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Investigating the Molecular Mechanisms for SERM Resistant Cell Lines Using 
SILAC-Based Proteomic Approach. 
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Introduction:  

Breast cancer is the second highest cause of cancer mortality in women 

worldwide. Hormonal therapy is considered one of the most effective therapies 

and is used against luminal-type malignancies. However, 40-50% of tumour cells 

can develop resistance, thereby limiting the success in breast cancer treatment. 

In this study, mechanisms of resistance were investigated using a novel multi-

stable isotope labelled amino acids (SILAC) proteomics approach in phenotype-

specific breast cancer cell lines resistant to endocrine treatment.  

 

Method:  

In vitro chemo-sensitivity (IC50) was determined for MCF7, T47D, MDA-MB-231, 

MDA-MB-468, MDA-MB-453, BT-20 and MCF-10A breast cell lines using four 

endocrine-based therapeutic agents (Tamoxifen, 4-Hydroxytamoxifen OHT, 

Raloxifene, Anastrozole) to select viable strains for resistance studies. MCF7 

(luminal-type A) and MDA-MB-231 (triple negative breast cancer, TNBC) were 

selected and initially subject to OHT or raloxifene exposure with gradual 

increments for 10 months. WT cells were grown in the absence of drug in parallel 

as passage controls. Resistant cell lines were assessed by MTT and IF for 

comparison with parental cell lines. Resistant cell lines, along with the passage 

control and a SILAC control, were �J�U�R�Z�Q���L�Q���³�O�L�J�K�W�´���6�,�/�$�&���P�H�G�L�X�P���W�R�J�H�W�K�H�U���Z�L�W�K��

�:�7�� �V�W�U�D�L�Q�V�� �F�X�O�W�X�U�H�G�� �L�Q�� �³�K�H�D�Y�\�´�� �6�,�/�$�&�� �P�H�G�L�X�P���� �3�U�R�W�H�L�Q�V�� �Z�H�U�H�� �H�[�W�U�D�F�W�H�G, 

concentrations determined and analysed by SDS PAGE for quality control. An 

�D�O�L�T�X�R�W���R�I���H�D�F�K���³�O�L�J�K�W�´���F�H�O�O���O�L�Q�H��(resistant, passage control or SILAC control) was 

�F�R�P�E�L�Q�H�G���Z�L�W�K���D�Q���H�T�X�D�O���D�P�R�X�Q�W���R�I���³�K�H�D�Y�\�´���:�7�����W�U�\�S�V�L�Q���G�L�J�H�V�W�H�G���D�Q�G���D�Q�D�O�\�V�H�G���E�\��
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nano-HPLC Orbitrap Fusion mass spectrometry (2D-LC MS/MS). Proteins were 

identified by database searching using MascotTM. Relative changes (resistant/WT 

ratio) in protein levels were determined and bioinformatics tools (STRING and 

UniProt) used to explore significantly changed pathways associated with 

resistance. Western blotting was used to verify selected target proteins.  

Results:  

Four consistently resistant sublines were generated MCF7 OHT Res (2.00-fold 

more resistant), MCF7 Ralx Res (2.00-fold), MDA-MB-231 OHT Res (1.90-fold 

change) and MDA-MB-231 Ralx Res (2.00-fold), in addition to two high passage 

controls. ER expression by IF was decreased in MCF7 OHT Res compared to 

the WT and MCF7 Ralx Res, whereas CD44 was increased. 

Proteomic analysis revealed 2247 and 2880 total proteins in MCF7 OHT Res and 

MCF7 Ralx Res whilst 3471 and 3495 total proteins were identified in MDA-MB-

231 OHT Res and MDA-MB-231 Ralx Res, respectively. Bioinformatics tools 

identified significantly changed pathways included apoptosis, cytoskeleton, cell 

motility and redox cell homeostasis. Components of the MAPK-signalling 

cascade were consistently found to be upregulated in resistant cell lines. MAPK1 

(ERK2), previously associated with tamoxifen resistance was increased in MDA-

MB-231 Ralx Res cell lines by 4.45-fold and confirmed by Western blotting. 

Sorcin, which contributes to calcium homeostasis and is also linked to multidrug 

resistance was increased 4.11- and 2.35-fold in MCF7 OHT Res and Ralx Res 

sub cell lines, respectively. Some results, such as those for c-Jun, were 

inconsistent between proteomic analysis and Western blotting and require further 

investigation. 

Conclusion:  

The unique resistant cell lines generated here, as well the MCF7 OHT resistant 

line, provided novel data that give insights into the biological pathways involved 

in mechanisms of endocrine drug resistance in breast cancer. Proteomics 

analysis provided extensive data on common functionality and pathways across 

the resistant cell lines independent of phenotype or SERM. Overall, the results 

provided interesting targets for re-sensitising resistant breast cancer and the 

potential to investigate novel combination therapies in the future.  
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Impact of COVID-19 pandemic  

A novel coronavirus was first reported in Wuhan City, China towards the end of 

2019 and was the cause of a respiratory illness with a high transmission rate and 

significant death toll. Transmission within the UK was first documented on 28th 

February 2020 and by 11th March, the World Health Organisation (WHO) 

declared the outbreak a pandemic. On 23rd March 2020, the UK government 

imposed a lockdown on the whole population forcing the University laboratories 

to close until further notice. As a scientist I understand that it has been necessary 

to place proportionate and reasonable actions to protect the public and prevent 

the National Health Service (NHS) from becoming overwhelmed. It is therefore 

with regret that I have been unable to undertake the volume of experiments I had 

wished to in the preparation of this PhD thesis. 
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�������,�Q�W�U�R�G�X�F�W�L�R�Q 

1.1 Breast cancer  

Breast cancer (BC) has the highest incidence (24.5% of all new cancer cases), 

and highest 5-year prevalence (30.3% of all cancer cases) in women, however, 

lung cancer recorded the highest mortality (18% of all cancer deaths).  Based on 

GLOBOCAN 2020 estimates of cancer incidence and mortality, approximately 

2.3 million women developed BC worldwide and there were 685,000 deaths (Lei 

et al. 2021).  

Global breast cancer incidence has grown as a result of increased longevity 

within the female population, greater awareness of the need for self-examination 

and improved screening methods, such as digital mammography leading to 

earlier detection. At the same time, a wide range of treatments (immuno-, 

endocrine, radio- and chemotherapies, along with breast conserving surgery) 

have been developed to provide more accurate prognosis, improve quality of life 

after cancer and reduced mortality. Worldwide, breast cancer incidence and 

mortality rates account for 47.8 and 13.6 per 100,000 females, respectively. 

However, incidence and mortality rates differed between developed and 

developing countries and regions (Figure 1.1).  

In 2020, breast cancer incidence rates were estimated to be the highest in Europe 

(e.g., Belgium 113.2 per 100,000 females, North America (e.g., USA 90.3) and 

Oceania (e.g., Australia 96.0) (GLOBOCAN), whereas new cases in Sub-

Saharan Africa (e.g., Somalia 41.7 per 100,000) and Micronesia (e.g., Fiji 65.6) 

were relatively low (Lei et al. 2021). On the other hand, mortality rates were much 

higher in developing countries, for example, 27.2 per 100,000 females in Somalia 

and 41.0 per 100,000 females in Fiji, compared to 15.1, 12.4 and 11.7 per 
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100,000 for Belgium, USA and Australia, respectively (Sung et al. 2021; Lei et al. 

2021). This variation is due to the differences in their economic development and 

associated social and life-style factors (Francies et al. 2020). In developing 

countries, the lack of resources, poor screening and limited prevention programs 

contributed to late presentation of the disease with consequential lower survival 

rates.   
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a. 

 

b. 

 

Figure 1.1 : a. Global breast cancer incidence b. Global breast cancer mortality. Age-
standardized rate (ASR) for breast cancer mortality including all ages (maps created  
using the GLOBOCAN (2020), Global Cancer Observatory (iarc.fr), (Sung et al. 2021). 

  

https://gco.iarc.fr/
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Increasing age is a risk factor for many cancers and is particularly relevant in 

breast cancer as the incidence rate in postmenopausal women is 69.1% while in 

premenopausal it is 30.9% of all cases (Heer et al. 2020). Furthermore, 78.8% of 

all breast cancer-linked deaths occurred in women over 50 compared to 21.2% 

in those less than 50 (Heer et al. 2020). Consequently, many developed countries 

have breast screening programs for women entering menopause. For example, 

in the UK according to NHS guidelines, women are invited for a mammogram 

every 3 years from the age of 50 to 71 (Marmot et al. 2013; Evans et al. 2016). 

By enabling earlier detection of malignancies, these programs have contributed 

�W�R���D�����������U�H�G�X�F�W�L�R�Q���L�Q���W�K�H�L�U���U�L�V�N���R�I���G�\�L�Q�J���R�I���E�U�H�D�V�W���F�D�Q�F�H�U���Z�L�W�K�L�Q�������×�\�H�D�U�V���D�Q�G���D��

25% reduction in the occurrence of advanced breast cancer (Duffy et al. 2020; 

Trimboli et al. 2020). 

Late menopause is observed to be a risk with the chance of cancer increased by 

almost 3% for each additional year older at menopause (adjusted for age and 

childbearing pattern). For example, women who attained menopause at 55 years 

have a 30% higher risk compared to women who reached menopause at 45 years 

(Surakasula et al. 2014). However, there has also been an increased incidence 

in premenopausal women due to additional risk factors such as germ-line 

mutations (e.g., BRCA1, BRCA2), lifestyle (e.g., obesity, smoking, alcohol 

consumption) and environmental (e.g., organochlorine pesticides) factors (Sun et 

al. 2017; Carlson et al. 2018). Extensive accumulation of data has also indicated 

that ethnicity, breast density, early menarche, nulliparity and early age at first full-

term pregnancy have a statistical impact on breast cancer risk ���.�D�P�L���V�N�D���H�W���D�O����

2015; Abubakar et al. 2018).   
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A random clinical trial of 161,000 women showed that women screened between 

the ages of 39 and 41 did not significantly reduce their risk of dying from breast 

cancer within 10 years' follow-up (Moss et al. 2006). Women at increased risk of 

developing breast cancer such as those with BRCA1 or BRCA2 mutations, and 

are too young to join national screening program, are offered annual examination 

using mammography and magnetic resonance imaging (MRI) based on a risk-

benefit decision (Elmore et al. 2005; Desreux 2018). Sensitivity of mammography 

can vary dependent on tissue composition and the patient age (Boyd et al. 2007; 

Sinclair et al. 2011; Drukteinis et al. 2013). One of the mammography challenges 

is breast tissue density (fibrous and glandular area) which is higher in younger 

women, making their mammograms harder to interpret since it appears as white 

areas in the mammogram, while in postmenopausal women who have extensive 

fatty breast tissue are more likely to have an accurate diagnosis (Thigpen et al. 

2018). False-positive results in breast cancer screening are considered a 

significant limitation, since high call-back rates and unnecessary excessive 

biopsies lead to higher cost and more exposure to radiation doses, leading to 

patient stress and anxiety during the re-evaluation process (Drukteinis et al. 2013; 

Løberg et al. 2015). Continuing development of mammography, including 

digitisation with improved resolution has raised its position to the gold standard 

screening method supplemented with orthogonal imaging approaches, 

ultrasound (US) and MRI (Elmore et al. 2005).  

Hereditary or familial breast cancer, due to mutations in high penetrance genes 

such as BRCA1 and BRCA2, account for 5-10% of all cases (Lee et al. 2020).  

BRCA1 and BRCA2 proteins maintain genomic stability and contribute to the 

homologous recombination (HR) pathway. These proteins combine with seven 
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other tumour suppressors, DNA damage sensors, and signal transducers to form 

a large multi-subunit protein complex, known as the BRCA1-associated genome 

surveillance complex (Angeli et al. 2020). Both genes are highly susceptible to 

mutation (BRCA1 and BRCA2 have more than 2900 and 3400 known variants, 

respectively), with 80% of those that are possibly pathogenic resulting in 

transcription products directed to nonsense-mediated mRNA decay or expressed 

as non-functional proteins. Consequently, mutations in either gene cannot 

contribute to the damaged DNA repairing mechanism which in turn leads to 

changes in cellular DNA and subsequently to cellular aberrations that initiate 

cancer (Gorodetska et al. 2019). Hereditary breast cancer is more likely to occur 

in younger women, is often more aggressive, presenting at a more advanced 

stage and, in the absence of a screening program, leads to higher mortality rates  

(Petrucelli et al. 1993; Welcsh and King 2001; Lee et al. 2020; Warner et al. 

2020).  

1.2 Breast cancer classification  

Breast cancer is a heterogenous disease and to better understand breast 

tumourigenicity and metastasis potential it is necessary to describe the 

composition of breast tissue. Breast tissue is composed of three main parts 

including: 

1- Lobules, which are the glands that are responsible for milk-production. 

2- Ducts, which are tubes that carry the milk from the lobules to the nipple.  

3- Stroma composed of several tissue-types including fatty, connective, 

vasculature and lymphatics surrounding the lobules and ducts (Sharma et 

al. 2010; Javed and Lteif 2013) (Figure1.2). 
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Figure 1. 2: Structure and anatomy of breast tissue (from the National Cancer Institute 
2011; Terese Winslow, US Government, (Botesteanu et al. 2016). Permission to use the 
image has been given by the authors.  

 

Breast cancer is stratified by several different parameters which are vital for 

effective prognosis and accurate therapeutic intervention. Classification is based 

on (a) traditional clinicopathological screening using the tumour-node-metastasis 

(TNM) system (section 1.2.1), (b) can be characterised by disease progression 

(section 1.2.2) and more recently (c) by molecular expression of genes and 

proteins, also known as phenotyping (section 1.2.3).   

1.2.1 TNM staging system/Grading  

The International tumour-node-metastasis (TNM) system is considered an 

essential tool for diagnosis and detecting the stage of breast cancer. It is used for 

assessment of how much the primary cancer has grown (T), whether it has 

spread to lymph nodes (N) or to other parts of the body (M) (Table1.1) (Edge and 

Compton 2010). Many techniques are provided to assess the tumour size such 

as mammography (MG), ultrasound (US), magnetic resonance imaging (MRI) 

and pathologic examination (PE). Also, the number of lymph nodes which are 

involved in breast cancer are detected through fine-needle aspiration or core 

biopsy (Koh and Kim 2019) (Table 1.1). In the case of metastasis, chest X-Ray 

and bone scan are used to diagnose and evaluate any spread from the primary 

site. 
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Table 1.1: Advantages and limitations of the methods and tools used for breast cancer 
screening  

 Indication  Sensitivity  Selectivity  Advantage  Disadvantage  References  

Self-
examination 

Tumour (mass) 
Detection 58% 87% Simple, 

free 

Some masses 
could be 
missed, 
stress 

(Wilke et al. 
2009) 

Mammography 
Mass screening 
and detection of 
tumour 

75% - 85% 
 
74 - 89% 
 

Early 
detection of 
breast cancer, 
reduce BC 
mortality 

Less sensitive 
to dense fibro 
glandular 
tissue 

(Smith et al. 
2004; 
Devolli-
Disha et al. 
2009; Chen 
et al. 2021) 

Ultrasound 
 

Characterized 
lumps found in 
mammography 

51%-79% 77 - 89% 
Differentiation 
of a cyst from 
a solid nodule 

Operator 
dependence 

(Devolli-
Disha et al. 
2009; 
Houssami 
and Turner 
2014) 

Magnetic 
resonance 
imaging (MRI) 

Young women 
with high risk; 
Images small 
details of soft 
tissues 

75% -100% 83 - 98% 

Increased 
detection in 
high-risk 
women, 
quantification 
of tumour 
perfusion 

False-positive 
results, 
confined 
space, 
operator 
dependence 

(Wang 
2017; Mann 
et al. 2019)  

Biopsy 
Tumour 
characterisation 77% - 97% 92 �± 99% 

Morphological 
diagnosis 

Invasive, 
hematoma, 
infection 

(Mitra and 
Dey 2016) 

 

Based on the TNM staging system, nine categories have identified breast cancer 

stages (Tables 1.2) (Koh and Kim 2019).  

 

 Table 1.2: TNM system of breast cancer. 

 

  

 

 

 

 

 

TIS; DCIS, LCIS, TX; no evidence of tumour, T1; Tumou�U���V�L�]�H���•�����������D�Q�G���” 2 cm, T2; Tumou�U���V�L�]�H���•�������D�Q�G���” 
5 cm, T3; Tumou�U���V�L�]�H���•�������F�P�����7������Tumour size extended to chest and skin tissue. N0; No cancer cells in 
nearby nodes, Nmi; Tumou�U���P�L�F�U�R���P�H�W�D�V�W�D�V�L�V���”�����P�P�����1�������7�X�P�Rur cells are in 1-3 axillary lymph nodes, N2; 
Tumour cells are in the 4-9 axillary lymph nodes or in infra or supraclavicular lymph nodes, N3; Tumour cells 
are in the 10 or more axillary lymph nodes, M0; No metastasis M1, Metastasis to other part of the body.  

 

Stage T (Tumour size) N (Lymph node) M (Metastasis) 
0 Tis N0 M0 
IA T1 N0 M0 
IB Tx/T1 N1 mi M0 
IIA Tx/T1 N1 M0 
IIB T2 N1 M0 
IIIA T3 N1 M0 
IIIB T4 N0/N1/N2 M0 
IIIC Any T N3 M0 
IV Any T Any N M1 

https://dx.doi.org/10.3348%2Fkjr.2018.0231
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Furthermore, grading of breast cancer is performed by using tissue biopsies and 

observing the shape of cancer cells under the microscope (Gavgiotaki et al. 

2020). Breast cancers assessed by the Nottingham Grading System; 

a. Grade 1; a well-differentiated tumour cells which looks similar to normal cells 

with mild degree of nuclear pleomorphism and low mitotic count.  

b. Grade 2; tumour cells are moderately differentiated dividing at a moderate rate 

and nuclei are medium-to-large size but of uniform size and shape within the 

tissue.  

c. Grade 3; poorly differentiated tumour cells, dividing at a fast rate (with a marked 

degree of cellular pleomorphism) with frequent mitoses and no tubule formation 

(<10%) (Elston and Ellis 1991; Rakha et al. 2010). 

1.2.1.1 Breast cancer prognosis  

Prognosis of breast cancers plays a vital role in therapy decision by using scoring 

schemes to stratify risk. An important predictive model available within the UK, is 

the Nottingham Prognostic Index (NPI) (Lambertini et al. 2016), which considers 

the size of the tumour, number of lymph nodes involved, and tumour grade to 

predict the outcome following surgery and is used as an indicator of potential 

aggressiveness (Fong et al. 2015). The scoring system is defined as [(0.2xS) + 

N + G], where S = size of the lesion (in cm), N = lymph node status (0 nodes = 1, 

1-3 nodes = 2, >3 nodes = 3) and G = tumour grade (Grade I = 1, Grade II = 2, 

Grade III = 3, based on the degree of cellular differentiation, pleomorphism, and 

mitotic activity). Originally, the NPI score predicted survival of 80%, 42% and 13% 

in three groups of patients. The model has since been refined (NPI+) by 

incorporating biomarkers that defined seven main molecular classes, as a second 

step after the application of the formulae, providing an improved prognostic 

scoring scheme (Rakha et al. 2014). 
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1.2.2 Classification by Stage  

Breast cancer can also be characterised by stage, defined as atypical hyperplasia 

(benign), in situ carcinoma (cancer cells remain within the breast tissues), or 

invasive carcinoma (cancer cells intrude into the surrounding tissues) (Logan et 

al. 2015; Makki 2015). Each stage can also be sub-classified into ductal or lobular 

depending on the location within the breast in which the tumour starts to grow. 

For example, invasive breast cancers are subdivided into invasive ductal 

carcinoma (IDC), which account for 80% of invasive cases, and invasive lobular 

carcinoma (ILC) comprising up to 15% of cases (Makki 2015; McCart Reed et al. 

2015). 

1.2.3 Classification of breast cancer by phenotype  

Breast cancer is also subtyped according to the expression of biomarkers, 

estrogen receptor (ER), progesterone receptor (PR), and human epithelial 

receptor 2 (HER2), which coincided with the generation and characterisation of a 

number of immortalised cell lines used to explore phenotype-specific molecular 

mechanisms (Table 1.3) (Carey et al. 2006; Goldhirsch et al. 2011; Holliday and 

Speirs 2011; Mitri et al. 2012; Yersal and Barutca 2014; Dai et al. 2017; Hubalek 

et al. 2017). Indeed, the American Society of Clinical Oncology/College of 

�$�P�H�U�L�F�D�Q���3�D�W�K�R�O�R�J�L�V�W�V�����$�6�&�2���&�$�3�������S�U�R�S�R�V�H���W�K�D�W���E�U�H�D�V�W���F�D�Q�F�H�U�V���Z�L�W�K�×�P�R�U�H���W�K�D�Q��

1% of ER or PR expression should be considered hormone receptor�±positive 

tumours (Hammond et al. 2010). Perou et al used total transcriptomic methods 

to exquisitely discern stratifying subtypes by two-dimensional hierarchical 

clustering (Perou et al. 2000). Originally, they characterized variation in gene 

expression patterns in a set of 65 surgical specimens of human breast tumours 

from 42 different individuals, using complementary DNA (cDNA) microarrays 
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representing 8,102 human genes generating patterns which provided distinctive 

molecular portraits of each tumour. The arrays were stratified into groups defined 

as luminal, basal-like, normal-like, and ERBB2-(HER2)-like (Perou et al. 2000). 

These intrinsic subtypes differed in their clinical outcome, preferential site of 

relapse, response to chemotherapy and largely coincided with subtyping defined 

by ER, PR and HER2 expression. As a consequence, immuno-histochemical 

determination of ER, PR and HER2 is considered a standard classification to 

provide targeted therapeutic treatment of BC patients since the subtypes 

themselves incorporate many of the risk and predictive factors used in previous 

consensus recommendations (Zarrella et al. 2016). Hence, following expansion 

of the cDNA microarray study to a larger cohort and subsequently in breast 

cancer cell lines, the main phenotypes were established as Luminal A, Luminal 

B, HER2-positive, Basal-like and Claudin-Low (Table 1.3), which also correlated 

with the types of cells from which the BC originated (i.e. differentiated, progenitor 

or stem cells) (Dai et al. 2015). 

