduct formation between certain nucleotides 

- ApG and GpG being the major form of crosslink, accounting for 85-90% of total 

lesions (Kelland, 1993). Aside from damage caused by adduct forming anti-

cancer agents, our cells accumulate thousands of lesions every day from 

environmental and endogenous causatives. Thankfully, cells have multiple DNA 

repair mechanisms, such as: nucleotide excision repair (NER, which removes 

bulky DNA adducts), base excision repair (BER), mismatch repair (MMR) and 

interstrand cross-link repair (ICLR) – and that does not include repair pathways 

for backbone breakages like those involved in double-strand break (DSB) repair 

pathways (Kelland, 1993). To counteract DNA damage, like that inflicted by 

exposure to cisplatin, cells use DNA damage repair mechanisms and trans-lesion 

synthesis (Montecucco, Zanetta and Biamonti, 2015). Naturally, one reason for 

resistance to a drug like cisplatin (or any other of the Pt-based drugs) may be 

inferred by an upregulation of DNA repair rates, but this raises the question – are 

cell lines that are resistant to a drug that causes DNA damage, also resistant to 

other drugs that cause DNA damage? 

 

Drug-adapted cancer cell lines are pre-clinical models that reflect clinically 

relevant resistance mechanisms (Engelman et al., 2007; Nazarian et al., 2010; 

Aziz, Shen and Maki, 2011; Poulikakos et al., 2011; Michaelis, Rothweiler, Barth, 

Cinat, M Van Rikxoort, et al., 2011; Domingo-Domenech et al., 2012; Michaelis 

et al., 2012; Joseph et al., 2013; Korpal et al., 2013; Crystal et al., 2014; Niederst 

et al., 2015; Jung et al., 2016; Schneider et al., 2017; Göllner et al., 2017). Here, 

we introduce a novel set of Pt-based drug-adapted TNBC cell lines consisting of 

the TNBC cell lines SUM159PT, HCC1806, HCC38, and CAL51 and their 

sublines adapted to cisplatin, carboplatin, or oxaliplatin (see table 5.1). This novel 

cell line panel will be an important additional model system for the study of 

acquired resistance to Pt-based drugs in TNBC and for the comparison of 

acquired resistance formation against the three approved Pt-based agents. 
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Table 5.1: List of the cell lines used and the concentrations of platinum drug the cell line is 
maintained in. 
 
 
We have used a range of DNA-damaging agents for this study as preliminary 

data to gain insight into potential sensitivity or cross-resistance to other modes of 

DNA damage in triple negative breast cancer (TNBC) cell lines that have acquired 

resistance to Pt-drugs. The drugs selected for cross-resistance analysis in this 

study are Zeocin, Mitomycin C, Etoposide, and Bleomycin. We also look at 

potential changes in MEK/ERK and AKT signalling in the Pt-drug resistant 

sublines, along with sensitivity to MEK, AKT and ChK1 inhibitors.  

 

 

 

Cell Line Drug Adapted To Concentration Maintained 
In 

SUM159PT - - 
SUM159PTrCARBO4000 Carboplatin 4000ng/ml 
SUM159PTrCDDP5000 Cisplatin 1000ng/ml 
SUM159PTrOXALI5000 Oxaliplatin 5000ng/ml 
HCC38 - - 
HCC38rCARBO3000 Carboplatin 3000ng/ml 
HCC38rCDDP3000 Cisplatin 3000ng/ml 
HCC38rOXALI5000 Oxaliplatin 5000ng/ml 
HCC1806 - - 
HCC1806rCARBO2500 Carboplatin 2500ng/ml 
HCC1806rCDDP1000 Cisplatin 1000ng/ml 
HCC1806rOXALI2500 Oxaliplatin 2500ng/ml 
CAL51 - - 
CAL51rCARBO5000 Carboplatin 5000ng/ml 
CAL51rCDDP1000 Cisplatin 1000ng/ml 
CAL51rOXALI5000 Oxaliplatin 5000ng/ml 
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5.2: Results 
5.2.1: Images of the cell lines 
Figures 5.1-5.4 show images taken of the cell lines HCC1806, SUM159PT, 

CAL51 and HCC38 – along with their oxaliplatin (OXALI), carboplatin (CARBO), 

and cisplatin (CDDP)-resistant sublines.  Images of the cell lines were taken to 

confirm the viability of the cells cultured in the presence of drug, images were 

taken at random positions from culture flasks to ensure no bias was in place. The 

HCC1806 (Fig. 5.1) parental cell line showed no difference in morphology 

compared its platinum-resistant sublines, the cell line grows in a defined 

monolayer, no observed clumping or unusually high amounts of cellular debris 

were observed. The HCC1806 cell line morphology presents as almost fibroblast-

like, with long reaching protrusions. The SUM159PT cell line appears epithelial-

like (Fig 5.2), platinum-resistant (especially the carboplatin resistant sub-line) 

sublines appear to have a more spherical morphology (but still epithelial-like) at 

a low confluency compared to the parental cell line but form the same neat 

monolayers, with no apparent clumping.  

 

CAL51 cell morphology also appears epithelial like (Fig 5.3), platinum resistant 

drugs appear to adopt a more spherical structure at lower confluences, like that 

of SUM159. The cisplatin-resistant subline showed considerable clumping and 

was the slowest growing in this cell line group (see fig 5.5). 

 

Protrusions and subsequently elongated cells is also seen in the drug-resistant 

HCC38 cell line (Fig. 5.4), becoming most prominent in the cisplatinR subline. The 

elongation of cells is specific to the drug-adapted sublines in this case. The 

HCC38 cell line is much flatter and more spread out than the other cell lines, 

which can be sign of quiescence, however the doubling time of the cell line would 

suggest otherwise (Fig 5.5) that is displayed in the next section. This cell line also 

has the slowest rate of growth.  
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Figure 5.1: Images of HCC1806 cell line and derived platinum-drug resistant sub-lines. Images 
were taken at both a low and high confluency to show differences in cell morphology when given 
a greater amount of space to grow at a lower confluency, and when more tightly packed at a 
higher confluency. There are also images at a lower magnification (x40) and a higher one (x100). 
Scale bars are representative of 50 microns. 

 
Figure 5.2: Images of SUM159PT cell line and derived platinum-drug resistant sub-lines. 
Images were taken at both a low and high confluency to show differences in cell morphology 
when given a greater amount of space to grow at a lower confluency, and when more tightly 
packed at a higher confluency. There are also images at a lower magnification (x40) and a 
higher one (x100). Scale bars are representative of 50 microns.
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Figure 5.3: Images of CAL51 cell line and derived platinum-drug resistant sub-lines. Images 
were taken at both a low and high confluency to show differences in cell morphology when 
given a greater amount of space to grow at a lower confluency, and when more tightly packed 
at a higher confluency. There are also images at a lower magnification (x40) and a higher one 
(x100). Scale bars are representative of 50 microns. 
 