The emergence of microarray-based diagnostic assays provided an opportunity 

to develop more sophisticated panels of biomarkers to guide therapy decisions. 

Examples are the 70-GS MammaPrint prognostic and predictive diagnostic test 

which allocates tumours into groups of high- or low-metastatic risk based on the 

combined expression of 70 genes (MammaPrint) (Buyse et al. 2006; Soliman et 

al. 2020) and the 80-GS BluePrint, using the expression of 80 genes, to assign 

tumours to Luminal A/B, HER2 or Basal-like phenotypes (Glück et al. 2013; 

Soliman et al. 2020) 

In addition, Oncotype DX, a clinical validated 21-genomic assay comprising five 

reference genes and sixteen cancer-related genes, has been generated. It is 
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applied to predict recurrence of early stage and node-negative breast cancer and 

used in decision making in terms of systemic therapy. The test generates a 

recurrence score between 0-100 which correlates with probability of distant 

disease relapse. The purpose of this assay is to prevent unnecessary extra-

treatment of a large number of patients, while assuring those patients with 

unfavourable biology receive the required therapies to improve survival benefit 

(McVeigh and Kerin 2017; Green et al. 2019).  

 

Table 1.3: The classification of breast cancer subtype and exemplar cell lines based on 
the expression of receptor biomarkers. 

 
Classification  
 

Immune profile  Human cell lines  Prevalence  

Luminal A  

 
ER+, PR+/- 
HER2- 
K167 low 

MCF7, T47D 50-60% 

Luminal B  

 
ER+, PR+/- 
HER2+/- 
KI67 high 

BT474 15-20% 

Basal -like  
Triple negative  

 
ER-, PR- 
HER2- 
KI67 high 

MDA-MB-468 10-20% 

Claudin -low  
Triple negative  

 
ER-, PR- 
HER2- 
KI67 low 

MDA-MB-231 7-14% 

HER2-positive  

 
ER-, PR- 
HER2+ 
KI67 high 

MDA-MB-453 15-20% 

 

 

1.2.3.1 Luminal Epithelial (subtypes A and B)   

Luminal-A subtype comprises around 50%-60% while luminal B represents 15%-

20% of all breast cancers. Luminal-type tumours are characterised by tight cell-

cell junctions and are more differentiated than other types. These cells constitute 

the inner epithelial layer of the milk secretory function in the mammary gland. 
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Luminal-A subtype is positive for ER and/or PR but is negative for HER2 and has 

low expression of proliferation marker protein Ki-67 (Ki67). On the other hand, 

luminal-B subtype is ER-positive and Ki-67 positive but can be HER2-positive or 

negative (Feeley et al. 2014). Luminal A is also characterized by the expression 

of epithelial cytokeratins (CK) 8 and 18 (Tishchenko et al. 2016). Luminal B, on 

the other hand, is characterised by high expression of proliferation-related genes, 

such as gamma glutamyl hydrolase (GGH) and avian myeloblastosis viral 

oncogene homolog (v-MYB) and considered to be a worse prognosis compared 

to luminal A (Yersal and Barutca 2014). 

Several luminal breast cell lines have been used for both in vitro and in 

vivo experiments of gene and protein function with MCF7 and T47D the 

most frequently used cell lines representative of the Luminal A phenotype. As 

would be expected, both cell lines are estrogen-sensitive and depend on the 

steroid hormone for proliferation, but the latter expresses higher levels of PR and 

ER than the former. Many other proteins, involved in cell growth, anti-apoptosis 

regulations, tumourigenesis and malignancy, were also reported to be more 

strongly expressed in T47D than in MCF7 (Aka and Lin 2012). For example, T47D 

expressed caspase-3, Nuclear protein Hcc-1, G1/S-specific cyclin-D3, cathepsin 

B, prohibitin, whereas MCF7 is deficient or has reduced levels of these proteins, 

and hence diminished apoptotic functionality (Wang et al. 2016). Both cell lines 

are positive for epithelial markers, such as E-cadherin, ��-catenin and CK18, but 

negative for mesenchymal markers, such as vimentin (VIM) and smooth muscle 

actin (SMA) (Yu et al. 2017). 

 
A well-characterised Luminal B cell line is BT474, which is one of the more valid 

surrogates for solid tumours. Its enrichment of ER, HER-2 and AR, make these 
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cells a very important model mimic HER-2 driven disease (Dai et al. 2017). Also, 

the expression of quiescin-sulfhydryl oxidase 1 is reported to be associated with 

a poor prognosis in luminal B tumours (Fazekas et al. 2017).  

1.2.3.2 HER2-positive subtype  

Human epidermal growth factor receptor-2 (HER2) positive cancer comprises 

around 15-20% of breast cancers. This phenotype is defined by the high 

expression of HER2 on the cell surface of breast cancer cells which have a key 

role in cell proliferation. A HER2-positive cell has mixed molecular features 

between luminal and basal-like cells. While not expressing ER, expression of 

HER2 speeds up tumour growth making it more aggressive than the luminal-like 

subtype and consequently the receptor is considered a marker for poor 

prognosis. On the other hand, this type of breast cancer has better prognosis 

than triple negative as targeted therapies (Trastuzumab and Lapatinib) have 

been developed (Carey et al. 2006; Dai et al. 2017). One of the most popular 

HER2 positive cell lines, based on gene profiling studies, is the MDA-MB-453. It 

has been classified as molecular apocrine, expresses high levels of androgen 

receptor (AR) compared with other breast cancer cell lines, has high levels of 

Ki67 and responds to trastuzumab (Yu et al. 2011). 

1.2.3.3 Triple negative subtypes (Basal -like and Claudin -low)  

Triple negative breast cancers (TNBC) are negative for ER, PR and HER2 

receptor expression. TNBC can be further sub-classified into two categories 

which are basal-like and Claudin-low. Basal subtype is enriched with basal 

markers such cytokeratins 5, 14, 17, while Claudin-low breast cancer is 

characterized by low expression of genes involved in cell-cell adhesion, such as 

Claudins 3, 4 and 7, and E-cadherin. In addition, Claudin-low is characterised by 
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enrichment of the epithelial-to-mesenchymal transition features that have an 

important role in metastasis, cellular adhesion and migration (Dai et al. 2016).  

One of the preferred Claudin-low subtype cell lines is MDA-MB-231 which has 

low or no expression of the three key phenotypic markers (ER-negative/PR-

negative/HER2-negative). MDA-MB-231 cells are associated with cancer 

invasion and aggressive features. It has been reported that these cells are 

enriched in both CD44 and ALDH1 with low Ki67, E-cadherin, claudin-3, claudin-

4 and claudin-7 expression. Also, they are positive for mesenchymal markers 

�V�X�F�K�� �D�V�� �Y�L�P�H�Q�W�L�Q�� �D�Q�G�� �V�P�R�R�W�K�� �P�X�V�F�O�H�� �D�F�W�L�Q�� ���.-SMA) and underwent epithelial-

mesenchymal transition (EMT) that renders them prone to metastasis. These 

cells express epithelial markers such as E-cadherin and CK18 very weakly 

compared to the luminal cells (D'Anselmi et al. 2013). 

MDA-MB-468 and BT-20 are two basal TNBC cancer cell lines and the latter is 

considered the oldest TNBC cell line, established from a pleural effusion in the 

1950s. Both are used in the preclinical experiments, have genetic amplification 

of the EGFR gene and high expression of the EGFR protein compared to the 

other BC cell lines (Chavez et al. 2010; D'Anselmi et al. 2013). 

Of all the major cancers, BC has been the most completely characterised based 

on development, histological, genetic and physical features as well as cause and 

risk parameters. The different methods of BC stratification described above 

provide the clinician with a diverse range of methods for disease detection and 

intervention and is the most advanced in terms of personalised therapy. The main 

treatment options are briefly described below. 
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1.2.4 Clinical presentation   

Despite the various classification systems, clinical investigation does not 

distinguish between malignant and benign breast cancer, thus a triple 

examination is required including, clinical examination, imaging of the breast 

include mammography, ultrasound (US) and/or MRI and a biopsy. As a 

consequence, BC can also be described and classified by a combination of 

factors relating to appearance (Zgajnar 2018). 

Around 85% of breast cancers clinically present as a breast mass; however, 

skin redness and discoloration, pain, oedema, retraction, nipple inversion and 

changes in the size and shape of the breast are common signs of the disease 

(Zhang et al. 2012; Zgajnar 2018). Locally advance breast cancer (LABC) is 

defined as any breast cancer that is characterized as T3�±T4, or N2�±N3, no 

metastases (M0) (see section 1.2.1) (Weledji and Elong 2016; Aebi et al. 2021). 

LABC represents a relatively common type, accounting for 5�±10% of cases in 

high-income countries, but significantly, in developing countries, attributed to 

more than half of all breast cancers. The clinical presentation of T4 disease 

varies significantly from a minimal degree of skin involvement to cancer 

encasing the chest wall. Inflammatory breast cancer is considered a subtype of 

LABC, which is more common in black women accounting for 2.5% of all 

cases. It is characterized as a rapidly growing mass, with oedema, redness of 

the breast and most often with axillary lymph nodes affected (Robertson et al. 

2010).  

Clinical manifestation of metastatic breast cancer depends on the site, size of 

metastases, number of metastatic sites, pathological or genotype 

characteristics and previous medical treatments (Wang et al. 2019c). The most 
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common organs to which breast cancer metastasises are bone, lung, liver and 

brain. Lung metastasis is clinically presented as a non-productive cough, 

breathlessness or chest pain due to pleural involvement. In the case of liver, 

metastatic symptoms include abdominal pain and swelling, anorexia, nausea 

and vomiting, while in brain metastasis several neurological complications 

manifest including progressive headache, vomiting and visual disturbance. 

Although not the topic of research herein, it should be noted that male breast 

cancer represents approximately 1% of all breast cancer cases or one case per 

100,000 man-years (Sanguinetti et al. 2016), and is more likely to be associated 

with BRCA2 mutation carriers (Fentiman 2009). Clinically it presents as a mass, 

nipple inversion, nipple discharge and enlarged axillary lymph nodes.  

1.3 Treatment  

The main types of treatment of breast cancer include surgery, radiotherapy (RT), 

chemotherapy (CT), hormonal or endocrine therapy (ET) and immunotherapy 

(Warpenburg 2014). 

1.3.1 Surgery and radiotherapy  

Breast surgery is the most common approach used in the treatment of a localized 

breast tumour, which aims to remove the affected area (Matsen and Neumayer 

2013). It is commonly followed by adjuvant therapy to ensure full recovery as well 

as minimizing the risk of the tumour spreading to other tissues and organs. For 

small detectable masses and those localised to one part of the breast, 

lumpectomy is used to remove the cancerous mass cells, leaving much of the 

surrounding breast tissue intact. Full mastectomy involves complete removal of 

breast parenchyma, nipple areolar complex, tissue that appears normal and 

excess skin from the chest wall leaving only enough skin to close the incision. It 
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is generally used when patients present with larger tumours, have multiple foci, 

masses that spread in two or more quadrants of the breast tissue, or are at risk 

of recurrence and will not undergo immediate reconstruction (Fisher et al. 1989; 

Heilat et al. 2019).  

Radiotherapy is an approach in which the cancer cells are exposed to high levels 

of ionizing radiation which deposits energy in the cells of the tissues through 

which it passes (Heilat et al. 2019). The energy dissipates within the cells causing 

damage to DNA which then cannot function during cell replication and results in 

apoptosis-directed cell death. As cancer cells proliferate at high rates, 

radiotherapy is more destructive of tumours than the surrounding normal tissue 

(Jackson and Bartek 2009; Baskar et al. 2012). 

Radiotherapy uses high energy photon-beam radiation in the form of X- and 

gamma�±rays (generated by cesium-137, cobalt-60), or electron or particle-beam 

radiation using a linear accelerator (linac), applied in a course of several small 

doses over many weeks to reduce normal cell damage. Despite this, some side 

effects such as peeling, itching, soreness, decreased sensation in the breast 

tissue or under the arm can occur (Baskar et al. 2014; Warpenburg 2014). The 

international standard radiotherapy regimen after breast conservation surgery or 

mastectomy for early breast cancer delivers 25 daily doses (fractions) of 20 Gy 

(Gray unit of radiation) to a total dose of 50 Gy over 5 weeks. Alternative 

schedules based on a lower total dose delivered in fewer, larger fractions 

(hypofractionation - 40 Gy in 15 fractions over 3 weeks) were introduced in the 

UK and Canada on an empirical basis (Haviland et al. 2013). 
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Combined surgery and radiotherapy are considered when cancerous lymph 

nodes are detected in the armpit, margins of the primary tumour are not well-

defined, or the tumour remains localised but is at an advanced stage. Most 

frequently radiotherapy is used after surgery and can be applied either directly 

(brachytherapy) or indirectly (multiple doses of external beam radiotherapy), but 

it can also be used prior to surgery to shrink the tumour (neoadjuvant therapy) or 

during breast-conserving surgery (single intra-beam dose) (Schwid et al. 2017).  

1.3.2 Chemotherapy   

Chemotherapeutic agents are a group of drugs used to kill fast-growing cells. 

Specific treatment for breast cancer is based on; overall health, medical history, 

age (whether pre- or post-menopausal), type and stage of the cancer, tolerance 

for specific medications and procedures (Mahalingaiah and Singh 2014; Schmidt 

2014b). Chemotherapy is often given in cycles; treatment for a period, followed 

by a recovery phase, then another round of treatment. The efficacy of 

chemotherapy depends on the level of risk of the individual patient. In addition to 

the well-established clinicopathological factors, validated gene expression 

signatures (section 1.2.3) are useful for selected groups if all other criteria are 

inconclusive for therapeutic decision-making. Further, chemotherapy can be 

given before surgery to shrink the tumour and in some cases enable breast 

conserving surgery rather than full mastectomy. The large benefit of 

chemotherapy is expected in those who are in a histological grade 3, high level 

of Ki-67 expression, low hormone receptor status or absence of human epidermal 

growth factor receptor 2 (HER2) (Schmidt 2014a). Adjuvant chemotherapy 

should be started within the first few weeks after surgery as each delay could 

diminish the outcome (Downing et al. 2014).  
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Of the regimen used, doxorubicin (Adriamycin, a topoisomerase inhibitor) and 

cyclophosphamide (DNA alkylation) for 4 cycles followed by paclitaxel (prevents 

microtubule polymerisation) for 4 cycles (AC-T combination), is one of the more 

common for high-risk patients (Citron et al. 2003; Moo et al. 2018). An alternative 

standard option is docetaxel with AC (DAC combination); nevertheless, this is not 

superior to the above regimen, and docetaxel is associated in particular with 

higher toxicity and higher febrile neutropenia rates than paclitaxel (Swain et al. 

2013; Moo et al. 2018). Anthracycline is more often utilized in those with 

significant nodal involvement or higher�ærisk triple�ænegative disease. While lymph 

node�ænegative HR�æpositive tumours are being treated mostly with a non-

anthracycline�æbased regimen (Shah and Gradishar 2018).  

Although chemotherapy is the main treatment option for TNBC patient groups 

recently, a new treatment schedule has been introduced using polyadenosine 

diphosphate-ribose polymerase inhibitors (PARPis) particularly for patients 

harbouring a mutation in the BRCA genes and also for those with PD-L1-positive 

tumours. The former group start their treatment with platinum-based drugs, 

carboplatin or cisplatin, and in case of disease progression, PARPis is 

administered. In the case of PD-L1-positive tumours (PD-L1 expression on 

tumour-�L�Q�I�L�O�W�U�D�W�L�Q�J�� �L�P�P�X�Q�H�� �F�H�O�O�V�� �•���������� �Q�D�E-paclitaxel (nanoparticle albumin�±

bound paclitaxel) and atezolizumab could be added as a first line of treatment. 

For patients without a BRCA mutation and with PD-L1-negative tumours, taxanes 

(paclitaxel or docetaxel) are considered as a first-line treatment. 
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In the case of very symptomatic patients a combination such as anthracyclines 

and cyclophosphamide or platins with taxanes are recommended (Caparica et al. 

2019). 

1.3.3 Monoclonal antibodies, immunotherapy  

HER2 is a member of the tyrosine kinase receptor family that plays a critical role 

in cellular growth and is frequently up regulated in breast cancer as well as a 

phenotypic marker (see section 1.2.3). Gene amplification of HER2, reaching up 

to two million receptors per cell, occurs in approximately 20% of breast cancers. 

Trastuzumab is an FDA-approved HER-2-targeted therapeutic for the treatment 

of metastatic breast cancer. It binds extracellularly to the receptor resulting in 

cellular growth inhibition and is generally used for women with early HER2-

positive breast cancer (Balduzzi et al. 2014). However, some patients who 

respond to trastuzumab, develop resistance within one year of treatment with an 

increased risk of pulmonary and cardiac toxicities (Browne et al. 2009). 

Trastuzumab deruxtecan was approval by the FDA in 2019 composed of anti-

HER2 trastuzumab, a cleavable tetrapeptide-based linker (GGFG), and a potent 

topoisomerase I inhibitor for the treatment of patients with unresectable or 

metastatic breast cancer. Further, Sacituzumab govitecan was approved by the 

FDA for metastatic TNBC in 2020 (Jin et al. 2022). 

1.3.4 Tyrosine kinase inhibitors  

Tyrosine kinase inhibitors are small molecules that block the signaling pathways 

of both HER2 and EGFR through inhibition of the autophosphorylation sites on 

the receptors. Lapatinib is a reversible blocker of HER2 tyrosine kinase, which 

has an anti-tumour activity on HER2-positive breast cancer and has also been 
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approved for treatment of HER2-positive metastatic breast cancer (Geyer et al. 

2006). However, like many protein kinase inhibitors, lapatinib can induce 

resistance mechanisms such the activation of downstream kinases MAPK 

(mitogen-activated protein kinase), PI3K (phosphoinositide 3-kinase), PRKACA 

(Moody et al. 2015), proto-oncogene tyrosine-protein kinase Src (SRC) (De Luca 

et al. 2014) and non-kinase mediated mechanisms such as the loss of cyclin 

dependent kinase inhibitor 1B (CDKN1B) and overexpression of the lactate 

dehydrogenase-A (LDHA) glucose deprivation response network (Zhao et al. 

2011). 

1.3.5 Endocrine Adjuvant therapy/hormone therapy  

Hormonal therapy of breast cancer has been a reliable approach in targeting ER 

in pre- and postmenopausal women as approximately 70% of breast cancer 

�H�[�S�U�H�V�V���.-estrogen receptor (ER+) (Chang 2012). This nuclear receptor plays a 

major role in the tumourigenesis of breast cancer as it upregulates several factors 

such as cyclin D1 which plays an important role in cell cycle survival (Eeckhoute 

et al. 2006). Three categories of hormonal therapy have evolved in the treatment 

of ER-positive breast cancer (Figure 1.3), including (a) selective ER modifiers 

(SERMs), such as tamoxifen, which are non-steroidal compounds that function 

as ligands for ERs, (b) selective estrogen receptor down-regulators (SERDs), 

such as fulvestrant, that abrogate estrogen signalling in cells by disrupting 

nuclear localization and (c) aromatase inhibitors (AIs) such as letrozole, 

anastrozole and exemestane, which block the aromatase enzyme responsible for 

converting androgens into estrogens in the peripheral tissue. 
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Figure 1. 3: Timeline of approval breast cancer endocrine drug development adapted from 
Dixon et al (Dixon 2014). 

 

1.3.6 Treatment flow of breast cancer based on breast cancer stages   

Breast cancer treatment is usually based on a knowledge of stage, tumour 

location and biomarkers, though in the case of lobular carcinoma in situ, no 

treatment is required. Ductal carcinoma in situ on the other hand, requires surgery 

and radiation therapy without systemic therapy.  

Breast cancer stages I and II (early invasive) are usually treated with surgery and 

radiotherapy to decrease the mortality rate and recurrence of the breast cancer 

followed with adjuvant therapy. The standard adjuvant therapy in estrogen 

receptor-negative BC is a combination of anthracyclines (specifically doxorubicin 

and epirubicin) with taxanes (docetaxel or paclitaxel). Cyclophosphamide and 

fluorouracil can also be used in combination with other chemotherapies (Cardoso 

et al. 2017).  

In the case of estrogen receptor-positive BC, tamoxifen or an aromatase inhibitor 

is the preferred treatment, but a chemotherapy regimen may also be considered 

(Morrow et al. 2002). For stage III, based on meta-analysis conducted by the 

Early Breast Cancer Trialists' Collaborative Group (EBCTCG), neoadjuvant 

chemotherapy is the primary treatment followed by surgery and radiation, with 

hormonal therapy given as adjuvant therapy post-breast conserving surgery in 

the case of estrogen receptor-positive BC (Abe et al. 2005; Maughan et al. 2010). 

https://pubmed.ncbi.nlm.nih.gov/?term=Early+Breast+Cancer+Trialists%27+Collaborative+Group+%28EBCTCG%29%5BCorporate+Author%5D
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According to the Biannual Advanced Breast Cancer Conference guidelines the 

first choice in metastatic breast cancer stage IV is systemic treatment including 

endocrine therapy and chemotherapy followed by surgery or radiotherapy 

(Cardoso et al. 2017). Metastatic breast cancer is considered an incurable 

disease that is difficult to treat. Around 6�±10% of breast cancer cases are 

metastatic at first diagnosis. Moreover, 20�±50% of patients with early breast 

cancer will later develop metastases, depending on tumour and patient 

characteristics (Lu et al. 2009). The mechanism of metastasis is the migration 

and progressive colonization of cells from the primary tumour to a distant site, 

characterised by extravasation and intravasation of the circulatory system 

(Marino et al. 2013). Most importantly, the treatment regimen depends on the 

biomarkers characterized the breast cancer type (Figure 1.4) (Nounou et al. 

2015). 

 

Figure 1. 4: Adjuvant therapy strategy for breast cancer depends on the biomarkers that 
express on the tumour cells adapted from Nounou et al (Nounou et al. 2015).  
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1.4 Estrogen Receptor  

ER has a critical role in the development of breast cancer. It belongs to the 

�Q�X�F�O�H�D�U���U�H�F�H�S�W�R�U���I�D�P�L�O�\���D�Q�G���W�K�H�U�H���D�U�H���W�Z�R���L�V�R�I�R�U�P�V�������D�����(�5�.���Z�K�L�F�K���L�V���H�Q�F�R�G�H�G���E�\��

ESR1 �J�H�Q�H�V���R�Q���F�K�U�R�P�R�V�R�P�H���������D�Q�G�����E�����(�5�����Z�K�L�F�K���L�V���H�Q�F�R�G�H�G���E�\���W�K�H��ESR2 gene 

located on chromosome 14. Both have the same structural architecture contained 

in six domains designated from A to F (Figure 1.5). Activation function 1 (AF1) 

located in the A/B domain is responsible for the transcriptional activity of ER in 

the absence of ligand. The DNA-binding domain (DBD) is responsible for receptor 

dimerization and binding DNA sequences. The D domain which includes a 

nuclear localization signal and the ligand-binding domain (LBD) which harbours 

activation function 2 (AF2) and is responsible for ligand binding and its activity. 

The F domain, located at the carboxy terminus, has no role in transcriptional 

activity, but exerts a modulatory function for both AF1 and AF2 ���<�D�ú�D�U�� �H�W�� �D�O����

2016). �(�5�.���K�D�V���D���U�Rle in cell proliferation and survival through genomic and non-

genomic signalling pathways. 

 

 

Figure 1. 5: Estrogen receptor structure; The A/B region contains (AF-1) activation 
function 1,; DBD is a DNA binding domain, region D is a flexible hinge region that 
connects the DBD to region LBD, LBD is a ligand binding domain and contains activation 
function 2 and region F contains the C-terminal domain (CTD) adapted from Baker et al 
(Baker et al. 2016). 
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In the absence of ligand, ER exists in an inactive form as monomeric molecules 

bound to heat-shock proteins. Whenever estrogen binds to the LBD of the 

receptor in the classical genomic pathway, it induces a conformational change 

and dissociation of the chaperone proteins. This leads to receptor dimerization 

and translocation to the nucleus resulting in gene activation of a cell proliferation 

response. Alternatively, the ER dimer binds to other transcription factors, such as 

Fos (F) and Jun (J), which in turn bind directly to activator protein 1 (AP1) 

recruiting regulatory coactivators thereby enhancing ER transcriptional activity 

(Figure 1.6). In an alternative non-genomic pathway, estrogen may bind to ER 

membrane receptor, and interact with (GFR), in turn leading to gene activation 

by inducing signal transduction pathways of AKT and MAPK (Zilli et al. 2009).  

 

Figure 1. 6: Genomic and non-genomic signals of estrogen receptor adapted from Zilli et 
al (Zilli,et al 2009 ). 

 

1.5 Selective estrogen receptor modulators  

Selective estrogen receptor modulators (SERMs) are non-steroidal compounds 

that function as agonists or antagonists for ERs in a distinct tissue-specific 

manner. The two most common SERMs are tamoxifen (commercially named 

Nolvadex) and raloxifene (Evista).  
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1.5.1 Tamoxifen  

Tamoxifen was initially trialled in the latter half of the 1960s and approved by the 

FDA in 1977 for pre- and post-menopausal women diagnosed with breast cancer. 

The recommended dose regimen for tamoxifen is 20mg daily for 5 years and is 

also approved for chemoprotection for women at high risk of breast cancer. Its 

use has had a huge impact on breast cancer patients, decreasing mortality by 

30% and prolonging 5-year overall survival rate based on the TNM classification 

of breast cancer (Pan et al. 2017). Tamoxifen is a first-generation 

triphenylethylene SERM, applied to prevent and treat estrogen receptor positive 

(ER+) breast cancer. However, it acts both as an agonist and antagonist 

dependent on the site of action. For example, it acts as an ER antagonist in breast 

tissue and as an agonist in uterus, cardiovascular system, and bone (An 2016).  

1.5.2 Tamoxifen metabolism  

Tamoxifen is a prodrug metabolized in the liver by cytochrome P450s isoforms, 

CYP2D6 and CYP3A4, into two active metabolites, 4-hydroxytamoxifen (OHT) 

and N-desmethyl-4-1hydroxy tamoxifen (endoxifen). Both bind more efficiently to 

estrogen receptor than tamoxifen itself (Lazzeroni et al. 2012) (Figure 1.7). 

        

Figure 1. 7: Tamoxifen metabolism pathways adapted from Steans et al (Stearns et al. 
2003). 
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1.5.3 Mechanism of action  

Tamoxifen mechanism of action is mediated by binding with ER as a competitive 

inhibitor thus forming a complex that prevents estrogenic action contributing to 

cancer cell growth and proliferation (Chang et al. 2007). When OHT binds to ER 

receptor, it inhibits the transcription of estrogen-responsive genes by 

antagonizing estrogen receptor in breast tissue (Lazzeroni et al. 2012). The 

ER/tamoxifen complex �U�H�F�U�X�L�W�¶�V co-repressor proteins such as nuclear receptor 

co-repressor 1 (NCoR) and nuclear receptor co-repressor 2 (SMRT) which 

regulate the function of several genes (Wong et al. 2014).  

Tamoxifen effects vary with dose and response in breast cancer patients. 

Adjuvant tamoxifen therapy is more beneficial in controlling tumourigenesis if 

given by continuous therapy for a prolonged time period. Increasing tamoxifen 

treatment to 10 years from 5 years produces a further reduction in recurrence 

and mortality, but potentially increase side effects such as hot flushes, vaginal 

dryness, visual disturbance, endometrial cancer or thromboembolic diseases 

(Cuzick et al. 2007; Davies et al. 2013). 

Tamoxifen also possesses an ER-independent mechanism, arising at higher 

concentrations, and functions as an anti-tumour activity in both ER-positive and 

ER�±negative BC. Interestingly, clinical studies showed that using tamoxifen at 

higher doses (80 to 720 mg/day) provided a safe profile over a diverse patient 

population (Stuart et al. 1992; Daurio et al. 2016). Tamoxifen functions as an 

agonist in bone tissue by lowering circulating cholesterol levels in the body, and 

hence is used for hypercholesterolemia (Dnistrian et al. 1993; Krum et al. 2008). 

Moreover OHT, the active metabolite, acts with a 100-fold greater affinity for the 
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ER compared to tamoxifen and its potency to suppress the estrogen-dependent 

cell proliferation is around 30- to 100-fold higher (Goetz et al. 2005). 

1.6 Raloxifene versus tamoxifen in breast cancer treatment  

The second generation of SERMs were developed to overcome the emergence 

of tamoxifen side effects. Raloxifene was approved in 1997, to be used for 

reducing breast cancer risk in post-menopausal women at high susceptibility to 

the disease, in addition to its primary application for osteoporosis, with a 

recommended daily dose of 60mg (Lippman and Brown 1999; Mürdter et al. 

2011).  

Raloxifene belongs to the benzothiophene analogues, that were used for 

prevention of Luminal-type breast cancer (Berga 2013). Although both tamoxifen 

and raloxifene were used to decrease the risk of breast cancer in high-risk 

women, raloxifene had lower estrogen-like effects compared to tamoxifen. In turn, 

raloxifene did not share the pro-estrogenic effects of tamoxifen on the 

endometrium (Martinkovich et al. 2014). Moreover, raloxifene treatment following 

5 years of tamoxifen treatment may have no value in tamoxifen-resistant therapy 

as it will not reduce breast cancer recurrence (O'Regan et al. 2002). 

1.7 Aromatase inhibitors  

In postmenopausal women, around 90% of the total body estrogen is normally 

synthesised in the peripheral fatty tissues. The production of estrogen may be 

blocked by aromatase inhibitors (AIs). There are three generations of AI. The 

first- and second-generation AIs were aminoglutethimide and fadrozole, 

respectively, both of which inhibited other steroid hormones such as cortisol and 

aldosterone thus generating significant side effects. The third-generation 

inhibitors including letrozole, anastrozole, and exemestane, have shown greater 
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potency associated with better clinical efficacy compared with previous 

generation drugs (Cardoso et al. 2013). These latest generation AIs can be 

subdivided into two classes: non-steroidal AI (NSAI) represented by letrozole and 

anastrozole, and steroidal AI (SAI) represented by exemestane. Both groups 

block aromatase (also known as cytochrome P450 19A1 or CYP19A1) enzyme 

activity. The former inhibits aromatase in a reversible trend by binding to the 

haem moiety of the enzyme, preventing androgens from binding to the catalytic 

site. The latter drug binds covalently to the substrate binding site of the aromatase 

irreversibly, thus inactivating the enzyme  (Smith and Dowsett 2003). AIs are 

considered the first-line option for postmenopausal women with ER 

positive breast cancer (Cardoso et al. 2017) due to the higher clinical efficacy, 

prolonged disease-free survival, long duration to recurrence and significantly 

lower toxicity profile compared to tamoxifen  (Chumsri 2015).  

1.8 SERDs 

Selective estrogen receptor down regulators (SERDs) such as fulvestrant, bind 

to the estrogen receptor and abrogate estrogen signalling in cells by impaired 

dimerization, increased estrogen receptor turnover, and finally disrupted nuclear 

localization. Fulvestrant has a superior effect compared to AIs in terms of efficacy 

and tolerance (Boér 2017), however, it is poorly soluble which impairs its oral 

delivery to the patients, and as a result must be administered by intramuscular 

injection (Liu et al. 2016). 

As part of understanding the mechanisms of endocrine therapy resistance, 

tamoxifen (Tam), OHT, Anastrazole (Ans) and Raloxifene (Ralx) were used in 

this study (Figure 1.8). 
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Figure 1. 8: Chemical structures of A: Tamoxifen, B: 4-OHT C: Raloxifene and D:  
Anastrazole. 

 

1.9 Hormonal Therapy Resistance  

Hormonal therapy is considered one of most effective forms of adjuvant therapy 

for breast cancer and is given before or after surgery and radiotherapy. However, 

40-50% of tumour cells can develop resistance to hormonal therapy, thereby 

limiting the success in overall breast cancer treatment (Dixon 2014). There are 

two types of endocrine resistance - primary and secondary - representing a 

major challenge in adjuvant and metastatic breast cancer therapy (Table 1.4) 

(Cardoso et al. 2017).  

  Table 1.4:  Types of hormonal/endocrine therapy (ET) resistance. 
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In general, the most common molecular mechanisms of endocrine resistance that 

have been studied by the researchers are as follows; -  

1.9.1 Resistance of SERM  

Some ER-positive patients become resistant to tamoxifen regardless of the level 

of ER expressed. There are two types of resistance, intrinsic with no response to 

tamoxifen from the outset of therapy (which makes up approximately half of 

advanced ER-positive breast cancers) and de novo or acquired resistance which 

develops over a period of three to five years after treatment initiation (Osborne et 

al. 2002; Chang 2012; García-Becerra et al. 2012; Fan et al. 2015; Ali et al. 2016; 

Hultsch et al. 2018; Zimmers et al. 2018). Patients who develop tamoxifen-

resistant tumours can be treated with ER down regulators such as fulvestrant or 

aromatase inhibitors (AIs) (Osborne et al. 2002; Rani et al. 2019).  

Many potential mechanisms of acquired tamoxifen resistance have been 

identified from use of hormonal therapy, presenting a major challenge in breast 

cancer treatment. These mechanisms are defined either by the classical method 

�Z�K�L�F�K�� �G�H�F�U�H�D�V�H�G�� �S�U�R�O�L�I�H�U�D�W�L�R�Q�� �L�Q�K�L�E�L�W�L�R�Q�� �Y�L�D�� �(�5�.�� �J�H�Q�H�� �H�[�S�U�H�V�V�L�R�Q�� �R�U�� �E�\�� �(�5�.-

independent mechanisms (Moerkens et al. 2014).  

1.9.1.1 Intrinsic resistance - Tamoxifen metabolism  

Through absorption in the liver tamoxifen is converted into two biologically active 

metabolites through cytochrome P450 metabolic pathways (CYP2D6 and 

CYP3A4, both of which are involved in the metabolism of 25% of all drugs) (Owen 

et al. 2009) producing 4-hydroxy-tamoxifen (OHT) and 4-hydroxy-N-

desmethyltamoxifen (endoxifen) (see section 1.5.2). Plasma concentrations of 

endoxifen are 6-fold higher than that of OHT in breast cancer treatment (Stearns 

et al. 2003). An intrinsic resistance mechanism has been described in which 
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patients carrying inactive alleles of CYP2D6 failed to convert tamoxifen to its 

biologically active metabolite (Hoskins et al. 2009). More than 80 different single 

nucleotide polymorphisms (SNPs) of CYP2D6 have been identified which can be 

categorised into four groups defined as ultra-rapid, extensive, intermediate and 

poor metabolizers. Therefore, the poor metabolizer group of CYP2D6 which 

came either from gene deletion or polymorphisms would affect the metabolism of 

tamoxifen through no protein expression at all or low enzymatic activity and hence 

affect the therapeutic outcome of tamoxifen leading to resistance (Mürdter et al. 

2011). 

1.9.1.2 Mutation of ER expression and function  

Anti-estrogen therapy is only effective in cancer cells that are dependent on ER 

expression and it has been reported that mutations of ER occur in less than 1% 

of human breast cancers, therefore not a major contributor to the resistance of 

tamoxifen (Herynk and Fuqua 2004). Homozygous deletions and duplications, as 

well as insertions, have the potential to regulate ER function and therefore should 

be considered. On the other hand, it has been reported that mutations appear to 

stabilize the agonist conformation of ER and destabilize the antagonist 

conformation, resulting in resistance to anti-estrogens drugs by changing the 

conformational dynamics of the loop connecting Helix 11 and 12 in the ligand-

binding �G�R�P�D�L�Q���R�I���(�5�.�����)�L�J�X�U�H���������������6�X�F�K���H�[�D�P�S�O�H�V���D�U�H���W�K�H���W�Z�R���P�X�W�D�W�L�R�Q�V���<�������6��

and D538G in the ESR1 gene accounting for approximately 70% of acquired 

resistance in breast cancer (Fanning et al. 2016). 
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1.9.1.3 Epigenetic modification and resistance  

Epigenetic modifications which make up 30% of breast cancer cases are defined 

as changes in gene expression without alterations in the DNA sequence and have 

�D�� �U�R�O�H�� �L�Q�� �U�H�J�X�O�D�W�L�Q�J�� �(�5�.�� �V�L�J�Q�D�O�V�� �E�\�� �F�R�Q�W�U�R�O�O�L�Q�J�� �(�5�� �H�[�S�U�H�V�V�L�R�Q�� �O�H�Y�H�O�V (Dai et al. 

2017). Generally, methylation is characterized by addition of methyl groups to 

cytosines via DNA methyltransferases (DNMTs). Both hypomethylation and 

hypermethylation of DNA are considered to be tumourigenic processes and 

thus considered hallmarks of cancer. The ER CpG island is unmethylated in 

normal breast tissue and most ER-positive tumour cell lines, whereas aberrant 

methylation of CpG islands leads to reduced or absent ER expression (Lapidus 

et al. 1998). 

1.9.1.4 Resistance through co -regulator proteins  

Amplified in breast cancer 1 protein (AIB-1 also known as steroid receptor 

coactivator 3, SRC3 or nuclear receptor coactivator 3, NCOA3) is overexpressed 

in around 50% of breast tumours cases increasing the agonist activity of 

tamoxifen-bound ER and resulting in de novo resistance (Anzick et al. 1997; List 

et al. 2001; Lahusen et al. 2009). Whereas an antagonist effect occurred when 

tamoxifen was bound to ER, resulting in recruitment of co-repressors and 

reduced target gene transcription. Also, low levels of NCoR, which is involved in 

the antagonist effect of tamoxifen, will reduce its effect representing a poor 

response to tamoxifen and leading for resistance (Lavinsky et al. 1998; Lubecka 

et al. 2016; Garcia-Martinez et al. 2021). 

1.9.1.5 Resistance in growth factor signalling  

Receptor Tyrosine Kinases (RTKs) are cell surface membrane receptors playing 

an important role in cancer progression. They are associated with various 
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downstream signalling pathways such as MAPK and PI3K/Akt which are 

activated in response to ER stimulation (Butti et al. 2018). RTKs include 

epidermal growth factor receptors (EGFRs, such as EGFR1, HER2, EGFR3 and 

EGFR4) (Macdonald-Obermann and Pike 2014), vascular endothelial growth 

factor receptors (VEGFRs), platelet-derived growth factor receptors (PDGFRs), 

insulin-like growth factor receptors (IGFRs) and fibroblast growth factor receptors 

(FGFRs) (Butti et al. 2018). RTKs have a critical role in regulating the ER 

signalling pathway, however, overexpression of these receptors is associated 

with the generation of endocrine resistance (Shou et al. 2004). In vivo studies 

have shown that HER2 overexpression leads to tamoxifen-stimulated growth, a 

potential mechanism of primary tamoxifen resistance. A cross talk mechanism 

between the HER2 and ER involves high expression of coactivator AIB-1/SRC3, 

enabling switching of tamoxifen to be an agonist instead of an antagonist 

(McDonnell and Wardell 2010). When located at the cell membrane, ER recruits 

growth factor receptor tyrosine kinases, such as EGFR and HER2, which in turn 

activate ERK1 and ERK2 mitogen-activated protein kinases (MAPK) to 

phosphorylate both ER and the ER coactivator AIB-1/SRC3. On translocation to 

the nucleus, ER phosphorylation increased transcription arising from the AF-1 

domain of the ER; whilst the resulting phosphorylation of AIB-1/SRC3 augmented 

its activity. In vitro studies have shown that long-term tamoxifen treatment leads 

to marked increase in EGFR and HER2 expression at the time of secondary 

tamoxifen resistance (Massarweh et al. 2008). Consequently, blocking this 

pathway with the HER2 antibody such as trastuzumab restores tamoxifen 

sensitivity in resistant cells (Chen et al. 2008).  
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1.9.1.6 Resistance through cell cycle/apoptosis  

Maintaining the balance between proliferation and apoptosis is crucial to sustain 

cell homeostasis. Tamoxifen induces programmed cell death (apoptosis) through 

inhibition of cell cycle progression by affecting the key cell cycle proteins 

(Mandlekar and Kong 2001b). However, with long-term treatment, resistance will 

develop. This occurs as a result of increasing anti-apoptotic proteins particularly 

B-cell lymphoma 2 (BCL2) as well decreasing pro-apoptotic proteins such Bcl-2 

antagonist killer 1 (BAK), BCL-2 Interaction Killer (BIK) and caspase 9. This 

therefore impairs normal growth and results in the development of resistance. On 

the other hand, cyclin D1 plays a major role in regulating the progression of the 

cell cycle. Treatment with tamoxifen reduces cyclin D1 expression level whilst 

high expression of cyclin-D1 has been associated with tamoxifen resistance 

promoted through agonist rather than antagonist action (Viedma-Rodríguez et al. 

2014; Yao et al. 2020a). Furthermore, cyclin-D1 correlated to the higher activity 

of CDK4 and CDK6 which both drive the progression of the S-phase of cell cycle 

thus, reversing the growth-inhibitory effects of anti-estrogens (Wilcken et al. 

1997) (Figure 1.9). 
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Figur e 1.9: Summary of established mechanisms of tamoxifen resistance. 

 

1.10 Specific challenges of treatment for the TNBC subtype  

1.10.1 Characteristics of TNBC  

Triple negative breast cancer subtype represents those lacking ER/PR/HER2 

receptor expression and make up approximately 15% to 20% of breast cancer 

cases, compared to those with ER positive or HER-2 amplification (Brenton et al. 

2005). TNBC is more common among premenopausal African-American women 

and is characterized by over-expression of basal cytokeratins 5/6, 14, and 17, P-

cadherin and EGFR (Irshad et al. 2011; Badowska-Kozakiewicz and Budzik 

2016). EGFR is also often overexpressed in ER-negative breast cancer cases, 

such as TNBC, mediating various biological cell processes such as proliferation, 

apoptosis, metastasis and angiogenesis (Scandlyn et al. 2008). TNBC subtypes 

have an aggressive characteristic associated with high mutation rates particularly 

in Tumour protein P53 (TP53), as well in breast cancer 1 (BRCA1) gene (section 

1.1). However, necrosis and inflammatory infiltrates have also been found in this 

breast cancer phenotype.  

https://www-sciencedirect-com.brad.idm.oclc.org/topics/medicine-and-dentistry/mutation-rate
https://www-sciencedirect-com.brad.idm.oclc.org/topics/medicine-and-dentistry/necrosis
https://www-sciencedirect-com.brad.idm.oclc.org/topics/medicine-and-dentistry/inflammatory-infiltrate


 
 
 

39 
 

1.10.2 Treatment approach for TNBC  

The critical issue of TNBC is that there is no specific target therapy available to 

reduce tumour growth, consequently the main treatment has been cytotoxic 

chemotherapy particularly anthracyclines and/or microtubule-binding agents 

(Anders and Carey 2009). The highly toxic side effects of chemotherapy are 

immunosuppression, oedema, cardiotoxicity and neutropenia. These drugs also 

exhibit low bioavailability (Anders and Carey 2009). Furthermore, systemic 

relapse and higher possibility of metastasis to lungs and brain have been 

recorded (Livasy et al. 2006). Consequently, less than 30% of those with 

metastatic TNBC will survive five years after initial diagnosis  (Miah et al. 2016). 