 
 
Figure 5.4: Images of HCC38 cell line and derived platinum-drug resistant sub-lines. Images 
were taken at both a low and high confluency to show differences in cell morphology when 
given a greater amount of space to grow at a lower confluency, and when more tightly packed 
at a higher confluency. There are also images at a lower magnification (x40) and a higher one 
(x10). Scale bars are representative of 50 microns.
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5.2.2: Cell Growth Characterisation 
 
The doubling times of the cell lines and respective platinum-drug resistant sub—

lines was calculated as stated in section 2.2.5. Doubling times are representative 

of n=3 biological repeats. Doubling times for the drug-resistant sub-lines are on 

average higher than that of their parental cell lines. The HCC38 was the slowest 

growing group of cell lines with an average parental doubling time of 24.3 hours, 

the drug resistant doubling times  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 5.5: Doubling times of the 4 TNBC cell lines and their sub-lines as determined using the 
xCelligence system as previously described. Each data point is the average of three biological 
repeats. The doubling times of the cell lines ranged from 11.2-28.3hrs. Drug-resistant sub-lines 
were cultured in the presence of drug (see table 5.1 for more information on the drug 
concentrations for culture). Doubling times were calculated as per section 2.2.5.
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5.2.3: Resistance status of the platinum drug resistant-cell lines 
We analysed the sensitivity of all four sets of triple-negative breast cancer cell 

lines to carboplatin, cisplatin, and oxaliplatin. The parental cell lines (HCC38, 

SUM159PT, CAL51, HCC1806) displayed IC50 values in the range of clinically 

achievable drug concentrations. A review of maximum concentrations of anti-

cancer drugs by Liston and Davis, (2017) states clinically achievable plasma 

concentrations of platinum based-drugs as follows: carboplatin IC50 values 

ranged from 1.4-3µM. Therapeutic carboplatin plasma concentrations were 

reported at a maximum of 135µM. Maximum therapeutic cisplatin plasma 

concentrations were reported at a maximum of 14.4µM. Cisplatin IC50 values 

were between 0.32 and 0.88µM. The oxaliplatin IC50 values displayed the widest 

distribution ranging from 0.43 to 2.78µM. Maximum therapeutic oxaliplatin 

plasma levels were reported to be 4.96µM. These values are represented as 

horizontal lines in figure 5.6.  

 

FC values above 2 compared to respective parental cell lines were considered 

as resistant. All platinum drug-adapted sublines are cross-resistant to all other 

platinum-based compounds, aside from HCC38rOXALI5000, which does not 

display cross-resistance to  cisplatin,  and HCC38rCARBO3000, which does not 

display cross-resistance to oxaliplatin (Figure 5.6A). The cisplatin-resistant 

sublines show a higher degree of similarity to the carboplatin-resistant sublines 

than to the oxaliplatin-resistant sublines.  

 

Resistance status was confirmed for all of the resistant cell lines used in this 

study, as they obtained fold change values greater than 2 when compared to their 

parental cell line. 
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Figure 5.6. Drug sensitivity profiles of the TNBC cell lines and their drug resistant sublines to 
carboplatin, cisplatin and oxaliplatin respectively. A) IC50 concentrations as determined by MTT 
viability assay after 120hrs of incubation with the drug. Each dot represents a single biological 
repeat, which represents the average of one biological repeat. Average of n=3 biological repeats 
shown with a line B) sensitivity of the cell line relative to the respective parental line (fold change). 
All data is representative of n=3 biological repeats, each biological repeat is representative of n=3 
technical repeats.  Colour indicates resistance status: red = resistant (FC >2), blue = sensitive 
(FC <0.5). All error bars are representative of +/- SD of n=3 values. Statistical analysis was 
conducted using two-way ANOVA with tukeys correction. (**** - p<0.0001)(*** - p<0.005)(** - 
p<0.01)(* - p<0.05).  
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The IC50 data from figure 5.6 has been gathered into drug-resistance status 

specific groups, by average IC50 value. Fig 5.7A, below, plots the four average 

IC50 values for these groups, and fold changes relative to their parental cell lines. 

Plots pertaining to carboplatin and cisplatin IC50 values show similar trends in 

distribution of all data points and average of these. Sub-line groups that are 

resistant to carboplatin share similar carboplatin IC50 values to sub-lines that are 

resistant to cisplatin. Sub-line groups that are resistant to cisplatin share similar 

cisplatin IC50 values to sub-lines that are resistant to carboplatin. This trend is not 

seen with regards to the oxaliplatin-resistant group of cell lines – when tested 

against carboplatin and cisplatin. Figure 5.7B shows the average fold change of 

the drug-adapted cell lines relative to their parental cell line. Average oxaliplatin 

fold changes in the oxaliplatin resistant group was the only data point to show a 

significant difference to the other groups.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.7. Platinum drug sensitivity profiles of the TNBC cell lines when grouped by drug 
resistance category. (A)  IC50 concentrations as determined by MTT viability assay after 120hrs 
of incubation with the drug. Each dot represents the average fold change of three biological 
repeats - each dot is representative of the average of one cell line. Average of n=3 biological 
repeats shown with a line (B) Average fold changes in IC50 value of the cell lines when grouped 
by drug resistance category. Statistical analysis done by students t-test (* p<0.05). Horizontal 
lines indicate 0.5 and 2 on the Y axis – fold changes <0.5 indicate sensitivity, fold changes >2 
indicate resistance.
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5.2.4: Cross-resistance evaluation of other DNA damaging agents 
We have used a range of DNA-damaging agents for this study as preliminary 

data to gain insight into potential sensitivity or cross-resistance to other modes of 

DNA damage in triple negative breast cancer (TNBC) cell lines that have acquired 

resistance to Pt-drugs. The drugs selected for cross-resistance analysis in this 

study are Zeocin, Mitomycin C, Etoposide, and Bleomycin.  

 
To see whether platinum drug resistance is associated with a generally 

decreased sensitivity to DNA damage, the project cell lines were treated with the 

DNA-damaging agents zeocin, mitomycin C, etoposide, and bleomycin. Part of 

the bleomycin family, zeocin is most commonly known for its use as a eukaryotic 

selection antibiotic in molecular biology, but causes double-strand DNA breaks 

in mammalian cells (Chankova et al., 2007). Mitomycin C, another compound first 

discovered as an antibiotic, causes the selective inhibition of DNA synthesis as a 

potent cross-linker of DNA (Tomasz, 1995). Etoposide forms ternary complexes 

with DNA and topoisomerase II which prevents the DNA from re-ligating during 

supercoiling, which causes DNA strand breaks (Pommier et al., 2010). The exact 

mechanism by which bleomycin induces DNA damage is not clear, but it has 

been shown to be dependent on oxygen and metal ions in vitro. It is hypothesised 

that bleomycin chelates metal (in particular iron) ions, to produce a 

pseudoenzyme that facilitates the production of superoxide and hydroxide free 

radicals, which subsequently cleave DNA (Hecht, 2000).  

 

Clinically achievable concentrations of these DNA damaging agents are 2.18µM 

for mitomycin C, 33.4µM for etoposide, and 706 µM for bleomycin (Liston and 

Davis, 2017). There is no clinical data available for zeocin as it is not traditionally 

used to treat patients. However, for the drugs that this data was available for, the 

observed effective concentrations in Fig 5.8 are in the range of achievable 

therapeutic plasma levels. Maximum serum concentrations are displayed on their 

respective graphs as Cmax values.  

 

Cell line sensitivity to these DNA damaging agents, as shown by the IC50 values 

in figure 5.8 appear to be clustered in cell-line specific groups, where cross-

resistance to any one of the DNA damaging agents can be seen in of the multiple 

Pt-resistant sublines belonging to a cell line group. For example, all of the 

SUM159PT and HCC38 Pt-drug resistant sub-lines are resistant to  zeocin, 
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where their parental counterparts are not (Fig 5.8B). A trend can be seen between 

the platinum-drug resistant sublines, and cross-resistance to the other DNA 

damaging agents, but this appears to be the case in a uniform manner for at least 

2, if not all of the pt-resistant sublines.  

 

Fold change data in figure 5.8B shows the HCC38 and SUM159PT set of drug-

resistant sub-lines to be cross-resistant to zeocin when compared to than their 

respective parental lines, with the CAL51 set appearing more sensitive. The 

HCC1806 carboplatin and cisplatin sublines cell lines show no notable difference, 

but the oxaliplatin sublines show increased sensitivity. The SUM159PT subline 

shows the highest tolerance to this compound compared with all of the other 

TNBC cell lines (Fig 5.8A). As zeocin is known to cause double strand breaks, 

this may suggest trends in changes to the repair mechanisms for this mode of 

DNA damage in these individual cell lines as a direct result of resistance to 

platinum drugs, and therefore adaptation to growth in the presence of alylating 

agents like cisplatin. 

 

Although some drug-resistant sub-lines are cross-resistant to mitomycin C, there 

does not appear to be a trend dependent on the platinum-drug that it is resistant 

to. All HCC1806 pt-resistant sublines are cross-resistant to mitomycin C. The 

oxaliplatin resistant subline of SUM159PT is resistant to mitomycin C, where no 

change is seen in the cisplatin resistant subline, and increased sensitivity FC<0.5 

is seen in the carboplatin resistant subline. With the CAL51 subline, cross-

resistance is confirmed in the carboplatin resistant subline, and sensitivity is seen 

in the cisplatin resistant subline – no change is seen in the oxaliplatin resistant 

subline. With the HCC38 sublines, cross resistance to mitomycin C in the cisplatin 

and carboplatin resistant sublines, but not in the oxaliplatin resistant subline.  

 

No apparent trend between resistance to any one of the platinum based drugs 

can be seen for potential cross-resistance profiles to etoposide (Fig 5.8B). No 

change between the parental lines and the pt-resistant lines can be seen in FC 

values of the HCC1806 sublines. Only the cisplatin resistant subline for 

SUM159PT shows cross-resistance to etoposide.  The CAL51 carboplatin and 

oxaliplatin resistant sublines show cross-resistance to etoposide,  increases 

sensitivity is observed in the cisplatin resistant sublines. Cross resistance is 
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observed in the carboplatin and cisplatin resistant sublines of HCC38, and no 

difference is seen in the oxaliplatin subline. 

 

 The complete HCC38 set of sub-lines was seen to be cross-resistant to 

bleomycin, along with the CARBOr and CDDPr HCC1806 sub-lines. Cross-

resistance is seen to all of the DNA damaging agents in the carboplatin and 

cisplatin resistant HCC38 sublines. No change was seen in response to any of 

the pt-resistant SUM159PT sublines. The only change seen in the CAL51 group 

of sublines, was an increased sensitivity of the cisplatin resistant subline to 

bleomycin.  

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.8. Drug sensitivity profiles of the TNBC cell lines and their drug resistant sublines to 
zeocin, mitomycin C, etoposide and bleomycin respectively. A) IC50 concentrations as 
determined by MTT viability assay after 120hrs of incubation with the drug. Each dot represents 
a single biological repeat, which represents the average of one biological repeat. Average of n=3 
biological repeats shown with a line B) sensitivity of the cell line relative to the respective parental 
line (fold change). All data is representative of n=3 biological repeats, each biological repeat is 
representative of n=3 technical repeats.  Colour indicates resistance status: red = resistant (FC 
>2), blue = sensitive (FC <0.5). If the bar is too small for blue colour to be visible, it has been 
indicated with a blue star. All error bars are representative of +/- SD of n=3 values. Statistical 
analysis was conducted using two-way ANOVA with tukeys correction. (**** - p<0.0001)(*** - 
p<0.005)(** - p<0.01)(* - p<0.05).   
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The same as how the drug-resistant groups were evaluated for trends in cross-

resistance profiles between the platinum based drugs in section 5.2.3, the IC50 

data from figure 5.8 has been gathered into drug-resistance status specific 

groups also, by average IC50 value. Fig 5.9A, below, plots the four average IC50 

values for these groups, and fold changes relative to their parental cell lines. No 

significant difference is seen between any of the groups with regards to their IC50 

values.  

 

Figure 5.9B shows the average fold change of the drug-adapted cell lines relative 

to their parental cell line. Average oxaliplatin fold changes in the oxaliplatin 

resistant group was the only data point to show a significant difference to the 

other groups. All platinum drug resistant groups place above a fold change of 2 

for zeocin, however no significant difference was found due to the wide spread 

of data points.  

 

The average fold change values for the carboplatin and oxaliplatin resistant 

subline groups place higher than 2, indicating a potential trend in higher incidence 

of cross-resistance in these groups, however no significant difference was found 

due to the wide spread of data points (Fig 5.9B).  

 

The average fold change value of the carboplatin and cisplatin resistant sublines 

was above 2 for etoposide indicating a potential trend in cross-resistance for 

these groups, but again, no significant difference was found between these 

groups due to the wide spread of data points (Fig 5.9B).  

 

Similarly to the fold change values of zeocin, the average fold change of all pt-

drug resistant groups to bleomycin was above 2, indicating a potential trend in 

cross-resistance for these groups, but no significant difference was found 

between these group due to the wide spread of data points (Fig 5.9B). 
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Figure 5.9. Drug sensitivity profiles of the TNBC cell lines to zeocin, mitomycin C, etoposide and 
bleomycin when grouped by drug resistance category. (A)  IC50 concentrations as determined 
by MTT viability assay after 120hrs of incubation with the drug. Each dot represents the average 
fold change of three biological repeats - each dot is representative of the average of one cell line. 
Average of n=3 biological repeats shown with a line (B) Average fold changes in IC50 value of the 
cell lines when grouped by drug resistance category. Statistical analysis done by students t-test 
(* p<0.05). No Significance was found for any of the data points. Horizontal lines indicate 0.5 and 
2 on the Y axis – fold changes <0.5 indicate sensitivity, fold changes >2 indicate resistance.
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5.2.5: Western blot analysis of changes to intracellular signalling 
pathways  
Next, the MEK/ERK and AKT intracellular signalling pathways were evaluated for 

changes in expression as a result of acquired resistance to carboplatin, cisplatin 

or oxaliplatin. Previous studies have shown that changes to MEK/ERK and AKT 

signalling plays a role in cisplatin resistance (Mitsuuchi et al., 2000; Yeh et al., 

2002), therefore we qualitatively screened these targets, and others that are 

downstream of these to investigate any potential changes to relative cellular 

levels of these proteins via western blot, and sensitivity to inhibitors of these 

proteins in vitro. 

 

The specific targets investigated were MEK, ERK, S6RP, AKT and GSK3beta. 

Antibodies for both phosphorylated and total forms were used. More information 

on the antibodies used can be found in section 2.2.10. The blots below are 

representative images of n=3 biological repeats (see appendix VIII and IX). 

 

The individual blots shown in figure 5.10 have been arranged for ease of 

interpretation. ERK and S6RP are downstream of MEK, so have been arranged 

as such. GSK3 beta is downstream of AKT and therefore has been arranged as 

such also. 