Thus, there is an urgent need for a novel safer targeted treatment for TNBC. The 

possibility of combining targeted therapies could be used as a TNBC treatment 

strategy, maximizing efficacy and reducing incidence of resistance. 

Recently, PARP inhibitors provided a new class of drugs which target cancers 

with defective DNA-damage repair mechanisms, also defined as synthetic 

lethality, as they are particularly effective in tumours which carry BRCA1 and 

BRCA2 germline mutations. PARP1 and PARP2 are enzymes, activated by DNA 

damage, which facilitate DNA repair in pathways involving single-strand breaks 

(SSBs) and base excision repair (BER). The suppression of PARP catalytic 

activity prevents the formation of poly-ADP ribose and blocks the binding of 

NAD+ at the site of DNA damage, which in turn results in cell death. Phase III 

trials of PARP inhibitors, such as talazoparib, niraparib, olaparib, and veliparib, 

have shown anti-tumour efficacy and tolerability, and continue to be investigated 

in treatment in TNBC (Dziadkowiec et al. 2016). 
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1.11 Cancer models  

In vivo and in vitro cancer models have been used to comprehensively 

understand cancer development and its response to therapy, while also providing 

insights into the molecular mechanisms of tumourigenicity and metastasis, two 

important hallmarks of cancer (Table 1.5) (Katt et al. 2016). 

Early-passage cells cultured directly from patient tumours are the best model to 

use due to their clonality of the patient phenotype (van der Merwe et al. 2010). 

However, these cells are expensive, needing a well-optimization method, as well 

as slow and inconsistent growth. Therefore, immortalized cell lines that grow in 

2D culture are most commonly used. More than 80% of cancer research is based 

on using cell lines before proceeding to in vivo studies, due to their well-

established protocols and robust growth properties, while also being cheaper and 

having long-life span compared to primary cell sources (Burdall et al. 2003). Cells 

are grown in suspension or adhered on glass or plastic surfaces (monocultures) 

and are used for many functional tests such migration and cytotoxicity assays. 

However, 2D culture do not representing the clinical situation lacking the 

microenvironment complexity of solid tumours. Therefore, improved models have 

been developed (Lv et al. 2017).  

To mimic the normal cancer tumour behaviour more accurately, cell lines can be 

grown in 3D culture models. However, 3D cultures are less responsive to drugs 

compared to 2D models as artificial matrices are added into culture media thus 

reducing drug penetration into the cells ���.�D�S�D�á�F�]�\���V�N�D���H�W���D�O���� ����������. One of the 

most common 3D models is the tumour spheroid, which comprises self-organized 

aggregates of immortalised cells originating from single-cell suspensions. 

Another model, called organoids, are prepared from primary tumour tissue 
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isolated through mechanical or enzymatic digestion from fresh biopsies, releasing 

individual cells into suspension. The primary cells are embedded into an 

extracellular matrix, such as Matrigel, which retain the cell�±cell interactions and 

thus maintain the structure, stromal composition and genetic mutations of the 

original tumour (Colella et al. 2018). Xenografts are a combination model 

between animals and human cells, where human cancer cells are injected under 

the animal (most commonly mouse) skin or into specific organ type where the 

tumour can establish in 3D and incorporate the host vasculature and stroma 

(Richmond and Su 2008; Gao et al. 2015; Gao et al. 2018). However, xenografts 

would be a costly and time-consuming approach for developing resistance 

models. 

Table 1.5 : Advantages and disadvantages of different biological samples used in cancer 
research. 

 Advantage  Disadvantage  

Primary tissue 
 

Accurate representation of the cancer 
tumour 
Have same cell morphology 
More relevant and reflective of the in 
vivo environment. 

Difficulties in collection 
Limited material for culture 
Short lifespan  
Limited expansion capacity 
Expensive 
 

 2D Cell line 
 

Highly proliferative, easier to culture 
Can be grown in almost infinite 
quantities (long life span) 
High degree of homogeneity 
Well established protocols  

Potential phenotype change 
 
 

Spheroid Different cell types can be produced 
as spheroids. 
Generate a cancer microenvironment 
to simulate solid tumours 
 

Expensive 
Limited models of immune 
mechanism 
Heterogeneity of size 

Organoid Gene expression is similar to in vivo 
Personalized properties to the donor 

Expensive 
Time consuming 
Less sensitive of drugs 
 

Xenograft 3D solid tumour that incorporates 
vasculature for PKPD analysis of drug 
candidates 
Genetic study applicable 

Time consuming 
Expensive 
Ethical concerns 
 

1.12 Proteomics  

Proteins are the dynamic components of the biological system, they are the core 

components of molecular networks, particularly in biochemical functions of the 



 
 
 

42 
 

cells. Furthermore, they are considered crucial targets for drug development and 

�W�K�H�U�D�S�H�X�W�L�F�� �L�Q�W�H�U�Y�H�Q�W�L�R�Q���� �7�K�H�� �W�H�U�P�� �³�S�U�R�W�H�R�P�L�F�V�´�� �Z�D�V�� �I�L�U�V�W�� �F�R�L�Q�H�G�� �L�Q�� ���������� �D�Q�G��

�G�H�I�L�Q�H�G���D�V���³�W�K�H���O�D�U�J�H-scale characterization of the entire protein complement of a 

cell line, tissue, or organism� ́(Diz et al. 2012). Later, the proteome was defined 

as �³�W�K�H���W�R�W�D�O�� �S�U�R�W�H�L�Q�� �D�E�X�Q�G�D�Q�F�H�� �R�I�� �D�� �F�H�O�O�� �Z�K�L�F�K�� �L�V�� �F�K�D�U�D�F�W�H�U�L�]�H�G�� �U�H�J�D�U�G�L�Q�J�� �W�K�H�L�U��

function, interactions, location, structure as well the complex post-translational 

�P�R�G�L�I�L�F�D�W�L�R�Q�V�´ (Aslam et al. 2017). In most cases, genomic information is not 

enough to fully characterize a biological system due to poor correlation between 

mRNA and protein levels in the cells. In addition, proteomics provides quantitative 

evidence about the expressed proteins and post translation modification (PTMs) 

that cannot be identified from genomics studies (Diz et al. 2012). Furthermore, 

not all the existing genes inside the cell are active, therefore proteomic studies 

are required particularly to confirm whether an existing gene is expressed, as well 

as to determine wider information about protein characteristics. Nowadays, 

proteomics is crucial to understand the mechanisms of disease as it can help in 

early diagnosis and prognosis. As proteins are targets of most drugs, proteomics 

can have an important role in drug discovery (Graves and Haystead 2002; Diz et 

al. 2012; Graves and Zeng 2012). 

1.12.1 From gene to protein  

Human Proteome Organization (HUPO) has reported approximately 50,000-

100,000 protein types in humans including splicing variance and posttranslational 

modifications, even though there are only 20,000 genes (Omenn 2021). Proteins 

are macro-molecules of polypeptide chains with specific amino acid sequences, 

synthesised in a complex process inside the cell engaging two critical 

complementary steps. Transcription is the first process which involves copying 
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DNA representative of the gene to messenger RNA (mRNA) and facilitating the 

delivery of mRNA to the ribosome. The second step is the translation by which 

the information contained in the mRNA is read by the ribosome converting it to 

amino acids which are assembled into polypeptides resulting in protein synthesis 

(Figure1.9) (Dao Duc and Song 2018). 

1.12.2 Post -translational modification (PTMs)  

Post-translational modifications (PTMs) are structural modification occurring after 

protein synthesis to provide specific functions to each protein. They are 

characterized by addition or deletion of functional groups to or from the protein 

chain, which subsequently modulate their functions and activities. Identification 

of PTMs is very useful for determining changes in biological function and are 

considered in some cases to be biomarker targets of diseases such as cancer 

and cardiovascular diseases (Lu et al. 2016) (Figure 1.10). 

Several types of PTM have been identified with the most common PTM being 

phosphorylation, acetylation, ubiquitination and glycosylation.  

1.12.2.1 Phosphorylation  

Phosphorylation is characterized by addition of phosphate groups to the side 

chains of amino acids, serine, threonine and tyrosine. Protein kinases and protein 

phosphatases are two key regulators of molecular switch between 

phosphorylation and dephosphorylation of target effector proteins (Ardito et al. 

2017). Phosphorylation events are important for many cell functions particularly 

in replication, differentiation, metabolism, environmental responses and 

apoptosis. For instance, it regulates various signalling pathways, such as the 

MAPK cascade which are activated in response to external stimuli (e.g., growth 

factors) binding to cell surface receptors (Wang et al. 2014).  
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1.12.2.2 Acetylation  

Acetylation is characterized by addition of an acetyl group from acetyl-CoA to 

specific amino groups of lysine and arginine (reversible), but also the N-termini 

of some proteins (irreversible). Protein acetylation has many roles including 

regulation of cell proliferation, chromatin folding/unfolding and apoptosis. Histone 

function in epigenetic regulation of gene expression is controlled with the addition 

or removal of acetyl groups by specific families of enzymes - histone 

acetyltransferases (HATs) and histone deacetylases (HDACs) (Wang et al. 

2014).  

1.12.2.3 Ubiquitination  

Ubiquitination is a reversible process characterized by conjugating ubiquitin, a 

small signal protein, to effector proteins at their lysine residues. It is involved in 

biological functions such as protein degradation via the proteasome and 

associated with pathophysiological states such as apoptosis (Wilkinson 1987; Shi 

and Grossman 2010).  

1.12.2.4 Glycosylation  

�*�O�\�F�R�V�\�O�D�W�L�R�Q�����L�V���W�K�H���P�R�V�W���F�R�P�P�R�Q���3�7�0�����R�F�F�X�U�U�L�Q�J���R�Q�����������R�I���D�O�O���J�H�Q�H���S�U�R�G�X�F�W�V��

�P�R�V�W���R�I���Z�K�L�F�K���D�U�H���V�H�F�U�H�W�H�G���I�U�R�P���F�H�O�O�V���L�Q�W�R���W�K�H���V�X�U�U�R�X�Q�G�L�Q�J���E�L�R�I�O�X�L�G�V�����6�\�Q�W�K�H�V�L�V���R�I��

�R�O�L�J�R�V�D�F�F�K�D�U�L�G�H�V���D�Q�G���D�W�W�D�F�K�P�H�Q�W���W�R���S�U�R�W�H�L�Q�V���L�V���F�R�P�S�O�H�[���D�Q�G���K�L�J�K�O�\���U�H�J�X�O�D�W�H�G���E�\��

�D�� �V�H�U�L�H�V�� �R�I�� �V�X�J�D�U���V�S�H�F�L�I�L�F�� �J�O�\�F�R�V�L�G�D�V�H�V�� �D�Q�G�� �W�U�D�Q�V�I�H�U�D�V�H�V�� �I�X�Q�F�W�L�R�Q�L�Q�J�� �L�Q�� �W�K�H��

�H�Q�G�R�S�O�D�V�P�L�F�� �U�H�W�L�F�X�O�X�P���� �*�O�\�F�R�V�\�O�D�W�L�R�Q���I�X�Q�F�W�L�R�Q�� �L�V�� �L�Q�Y�R�O�Y�H�G�� �L�Q�� �P�D�Q�\�� �E�L�R�O�R�J�L�F�D�O��

�D�F�W�L�Y�L�W�L�H�V���R�I���J�O�\�F�R�S�U�R�W�H�L�Q�V���L�Q�F�O�X�G�L�Q�J���I�R�O�G�L�Q�J�����V�R�O�X�E�L�O�L�V�D�W�L�R�Q�����V�W�D�E�L�O�L�W�\���D�Q�G���L�Q�W�H�U�D�F�W�L�R�Q����

�7�K�H���W�Z�R���P�D�M�R�U���W�\�S�H�V���R�I���J�O�\�F�R�V�\�O�D�W�L�R�Q���D�U�H���1���J�O�\�F�R�V�\�O�D�W�L�R�Q�����L�Q���Z�K�L�F�K���J�O�\�F�D�Q���O�L�Q�N�H�G��

�W�R�� �Q�L�W�U�R�J�H�Q�� �J�U�R�X�S�� �R�I�� �D�V�S�D�U�D�J�L�Q�H�� �D�Q�G���2���J�O�\�F�R�V�\�O�D�W�L�R�Q�� �Z�K�H�U�H�� �W�K�H�� �J�O�\�F�D�Q�� �L�V��

�V�X�E�V�W�L�W�X�W�H�G���I�R�U���W�K�H���K�\�G�U�R�[�\���J�U�R�X�S���R�I���V�H�U�L�Q�H���R�U���W�K�U�H�R�Q�L�Q�H���D�P�L�Q�R���D�F�L�G�V�����:�L�O�N�L�Q�V�R�Q��

�D�Q�G���6�D�O�G�R�Y�D�������������� 
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Figure 1. 10: Protein synthesis and development starting from genomic expression the 
post translation modification of proteins (Virág et al. 2020). Permission to reproduce the 
figure has been given by the authors.  

 

1.12.3 Polyacrylamide gel electrophoresis   

One-dimension sodium dodecyl sulphate polyacrylamide gel electrophoresis 

(SDS-PAGE) was first described by Laemmli in 1970 (Laemmli 1970). This 

technique is widely used for qualitative comparison of proteins between different 

samples. Separation occurs based on the MW of proteins (Abdallah et al. 2012). 

Ammonium persulfate (APS) (polymerizing agent) and TEMED (catalytical 

reagent) are important components to catalyse the crosslinking polymerization of 

acrylamide to form the gel. After performing electrophoresis, separated proteins 

are visualised using Coomassie Blue or silver stain (Gordon and Jencks 1963; 

SchÄGger 2003; Zhang et al. 2016a).  

1.12.4 Protein separation and analytical approaches  

Traditionally, gel-based methods such as western blot and protein labelling with 

radioactive isotopes have been used for specific protein quantification  

(Westermeier and Marouga 2005). However, mass spectrometry has become 
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an important tool for total proteome quantification particularly after introducing 

stable isotope labelled tags that facilitate the measurement of relative and 

absolute levels of individual proteins. 

1.13 MS-based quantitative p roteomic approaches  

Multi-dimensional capillary liquid chromatography coupled to tandem mass 

spectrometry is a powerful tool for sample separation and identification, by 

analysing peptides after controlled proteolytic digestion rather than the intact 

protein (Figure1.11). Many LCMS gel-free based proteomics approaches 

(Baggerman et al. 2005; Karpievitch et al. 2010) have been documented including 

a number of quantitative methods, such as label-free (e.g., MRM), chemically-

labelled (e.g., ITRAQ) and metabolically labelled (e.g., SILAC) approaches. In 

general, the principle of labelling approach is to introduce a mass tag to the 

proteins or peptides which will be detected and analysed by MS (Ong and Mann 

2005).  

 

 
 

Figure 1.1 1: Scheme of gel and gel free based proteomic approach adapted from Chen 
and Yates (Chen and Yates 2007). 
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1.13.1 Label -free approach   

Several label-free quantitative proteomic approaches have been established; 

however, fundamental steps are common to all of them, including protein 

extraction, digestion, separation, quantification and statistical analyses. In label-

free strategies, each sample is run through LC-MS/MS individually and protein 

determination based on ion peak area or intensity from chromatography or on the 

number of protein spectra generated (Bantscheff et al. 2007; Zhang et al. 2011). 

Multiple replicate analyses are required to establish statistically significant 

differences in protein expression between two or more samples. 

1.13.2 Metabolic Stable isotopes labelled amino acids SILAC 

Stable isotopes labelled amino acids are powerful MS-based reagents used for 

quantitation of proteolytic peptides from different samples in the same MS 

analysis. The SILAC workflow requires growing the cells in a medium that 

contains one or two stable isotope labelled, essential amino acid(s), such as 

�D�U�J�L�Q�L�Q�H���D�Q�G���O�\�V�L�Q�H�����³�K�H�D�Y�\���P�H�G�L�X�P�´�������)�L�J�X�U�H��������2), as well as control cells grown 

in parallel in medium containing normal amino �D�F�L�G���V���� ���³�O�L�J�K�W�� �P�H�G�L�X�P�´��, for 

comparison purposes. The stable isotope amino acids are incorporated into the 

newly synthesised proteome of the cells based on the number and the type of 

labelled amino acids that have been used. This results in a defined mass shift of 

labelled peptides on mass spectrometric analysis compared to the control cell 

line grown in normal amino acids (Gruhler and Kratchmarova 2008). To ensure 

full incorporation of stable isotope amino acids, cells should be cultured for at 

least five passages. 

There are nine essential amino acids not synthesised by cells including lysine, 

leucine, methionine, phenylalanine, tryptophan, histidine, isoleucine, threonine, 
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and valine, of which lysine is the most commonly used for SILAC experiments. 

Arginine is also used but is synthesized in small amount therefore it is vital to 

manipulate the cells to take it from external sources (Cho et al. 1984; Morris 

2006). Consequently, it is necessary to add proline to the cell culture media as 

the possibility of metabolic conversion of arginine to proline within the cells, might 

generate an error in the incorporation of the heavy label arginine into peptides.  

The most common proteomic enzymes used for digesting proteins is trypsin 

which cleaves proteins to generate peptides at the C-terminal side of lysine and 

arginine residues (Deng et al. 2019). Overall, carrying out SILAC experiments is 

based on addition of neutrons into the atoms of 12C and the 14N element to 

produce the stable isotopes 13C and 15N, which should have minimal impact on 

normal cell growth (Figure1.12). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1 2: Structures for light and heavy amino acids used in SILAC proteomic 
approach adapted from Thermo Fisher Scientific©. 
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The workflow for SILAC proteomics, following label incorporation, can be 

summarized as (i) harvesting of cell pellets, (ii) combining equal amounts of 

labelled protein extracts from the experimental cells and unlabelled proteins from 

control cells, (iii) digestion with trypsin, and (iv) the peptides generated subjected 

to LC-MS/MS for analysis (section 1.14). Protein quantification of SILAC is based 

on the expression ratio of labelled to unlabelled peptides. Thus, the signal 

intensities and ratio changes allow for quantitative measurements of their relative 

protein abundances in the mixture (Kani 2017). 

1.13.3 Isobaric tags for relative and absolute quantification ( iTRAQ)  

Isobaric tags for relative and absolute quantification (iTRAQ) employs specific 

reagents to in vitro label digested peptides and are composed of three parts, 1. 

Amino-reacting group, 2. Balance group and 3. Reporter group (Figure 1.13)  

(Seligson et al. 2005). 

 

Figure  1.13: Structure of Isobaric tag reagent (iTRAQ) comprising the three key 
components, adapted from Ross et al (Ross et al. 2004). 

 

iTRAQ proteomics enables multiplexed analysis and comparison of up to 8 

samples/variable (8-plex). The principle of iTRAQ is to use a common reagent 

(tags) that attaches to all peptides through primary amino groups at the N-



 
 
 

50 
 

terminus and on lysine residue side chains, in a trypsin-digested sample. The 

reactive group has up to 8 variations in the composition of stable isotopes of 

13C, 15N and 18O counter-balanced with stable isotopes in the balancing group 

so that equivalent labelled peptides from different digested samples have the 

same molecular weight. The balance group function is to keep the isobaric mass 

fixed through the analysis (Pappireddi et al. 2019). Following the label step, 

samples are pooled and analysed by LC-MS. In MS mode, the peptide from 

each original sample has the same mass irrespective of the stable-isotope 

version of the tag present, i.e., it is isobaric. However, in MS/MS mode using 

collision-induced dissociation (CID) peptide fragments and iTRAQ (reporter ion) 

fragments are produced. The reporter ions are products representative of the 

specific reactive tag used to originally label the peptides and therefore the 

sample from which it was derived. Thus, the fragment ratios of reporter ions 

enable relative quantification of that peptide in each sample (Tian et al. 2020). 

Despite the simplicity of ITRAQ labelling step, SILAC provides a more accurate 

relative quantitation approach having a lower incidence of experimental errors 

during the sample preparation. On the other hand, ITRAQ can provide a four- to 

eight- sample comparison within a single MS experiment compared to two or 

three in SILAC (Trinh et al. 2013) (Figure 1.14). 
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Table 1.6: Advantage and disadvantage for proteomic approaches (Kim and Cho 
2019). 

 
 Label free  ITRAQ SILAC Gel Based  
Advantage  Wider number 

of 
experiments 
 
 
Fast and 
cheap 
 
 
Any sample 
 

Applicable to 
various samples 
such tissue and 
bio fluid 
 
Multiplex nature 
of the reagent. 
 
Saving on 
sample 
preparation and 
analysis time 
 

Robustness 
and very 
versatile 
 
 
No chemical, 
radioactive  
 
 
Applied in 
live cells 
 

Lower amount 
of protein 
sample 
 
 
Assessment 
via 
visualization 
 
Simple and 
cheap   

Disadvantage  Each sample 
run individual 
 
 
 
Requires 
replicate 
analysis 

Expensive/ 
fragmentation 
required before 
analysis 
 
Sensitive to 
contamination. 
 
 

Conversion 
arginine to 
proline 
 
 
Not 
applicable to 
all samples 

Variation 
between gel 
to gel  
 
 
Strong acid 
base not 
suitable  
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Figure 1.1 4: Summary workflow of the three main quantitative proteomics approaches. 
Graphic adapted from Thermo Fisher Scientific©. Key: labelled sample shown in red 
colour.  

 

1.14 Mass spectrometry  

A mass spectrometer is a device that is widely used for qualitative and 

quantitative studies in proteomics research, whether the samples are pure or in 

a complex mixture. It is a useful and informative tool for studying and analysing 

various biological sample types. The main function of mass spectrometer is 

measuring the mass-to-charge ratio (m/z) of ionized molecules in the gas phase. 

Generally, for identification purposes proteomic bottom-up approaches are 

commonly used, in which proteins samples are digested to small peptides and 

then subjected to analysis through an MS instrument.  