 

Table 5.2: Main observations that were consistently observed over all biological repeats of the 

data presented in figure 5.10 

Cell Line Main observation (that is consistent with n=3 repeats) 

HCC1806 No consistent changes observed 

SUM159PT Upregulation of phosphorylated MEK in all drug resistant sub-

lines relative to the parental cell line 

CAL51 Downregulation of phosphorylated MEK in cisplatin resistant 

subline, upregulation of phosphorylated MEK in oxaliplatin 

resistant subline, no change in the carboplatin resistant 

subline. These changes are relative to the parental cell line.  

HCC38 Upregulation of phosphorylated MEK and phosphorylated ERK 

in cisplatin-resistant sub-line, upregulation of phosphorylated 

S6RP in all drug-resistant sub-lines. Decreased amount of total 

AKT. 
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. 
 

Figure 5.10. Western blot analysis of all four parental cell lines and their Pt-drug resistant sub-
lines. Lysates were prepared from 70-80% confluent culture dishes of each cell line or subline. 
Cell lysates were analysed for expression of the indicated proteins. ‘p’ denotes a phosphorylated 
form and ‘t’ denotes the total form of that protein. Each blot is representative the n=1 biological 
repeat. N=2 and n=3 can be found the supplementary material. All targets in this representative 
image of blots are all from the same cell lysates, on the same experimental run. Not all blots 
required the same exposure time, the most appropriate exposure has been selected for each. 
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5.2.6: Sensitivity to MEK, AKT and ChK1 Inhibition 
Next, we used drugs targeted to MEK and AKT, along with a ChK1 inhibitor 

(known to play a role in breast cancer development and DNA damage response 

(Awasthi, Foiani and Kumar, 2016)); PD0325901 (MEK inhibitor), MK2206 

(panAKT inhibitor) and MK8776 (Chk1 inhibitor).  

 

Figure 5.11A showed the HCC38 sub-set of drug-resistant sublines to be 

sensitive to MEK inhibition, but resistant to AKT and ChK1 inhibition (relative to 

the parental counterpart; based on a fold change >2 or <0.5) – perhaps 

suggesting that the mechanism of resistance to platinum-drugs in this cell line is 

not only different to the other sub-sets presented here, but heavily reliant on MEK 

signalling – referring back to the western blot data from the previous section, an 

upregulation of phosphorylated MEK is seen notably in the cisplatin resistant 

subline (Fig 5.10), which coordinates with the increased sensitivity to 

pharmacological MEK inhibition observed. However, this same upregulation of 

phosphorylated MEK is not seen in the other drug-resistant HCC38 sublines, nor 

is any obvious difference seen in ERK expression – this may be explained by 

alterations to other targets downstream of MEK or ERK that have not been 

evaluated here. MEK inhibition has also been observed to overcome cisplatin 

resistance in squamous cell carcinoma cells lines (Kong et al., 2015). On the 

other hand, all three of the Pt-drug resistant HCC1806 sublines, and the 

carboplatin and cisplatin adapted sublines of SUM159PT are resistant to MEK 

inhibition compared to the parental subline. There is no change to expression 

levels of MEK seen in the HCC1806, nor are there any changes seen in the 

downstream targets of MEK that were investigated. But, an upregulation is seen 

of phosphorylated MEK in the SUM159PT sublines which is contrary to what is 

seen in the HCC38 sublines.  

 

The CAL51 oxaliplatin resistant subline shows sensitivity to MEK inhibition, but is 

not supported by any changes to MEK signalling in figure 5.10. 
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Fig 5.11A shows all HCC1806 and SUM159PT sublines to have comparably 

higher IC50 values to CAL51 and HCC38 sublines. Fig 5.11B shows none of the 

SUM159PT or CAL51 Pt-resistant sublines show any difference to AKT inhibition 

from the parental lines. The HCC38 Pt-resistant sublines are the only sublines 

shown to display a significantly decrease in sensitivity to AKT inhibition - the 

observation of an decreased amount of total AKT was observed in this cell line, 

but not in the cisplatin or carboplatin resistant sublines (Fig 5.10). 

 

The parental SUM159PT cell line showed comparatively higher IC50 values to the 

other cell lines, suggesting that this cell line is less sensitive to ChK1 inhibition in 

general (Fig 5.11A). Both the HCC1806 and SUM159PT oxaliplatin resistant 

sublines showed sensitivity to ChK1 inhibition when compared to their parental 

cell lines. The CAL51 cisplatin subline also showed sensitivity to ChK1 inhibition 

compared to its parental subline. The HCC38 cisplatin and carboplatin resistant 

sublines showed a statistically significant increase in fold change value, and 

resistance to Chk1 inhibition. 
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Figure 5.11. Drug sensitivity profiles of the TNBC cell lines and their drug resistant sublines to 
MK2206, MK8776 and PD0325901 respectively. A) IC50 concentrations as determined by MTT 
viability assay after 120hrs of incubation with the drug. Each dot represents a single biological 
repeat, which represents the average of one biological repeat. Average of n=3 biological repeats 
shown with a line B) sensitivity of the cell line relative to the respective parental line (fold change). 
All data is representative of n=3 biological repeats, each biological repeat is representative of n=3 
technical repeats.  Colour indicates resistance status: red = resistant (FC >2), blue = sensitive 
(FC <0.5). If the bar is too small for blue colour to be visible, it has been indicated with a blue star. 
All error bars are representative of +/- SD of n=3 values. Statistical analysis was conducted using 
two-way ANOVA with tukeys correction. (**** - p<0.0001)(*** - p<0.005)(** - p<0.01)(* - p<0.05).   
 
 
Figure 5.12, below, shows the IC50 and fold change values of the three inhibitors 

used for this study and displayed in figure 5.11, above. Again, these have been 

grouped into drug-resistance specific categories. Figure 5.12A shows the IC50 

values to be spread so variably between the cell lines that no significant 

difference can be observed between the individual inhibitors - resistance to either 

cisplatin, carboplatin or oxaliplatin does not appear to confer response to any one 

of these inhibitors in these cell lines. As clear patterns in resistance or sensitivity 

to certain inhibitors can be seen in figure 5.1, above, this suggests that response 

to MEK, AKT or ChK1 inhibition is cell line specific rather than drug-resistance 

group specific. Fig 5.12B shows the fold changes relative to the parental cell lines 

groups – here we are considering any variation from the range of 0.5-2 to show 

a notable difference in response compared to the parental cell lines.  The average 
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fold changes for PD0325901 (MEK inhibitor) appear to be raised in the 

carboplatin and cisplatin resistant groups, but not the oxaliplatin resistant groups. 

– which fall within the 0.5-2 FC range, with the parental cell lines.  However, this 

is likely due to the HCC38 cell lines This may suggest more of an involvement of 

MEK signalling activity in the carboplatin and cisplatin resistant sublines 

compared to the parental and oxaliplatin resistant sublines.  Comparing this data 

to the western blot analysis from the previous section, a trend in increase of MEK 

phosphorylation was observed in the drug-resistant cell lines (Fig. 5.10) which 

may indicate an increased dependency on this pathway.  No significant difference 

was found in any of these grouped analyses in figure 5.12, however.
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Figure 5.12. Drug sensitivity profiles of the TNBC cell lines to MEK, AKT and ChK1 inhibition 
when grouped by drug resistance category. (A)  IC50 concentrations as determined by MTT 
viability assay after 120hrs of incubation with the drug. Each dot represents the average fold 
change of three biological repeats - each dot is representative of the average of one cell line. 
Average of n=3 biological repeats shown with a line (B) Average fold changes in IC50 value of the 
cell lines when grouped by drug resistance category. Statistical analysis done by students t-test 
(* p<0.05). No significant difference was found for any of the data points. Horizontal lines indicate 
0.5 and 2 on the Y axis – fold changes <0.5 indicate sensitivity, fold changes >2 indicate 
resistance 
 
5.3: Discussion 
This study introduces a novel set of platinum drug-resistant TNBC cell lines 

including carboplatin-, cisplatin-, and oxaliplatin-adapted sublines of HCC38, 

SUM159PT, CAL51 and HCC1806. This novel cell line panel will be an important 

additional model system for the study of acquired resistance to Pt-based drugs 

in TNBC and for the comparison of acquired resistance formation against the 

three approved Pt-based agents. Cell lines derived from tumours comprise the 

most frequently utilised living systems to research tumour biology. Cancer cell 

lines, such as the ones used in this study, have been extensively used in 

screening studies involving the effectiveness of anti-cancer drugs (Yamori, 2003). 

This was work was conducted to not just evaluate the effect of cross-resistance 

to DNA-damaging agents in platinum-drug resistant cell lines, but to evaluate 
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TNBC cell line sensitivity to DNA damaging agents in general. This can be 

inferred by the response of the parental cell lines to each of the compounds 

utilised in this chapter. 

 

5.3.1: Resistance status of the cell lines 
Cross-resistance between platinum-based anti-cancer drugs has been observed 

in the clinic for more than 30 years (Gore et al., 1989). Here we have confirmed 

in vitro that resistance to a specific platinum-based compound can also provide 

cross-resistance to other platinum based drugs in TNBC cell lines. It would be 

interesting to investigate whether this is also observed in cancer cell lines of 

differing tissue types – and is a pan-cancer trend.  

 

A trend is seen throughout the panel of resistant sublines, that acquired 

resistance to one platinum-based compound shows cross-resistance to the other 

two platinum based compounds (see figure 5.6). We show that a relative 

sensitivity to carboplatin or cisplatin can be observed in oxaliplatin resistant cell 

lines. Oxaliplatin is a commonly used first-line therapy for malignancies such as 

non-small cell lung cancer (Raez, Kobina and Santos, 2010) that is not 

traditionally used as a first line therapy for the treatment of TNBC – here we 

evaluate the potential for its use as a first line therapy, and the potential use of 

carboplatin and cisplatin following oxaliplatin failure. Although here we saw a 

degree of cross-resistance to cisplatin and carboplatin, in the oxaliplatin resistant 

sub-lines investigated in this chapter, we saw that these drug-resistant sub-lines 

were far more resistant to oxaliplatin alone that to the other platinum based drugs. 

Where cell lines that had acquired resistance to carboplatin or cisplatin showed 

a great deal of cross-resistance to oxaliplatin.  

 

Pt-based anti-cancer compounds work by forming platinum-DNA adducts, 

primarily intrastrand cross-link adducts, following uptake of the drug into the 

nucleus of the cell - these adducts are responsible for activating the cellular 

transduction pathways and processes that eventually lead to cell death (Wang 

and Lippard, 2005). Development of resistance to Pt-based compounds is 

complex and is not thought to be caused by any one mechanism; increased drug 

efflux, poor intracellular drug accumulation due to decreases in cell surface 

transporters or perhaps hyperactivity of DNA damage repair mechanisms may be 
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responsible (Galluzzi et al., 2014; Sarin et al., 2017; Rocha et al., 2018). For 

future work on this novel panel of cell lines, and to further elucidate the 

mechanisms of resistance that will explain the data shown in this chapter – these 

factors should be investigated in the context of explaining the cross-resistance to 

other DNA damaging agents that we see in this chapter.    



 

 196 

5.3.2: Cross resistance to other DNA-damaging agents 
Each of the drugs used for sensitivity screening in this study were selected based 

on their differential modes of DNA damage. To summarise: Zeocin causes double 

strand breaks (Chankova et al., 2007), Mitomycin C causes DNA cross-links 

(Tomasz, 1995), etoposide inhibits Topoisomerase II (preventing ssDNA breaks 

from reannealing) (Pommier et al., 2010; Montecucco, Zanetta and Biamonti, 

2015), and bleomycin has multiple modes of action but works primarily through 

double strand breakage (but also single strand breakage) due to superoxide and 

free radical formation in the presence of iron and oxygen (Hecht, 2000; Chen et 

al., 2008). As we have not performed any quantitative studies on which particular 

DNA repair pathways have been activated in response to the DNA damaging 

drugs in this study, or compared their activity levels in the platinum drug resistant 

cell lines compared to the parental TNBC cell lines, we can only describe in vitro 

sensitivity to different DNA damaging agents in these cell lines and hypothesise 

which modes of DNA damage these cell lines may be more susceptible to.  

 

Here we show that resistance to DNA damaging agents as a direct result of 

resistance to platinum-based drugs appears to be cell line specific, and not 

necessarily specific to the platinum drug that the sublines is resistant to. For 

example, Fig 5.8 shows all platinum drug resistant SUM159PT and HCC38 

sublines to be cross-resistant to Zeocin, whereas all CAL51 platinum drug 

resistant sublines are sensitive to this compound. This uniformity in cross-

resistance throughout all platinum drug resistant sublines is not seen for all of the 

DNA damaging drugs, however.  

 

No significant relationship is found between resistance to any one platinum based 

drug, and cross-resistance to these other DNA damaging agents when grouped 

together in figure 5.9. Other methods would need to be combined with the data 

in this chapter to elucidate the extent, mechanism and locality of DNA damage 

caused by these individual agents. Incubation of these cell lines with an 

appropriate concentration of each of these agents, before further experimentation 

would be one methods for this – qPCR could be used to evaluate differences in 

DNA repair proteins to identify which DNA repair pathways are activated, super 

resolution immunostaining to evaluate locality of recruitment of DNA repair 

machinery for detection of DNA damage or techniques such as the comet assay 
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for detection of DNA breaks (Liao, McNutt and Zhu, 2009). 

 
5.3.4: Evaluation of changes to intracellular signalling pathways  
Previous studies suggest that changes to intracellular signalling cascades (that 

have been associated with cellular response to DNA damage, like that due to the 

formation of DNA adducts by cisplatin), such as the AKT and MEK pathways, has 

a strong association with the development of resistance to platinum compounds 

(Mitsuuchi et al., 2000; Asselin, Mills and Tsang, 2001; Cheng et al., 2002; Siddik, 

2003).  

 

The MEK/ERK and pathways are responsible for controlling a variety of 

intracellular processes (Shaul and Seger, 2007; Manning and Toker, 2017), but 

their involvement in platinum-drug resistance is not completely understood. The 

PI3K/AKT pathway is thought to be hyperactivated in ~10% of TNBC patients – 

hence why combination therapies with AKT inhibitors are becoming increasing 

popular in clinical trials (Vojtek et al., 2019). Here we selected portions of those 

signalling cascades to investigate the impact that acquired resistance to 

platinum-based compounds may have on the expression of select components 

of these signalling pathways, and compare it to data that evaluates 

pharmacological inhibition of MEK and AKT. Overall, we saw no significant 

difference to inhibition of AKT, MEK or Chk1 when grouped by drug-resistance 

status in our four cell lines, and their respective platinum-drug resistant sublines. 