 

Label-Free 
Quantification 

Metabolic 
Labelling 

Isobaric Tags 
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Mass spectrometers are composed of three fundamental parts, the ion source, 

the mass analyser and the detector. The ion source is the first part of the 

instrument, where the analyte is converted from a solid or liquid into the gas and 

ionised either positively or negatively depending on whether a proton is added or 

removed. The two most common ionization methods used in proteomics are 

Electrospray Ionization (ESI) and Matrix Assisted Laser Desorption and 

Ionization (MALDI) (Han et al. 2008; Matthiesen and Bunkenborg 2013).  

1.14.1 Ionization methods used in proteomic approaches  

1.14.1.1 Electrospray Ionization (ESI)  

Samples are injected through a needle or stainless-steel capillary, with an 

�H�O�H�F�W�U�L�F�D�O���I�L�H�O�G���R�I�������W�R�����×�.�Y���Y�R�O�W�D�J�H���D�S�S�O�L�H�G���W�R���W�K�H���W�L�S���D�O�R�Q�J���Z�L�W�K���G�U�\���12 gas flows to 

produce charged aerosol droplets. The spray comes from the capillary tip towards 

the mass spectrometer source, with droplets decreasing in size with increasing 

vacuum, until only the ionised molecules remain to enter the analyser. Ions are 

separated based on m/z in the analyser and then detected at the detector. The 

whole system is kept in a high vacuum as the ion gas is reactive and unstable 

(Banerjee and Mazumdar 2012). By generating multiply charged ions, ESI can 

be used for high molecular weights proteins such up to 100,000 Da in size, but is 

most commonly used for peptides (Pitt 2009). 

1.14.1.2 Matrix Assisted Laser Desorption and Ionization (MALDI)  

MALDI MS is a technique in which the solution (analyte) is mixed with a matrix 

(energy-absorbent organic acidic compound, such as �.-cyano-4-

hydroxycinnamic acid), which is allowed to dry and crystallize on the MS target, 

thus trapping the analyte inside the crystals. As a result, the analyte molecules 

are ionized by protonation through a pulse of laser energy and accelerated into a 
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time-of-flight tube. These ionized molecules are separated in the flight tube based 

on their time of flight which is inversely related to m/z ratio, and detected by a 

detector (Singhal et al. 2015). 

Many types of mass analyser have been used, but Time-of-flight, Orbitrap and 

Quadrupoles are most commonly employed in mass spectrometers for 

proteomics. Some instrument designs employ tandem analysers for improved 

and more versatile performance, such as Q-TOF and quadrupole-Orbitrap. 

1.14.2 Mass analyser  

1.14.2.1 Time of Flight (TOF)  

TOF instruments acquire mass spectra in less than a millisecond unit of time as 

all the ions created in the source are pulsed into a field-free flight tube, 

subsequently, the ions separated based on their size as the smaller will travelling 

faster to the detector than the larger molecules, generating different mass-to-

charge ratios (m/z) (Williamson and Bartlett 2007). Multiple spectra are collected 

and compiled from consecutive laser pulses to acquire improved signal-to-noise. 

MALDI TOF MS generates singly charged ions which provides easy to interpret 

MS spectra of complex mixtures. 

1.14.2.2 Quadrupole mass spectrometr y 

After the ionised samples enter into the mass spectrometer, most commonly from 

an ESI source, ions separation will take place within the quadrupole mass 

analyser according to their stability under two voltages applied to two diagonally 

opposite, parallel pairs of rods. A combination of radio and DC offset voltages are 

applied so that the quadrupole acts as a mass filter and specific m/z ions travel 

through this oscillating electric field and reach the detector. Continuously varying 
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the ratio of the applied voltages separates a wide range of ions with 

different m/z values (Han et al. 2008; Somogyi 2008; Clarke 2017). 

1.14.2.3 Orbitrap  

The separated ions are accumulated into external storage device (C-trap) (Figure 

1.15) until they lose their energy then a fixed amount of ions travel orthogonally 

through a curved path and lens system into the orbitrap. A voltage is applied 

inside the orbitrap (composed of a central spindle and outer electrode barrel) 

(Perry et al. 2008; Eliuk and Makarov 2015) (Figure 1.15). Subsequently, the ions 

start to oscillate at different frequencies resulting in harmonic orbit movement 

around the spindle based on their m/z values. The intensity of the separated 

peptide ions enables quantification during the analysis and subsequent detection. 

For MS/MS analysis, after the precursor ions filtered through orbitrap mass 

analyser, they are subjected to a further fragmentation step by collision-induced 

dissociation (CID), using nitrogen gas in the ion trap, by which peptides ions are 

split into smaller fragments and expelled to a detector based on their m/z ratio. 

These fragments can be used by database search engines to compare the 

experimental derived spectra with an in-silico database of all protein sequences 

enabling peptide identification.  

https://www-annualreviews-org.brad.idm.oclc.org/doi/10.1146/annurev-anchem-071114-040325
https://www-annualreviews-org.brad.idm.oclc.org/doi/10.1146/annurev-anchem-071114-040325
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Figure 1.1 5: Scheme showing the whole orbitrap mass spectrometer configuration and 
the C trap and orbitrap analyser, adapted from Thermo Fisher Scientific. 

 

1.15 Proteomic data processing, database searching and bioinformatics  

1.15.1 Data processing and database searching  

Proteomics-based mass spectrometry generates vast amounts of data that need 

extensive automated processing. Proteomics DiscovererTM software enables the 

identification and quantification of all the peptides in the sample analysed by the 

mass spectrometer. All the MS/MS spectrum are compared and matched with 

databases which contain all the theoretical peptide fragment patterns for the 

human genome and other species using a search engine. The most frequently 

used search engines are Mascot and Sequest.   

Mascot uses a probability-based scoring algorithm defined as �µthe absolute 

probability that the observed match is a random event�¶ (Koenig et al. 2008). It 

generates a threshold limit by calculating the lowest score protein equating to a 



 
 
 

57 
 

95% confidence (p-value< 0.05), which is defined by the search parameters 

employed such as restricting the taxonomy to a particular species, specifying the 

enzyme used in the protein digest or number missed cleavages based on trypsin 

digestion efficiency. Further, mass tolerance or mass accuracy of the mass 

spectrometer is important to limit the number of peptide candidates considered 

for each spectrum, and post-translational modification of the peptides such as 

oxidation and deaminated which are variable or cysteine derivatisation which is 

applied as a fixed change, are defined search parameters (Nesvizhskii 2007; 

Koenig et al. 2008). Generally, the peptide-dependent search process is applied 

in two steps which are the peptide matching and scoring, and the protein 

inference. All digested peptides match a theoretical protein sequence in the 

database and a peptide spectrum match (PSM) score is generated for each 

fragment spectra for each protein identification. The second step is the protein 

inference by which the original protein in the sample will be determined from 

these matched peptides. Longer peptides have a higher confidence level for 

identification because they achieve a higher PSM score from the obtained 

peptides. In addition, the area under the curve (AUC) or peak intensity of the 

corresponding identified peptides is used for quantification purposes (Matthiesen 

2013; Schmidt et al. 2014). 

1.15.2 Bioinformatics tools  

Proteins are involved in dynamic processes and functions that are dependent on 

each other through transitional or stable interactions. In order to investigate the 

functional and biological role of these protein communications, a number of 

bioinformatics web resources and databases have been developed to correlate 

proteins groups exhibiting common properties in a biological model with known 
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ontological parameters (Lalonde et al. 2008). Generally, two main bioinformatics 

categories are applied for proteomics-data interpretation, signalling-based 

networks and the protein-protein interaction (PPI) (Chen et al. 2020). 

An example of the former is the Kyoto Encyclopaedia of Genes and Genomes 

(KEGG) that illustrates the biological systems in terms of established disease, 

pathway maps and genetic information (Calderón-González et al. 2016). 

Reactome is also an important database display reactions, pathways, and 

biological processes (Croft et al. 2011). These databases require input of a list 

of gene names (usually from experimentally investigated biological models) and 

produce specific pathway schematics highlighting proteins of interest. Uniprot 

is an essential extensively annotated resource on proteins, especially those 

from the human genome, providing additional data (e.g. function, splicing 

variants, PTMs) and links to many other databases (UniProt 2008). 

To explore complex protein-protein interaction (PPI) network, several web tools 

based on gene sets built from literature and experimental data are available 

online to perform the enrichment analysis, including STRING, MIN, IntAct and 

BioGrid. STRING web tool is widely used to integrate PPI networks, and provide 

predicted algorithm scores that describe interactions employed in the same 

cellular or metabolic pathway (Calderón-González et al. 2016). All these 

databases provide a greater understanding of the correlation and functions of 

proteins derived in proteomics analysis. 
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1.16 Proteomic analysis of Tamoxifen resistance  

Recently several in vitro cell culture models derived from breast cancer, lung 

cancer, cervical carcinoma, hepatoma, colon carcinoma and pancreatic 

carcinoma, have been used in the study of chemo- and radio-resistance, and 

have subsequently been subject to quantitative proteomics analysis (Li et al. 

2018; Le Large et al. 2019; Sun et al. 2020; Xu et al. 2020). 

A number of different proteomic approaches have been used to study in vitro and 

in vivo mechanisms of tamoxifen resistance. A previous SILAC proteomic 

approach identified commonly known resistance mechanisms exhibited by 

kinases, transcription factors, cell adhesion proteins and DNA damage repair 

proteins (Løkkegaard et al. 2021). Also, a TMT proteomic approach identified the 

down-regulation of ER signalling pathway and the overexpression of Ephrin type-

A receptor 2 (EphA2) which is involved in the receptor tyrosine kinase signalling 

pathway and is an established effector in the development of tamoxifen 

resistance (Zhou et al. 2012). A label-free approach was used to discover novel 

proteins expression changes which included groups linked to protein transport, 

regulation of cell death, secretion and exocytosis (Kumari et al. 2020). Despite 

these studies, no predictive markers for susceptibility to tamoxifen resistance or 

indicators of resistance development have been established.  

1.17 Hypothesis and  Objectives  

Endocrine therapy resistance is one of the major challenges in treatment of 

�H�V�W�U�R�J�H�Q���U�H�F�H�S�W�R�U���.-positive breast cancer. Knowledge of the mechanisms which 

are responsible for drug resistance are essential to develop novel therapies 

against recurring breast cancer.  
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A novel approach for developing resistant cell lines is proposed with the end goal 

of employing a multi-SILAC quantitative proteomic strategy to identify changes in 

protein expression specifically associated with resistance (Figure 2.10). It is 

anticipated that development of resistant cells will require protracted exposure to 

SERDs and frequent evaluation using cytotoxicity assays to assess progress. 

Consequently, 2D monoculture models are the appropriate choice as they would 

provide a more sensitive environment for drug response to establish an effective 

resistance model. To improve the accuracy of proteomics interpretation on 

previous studies, a rigorous experimental design that enables inclusion of two 

controls will be employed, a) cells grown in parallel under identical conditions in 

the absence of SERDs (high passage [HP] control), and b) low passage (LP) cells 

grown in parallel to the heavy SILAC labelled parental cell line as a control for 

expression changes relating to SILAC label incorporation. In this manner, for the 

resistant cell line that will be compared by proteomics analysis to the heavy 

SILAC labelled parental cell lines, there are also stage controls that will be 

compared to the heavy SILAC labelled parent line. Therefore, the two controls 

will ensure that protein expression changes specifically occurring due to 

resistance (rather than other factors such as stress) should be identified. None of 

the previous studies published have used this approach, consequently the 

tamoxifen resistant cell lines that could have been acquired by purchasing or 

collaboration were not suitable for the planned project.    

ER-positive, Luminal A, MCF7 has proven to be the gold standard cell line for 

investigation of the molecular mechanisms of tamoxifen but is susceptible to 

stress-induced phenotypic changes (e.g., hypoxia and autophagy, Ghasaq Kashtl 

PhD thesis, 2018). Therefore, as part of the exacting experimental design, 
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additional cell lines will be investigated as positive (Luminal A and B) and 

negative controls (HER2-positive and TNBC) initially for cytotoxicity but also for 

resistance. Similarly, much of the previous resistance work has focused on using 

tamoxifen, whereas the active component is 4-hydroxy tamoxifen. Therefore 

initially, both compounds, in addition to raloxifene (a novel drug for exploration of 

resistance) and anastrazole (a putative negative control for cytotoxicity), were 

selected. Since TNBC is also sensitive to tamoxifen and has the potential to 

develop resistance, a model will be developed as part of this project to study the 

mechanism by proteomics (Manna and Holz 2016).   

Overall, the current study sets out a unique and thorough investigation of SERMs-

induced resistance in different phenotype-specific cell lines using a SILAC-based 

proteomic approach to identify molecular mechanisms of resistance. 

Consequently, the hypothesis for this project is that the biological rigor applied to 

developing resistant cell lines with appropriate controls, in combination with a 

proteomics strategy designed to reduce experimental variation, will provide an 

improved understanding of SERM resistance in breast cancer. 

Therefore, the project will implement the following objectives: 

1- Characterise the chemosensitivity of a panel of breast cancer cell lines 

(representing a range of sub-types) to tamoxifen (Tam), 4-Hydroxy 

Tamoxifen (OHT), Raloxifene (Ralx) and Anastrazole (Ans) using the MTT 

cytotoxicity assay (IC50).  

2- Establish resistant sublines for selected drugs and cell lines and 

characterise their physiological properties. 
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3- Investigate protein expression changes caused specifically by resistance, 

compared to low and high passage controls using a multi-SILAC-

proteomics and bioinformatics analysis. 

4- Identify targets for further investigation and analysis by orthogonal 

techniques such as Western blotting. 

In total, the aim of the project is to accurately identify molecular mechanisms 

that are altered during development of SERM resistance, leading to the 

identification of candidate therapeutic and biomarker targets for further 

verification and validation studies.  
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�������0�D�W�H�U�L�D�O�V���D�Q�G���0�H�W�K�R�G�V 

2.1 Materials  

Tamoxifen (Tam), 4-Hydroxytamoxifen (OHT), Raloxifene (Ralx) and Anastrazole 

(Ans) were purchased from Selleckchem (Houston, USA) and stored at -20°C. 

Cell culture reagents, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium 

bromide (MTT), AccutaseTM, insulin and dimethyl sulfoxide (DMSO) were 

obtained from Sigma-�$�O�G�U�L�F�K�� ���3�R�R�O�H���� �8�.������ �6�W�H�U�L�O�H�� �F�H�O�O�� �F�X�O�W�X�U�H�� �J�U�D�G�H�� �'�X�O�E�H�F�F�R�¶�V��

phosphate-buffered saline (PBS) was obtained from Severn Biotech Ltd 

(Kidderminster, UK). 

Protease inhibitor cocktail with EDTA was obtained from Roche Diagnostics 

GmbH (Mannheim, Germany). Sodium dodecyl sulphate (SDS), urea, 3-[(3-

cholamidopropyl) dimethylammonio]-1-propanesulfonate (CHAPS), thiourea, 

sodium deoxycholate, bovine serum albumin, ammonium persulfate, 

iodoacetamide (IAA), sodium bicarbonate (NaHCO3), formic acid (FA), tetra 

methyl ethylenediamine (TEMED), glycerol, bromophenol blue, ammonium 

bicarbonate (ambic, NH4HCO3), Tris (hydroxymethyl) aminomethane 

hydrochloride (Tris-HCl), glycine, potassium chloride (KCl), sodium chloride 

(NaCl), PhastGel® Blue R and all the solvents (HPLC grade water, methanol, 

acetonitrile (ACN) were purchased from Sigma-Aldrich. Sodium azide, 

dithiothreitol (DTT), 2-mercaptoethanol, acetic acid, and acrylamide were 

purchased from Fisher Scientific (Leicestershire, UK).  
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2.2 Drug preparation  

�7�D�P���� �2�+�7���� �5�D�O�[�� �D�Q�G�� �$�Q�V�� �Z�H�U�H�� �G�L�V�V�R�O�Y�H�G�� �L�Q�� ���������O�� �'�0�6�2�� �W�R�� �S�U�H�S�D�U�H�� �V�W�R�F�N��

solutions (Table 2.1). Each compound was vortexed to completely dissolve in 

DMSO, split into 10�Pl aliquots and stored at -20°C until used. MTT stock was 

�S�U�H�S�D�U�H�G���E�\���G�L�V�V�R�O�Y�L�Q�J���������P�J���L�Q�������P�O���R�I���3�%�6���S�D�V�V�H�G���W�K�U�R�X�J�K���D�����������P���I�L�O�W�H�U���D�Q�G��

stored at 4°C.  

Table 2.1:  Preparation of stock drug solution. 

 

2.3. Breast cell lines  

Cell lines were originally obtained from American Type Culture Collection (ATCC) 

(Manassas, Virginia, USA) (Table 2.2) and stored in cryovials in liquid nitrogen. 

When required, cells were thawed at RT, transferred to a 25ml centrifuge tube, 

centrifuged and the cell pellet resuspended in fresh media and then sub-cultured 

in a T25 flask in the incubator at 37oC, 5% CO2. A new stock of MCF7 wild�±type 

(WT) and a commercially available MCF7 OHT resistant cell line were also 

purchased from ATCC.  

 

 

Drug  M.W Weigh  Total 

volume  

Stock 

concentration  

Tamoxifen  371.51 2.64mg 100µl 71.0 mM 

OHT 387.51 2.00mg 100µl 51.6 mM 

Raloxifene  510.04 2.03mg 100µl 39.8 mM 

Anastrozole  293.37 1.86mg 100µl 63.4 mM 
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Table 2.2:  Characterization of breast cell lines and their donors.  

 Source �± ATCC (https://www.atcc.org/) 

 

All cell lines used in this study were mycoplasma-free and checked regularly 

throughout the studies using the Mycoprobe Mycoplasma Detection Kit (Bio-

Techne, R&D Systems, (Minneapolis, Minnesota U.S.A) which detects 

Mycoplasma 16S ribosomal RNA (rRNA) using a colorimetric signal amplification 

system with sensitivity comparable to PCR. Authentication of the cell lines was 

performed by short tandem repeat DNA profiling carried out by Northgene 

(Newcastle, UK). In addition to those cell lines described above (Table 2.2), 

originally, a Luminal B breast cancer cell line, BT-474, was selected but 

subsequently excluded as it did not pass phenotype testing. ZR-751, a Luminal 

A subtype, was also selected but the cell line only achieved low cell density, was 

  Cell line  Tumour Type  Classification  Source  Age 

MCF7 Invasive ductal 
carcinoma Luminal A Pleural effusion 69 

T47D Invasive ductal 
carcinoma 

Luminal A Pleural effusion 54 

BT-20 Adenocarcinoma Basal triple 
negative Pleural effusion 74 

MDA-MB-231 Adenocarcinoma Claudin- low Pleural effusion 51 

MDA-MB-453 Adenocarcinoma HER2 Pleural effusion 48 

MDA-MB-468 Adenocarcinoma Basal triple 
negative Pleural effusion 51 

MCF-10A Fibrocystic disease Normal-like Primary breast 36 

https://www.atcc.org/
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unable to grow reproducibly and therefore also excluded from the study. 

Phenotype test results for each cell line are included in Supplementary data. 

2.3.1 Cell culture media   

All breast cell lines were maintained and grown in RPMI 1640 culture medium 

(Sigma-Aldrich) supplemented with 10% (v/v) fetal bovine serum (FBS), 10% (v/v) 

sodium pyruvate, 2mM of L-glutamine and incubated under controlled conditions 

of 37°C in 5% CO2. For experiments testing the effect of phenol red on tamoxifen 

resistance, RPMI 1640 medium phenol red-free (Sigma-Aldrich) was also used. 

Commercially acquired ATCC MCF7 OHT Res and WT cells were sub-cultured 

in a similar way to the original cell lines but grown in Dulbecco's Minimum 

Essential Medium (DMEM) (Sigma-Aldrich) culture medium, supplemented with 

10% FBS (v/v), 10µg/ml human insulin and in the resistant cell line, with 1µM 

OHT, �L�Q���D�F�F�R�U�G�D�Q�F�H���Z�L�W�K���W�K�H���V�X�S�S�O�L�H�U�¶�V���L�Q�V�W�U�X�F�W�L�R�Q�V. Large serum batches were 

reserved from the supplier and used throughout this study to minimise variation 

due to animal age and country of origin. Each new batch was tested to check that 

cells grew consistently before use in resistance experiments and cytotoxicity 

assays. 

2.4 Breast cell line passaging  

Cells were passaged upon reaching approximately 80% confluence. The culture 

medium was removed, and cells washed twice with 10ml of sterile PBS. 

AccutaseTM (3ml) was added to the flask and placed in an incubator under control 

�F�R�Q�G�L�W�L�R�Q�V���R�I�������Û�&����5% CO2 for 5 minutes until the cells detached and appeared 

as single rounded cells. RPMI cell growth medium, containing FBS (7ml) was 

added to the cells suspension to inactivate the AccutaseTM. The suspension of 

cells was then transferred to a 20ml universal tube and centrifuged at 1000 
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relative centrifuged force (RCF) for 5 mins. Afterwards, the supernatant was 

removed, the cell pellet re-suspended in 10ml fresh medium and mixed gently. 

Cell suspension was added to a T75 flask and placed in an incubator under the 

same control conditions. 

2.5 Cell counting  

The cell concentration of all breast cell lines was determined using a 

haemocytometer. Cell suspensions (10µl of a pellet suspended in fresh medium) 

were transferred to the chamber of a haemocytometer (Hirschman) under a 

coverslip by capillary action. A Light-Olympus CK2 inverted microscope, 

(Olympus, Tokyo, Japan), with 10X objective lens, was used to count cells in the 

haemocytometer chamber. Cells in the central and four corner 1mm x 1mm 

squares were counted. Counting was conducted using both chamber sides. Cell 

concentration was calculated using the following equation; 

 

 

2.6 Growth curve characterization of breast cell lines using MTT assay  

Growth curve profiles of all the breast cell lines were carried out using the MTT 

assay. The methyl-thiazolyl-tetrazolium (MTT) assay is one of the most 

commonly used colorimetric assays for testing cell proliferation. MTT is a yellow 

tetrazolium compound that measures metabolically active viable cells and is 

directly proportional to mitochondrial activity. MTT solution is added to cells for 4 

hrs to measure the reduction of the tetrazolium salt by 

mitochondrial dehydrogenases yielding precipitated purple formazan crystals 
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(Figure 2.1). The crystals are resolubilized in DMSO to quantify the absorbance 

of the coloured solution spectrophotometrically at 540 nm in a Multiskan EX 

spectrophotometer (Thermo Scientific, Loughborough, UK). Graphs were plotted 

using Microsoft Office Excel Ver. 2016 (Van Meerloo et al. 2011; Stockert et al. 