However, we did observe cross-resistance profiles that were separated by 

originating cell line. We observed the HCC1806 and SUM159PT panel of Pt-

resistant sublines to be less sensitive to MEK inhibition, the CAL51 sublines were 

unaffected by any of the targets apart from the cisplatin resistant subline, that 

was sensitive to MEK and ChK1 inhibition, and the HCC38 sublines were all 

found to be sensitive to MEK inhibition, and resistant to AKT and ChK1 inhibition. 

This variability in response to inhibition of these targets in these cell lines again 

highlights heterogeneity in TNBC cell lines.  

 

A study by Gohr et al., (2017) looked at the effect of AKT inhibition of cisplatin 

resistant HCC38 and MDA-MB-231 cells. They deduced that an upregulation of 

AKT through epidermal growth factor (EGFR) and insulin-like growth factor-1 

(IGF1R) was a causative factor for cisplatin resistance in their model, and 

combination inhibition of these two receptors and AKT was an effective strategy 
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to re-sensitise the cell lines to cisplatin. In our cell line models, we saw that the 

HCC38 set of platinum drug resistant sub-lines was the only cell line to show any 

difference from their parental cell lines – which supports the observation that AKT 

can play a role in platinum drug resistance, but not necessarily in all cases.  

 

Combination studies of these inhibitors and their respective resistant drug would 

be the next step in this investigation for these cell lines.  

 

Here we did not see any strong trends in either upregulation or downregulation 

of the majority of our chosen targets when in the context of resistance to platinum-

based compounds – suggesting simply that these targets are not tightly regulated 

as a direct causative of resistance to platinum-based agents. However, the few 

observations that were consistently observed involved changes to 

phosphorylated MEK or phosphorylated ERK (see table 5.2, and appendix VIII 

and IX). As these observations were consistent only in phosphorylation levels of 

these components, this suggests that it may be the activation of certain 

intracellular signalling cascades that contributes to platinum drug resistance 

rather than the general over or under production of these total proteins compared 

to their parental counterparts. MEK signalling has been linked to cisplatin 

resistance, making this pathway a candidate for further investigation in these cell 

lines (Kong et al., 2015). 

 

5.3.5: Rationale for Selection of MEK, AKT and ChK1 Inhibitiors for This 
Study 
 
In physiologically normal tissues, cellular signalling pathways are tightly 

regulated, but interconnected to form complex signalling networks. As such, they 

are an important consideration when it comes to investigating the dysregulation 

of growth that is seen in cancer. As hormone receptor negative breast cancer has 

notoriously limited treatment options, recent studies have identified intracellular 

signalling pathway inhibitors such as MEK and AKT inhibitors as promising 

candidates for monotherapies, and combination therapies in various cancer types 

including triple negative breast cancer (Naderi, Chia and Liu, 2011; Banerji et al., 

2018). As such, these inhibitors were selected for investigation with our panel of 

platinum resistant TNBC cell lines. 
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Furthermore, in recent years, a light has been shone on the potential of ChK1 

inhibitors for the treatment of TNBC through clinical trials in combination with 

putative chemotherapeutic agents, and even as a monotherapy are proving to be 

viable treatment options for TNBC (Bryant, Rawlinson and Massey, 2014), hence 

its selection for use in this study also.  

 

Combinations of these inhibitors are also being looked at in an ongoing fashion 

in pre-clinical studies and clinical trials, with interstrand crosslinking agents, such 

as the platinum-based agents used in this study (Armstrong-Gordon et al., 2018; 

Wu et al., 2019). Considering trends that were seen in a cell-line specific manner 

with the monotherapy inhibitor data in figure 5.11, in that some cell lines were 

either more resistant, or more sensitive to MEK, AKT or ChK1 inhibition when 

also resistant to each of the platinum based drugs used in this chapter – it would 

therefore be an interesting next step to look at combination therapies with these 

inhibitors, and also other emerging cell signalling inhibitors with the platinum drug 

resistant cell lines, when treated with the platinum drugs that they have been 

made resistant to.  
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5.4: Conclusions 
This study introduces a novel set of platinum drug-resistant TNBC cell lines from 

HCC38, SUM159PT, CAL51, and HCC1806. We have shown that a great deal of 

cross resistance is shown between the platinum drugs We have shown that 

cisplatin and carboplatin may be viable second-line treatment options for patients 

with oxaliplatin non-responsive tumours in TNBC, even though oxaliplatin is not 

traditionally a treatment regimen employed for first line therapy in TNBC patients. 

Resistance to platinum drugs does not necessarily infer cross-resistance to DNA 

damaging agents of other mechanistic means, and in the instance of cross-

resistance, is cell-line specific rather than drug-resistance status specific. We 

have also shown that platinum-drug resistant TNBC sub-lines are sensitive to 

intracellular signalling inhibition in a cell-line specific manner.  We evaluated the 

cell lines for differences in MEK/ERK and AKT signalling, and found the only 

consistent differences between the parental and Pt-resistant sublines placed in 

the MEK signalling cascade, suggesting that the AKT pathway is not greatly 

associated with resistance in this panel of drug-resistant cell lines.  
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Chapter 6: General Discussion 
 
6.1: General research aims of this work 
In chapter 1, the complexity of oestrogen signalling, and how endocrine 

resistance emerges was discussed. It is clear from this that a number of factors 

can affect the emergence of acquired endocrine resistance (Musgrove and 

Sutherland, 2009; Rondon-Lagos et al., 2016). Most publications investigate 

mechanisms of resistance in a single cell line setting, here we have systematically 

generated two panels of 6 ER+ breast cancer cell lines in tandem (resulting in a 

total of 46 sublines) one as a potential model for resistance to long-term systemic 

oestrogen deprivation (24 sublines), the other a model for acquired resistance to 

long-term tamoxifen exposure (22 sublines). These panels have been 

characterised for response to tamoxifen and other commonly used anti-cancer 

agents to treat breast cancer. Oestrogen receptor localisation and expression 

levels were evaluated for the purpose of evaluating the relative changes in 

expression of both ER alpha and beta. It is not clear from the majority of studies, 

on the broad topic of drug resistance in cancer, whether the emergence of 

resistance mechanisms is reproducible over many individual cell lines. Over the 

course of this thesis, drug response data has been presented for a large number 

of drug-adapted breast cancer cell lines, to evaluate the likelihood of 

heterogeneity between multiple breast cancer cell lines.  

  

Although this thesis does not present any data to elude the mechanisms 

responsible for resistance to the drugs investigated, it does present preliminary 

data to suggest the directionality of future studies with panels of cell lines that 

have systematically been produced in tandem to model both aromatase inhibitor 

resistance and tamoxifen resistance. This work should be considered testament 

to the necessity to study drug resistance to cancer with large data sets or larger 

numbers of cell lines to account for observable heterogeneities in drug response 

and drug resistance in cancer.   
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6.2 Why MTT assays? 
The MTT assay is one of the most versatile and popular techniques for measuring 

cell viability in a research setting. It does this, similarly to other viability assays 

such as  MTS and Alamar Blue, by a measuring metabolic activity. Naturally, 

there is great debate in literature and between researchers as to what method is 

most accurate for the measure of cell viability. But, the advantage of the MTT 

assay is that it shows sensitivity to small changes in metabolic activity that can 

occur in response to cell stress caused by exposure to toxic agents, that may not 

necessarily directly cause cell death (Kumar, Nagarajan and Uchil, 2018). The 

rationale behind the MTT assay is that once cells lose viability, they lose the 

ability to convert MTT substrate to formazan, therefore producing an amount of 

formazan that is proportional to the amount of viable cells present. It can of course 

be argued that the MTT assay has drawbacks; such as its ability to be affected 

by factors like metabolic perturbations (Stepanenko and Dmitrenko, 2015). 

Generally speaking, the main points for comparison in chapters 3, 4 and 5 of this 

thesis (which investigate cellular response to anti-cancer drugs by means of MTT 

assay) are dependent on the comparisons of sublines that have undergone 

adaptation to growth in media conditions that are not orthodox for that cell line. 

Whether that be adaptation to growth in the absence of growth hormones, or 

adaptation to growth in the presence of an anti-cancer drug. This may have 

affected the metabolic activity of the adapted cell lines compared to those of the 

respective parental cell lines. However, all cell lines have been investigated in a 

controlled, comparable and systematic manner – by maintaining consistency in 

the protocol used for every data point produced by MTT assay in this thesis.  

 

There are other viability assays that are also widely used for measures of cell 

viability, such as the exclusion trypan blue assay or the SRB assay. But this latter 

technique has its own drawback in that it differentiates viable cells and non-viable 

cells by means of measuring total protein, or in other words, what is still adhered 

to the bottom of a 96 well plate. Both of these assays have been compared in 

literature and are generally thought to be of comparable performance (Voigt, 

2005). The MTT assay has been used throughout this thesis in order to maintain 

consistency between experiments - however, it would be interesting to assess 

the use of the SRB assay in parallel to the MTT assay with these cell lines. 
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6.3: Comparison and summary between cell lines in chapters 3 and 4 
Two individual panels of ER+ breast cancer cell lines were adapted in this work 

to model endocrine resistance from two different viewpoints: acquired resistance 

to aromatase inhibitors and acquired resistance to tamoxifen – the two most 

commonly used therapies to treat ER+ breast cancer (Dowsett et al., 2010). In 

this investigation, cell morphology was compared, in which little change was 

observed, aside from a clumping of cells when introduced to growth hormone 

deprived media conditions. Growth hormone deprivation of the charcoal stripped 

serum used in this study was confirmed by an observed difference in response 

between sublines that had been adapted and newly introduced to growth in this 

condition (see figure 3.7 and 3.8) – literature states that an observed quiescence 

of cell lines in this media containing charcoal stripped serum is a measure of this 

(Sikora et al., 2016). Oestrogen receptors are known to form complexes with heat 

shock proteins in response to low levels of oestrogen (Lipovka and Konhilas, 

2016). A qualitative evaluation of oestrogen alpha and beta localisation showed 

an increase in nuclear localisation of both oestrogen receptors in response to (Z)-

4-OH-tamoxifen resistance status, and not necessarily due to oestrogen 

deprivation. 

 

The metabolic processes associated with  tamoxifen have been discussed at 

length within the results chapters. To summarise, data from chapter 3 showed us 

that not all metabolites of tamoxifen have the same potency. An interesting 

observation was that there is a shared relationship between cell line response to 

unmetabolised tamoxifen and (Z)-4-OH-tamoxifen, perhaps suggesting that the 

breast cancer cell lines show metabolic activity that has a preference for the 

production of (Z)-4-OH-tamoxifen, or that these two compounds share a mode of 

action that the other metabolites do not. It was also shown that response to n-

desmethyltamoxifen is the only metabolite that is affected by oestrogen-

deprivation. When bringing the data from chapter 4 into consideration with this, it 

is clear that resistance to (Z)-4-OH-tamoxifen does not confer cross-resistance 

to the other metabolites. In this regard, endoxifen was an interesting metabolite 

to consider as the fewest (Z)-4-OH-tamoxifen resistant sublines showed  cross-

resistance to this metabolite. For future work, it would be interesting to model the 

binding of each of these metabolites to oestrogen receptors, and which oestrogen 

receptor they may show preference for. Oestrogen receptors are known to strike 
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a balance between proliferative and anti-proliferative effects (Makinen, 2001; 

Mitra et al., 2003) with alpha and beta respectively. One of the hallmarks of 

cancer is a dysregulation of growth (Hanahan and Weinberg, 2011) that can be 

brought about by imbalances in expression of these two controllers of cellular 

proliferation. The majority of literature states that an upregulation of ER alpha is 

observed in not only oestrogen deprivation, but also in resistance to tamoxifen 

(Chang, 2012; Darbre, 2014), which disrupts the balance that can be found in 

physiologically normal tissue, and disrupt further that which may already be 

disrupted in breast cancer cell lines. Here we show that changes in receptor 

expression, of both alpha and beta, occurs in a heterogeneous and cell line 

specific manner. Upregulation of ER alpha was observed in the largest proportion 

of both growth hormone deprived cell lines and tamoxifen resistant cell lines, but 

downregulation was also observed in some of the cell lines – this highlights the 

possibility of receptor expression changes to both extremes. ER beta expression 

was not seen to change drastically in the hormone deprivation adapted cell lines, 

but decreases were observed in the model of tamoxifen resistance. Levels of ER 

beta are not often considered when investigating resistance mechanisms to 

tamoxifen, so this would be an interesting point for further consideration. 

 

In concentrations akin to that found in culture media, phenol red is thought to elicit 

an oestrogenic response. Phenol red itself is only thought to have 0.001% the 

binding affinity for oestrogen receptors to that of oestrogen (Berthois, 

Katzenellenbogen and Katzenellenbogen, 1986; Rajendran, Lopez and Parikh, 

1987). This factor was included in this study to gain perspective on whether its 

presence in media that was intended to deprive cells of growth hormone, has 

enough of a stimulatory effect to negate the action of using charcoal stripped 

serum altogether. From the data gathered, this appears to be subjective to the 

cell line in question. Growth kinetics of the cell lines in +CS/-CS conditions (fig. 

3.7) show comparable growth (or lack of growth in this case) in hormone deprived 

conditions that both do and do not contain phenol red. The CAMA-1 and MDA-

MB-468 cell lines in +CS conditions show growth comparable to media conditions 

that contain FBS, and therefore growth hormones, when other cell lines do not 

show this trend. Oestrogen receptor expression levels have been shown to be 

cell line dependent, which must mean that the amount of oestrogen required for 

maximal oestrogenic stimulation of a cell line is also cell line dependent. Perhaps 
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in these cell lines, oestrogen requirements are lower, and therefore the 

oestrogenic stimulation that phenol red provides is enough to mimic the 

oestrogenic activity of FBS.  

 

6.4: Heterogeneity of drug adapted cancer cell lines 
The emergence of drug resistance in cancer cell lines has the possibility to be 

attributed to wide variety of mechanisms. Especially as commonly used systemic 

chemotherapies have a diversity of modes of action  (Alfarouk et al., 2015). 