2012). 

 

 

Figure 2.1 : Enzymatic reaction of MTT. 

 

2.6.1 Evaluation of breast cell line growth using MTT assay  

Cells were counted using a haemocytometer to assess the original number of 

cells for each cell line as described previously (Section 2.5). MCF7 and MDA-

MB-231 cell lines (200 µl/well) in complete RPMI1640 medium were seeded 

initially at six different concentrations, 1x105, 5x104, 1x104, 5x103, 1x103, 5x102 

cells/ml, into 96 well plates and allowed to adhere for 24 hrs. MDA-MB-468, MDA-

MB-453, T47D, BT-20 and MCF-10A in complete RPMI 1640 were seeded 

initially at eight different seeding concentrations, 1x105, 5x104, 3x104, 2x104, 

1x104, 5x103, 1x103 and 5x102 cells/ml, into 96 well plates and allowed to adhere 

for 24 hrs. All plates were assessed on days 0, 1, 4 and 5 by adding filter-sterilized 

MTT (5 mg/ml in PBS) to each well, seeded and cell growth measured as 

described in Section 2.6. Validation of the assay was carried out for each cell line 

https://www-sciencedirect-com.brad.idm.oclc.org/science/article/pii/S0065128112000190#fig0005
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at day 0 by confirming that the amount of formazan generated was directly 

proportional to the number of cells seeded. Doubling time from the Abs values 

was calculated using online Algorithm Doubling Time software 

(http://www.doubling-time.com).  

2.6.2 Determination of cell growth inhibition using the MTT assay  

Based on growth curve results (Section 2.6.1) for each cell line, 180µl of cells in 

RPMI 1640 were placed into 96-well plate and incubated at 37oC in 5% CO2 and 

left for 24 hrs to attach to the wells after initial seeding. A range of drug 

concentrations were prepared freshly in RPMI by serial dilution from the stock 

concentration and vortexing thoroughly to ensure complete dissolution. An aliquot 

of each drug (20µl) was added in quadruplicate along with a blank (media alone) 

and control (untreated cells) (Figure 2.2). After four days of drug exposure to MTT 

cell proliferation was determined for each drug. A range of DMSO concentrations 

which equated to those used in the studies were also incubated with MCF7 and 

MDA-MB-231 cell lines. Triplicate experiments of each drug for each cell line 

were performed. The inhibitory concentrations IC50 defined as the drug 

concentration that inhibits cell growth to 50%, was determined using Prism 

GraphPad. DMSO concentration was shown not to have a toxic affect in this study 

even at the highest DMSO concentration used (0.5% v/v). Therefore, for 

assessment of cytotoxicity, all the results were normalised to untreated cells 

(defined as 100% in each experiment) after subtraction of background due to the 

media. 
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Figure  2.2: Representative template for a 96-well plate cytotoxicity experiment, 
illustrating distribution of drugs concentration which are  T = Tamoxifen, R = Raloxifene, 
A = Anastrazole, and OHT = Hydroxy tamoxifen along with control and blank. Column 
12 A-D non treated (NT) cells in medium alone, column 12 E-H are medium plus DMSO 
(0.1% v/v).  

 

2.6.3 Study of the effect of addition of Phenol Red to the cell culture medium 

on drug efficacy  

MCF7 and MDA-MB-231 cells were seeded in RPMI1640 standard media 

containing 10% FBS or in phenol red-free RPMI1640 media containing 10% FBS, 

at a density of 1x104 cells per well in a 96-well cell culture plate. After 24 hrs, cells 

were treated with a range of OHT and Ralx concentrations prepared in either 

RPMI media, 10% FBS with or without phenol red. Cell viability was assessed 

with the MTT assay after 4 days exposure to the drugs. Each treatment was 

performed in four wells and the whole experiment conducted in three or more 

replicates.  
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2.7 Resistance development process  

2.7.1 Establishment of breast cancer cell lines resistant  

MCF7 and MDA-MB-231 sublines resistant to OHT or Ralx were derived from 

their respective parent cell lines by continuous exposure of OHT or Ralx over a 

period of ten months (Figure 2.3). Initially, MCF7 and MDA-MB-231 parent cell 

lines were split into T25 flasks in the presence of 1 to 3 �PM OHT or Ralx in RPMI 

1640 complete medium. Drug dosing was increased to 2-, 3-, and then 4-fold of 

the initial concentration during protracted development of resistance, dependent 

on evidence of decreased sensitivity of each cell line in the cytotoxicity assay. 

Resistant cell lines treated with each dose were split into two T25 flasks, one 

continued to be treated with increased dose and one grown in drug-free media to 

remove the drug stress effect and assess the fold-change of resistance by 

comparing the IC50 values of the two cultures using the MTT assay (Section 2.6). 

Furthermore, control flasks of each cell line were grown in the absence of drug, 

in parallel throughout the whole resistance experiment as high passage controls 

(HP). Cells were also frozen in 10% DMSO after each stage of resistance was 

achieved and stored in liquid nitrogen at -196°C (Figure 2.3). Initially, cells were 

kept under survival selection pressure by continual exposure to each drug 

concentration for limited number of passage 4-5 passages, before the drug 

concentration was increased for the next cycle. At higher doses, cells were kept 

under drug pressure for higher passage numbers and then assessed by MTT 

assay. MTT assay was used to monitor IC50 changes during initial, mid- and final 

stages of resistance development. 
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Figure 2.3: Scheme iIlustrating the protocol used to establish the drug resistance for 
both MCF7 and MDA-MB-231 cell lines to OHT and Raloxifene. Control parental MCF7 
and MDA-MB-231 cell line were grown in parallel in order to detect any changes of 
passaging effect. 

 

2.8 Statistical analysis  

For statistical analyses, S�W�X�G�H�Q�W�V�¶�� �W�Z�R�� �W�D�L�O�� �W-test was chosen to compare the 

sensitivity for IC50 values which was calculated using GraphPad taking into 

consideration significant difference values as follows, �
�� �S�������������� �
�
�� �S�”������������ �
�
�
��

�S�”���������������
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2.9 Immunofluorescence analysis  

Immunofluorescence labelling of cells is a rapid and sensitive method to assess 

the expression of important markers. This was particularly useful in a prolonged 

resistance study when cell changes need to be identified in order to adjust 

procedures such as drug dosing. Five proteins were explored for analysis by IF, 

cofilin-1 and �E-actin (positive controls of standard IF procedures in use in the 

laboratory), and ER�., CD44 and EGFR for their possible links to tamoxifen 

resistance. As ER is the direct target of most SERDs, changes in its expression 

were of particular relevance. Hence, it was used as a model of the optimisation 

process varying the following parameters; fixation solvent (4% v/v 

paraformaldehyde or methanol), cell membrane permeabilization (with or without 

Triton X-100), blocking agent (1% to 10% bovine serum albumin or goat serum), 

dilution of the primary (1:10 to 1:2000) and secondary antibody (1:200 to 1:1000), 

incubation time and temperature.  

�)�U�R�P�� �W�K�H�� �R�S�W�L�P�L�V�D�W�L�R�Q�� �H�[�S�H�U�L�P�H�Q�W�V���� �W�K�H�� �I�R�O�O�R�Z�L�Q�J�� �J�H�Q�H�U�D�O�� �L�P�P�X�Q�R�I�O�X�R�U�H�V�F�H�Q�F�H��

�S�U�R�W�R�F�R�O�� �Z�D�V�� �J�H�Q�H�U�D�W�H�G���� �&�H�O�O�� �O�L�Q�H�V�� �����î���� �����F�H�O�O�V���P�O���� �Z�H�U�H�� �V�H�H�G�H�G�� �D�Q�G�� �D�W�W�D�F�K�H�G��

�R�Y�H�U�Q�L�J�K�W�� �R�Q�� �F�R�Y�H�U�V�O�L�S�V�� �S�O�D�F�H�G�� �L�Q�� �D�� �����Z�H�O�O�� �S�O�D�W�H�����7�K�H���P�H�G�L�D�� �Z�D�V�� �U�H�P�R�Y�H�G���� �D�Q�G��

�W�K�H�� �F�R�Y�H�U�V�O�L�S�V�� �Z�D�V�K�H�G�� �W�Z�L�F�H�� �Z�L�W�K�� �3�%�6�� �I�R�U�� ���� �P�L�Q�V���� �&�H�O�O�V�� �Z�H�U�H�� �I�L�[�H�G�� �Z�L�W�K�� ������

�S�D�U�D�I�R�U�P�D�O�G�H�K�\�G�H�� �D�W�� �U�R�R�P�� �W�H�P�S�H�U�D�W�X�U�H�� �I�R�U�� ������������ �P�L�Q�V�� �D�Q�G�� �H�D�F�K�� �F�R�Y�H�U�V�O�L�S��

�Z�D�V�K�H�G�� �W�Z�L�F�H�� �Z�L�W�K�� �3�%�6�� �I�R�U�� ���� �P�L�Q�V���� �W�K�H�Q�� �V�W�R�U�H�G�� �D�W�������� �R�&�� �X�Q�W�L�O�� �U�H�T�X�L�U�H�G����When 

ready for analysis, coverslips were rehydrated with PBS twice, permeabilized with 

0.1% v/v Triton X-100 for 15 mins and then washed 3 times with PBS for 5 mins. 

Subsequently, non-specific binding to the cells was blocked using a 5% w/v BSA 

blocking agent for 1 hr at room temperature. Primary antibody (see Table 2.3) 

was applied to the cells at 4oC in a humified chamber overnight. Cells were 



 
 
 

75 
 

washed three times with PBS for 5 mins, FITC-conjugated secondary antibody 

(see Table 2.3) added to each coverslip for 60 to 90 mins and the coverslips 

washed 3 times in PBS for 5 mins each. Finally, coverslips were placed cell-side 

down on a drop of Vectashield mounting medium containing DAPI (Vector 

Laboratory) for nucleus staining over a clean microscope slide. Slides were 

examined under a Leica DM 2000 fluorescence microscope and images taken at 

20-40X magnifications. 

Table 2.3: Antibodies used for IF. 

�7�D�U�J�H�W�� 

�$�Q�W�L�E�R�G�\ 

���&�D�W�����1�R���� 

�6�X�S�S�O�L�H�U 
�6�S�H�F�L�H�V��

�5�H�D�F�W�L�Y�L�W�\ 
�&�O�R�Q�D�O���$�E �'�L�O�X�W�L�R�Q 

�(�5 

���3�$������������ 
�7�K�H�U�P�R���)�L�V�K�H�U 

�+�X�P�D�Q 

�5�D�W 
�3�R�O�\�F�O�R�Q�D�O�����R�� ���������� 

���(�5 

���0�$����������������  
���7�K�H�U�P�R���)�L�V�K�H�U �+�X�P�D�Q�� �0�R�Q�R�F�O�R�Q�D�O�����R�� �1�'  

���(�5 

���D�E������������ 
�$�E�F�D�P ���������+�X�P�D�Q������������ �0�R�Q�R�F�O�R�Q�D�O�����R���� ND 

�(�*�)�5  

�����0�$����������������  
�7�K�H�U�P�R���)�L�V�K�H�U 

Human 

Mouse 
�0�R�Q�R�F�O�R�Q�D�O�����R�� �1�'  

�&�'����  

���D�E�������������� 
�$�E�F�D�P 

�0�R�X�V�H 

�+�X�P�D�Q 
�3�R�O�\�F�O�R�Q�D�O��1o ���������� 

�E���$�F�W�L�Q 

���0�$�%���������� 
�0�L�O�O�L�S�R�U�H���0�H�U�F�N 

�0�R�X�V�H 

�+�X�P�D�Q 
�0�R�Q�R�F�O�R�Q�D�O��1o ������������ 

Cofilin-1 

(GT567) 
Thermo-Fisher 

Rabbit 

IgG2a 
Monoclonal 1o 1:100 

�$�Q�W�L���V�S�H�F�L�H�V 

�� �R���$�E���������������� 
�7�K�H�U�P�R���)�L�V�K�H�U 

�5�D�E�E�L�W 

�+�X�P�D�Q 
�3�R�O�\�F�O�R�Q�D�O����o�� ���������� 

�$�Q�W�L���V�S�H�F�L�H�V 

�� �R���$�E���������������� 
�7�K�H�U�P�R���)�L�V�K�H�U 

�0�R�X�V�H 

�+�X�P�D�Q 
�0�R�Q�R�F�O�R�Q�D�O����o�� ���������� 

1o �± primary antibody, 2o = secondary antibody, ND = not detected  
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2.10 SILAC labelling cell lines  

A stable isotope labelling amino acids (SILAC)-based quantitative proteomics 

approach was used to identify the molecular changes in the established resistant 

cell lines (MCF7 OHT Res, MCF7 Ralx Res, MDA-MB-231 OHT Res, MDA-MB-

231 Ralx Res) compared to the equivalent wild-type (parent) strains. 

MCF7 and MDA-MB-231 parent cell lines were grown for 8 passages in 500 ml 

RPMI SILAC-specific medium composed of 10% (v/v) dialyzed FBS, 50mg L-

Arginine-HCl (13C6, 15N4) and 50mg L-Lysine-2HCl (13C6, 15N2), 115mg L-Proline 

and incubated as standard cell cultures. All products were obtained from Thermo 

Fisher Scientific (Loughborough, UK). MCF7 and MDA-MB-231 at 1x104 cells/ml 

were selected and seeded to maintain the cells in the Log phase during their 

passaging in SILAC medium. The first 5 passages were split into T25 flasks and 

the remaining passages were split into T75 flasks. After a total of 8 passages in 

SILAC medium, on reaching approximately 5 million cells, cultures were 

harvested as cell pellets, washed twice with PBS and stored at -20oC until 

required for proteomic analysis. In addition, parent cell lines were also grown in 

normal light medium for 8 passages to provide a Low Passage (LP) control of 5 
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x 106 cells and harvested as for SILAC labelled cells. Resistant cell lines and 

matched high passage (HP) cells were also cultured to 5 x 106 cells, harvested 

and stored until required for proteomics analysis (Figure 2.4).  

Figure 2.4 : Scheme illustrating the preparation of cell lines for multi-SILAC labelling 
approach used in parallel for MCF7 and MDA-MB-231.  
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2.11 Protein preparation  

2.11.1 Cell lysis  

Frozen cell pellets of two heavy SILAC labelled parent cell lines and eight 

experimental cell lines (LP, HP, OHT Res and Ralx Res) were thawed in two 

pellet-volumes of protein extraction buffer (protease inhibitor cocktail with EDTA, 

0.1% (w/v) sodium dodecyl sulphate (SDS), 7M urea, 0.4% (v/v) CHAPS, 2M 

thiourea, 0.05% (w/v) sodium deoxycholate in 1 ml PBS) and then vortexed. Each 

cell suspension was homogenized using a SH70G Sonicator (Philip Harris 

Scientific, Lichfield, UK) and then centrifuged at 13,000 rpm for 25 mins �D�W�����Û�&����

The supernatant, containing proteins, was collected to new tubes and any cell 

debris discarded. 

2.11.2 Bradford assay  

Bovine serum albumin (BSA, 2 mg/ml stock solution) was used to prepare a 

series of standard concentrations (1 mg/ml, 0.5 mg/ml, 0.25 mg/ml, 0.125 mg/ml 

and 0.06 mg/ml) (Figure 2.5). Protein extracts from cell lines were diluted 50-fold. 

Samples (50µl) of standards, cell lysates and a blank (zero protein) were each 

added to 1.5 ml of Bradford assay reagent, vortex thoroughly to ensure the 

efficient mixing and left at RT for 15 mins. Following incubation, 1ml of each 

sample was transferred to a plastic cuvette and measured on a Thermo Scientific 

�0�X�O�W�L�V�N�D�Q�� �V�S�H�F�W�U�R�S�K�R�W�R�P�H�W�H�U�� �D�W�� �������� �Q�P�� �X�V�L�Q�J�� �6�H�O�H�F�W�� �6�N�D�Q�,�W�Œ�� �6�R�I�W�Z�D�U�H�� �I�U�R�P��

Thermo Fisher (Loughborough, UK). Calibration curves were prepared using 

Microsoft ExcelTM. 
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    Figure 2.5: Example of BSA calibrant by Bradford assay.  

 

2.11.3 SDS PAGE  

Two layers of polyacrylamide gel were prepared for SDS-PAGE electrophoresis, 

the lower layer (separating gel) with a final concentration of 12% (w/v) acrylamide 

whilst the top layer (stacking gel) had a final concentration of 6% (w/v) 

acrylamide. To prepare the gels, solutions were composed of water, 30% (w/v) 

acrylamide, 10% (w/v) SDS, 10% (w/v) ammonium persulphate, Tris solutions 

and TEMED in different concentrations and pH (Table 2.4). Following assembly 

of the glass plates in the gel preparation manifold, separating gel solution was 

poured between the plates followed by 1 ml of isobutanol. After 20 mins the gel 

was fully polymerized, isobutanol was removed and then stacking gel solution 

pipetted over the separating gel filling the glass plates to the top, a 10-well comb 

placed between the glass plates and left for 30 mins for gel polymerization. 
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Table 2.4: Composition of SDS-PAGE solutions.  

Component  
Stacking gel  

6% 

Separation gel   

12% 

H2O 1.95 ml 0.75 ml 

30% w/w Acrylamide 1.00 ml 2.00 ml 

10% w/v SDS 0.05 ml 0.05 ml 

10% w/v ammonium 

persulfate 
0.05 ml 0.05 ml 

TEMED 0.004 ml 0.002 ml 

TRIS 

0.5 M Tris 

pH (6.8) 

1.95 ml 

1.5 M Tris 

pH (8.8) 

1.95 ml 

 

 

2.11.4 SDS PAGE Protein Sample preparation  

For each sample, protein extract ���������J���� �Z�D�V�� �D�G�G�H�G�� �W�R�� �������/�� �R�I�� �6�'�6�� �U�H�G�X�F�L�Q�J��

buffer (63mM Tris-HCl pH 6.8, 10% v/v glycerol, 2% w/v SDS, 0.0005% w/v 

bromophenol blue and 0.1% v/v ��-mercaptoethanol), the �Y�R�O�X�P�H���D�G�M�X�V�W�H�G���W�R���������O��

using HPLC water and heated 10 mins at 60OC. The samples were loaded onto 

the SDS polyacrylamide gel along with Protein Ladder (5-250kDa MW range) 

(Thermo Scientific, Loughborough, UK). The running buffer (25 mM Tris, 193 mM 

glycine, 0.1% w/v SDS) added to the upper and lower tank reservoirs and 

electrophoresis performed at 80 mV for 20 mins followed by 150 mV for one hr 

or until the dye front had reached the bottom of the gel.   

2.11.5 Gel Staining  

On completion, the voltage was stopped, the apparatus dismantled, and the gel 

stained with Coomassie blue (prepared by dissolved a PhastGel® Blue R tablet 

in 50% v/v methanol, 5% v/v acetic acid in HPLC water) and incubated for 1 hr at 
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room temperature (RT). The gel was then destained with two or three changes of 

destain solution (10% v/v acetic acid in 50% v/v methanol and 40% v/v water). 

2.11.6 In-gel protein digestion for SILAC labelling quality control  

Gel bands of interest were excised and transferred to individual Eppendorf tubes. 

Initially, 100µl of 100% v/v acetonitrile (ACN) was added to each gel band for 15 

mins. Excess acetonitrile was removed, and the gel bands rehydrated by adding 

10µl 25mM NH4HCO3 and incubating at RT for 15 mins. These steps were 

repeated 3 times. The final supernatant was removed, and gel bands left to dry 

20-30 mins at RT. Proteins in the gel bands were digested by adding PierceTM 

trypsin (100µg/ml) from Thermo Scientific (Loughborough, UK) at 37oC overnight. 

Following the incubation period, gel bands were centrifuged at 13.000rpm for 1 

min. Any liquid around each gel band may contain digested peptides and 

therefore was collected into new Eppendorf tubes. To recover the remaining 

peptides from the gel bands, 45µl of 100% ACN was added for each gel band for 

15 mins then vortexed and centrifuged for 1 min at 13,000 rpm. The supernatant 

was transferred to the relevant tube containing the digested peptides already 

collected. Gel bands were rehydrated by adding 5µl of 25mM NH4HCO3 and 

incubating at RT for 15 mins and the extraction steps repeated three times. 

Finally, all the peptide digest from each gel band was lyophilised. 

2.11.7 Matrix Assisted Laser Desorption/Ionization Time-of-Flight (MALD -
TOF) MS analysis  

Before applying the digests to LC-MS/MS, confirming the label incorporation of 

heavy SILAC into MCF7 and MDA-MB-231 cell lines was important. Initially, 

MALDI-TOF MS was used for checking the efficiency of the incorporation. 

Lyophilized digested peptides from gel bands of each protein extract (light and 

heavy SLAC extracts loaded separately and as a mixture, Figure 2.6) were 



 
 
 

82 
 

suspended in 10�Pl 10% methanol and prepared for MALDI TOF MS using the 

�P�D�W�U�L�[���³�V�D�Q�G�Z�L�F�K�´���P�H�W�K�R�G�����)�R�U���W�K�L�V���D�Q���D�O�L�T�X�R�W���R�I���.-cyano-4-hydroxycinnamic acid 

(CHCA) matrix (0.5µl, 10mg/ml prepared in 70% v/v ACN, 0.05% v/v TFA) was 

deposited on a sample position on the MALDI target plate (MTP Anchor Chip 

800/384, Bruker Daltonik, Bremen, Germany), 0.5µl of digested peptide sample 

�D�G�G�H�G�� �D�Q�G�� �W�K�H�Q�� �D�� �V�H�F�R�Q�G�� �D�O�L�T�X�R�W�� �����������O���� �R�I�� �&�+�&�$�� �P�D�W�U�L�[�� �D�G�G�H�G���� �$�� �P�L�[�W�X�U�H�� �R�I��

standard peptides (composition includes, with their [M+H]+ (m/z): Bradykinin 

Fragment 1-7 (757.3992), Angiotensin II (1046.5418), Angiotensin I (1296.6848), 

Substance P (1347.7354), Bombesin (1619.8223), ACTH clip 1-17 (2093.0862), 

ACTH clip 18-39 (2465.1983), Somatostatin 28 (3147.4710), Bruker Daltonik) 

was loaded onto the target to calibrate the instrument. Once the sample-matrix 

mixtures had dried, the MALDI plate was introduced into the Ultraflex II MALDI 

mass spectrometer (Bruker Daltonik) for manual analysis using FlexControlTM 

software. Data was acquired by accumulating spectra from 2000 laser shots in 

reflector positive ion mode. Mass data from the spectra were transferred to 

Microsoft ExcelTM software to generate list of paired light: heavy SILAC ratios (10 

Mass (m/z) shift between light and heavy signals) and the ratio of peak intensity 

of the paired signals was determined.  
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2.11.8 Heavy SILAC protein sample preparation for nanoHPLC -ESI MS/MS 
analysis  

Trypsin digest of each heavy SILAC labelled sample (50µg) was subjected to 1D 

LCMS to also check the efficiency of SILAC labelling. The percentage of heavy 

labelled peptides relative to the total number of peptides (light plus heavy = 100%) 

was determined for each cell line (sample preparation as described in section 

2.12.2). Figure 2.6 summarises the methods used for measuring the efficiency of 

SILAC label incorporation in MCF7 and MDA-MB-231.  

 

Figure 2. 6: Scheme showing workflow to confirm label incorporation of SILAC in MCF7 
parent cell line. Individual extracts (20µg) and a mixture of light and heavy SILAC labelled 
cell line protein extracts (10µg of each) were run on SDS-PAGE. Three bands of each 
cell line were in-gel digested by trypsin 100µg/ml and then analysed by MALDI-TOF MS. 
In parallel, heavy SILAC sample was trypsin digested in-solution and subjected to 
nanoHPLC ESI MS/MS.    
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2.12 Quantitative proteomic approach �± Multi -SILAC strategy  

Four SILAC experiments for each cell line (MCF7 and MDA-MB-231) were 

designed for proteomics analysis (Figure 2.7):  

1- Control for SILAC label (LP WT compared to heavy SILAC labelled WT). 

1- Control for high passage (HP WT compared to heavy SILAC labelled WT). 

2- Experiment for OHT resistance (OHT resistance compared to heavy 

SILAC labelled WT). 

3- Experiment for raloxifene resistance (Raloxifene resistance compared to 

heavy SILAC labelled WT). 

 

                   

Figure 2:7 : Strategy for the multi-SILAC experiment. 

 

2.12.1 Protein sample digestion for proteomics analysis (in -solution digest)  

Cell lysis (section 2.11.1) and protein measurements (section 2.11.2) were 

performed on each cell lysates for all MCF7 and MDA-MB-231 wild-type strains 
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�D�Q�G�� �Y�D�U�L�D�Q�W�V���� �$�Q�� �D�O�L�T�X�R�W�� �R�I�� ���������J�� �R�I��each light cell line lysate was mixed with 

���������J���R�I���K�H�D�Y�\���6�,�/�$�&���F�H�O�O���O�\�V�D�W�H���F�U�H�D�W�L�Q�J�������6�,�/�$�&���H�[�S�H�U�L�P�H�Q�W�V (Figure 2.7).  

2.12.2 Protein sample preparation  

To remove cell lysis buffer components before digestion, the proteins in each cell 

lysate combination (400���J���� �Z�H�U�H�� �S�U�H�F�L�S�L�W�D�W�H�G�� �Z�L�W�K 1 ml of chilled acetone was 

added and the mixture kept overnight at �±20oC. Samples were centrifuged at 

13,400 rpm for 25 mins at 4ºC, supernatants removed, and pellets left to dry at 

room temperature for 30 mins. Once dried, 20µl of urea buffer (8M) was added to 

each pellet, mixed well and vortexed to solubilize precipitated proteins. 

Dithiothreitol (DTT, 100mM, 3µl) was added to each sample and incubated for 10 

mins at 37oC, then iodoacetamide (IAA, 100mM, 3µl) was added to each sample 

for 30 mins at RT and incubated �L�Q���W�K�H���G�D�U�N�����3�U�R�W�H�L�Q�V���Z�H�U�H���G�L�J�H�V�W�H�G���D�W�������Û�&�����L�Q��

two stages by adding (i) 26 µl of PierceTM trypsin protease (0.5 mg/ml) for 2 hrs 

and then (ii) 13 µl of trypsin giving a final protein:protease ratio of approximately 

20:1 (w:w) and incubated overnight (Figure 2.8).  
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Figure 2.8: Steps of protein sample preparation required for MS. 

 

The digested samples were desalted using a C18 column (Agilent Technology, 

USA). The column was washed with 1ml of 100% v/v methanol and twice with 1 

ml of solvent A (2% v/v ACN, 0.1% v/v formic acid (FA)) to wet the resin. Each 

digested sample was added onto the column. Solvent A (2 x 1ml) was applied to 

the column to remove non-bound material. Solvent B (1ml, 80% v/v ACN, 0.1% 

v/v FA) was used to elute bound peptides, the resulting sample collected and 

lyophilised at 45oC in a Genevac Centrifugal Evaporator EZ-2 SP (Fisher 

Scientific, Loughborough, UK). The eight SILAC experiments were subsequently 

lyophilized and analysed by 1D nanoHPLC-ESI MS/MS to check trypsin digest 

efficiency and then lyophilized again before using 2D nanoHPLC-ESI MS/MS 

analysis. 
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2.12.3 Strong cation exchange (SCX) chromatography (first dimension of 
2D LC) 

Each lyophilized digested SILAC sample was resolubilized in 600µl of loading 

buffer, the pH adjusted to 3.0 using FA, vortexed thoroughly, sonicated in a water 

bath (U100, Scientific Laboratory Supplies) for 15 mins, and then centrifuged for 

1 min at 13,000 rpm. An ISOLUTE® SCX column (Biotage, Hengoed, UK) was 

washed with 1 ml of HPLC water and twice with 1 ml of loading buffer (LB, 10mM 

potassium di-hydrogen phosphate (KH2PO4) and 0.01% w/v sodium azide (NaAz) 

in 25% v/v ACN, pH 3.0). Sample (600�Pl) was loaded onto the column and the 

flow through (FT1) collected. LB (1ml) was added to the column and the flow 

through (FT2), containing non-bound chemicals and peptides, collected and 

discarded. Bound peptides were eluted using 500µl of stepwise increase in KCL 

concentration in LB. (Table 2.5). Eluate was collected after each addition to 

generate 12 elution fractions. The collected fractions were diluted with 1.5 ml 

Solvent A, desalted using C18 column (Figure 2.9) and lyophilized. Each fraction 

was subsequently analysed by nanoHPLC-ESI MS/MS for second dimension 

separation of the peptides (section 2.13.1). 
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 Table 2.5:  Potassium chloride concentrations in loading buffer (LB) used in SCX. 

Fraction  Elution Buffer (KCL) 

Concentration  

FT1 Loading Buffer 

FT2 Loading Buffer 

E1 30mM 

E2 60mM 

E3 90mM 

E4 120mM 

E5 150mM 

E6 180mM 

E7 250mM 

E8 300mM 

E9 350mM 

E10 500mM 

E11 700mM 

E12 1000mM 

 

 

Figure 2.9: Schematic illustrating the steps followed to prepare one of the eight SILAC 
experiments for mass spectrometry.  
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2.13. Orbitrap Fusion Mass spectrometry  

 2.13.1 nanoHPLC -ESI MS/MS 

Samples (whole digests for labelling efficiency determination or SCX fractions) 

were resuspended in solvent A (2% v/v ACN, 0.1% v/v FA), vortexed thoroughly, 

sonicated in a water bath (U100, Scientific Laboratory Supplies) for 15 mins, and 

then centrifuged for 1 min at 13.000 rpm. Each sample was applied to an Ultimate 

3000 nanoHPLC, with analyte introduced onto a C18 Trap-�F�R�O�X�P�Q�� �����������P�� �î��

���P�P���,�'���������P���S�D�U�W�L�F�O�H�������7�K�H�U�P�R���6�F�L�H�Q�W�L�I�L�F�����I�R�U�������P�L�Q�V�����3�H�S�W�L�G�H�V���Z�H�U�H���W�U�D�Q�V�I�H�U�U�H�G��

�W�R���D���&�������D�Q�D�O�\�W�L�F�D�O���F�R�O�X�P�Q�����������P���î�������F�P�� �����P���S�D�U�W�L�F�O�H�������7�K�H�U�P�R���6�F�L�H�Q�W�L�I�L�F�����D�Q�G��

eluted in a total run of 120 mins at a flow rate of 300nl/min using the gradient 

described in Table 2.6. The column was cleaned by applying mobile phase and 

then re-equilibrated before the next sample was applied. Total yeast protein 

digest (Thermo Scientific), applied before the samples, was analysed under 

identical conditions to check instrument performance.  

Table 2.6:  nanoHPLC MS method. 

Gradient time (min)   Gradient Solvent B  

0  3%   

4 5%   

85 25% 

100 90% 

107 (Column cleaning)  90% 

113 (Column re -equilibration)  3% 
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�7�K�H���D�X�W�R�V�D�P�S�O�H�U���W�H�P�S�H�U�D�W�X�U�H���Z�D�V���V�H�W���D�W�����Û�&���D�Q�G���W�K�H���F�R�O�X�P�Q���D�W�������Û�&�����3�H�S�W�L�G�H�V��

eluted from nano-HPLC were ionised by the nanoflex source connected to the 

Orbitrap Fusion mass spectrometer. Ionization was performed at 2.2 kV using a 

steel emitter and ion transfer tube temp set to 275oC. MS data acquisition was 

performed through Xcalibur 4.0 with MS Foundation 3.1 SP1 (Thermo Scientific). 

The MS data was acquired from 375 to 1500 m/z at 120,000 mass resolution on 

the orbitrap analyser with a maximum injection time of 100 milliseconds, 

AGCTarget of 300000 and RF Lens was 30%. 

All MS/MS acquisition was performed with duty cycle of 2s in the ion-trap, 

dynamic exclusion (±10 ppm) of 30 seconds with an intensity threshold of 5000, 

analytes selected with charge states 2+ to 7+ sequentially fragmented by 

collision-induced dissociation (CID), a normalized collision energy of 35% at a 

maximum of 50 milliseconds, AGCTarget of 10000 and the isolation window was 

set at 0.7. All MS and MS/MS analysis was performed in positive polarity mode 

and scan range for MS/MS was set auto. 

2.14 Peptide and Protein identification and quantification  

MS mode was used to acquire signal abundance data for paired combinations of 

light and heavy SILAC labelled peptides and generate relative quantification 

information. Fragmentation data from each one or both pairs of MS signals were 

acquired in MS/MS mode. Acquired data was transferred and collated in 

Proteom�H�� �'�L�V�F�R�Y�H�U�H�U�Œ�� �������� ���7�K�H�U�P�R�� �)�L�V�K�H�U�� �6�F�L�H�Q�W�L�I�L�F���� �/�R�X�J�K�E�R�U�R�X�J�K���� �8�.������

MS/MS data was searched against UniProt (SwissProt 2016, human, containing 

551,705 proteins) database using MASCOT, version 2.4 database search engine 

(https://www.matrixscience.com/) with the following search parameters: 
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1. Taxonomy - Homo sapiens  

2. Database - SwissProt  

3. Protein cleavage - trypsin 

4. Maximum two missed cleavages allowed 

5. Static and dynamic modification �±Carbamidomethyl (C), Oxidation (M) and 
Deamidated (NQ) were considered. 

6. Quantitative data search was heavy SILAC +8Da Lysine (K) and +10Da 
Arginine (R).  

7. Peptide tolerance of MS was 10 ppm and MS/MS mass tolerance of 0.6 Da.  
 

2.14.1 SILAC Data Processing  

For each SILAC experiment, the results of MS analysis and database searching 

provided the identification of proteins and their relative quantifications. With each 

protein, the following data was acquired; Uniprot accession code, Mascot score, 

peptide and protein names and their peptide spectral match (PSM) scores, 

molecular weight, signal abundance of light and heavy peptides. Each dataset 

was subjected to extensive processing in Microsoft Office Excel (Ver. 2016) 

(Figure 2.10). Data was manually filtered to provide a set of proteins comprising 

at least one unique peptide and 2 PSMs. Protein datasets were further filtered to 

remove those with incomplete or missing abundance ratios. 

 

 

 

 

In order to compare quantification ratios between SILAC experiments, datasets 

were normalized (against the median ratio of the complete protein complement) 

and transformed to Log2 to achieve normal distribution required for further 

analysis. 
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Figure 2.10: Flowchart describing the steps of protein quantification and bioinformatics 
data analysis. 

 

Within each SILAC experiment, proteins were defined as significantly changed 

based on ± 1 standard deviation (SD) of the Log2 median. Using the fold-change 

of Log2 expression of each protein, they were classified into one of three groups, 

1 - up-regulated (U), 2 - down-regulated (D) and 3 - no change (N).   

For each multi-SILAC experiment, comprising an LP dataset, HP dataset and 

resistant cell line dataset, Venn diagrams were created to identify groups of 

commonly and uniquely up- and down-regulated proteins in the resistant cell lines 

using website tool http://bioinformatics.psb.ugent.be/. Cluster analysis was 

performed to define each protein common to all three experiments (LP, HP and 

Res) within a multi-SILAC experiment by its expression response, U, D or N. 

Consequently, all proteins were categorised into one of 27 possible groups. 

2.15 Bioinformatics data analysis  

Clusters of proteins that were of biological relevance were subject to analysis in:  

http://bioinformatics.psb.ugent.be/
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1-.STRING version 11, https://string-db.org/  

2- Uniprot, 2021 02, https://www.uniprot.org/ 

3-.Kyoto Encyclopedia of Genes and Genomes (KEGG) 98, 

https://www.genome.jp/kegg/.  

4- Protein Atlas version 20.1 https://www.proteinatlas.org/ to define the key 

molecular pathways.  

Significant PPI enrichment values acquired by STRING analysis provided a 

statistical indication about biochemical pathways by which proteins could be 

associated with common molecular functions and in particular those linked with 

tumourigenesis and resistance mechanisms. 

STRING allows searching of multiple species-specific proteins and produces a 

STRING enrichment figures which is a visual summary of protein-protein 

interactions including direct (physical) and indirect (functional) associations. The 

network illustrates query proteins as colour nodes, each node presenting protein 

produced by single protein coding gene. Filled nodes indicate the 3D shape 

(determined by X-ray crystallography) of the protein is known while the empty 

nodes designate a protein with unknown 3D structure. The links between nodes 

can have multiple colours that describe the type of evidence that supports protein 

interactions which stem from computational prediction, knowledge transfer from 

cross-species research and interactions aggregated from other primary 

databases. Blue lines indicate curated database associations, purple lines are 

experimentally determined associations using primary source data such as co-

purification, co-crystallization and yeast two-hybridisation, black lines support 

evidence of co-expression in which a group of proteins whose genes correlated  
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across several experiments, red lines represent gene fusions in single open 

reading frames, while dark blue for gene co-occurrence, green denotes groups 

of genes observed in the same genomic neighbourhood, and yellow lines 

symbolise text-mining from automated searches for frequently interrelated 

proteins such using PubMed. Furthermore, the width of the lines reflects the 

confidence score defined by the STRING PPI enrichment algorithm. 

Additional data was accrued for proteins deemed to be of particular biological 

relevance using the Uniprot, Protein Atlas, and peer-reviewed literature.   

2.16 Western blotting  

Western blot was performed in three steps 1- Sample preparation and SDS-

PAGE (see section 2.11.3), 2- Wet transfer protein blotting and 3- 

Immunodetection. Instead of Coomassie staining, gels are processed as follows.  

On completion of SDS PAGE, the gel was removed from the cassette and soaked 

in working transfer buffer, 10% stock buffer (48 mM Tris base, 39mM glycine, 

0.04% SDS, pH adjusted to 8.3, stored at 4oC) in 20% methanol and 70% distilled 

water. The gel was assembled next to a sheet of polyvinylidene difluoride (PVDF) 

membrane previously rinsed with methanol for 5 seconds, immersed in distilled 

water for 5 mins, and then placed in the transfer buffer for 10 mins. Wet transfer 

necessitated using the sandwich method, with the components assembled in the 

following order: from the front, to face the positive electrode: sponge pad, filter 

paper, PVDF membrane, gel, filter paper, and finally covered by second sponge 

pad. Each layer was gently pressed with a roller to remove air bubbles. The 

assembled cassette holder was placed in an electrophoresis tank filled with 

transfer buffer and electroblotting performed at 100mV for 1 hr in ice path. Once 
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protein transfer was completed, voltage power was stopped, and the cassette 

dismantled.  

The PVDF membrane was moved to a tray containing 5% (w/v) skimmed milk 

(Marvel, Premier Food, UK) blocking buffer prepared in 10% TBST in distilled 

water (stock TBS was 0.91 M Tris, 10% Tween-20, pH7.8) for 1 hr at RT and 

subject to mild shaking. The blot was then incubated with primary antibody (Table 

2.7) prepared in 5% (w/v) skimmed milk in TBST on a shaker overnight at 4oC. 

Primary antibody was decanted from the blot, and the blot washed three times 

with TBST for 10 mins each with shaking. Horseradish peroxidase HRP-

conjugated secondary antibody (Table 2.7) prepared in 5% (w/v) skimmed milk 

in TBST was added to the blot for 1 hr at RT with shaking. On completion of 

secondary antibody incubation, the blot was washed three times with TBST for 

10 mins �H�D�F�K�����(�&�/�Œ���3�U�L�P�H���:�%���6�\�V�W�H�P���N�L�W���I�U�R�P���6�L�J�P�D-Aldrich (Poole, UK) was 

added over the blot for 1 min to detect the target protein bound with the secondary 

antibody. The blot was transferred to a dark room for X-ray imaging (Chemi Doc 

MP, Bio-Rad, UK). Band intensity was calculated using Image Lab Software 

(Version 6.1, Bio-Rad) and quantification determined relative to (a) the �E-actin 

band and (b) the band in the low passage (LP) control. 
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Table 2.7:  Antibodies used in Western blot experiments. 

Target  
(Cat. No.)  

Supplier  
Species 

Reactivity  
Clonal Ab  

 
Dilution  

Sorcin  
(ab71983) 

Abcam 
Mouse 
Human 

Rat 

Rabbit Polyclonal 
1o Ab 

1.100 

Sorcin  
(PA5-64975) 

Thermo Human 
Rabbit Polyclonal 

1o Ab 
ND 

Sorcin  
(WH0006717M1) 

 
Sigma 

Mouse 
Human 

Rat 

Mouse 
Monoclonal1o Ab 

ND 

GRB2 
(ab32037) 

Abcam 
Mouse 
Human 

Rat 

Rabbit 
Monoclonal 1o Ab 

1.1000 

ERK2 
(ab32081) 

Abcam 
Mouse 
Human 

Rat 

Rabbit 
Monoclonal 1o Ab 

1.500 

Anti -c-Jun  
(ab32137) 

Abcam 
Mouse 
Human 

Rat 

Rabbit 
Monoclonal  1o 

Ab 
1.2000 

Anti -Actin  
(MAB1501)  

Abcam Mouse 
Human 

Monoclonal 1o Ab 1.5000 

2o Ab (31460)  Thermo-Fisher 
Rabbit 
Human 

Rabbit Polyclonal 
2o Ab 

1.1000 

  2o Ab (62-520) Thermo-Fisher 
Mouse 
Human 

Mouse polyclonal 
2o Ab 

1.5000 

ND: Not determined  
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Chapter Three �± 

Breast cell line selection and resistance strategy  
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�������&�H�O�O���O�L�Q�H���F�K�D�U�D�F�W�H�U�L�]�D�W�L�R�Q���D�Q�G���U�H�V�L�V�W�D�Q�F�H���G�H�Y�H�O�R�S�P�H�Q�W 

3.1 Introduction  

3.1.1 Breast cancer heterogenicity and their phenotype  

BC is considered a heterogeneous malignancy which is characterized by different 

phenotypes and molecular features. For instance, Luminal A (ER-positive) is the 

predominant type that accounts for 60% of BC types and has a good prognosis, 

whereas TNBC (ER-Negative) is an aggressive subtype with the poorest 

prognosis and high heterogenicity affecting 15�±20% of women (Yao et al. 2017). 

Therefore, phenotypic definition is one of the critical factors for clinicians to 

consider before selecting a treatment strategy. The molecular phenotype of BC 

has been identified by gene expression profiling but to identify these features and 

biomarkers in the clinic, immunohistochemistry (IHC) is performed as it is easier 

and cheaper for routine use (Ezenwajiaku et al. 2018).  