Previous studies have shown that when clonal populations of the same cell line 

are exposed to an anti-cancer drug simultaneously for enough time to develop 

acquired resistance, different responses can be observed that contribute to 

resistance (Michaelis, Rothweiler, Barth, Cinat, M. Van Rikxoort, et al., 2011). It 

is not unusual for studies that instigate the emergence of acquired drug 

resistance in cancer to include only one cell line. This does not allow for the 

observation of potential heterogeneity between cell lines, or between different 

populations of the same cell line. In this work, and for all chapters, multiple cell 

lines have been utilised to observe differential responses to anti-cancer drugs in 

the context of drug resistance for this very reason. In chapters 3, 4 and 5 of this 

thesis, it has been demonstrated that whether it is resistance to tamoxifen or 

platinum based-drugs in question, different cell lines present with differential 

responses to drug adaptation.  

 

6.5: Future Work for chapters 3 and 4 
There are a number of factors that have been discussed to attribute to resistance 

to endocrine therapy – these include mutations to ER receptors, changes to ER 

expression, changes to expression of other growth factor receptors and cross-

talk with other signalling pathways (Massarweh et al., 2008; Musgrove and 

Sutherland, 2009; Rondon-Lagos et al., 2016; Mansouri et al., 2018; Bhateja et 

al., 2019). These are factors that can be investigated with these new panels of 

endocrine therapy resistant cell lines. 

 

The results discussed in this thesis focus on the production of these cell lines, 

and a generalised look at cell growth, morphology, expression of only the wild-

type ERs, and response to exposure to a variety of anti-cancer compounds. 

Given the complexity of oestrogen signalling that was discussed in chapter 1, 

there is a large number of factors that could potentially be altered to bring about 
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resistance to endocrine therapy. To look at the genomic changes to the drug-

resistant cell lines, they could be whole genome sequenced and analysed for 

mutations compared to their respective originating cell lines and same-media 

parental sub-lines. Proteomics and metabolomics approaches also could 

elucidate changes to the signalling landscape of the cell lines. Aside from these 

more intricate approaches, the cell lines could be assessed for differing 

expression levels of the clinically relevant splice variants of the oestrogen 

receptors and GPER1, with the localisations of these individual variants also 

looked at. To delve into the functionality of the oestrogen receptor more, one 

possibility for future work could be co-localisation studies between ER alpha and 

beta, and chromatin immunoprecipitation to identify interactions of these 

receptors with DNA, to gain insight to what genes are directly interacted with by 

these receptors, and if possible, by what combinations of dimers of these 

receptors. We also saw in chapters 3 and 4, that when comparing when whole 

cell vs nuclear localisations of these receptors (Figures 3.21 And 4.23 ), the 

receptors appear to be generally ubiquitously expressed in the cell, in tamoxifen 

naïve cell lines, yet may show a preference for cytoplasmic localisation in drug 

adapted cell lines. Further experimentation would be needed to further elucidate 

if this plays a role in resistance. Super resolution microscopy could be one way 

of studying co-localisation of these receptors – until recently it has been difficult 

to study nanoscale  interactions using microscopy, but  the development of 

techniques such as PALM-STORM and spectral precision distance determination 

microscopy could make this possible (Henriques et al., 2011; Cremer et al., 

2017). Now that we have observed the effect of phenol red and charcoal stripped 

medium alone have on these cell lines, it would be interesting to observe the 

effect of known quantities of oestrogens – for this we would take the adapted 

sublines from in -CS conditions and, begin to cultivate flasks of each with a 

gradient of known quantities of oestrogen. It would also be interesting to consider 

any differential effects that may be induced by the use of either oestrone, 

oestradiol or oestriol. 

 

P-glycoprotein has been associated with resistance to a variety of anti-cancer 

compounds in cell lines (Cordon-Cardo et al., 1989, 1990). Tamoxifen is known 

to interact with p-glycoprotein (Callaghan and Higgins, 1995), which raises the 

question of its involvement in the context of this study. Iusuf et al., (2011) 
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documents how the active metabolites of tamoxifen; endoxifen, n-

desmethyltamoxifen and 4-OH-tamoxifen have differential potentials for transport 

by the ABCB1 transporter. This could be assessed in the panels of cell lines that 

model endocrine resistance in this work, to perhaps explain the differential effects 

we see from the individual metabolites of tamoxifen.  

 

Furthermore, it has been discussed in previous chapters, how the data obtained 

and displayed in this thesis is that from 2D in vitro culture models. While this is a 

well-practiced and still trusted method in pre-clinical studies pertaining to anti-

cancer drugs, the advantages in similarities in comparison to the extracellular 

environment that 3D cultures would provide would be an interesting next step 

with this research – specifically how a 3D culture environment for the cells would 

affect the trends shown in this thesis. Taking this logic a step further, another 

option to consider would be that of patient-derived xenograft models (PDX) with 

these cell lines, rather than patient derived tissues. This would create a more 

natural tumour environment allowing for these resistant cells to be studied in a 

more natural tumour environment, and observe the effect that this environment 

may have on its response to tamoxifen (Yoshida, 2020).  
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Appendix 
 

 
Appendix I: (Z)-4-OH-tamoxifen IC50  values of the (Z)-4-OH-tamoxifen resistant sub-lines during 
different stages of cell-line production compared to their respective parental sub-lines (PTL). 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
Appendix II: Alpha-hydroxytamoxifen IC50  values of the (Z)-4-OH-tamoxifen resistant sub-lines 
during different stages of cell-line production compared to their respective parental sub-lines 
(PTL). 
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Appendix III: Endoxifen IC50  values of the endoxifen  resistant sub-lines during different stages 
of cell-line production compared to their respective parental sub-lines (PTL). 
 
 

 
Appendix IV: Endoxifen IC50  values of the n-desmethyltamoxifen resistant sub-lines during 
different stages of cell-line production compared to their respective parental sub-lines (PTL). 
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Appendix V: 2-methoxyoestradiol IC50  values of the n-desmethyltamoxifen resistant sub-lines 
during different stages of cell-line production compared to their respective parental sub-lines 
(PTL). 

 

 
Appendix VI: Olaparib IC50  values of the n-desmethyltamoxifen resistant sub-lines during different 
stages of cell-line production compared to their respective parental sub-lines (PTL). 
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Appendix VII: Olaparib IC50  values of the n-desmethyltamoxifen resistant sub-lines during 
different stages of cell-line production compared to their respective parental sub-lines (PTL). 
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Appendix VIII. N=2 repeat of blots shown in figure 5.10. Western blot analysis of all four 
parental cell lines and their Pt-drug resistant sub-lines. Lysates were prepared from 70-80% 
confluent culture dishes of each cell line or subline. Cell lysates were analysed for expression of 
the indicated proteins. ‘p’ denotes a phosphorylated form and ‘t’ denotes the total form of that 
protein. Each blot is representative the n=1 biological repeat. All targets in this representative 
image of blots are all from the same cell lysates, on the same experimental run. Not all blots 
required the same exposure time, the most appropriate exposure has been selected for each. 
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Appendix IX. N=3 repeat of blots shown in figure 5.10. Western blot analysis of all four parental 
cell lines and their Pt-drug resistant sub-lines. Lysates were prepared from 70-80% confluent 
culture dishes of each cell line or subline. Cell lysates were analysed for expression of the 
indicated proteins. ‘p’ denotes a phosphorylated form and ‘t’ denotes the total form of that protein. 
Each blot is representative the n=1 biological repeat. All targets in this representative image of 
blots are all from the same cell lysates, on the same experimental run. Not all blots required the 
same exposure time, the most appropriate exposure has been selected for each.
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