3.1.2 Criteria for selection of drugs and cell lines for resistance studi es 

In vitro models of breast cancer cell lines provide insights into understanding 

hormone-based drugs and their mechanisms of action. In particular, they add 

value in developing resistant cells to identify alternative therapeutic targets 

(Schafer and Jordan 2006). Before starting the development of a resistance 

model, many parameters need to be considered, such as the selection of parent 

cell line and their optimal culture conditions, and the choice of drugs and their 

dose regimen currently applied in the clinic. Hormonal therapy is mostly used in 

�W�K�H�� �W�U�H�D�W�P�H�Q�W�� �R�I�� �H�V�W�U�R�J�H�Q�� �U�H�F�H�S�W�R�U�� �.-positive breast cancer, however, their 

selection in the clinic is based on many factors, including patient age and stage 

of the disease as well as the presence of receptor biomarkers (Pinkerton and 

Thomas 2014).  
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Currently, three SERMs are approved by the FDA for BC treatment and 

prevention. Tamoxifen (Nolvadex) was the first generation SERM, used to treat 

both pre-and postmenopausal women for 5 years reducing the risk of disease 

recurrence by 40% (Richman and Dowsett 2019). It was approved for treatment 

of invasive breast cancer in women with DCIS after surgery or radiotherapy; as 

an adjuvant treatment agent of metastatic breast cancer; or prophylactically to 

reduce BC incidence in those at high risk. Raloxifene (Evista) is a second 

generation SERM approved as a prophylactic and therapeutic agent for 

osteoporosis and in the prevention of invasive breast cancer in postmenopausal 

women. Toremifene (Fareston) was approved in 1997 and used in the treatment 

of metastatic breast cancer in postmenopausal women with ER-positive BC 

(Pinkerton and Thomas 2014). Aromatase inhibitors (AIs) are a new generation 

of drugs used in BC treatment. AIs are preferentially administered to 

postmenopausal women and used in combination with tamoxifen to increase the 

survival rate (Forbes et al. 2008). One of the challenges of prolonged tamoxifen 

administration is the development of resistance which then nullifies its use. 

Importantly, it was reported that these drugs have a multicellular effect on various 

phenotypes not just on ER-positive tumours and therefore might contribute to 

other cellular responses. This included potential beneficial impacts on patients 

lacking a targeted therapy such TNBC indicating a non-ER mechanism of action 

(Manna and Holz 2016). Consequently, long term administration of tamoxifen 

may contribute to development of resistance in ER-negative BC, which has not 

previously been explored. Hence, different BC phenotypes were taken into 

consideration when selecting cell lines to test cytotoxic effects and resistance of 

specific drugs, which included Luminal A (MCF7, T47D), TNBC Basal-like (MDA-
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MB-468, BT-20), TNBC Claudin-low (MDA-MB-231) and HER2-positive (MDA-

MB-231-453), along with a normal-like breast cell line (MCF-10A).  

Endocrine drug resistance is a major challenge in the treatment of estrogen 

�U�H�F�H�S�W�R�U���.-positive breast cancer. Tamoxifen is the most common treatment and 

�P�X�F�K���U�H�V�H�D�U�F�K���K�D�V���E�H�H�Q���S�H�U�I�R�U�P�H�G���W�R���X�Q�G�H�U�V�W�D�Q�G���L�W�¶�V���P�H�F�K�D�Q�L�V�P���R�I���U�H�V�L�V�W�D�Q�F�H����

frequently using MCF7 cell line as a model system (see 2.3) (Schafer and Jordan 

2006). Hence, the effect of tamoxifen (Tam) and 4-hydroxy tamoxifen (OHT), its 

potent active metabolite, on MCF7 were used here as baseline references for in 

vitro studies. The potential effects of prophylactic administration of raloxifene 

(Ralx) have not, as yet, received much attention but its long-term use could 

contribute to developing resistance with future consequences to patient care. As 

such, it provides a parallel SERM model for comparing cell line growth and IC50 

characteristics of OHT and Tam (Regan et al. 2006). Toremifene is an effective 

alternative to tamoxifen but has the same mechanism of action and profile in the 

treatment of breast cancer, and hence was excluded from this study (Mustonen 

et al. 2014; Pan et al. 2017). Recently, anastrozole (Ans), an AI drug showed a 

significant efficacy and benefit over tamoxifen in postmenopausal women and 

was considered for use as a first-line treatment alone or in combination with 

tamoxifen for breast cancer, and therefore was incorporated into this study 

(Nabholtz et al. 2000). Establishing optimal cell culture conditions and 

cytotoxicity tests were an important factor before undertaking extensive long-

term resistance studies (Wesierska-Gadek et al. 2007). For example, phenol 

red, a cell culture pH indicator, has 0.001% of the affinity of estradiol in binding 

to estrogen receptors in MCF7 at the concentrations (15-�������0������ �,�W�V�� �H�V�W�U�R�J�H�Q�L�F��

activity could lead to cross-interaction with SERM mechanism of action in 
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inhibiting the cell proliferation (Berthois et al. 1986). Therefore, whether the 

presence or absence of phenol red affected SERM cytotoxicity on BC cell lines 

was investigated.   

3.2 Hypothesis and objectives  

In these initial studies a panel of immortalised human breast cell lines were 

characterised for their cytotoxicity response to four endocrine drugs commonly 

used in breast cancer therapy. From these studies the aims will be to rationalise 

selection of cell lines to use as resistance models and developing a dosing 

regimen to create these resistance sub-types for proteomics analysis. The 

hypothesis is that by taking a broader library of cell lines and additional drugs, a 

more complete understanding of the molecular mechanisms underlying SERM 

resistance in BC will be gained with the potential of finding new targets for drug 

development effective across a wider phenotypic profile.   

The aims to address this hypothesis are; 

1. Determine the optimum seeding density of a panel of breast cell lines using 

MTT assay in terms of their growth curves. 

2. Determine the sensitivity of a panel of breast cell lines to Tam, OHT, Ralx, and 

Ans using the MTT cytotoxicity assay (IC50) and select the optimum cell lines and 

drugs for development of resistant strains.  

3. Evaluate cell culture media components, such as phenol red, that could 

influence cell growth and affect development of resistance. 

4. Establish resistant cell lines to selected drugs.  
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5. Investigate the properties of resistant cell lines in terms of their stability, cell 

growth, cytotoxicity and biomarker expression.  

3.3 Method s utilised  

3.3.1  Drug preparation and cell culture (see Chapter 2.3-2.5.) 

3.3.2  Cell line selection and cytotoxicity to hormonal therapy (see Chapter 2.6) 

3.3.3  Resistance strategy and cell line characterization (see Chapter 2.7.) 

3.3.4  Statistical analysis (see Chapter 2.8.) 

3.3.5 �± Immunofluorescence assay (see Chapter 2.9.) 
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3.4 Results  

3.4.1 Optimizing cell density  

The relationship between seeded cell density and their absorbance at day zero 

(formazan crystal generated) by the MTT assay was performed. A linear 

correlation between cell density and absorbance was observed (R2 �•�������������I�R�U���D�O�O��

seven breast cell lines tested (Figure 3.1). This established the suitability of the 

MTT assay to measure cell quantities and concentrations throughout the study.   
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Figure 3.1 : Linear correlation (R2) of cell density and the 595nm absorbance at day zero 
in the MTT assay for BC cell lines. Each concentration was conducted in quadruplicate, 
(n=1). 

 

 



 
 
 

105 
 

3.4.2 Breast cancer cell line growth curves  

The optimum growth rate for each breast cancer cell line was explored by varying 

the number of seeding cells required to achieve growth to exponential phase at 

day 5 based on the MTT assay. The best initial seeding density for MCF7, T47D 

and MDA-MB-231 was 1x104 cells/ml, for MDA-MB-468, MDA-MB-453 and BT-

20 was 3x104 cells/ml and for MCF-10A 1x103 cells/ml (Figures 3.2). In addition, 

the doubling time of each cell line was calculated, with MCF-10A exhibiting the 

fastest growth whilst MDA-MB-468 was the slowest cell line. Doubling time of 

each cell lines was determined (Table 3.1), MCF-10A had the highest rate of 

growth while MDA-MB-468 recorded the lowest growth rate. 
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Figure 3.2:  Representative growth curves for a panel of breast cancer cell lines using 
the MTT assay. The experiment was conducted in four wells for each concentration, 
(n=1).  
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Table 3.1 : Doubling time of panel of breast cancer cell lines from their growth curves, 
calculated from the logarithmic phase of each cell line. 

 

 

 

 

 

 

Drugs were diluted from a 10% DMSO stock into an aqueous solvent during the 

preparation of working solutions, however residual DMSO may be cytotoxic and 

could affect the cells when drugs are added. DMSO (0.1, 0.3, 0.5% v/v) was 

tested in the MTT assay using MCF7 and MDA-MB-231 cell lines but showed no 

significant cytotoxic effect over the titrated doses confirming its acceptability for 

use in these studies at concentrations below 0.5% v/v (Figure 3.3). 

 

Cell lines  

 
 

Experimental DT (hrs)  
 

MCF7 41 

T47D 46 

MDA-MB-231 41 

MDA-MB-453 47 

MDA-MB-468 50 

BT-20 27 

MCF-10A 18 
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Figure 3 .3: Titration of DMSO with MDA-MB-231 and MCF7 cell lines in the MTT assay, 
(n=3). Data normalized to the untreated control cells.  

 

 

 

3.4.3 Chemosensitivity curve profile of breast cancer cell lines by MTT 
assay   
 

The chemosensitivity of the cell line panel to Tam, OHT, Ralx and Ans were 

determined in the MTT assay following a 4-day drug exposure (Figure 3.4-3.7) 

(Table 3.2).  
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Figure 3. 4: Comparison of breast cell line cytotoxicity to tamoxifen, data normalized 
against the untreated control cells. All values are averages of at least three independent 
experiments performed in quadruplicate, BT-20 (n=2). 

 

 

 

Figure 3. 5: Comparison of breast cell line cytotoxicity to OHT, data normalized against 
the untreated control cells. All values are averages of at least three independent 
experiments performed in quadruplicate, BT-20 (n=2). 

 

 

 

Figure 3. 6: Comparison of breast cell line cytotoxicity to raloxifene, data normalized 
against the untreated control cells. All values are averages of at least three independent 
experiments performed in quadruplicate, BT-20 (n=2). 
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Figure 3. 7: Comparison of breast cell line cytotoxicity to anastrazole, data normalized 
against the untreated control cells. All values are averages of at least three independent 
experiments performed in quadruplicate, BT-20 and MDA-MB-231 anastrazole (n=2). 

 

 

Table 3.2: The inhibitory concentations (IC50s) of tamoxifen, OHT and raloxifene, (n=3)/ 
BT-20, (n=2) 

ND: Not determined 

 

From these findings, cell lines MCF7 and MDA-MB-231, and SERMs OHT and 
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sensitive cell line to both drugs when compared to other Luminal types. 

Interestingly, ER-negative cell lines also exhibited a reproducible response to 

these drugs therefore MDA-MB-231 was selected in this study to further 

investigate and compare the mechanisms of SERM resistance. Furthermore, 

both MCF7 and MDA-MB-231 cell lines were cultured stably and reproducibly 

which was ideal for extended passaging required for developing resistance 

models. OHT was selected as the active component as it interacts directly with 

ER receptor (compared to Tam which is a prodrug metabolised in the liver �± see 

section 1.5.2) and Ralx was chosen as it provided a novel drug for exploring BC 

resistance mechanisms. No cytotoxic effect of anastrozole was seen in any of the 

cell lines. 

3.4.4 Media composition and its effect on  drug response  IC50  

Cell lines were grown in standard serum in the absence or presence of phenol 

red and the IC50 of OHT and Ralx determined. Results showed that MCF7 had 

an IC50 of OHT 16.27± 0.74µM in the presence and 17.00± 0.4µM in the absence 

of phenol red. With Ralx, MCF7 IC50 was 22.00± 1.6µM and 21.80± 1.19µM in 

the presence or absence of phenol red, respectively. In the case of MDA-MB-

231, the IC50 of OHT was 14.0± 4.27µM and 18.0± 2.2µM in the presence or 

absence of phenol red respectively, whereas IC50 of Ralx was 21.0± 3.00µM and 

22.2± 3.40µM in the presence or absence of phenol red respectively. 

Consequently, there was no significant difference (MCF7 OHT p value = 0.29, 

MCF7 Ralx p value = 0.90, MDA-MB-231 OHT p value = 0.76 and MDA-MB-231 

Ralx p value = 0.29) in either cell line with either drug and therefore no affect from 

the presence of phenol red (Figures 3.8).  
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Figure 3 .8: The effect of Ralx and OHT on MCF7, and MDA-MB-231 in the presence or 
absence of phenol red. All values are averages of at least three independent experiments 
performed in triplicate and normalized against the untreated control cells, (p value >  0.5). 

 

3.4.5 Generation of cell lines resistant to OHT and Raloxifene  

Following continual treatment of MCF7 and MDA-MB-231 cell lines with 

increasing doses of OHT and raloxifene over a 10-month period, four resistant 

sub-cell lines were established - MCF7 OHT Resistant (Res), MCF7 Ralx Res, 

MDA-MB-231 OHT Res and MDA-MB-231 Ralx Res. In addition, parent MCF7 

and MDA-MB-231 cell lines were grown in parallel, in the absence of drugs, for 

the same period of time and culturing conditions as high-passage controls (HP). 

All resistant sub-cell lines were assessed for cell viability using the MTT assay.  

Independent cytotoxicity profiles for each sub-cell line were plotted regularly to 

assess resistance progression. After the first 3 months of exposure to OHT, 

MCF7 appeared to show no change in the IC50 (data not shown), possibly due to 

the MTT assay being performed with limited titration points. For the remainder of 

the resistance development, MTT assays were performed with additional drug 
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titrations. Thereafter, a resistance response was observed in the MTT assay by 

treated cells, and during drug dose escalation for a further 6 months, compared 

to the wild-type control. As a consequence, results were not directly comparable 

from the initial stages to the final stage when resistance was successfully defined. 

Furthermore, it was not possible to accurately record the progressive increase in 

resistance or the point at which resistant started to emerge. This was further 

exacerbated by restricted laboratory access during the pandemic which meant 

cells were grown under non-ideal experimental conditions of drug and stress 

response and insufficient cells could be collected at key passage stages for 

thorough characterisation (see Covid statement).    

On renewal of full-scale experimentation, cells grew reproducibly and were 

assessed using the MTT assay to evaluate the IC50s compared to the respective 

HP control cell lines. After 10 months of OHT exposure, MCF7 was growing and 

exhibited a significant difference in cell viability and survival compared to the 

parental HP control cell line. This equated with a 2-fold change in IC50 for MCF7 

OHT Res compared to the MCF7 parent cell line (p value = 0.02) (Figure 3.9). 

MCF7 resistance to Ralx also exhibited the same trend and showed a difference 

in cell viability of the resistant equating with a 2-fold higher IC50 (p value = 0.02) 

compared to the parental control cell line (Figure 3.10).  



 
 
 

114 
 

 

Figure 3. 9: Chemosensitivity MTT curve profile of MCF7 cell lines  exposed to OHT . 
MCF7 HP Control and MCF7 OHT Res after 10 months exposure 18µM OHT. All values 
are averages of at least three independent experiments performed in triplicate. 
Chemosensitivity was performed in the MTT assay using OHT [1-�������0�@���G�R�V�H�V���G�X�U�L�Q�J���D��
96-hr period. Data normalized against the untreated control cells (*p value = 0.02).  

 

Figure 3. 10: Chemosensitivity MTT curve profile of MCF7 cell lines  exposed to 
Ralx . MCF7 HP Control and MCF7 Ralx Res after 10 months exposure 22µM Ralx. All 
values are averages of at least three independent experiments performed in triplicate.  
Chemosensitivity was performed in the MTT assay using Ralx [1- �������0�@���G�R�V�H�V���G�X�U�L�Q�J���D��
96-hr period. Data normalized against the untreated control cells (*p value = 0.02).  
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3.4.6 Generation of MDA -MB-231 cell lines resistant to OHT and Raloxifene  

MDA-MB-231 was treated in a parallel series of exposures to OHT and Ralx as 

that performed on MCF7. Analogous to MCF7, MDA-MB-231 treatment with OHT 

(7µM) and Ralx (9µM) showed no difference in the IC50 after 3 months, but after 

escalating the doses of OHT to 10µM and raloxifene to 12µM, resistant cell lines 

emerged. At 10 months, the survival rates equated with IC50s of MDA-MB-231 

OHT Res and MDA-MB-231 Ralx Res, which were 1.92-fold (p = 0.03) and 2.04-

fold (p = 0.001) changes, respectively, compared to the parent cell lines (Figures 

3.11, 3.12).  

 

 

Figure 3. 11: Chemosensitivity MTT curve profile of MDA -MB-231 cell lines  exposed 
to OHT. MDA-MB-231 HP Control and MDA-MB-231 OHT Res after 10 months exposure 
15µM OHT. All values are averages of at least three independent experiments performed 
in triplicate.  Chemosensitivity was performed in the MTT assay using OHT [1- �������0�@��
doses during a 96-hr period. Data normalized against the untreated control cells (*p value 
= 0.03).  
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Figure 3. 12: Chemosensitivity MTT curve profile of MDA -MB-231 cell lines  exposed 
to Ralx . MDA-MB-231 HP Control and MDA-MB-231 Ralx Res after 10 months exposure 
25µM Ralx. All values are averages of at least three independent experiments performed 
in triplicate. Chemosensitivity was performed in the MTT assay using Ralx [1- �������0�@��
doses during a 96-hr period. Data normalized against the untreated control cells (*p value 
= 0.001).  

  

A commercially available MCF7 OHT Res cell line and new ATCC wild type cells 

were acquired for comparison with the resistant cell line created in-house. IC50 of 

the ATCC MCF7 OHT Res had an IC50 of 7.6± 0.21µM compared to 5.2± 0.32 

µM ATCC WT MCF7, equating to a 1.5-fold increase in resistance (p value 

<0.001), similar to that achieved with the in-house OHT resistant cell line (Figure 

3.13).  
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Figure 3.1 3: Chemosensitivity MTT curve profiles of ATCC MCF7 OHT Res and ATCC 
MCF7 WT exposed to OHT [1-�������0�@�� �G�R�V�H�V�� �G�X�U�L�Q�J�� �D�� ����-hr period. All values are 
averages of at least three independent experiments performed in triplicate. Data 
normalized against to the untreated control cells (** p value = 0.001).  

 

3.4.7 Resistant cell line summary  

The IC50 values for each resistant cell line compared to their respective controls 

for both OHT and Ralx are summarized in Table 3.3. 

Table 3.3: Summary table showing the IC50 of the established OHT and Ralx resistant 
cell lines, results are presented as average ± SD, n =3. 

 

Cell lines  IC50 OHT (µM) Cell lines  IC50 OHT (µM) Resistance 
factor  

MCF7 5.90 ± 0.40 MCF7 OHT Res 12.00 ± 2.40 2.00-fold 
p value = 0.02 

MDA-MB-231 6.70± 0.20 MDA-MB-231 
OHT Res 10.50 ± 1.28 1.90-fold 

p value = 0.03 

Cell lines  IC50 Ralx (µM)  Cell lines  IC50 Ralx (µM)  Resistance 
factor  
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Similar growth curves were observed between the resistant lines and their 

respective HP parental controls (seeded at 1x104 cells/ml) for both MCF7 and 

MDA-MB-231 (Figure 3.14) and it was noticed that no difference in the doubling 

time between low passage and high passage cell in either MCF7 and MDA-MB-

231 which equated to approximately 41 hrs. However, the raloxifene resistant cell 

line was slower at day 5 by the MTT assay but day zero also showed a higher 

absorbance thus no overall difference in growth was observed, and consequently 

the doubling time was not significantly lower (4 hrs).  

 

 

Figure 3.1 4: MTT growth curve profiles for the resistant cell lines established with their 
respective high passage control parental lines (seeded at 104 cells/ml). The experiment 
was conducted in 8-well plates for each concentration (n=1). 
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3.4.8 Immunofluorescence results  

3.4.8.1 Cofilin -1 and �� -actin as positive control  

Cofilin-1 and �E-actin were selected as positive controls, frequently used in the 

Proteomics Facility to verify the IF method before starting optimization of target 

proteins. Initially, a single staining protocol for ��-actin and cofilin-1 was 

established on the MCF7 breast cancer cell line, using ��-actin and cofilin-1 

primary antibodies respectively, both proteins exhibiting strong labelling of the 

cytoplasmic region of the cells (Figure 3.15).  

 

 

Figure 3. 15: Test for cofilin �D�Q�G����-actin expressed in using MCF7 monolayer cultures 
with either primary cofilin antibody (1:100) or anti-��-actin antibody (1:100). Cells fixed by 
4% paraformaldehyde, were blocked for nonspecific binding by 5% BSA, TRITC-
conjugated anti-rabbit secondary antibody AlexaFluor 488 (green) was used (dilution of 
1:200) and cells analyzed by fluorescence microscopy. 
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3.4.8.2 Optimization of estrogen receptor  immunolabelling  

Estrogen receptor is highly expressed in Luminal A and Luminal B breast cancers 

making hormonal therapy the preferred choice of treatment and representative 

MCF7 and T47D cell lines were ideal as ER-positive controls for IF assay 

development. Triple negative cell lines, such as MDA-MB-468 and MDA-MB-231, 

do not express ER and were therefore suitable negative controls.  

Initially, three anti-ER primary antibodies were tested. Anti-ER antibody ab16660 

at dilutions of 1/10 to 1/200, did not detect ER expression in MCF7 or T47D 

(Figure 3.16), using either methanol or paraformaldehyde as fixative agents, 5 or 

10% BSA as blocking agent, incubation overnight at 4oC and secondary antibody 

dilutions from 1:200 to 1:2000. Anti-ER antibody MA5-14501 was assessed at 

dilutions of 1:10 to1:500, using 5 or 10% BSA, or 10% goat serum, incubation 

overnight at 4oC or two hrs at room temperature and secondary antibody dilution 

of 1:200 to 1:1000, on MCF7, T47D and MDA-MB-468 cell lines, but again did 

not detect ER expression (Figure 3.17). A third anti-ER antibody, PA1-308 (Figure 

3.18) was evaluated at dilutions from 1:500 to 1:2000, 5% BSA, incubation 

overnight at 4oC and secondary antibody dilution of 1:200 and 1:500 on MCF7 

and MDA-MB-468 and was observed faintly in the former and not detected in the 

latter, at a primary antibody dilution of 1:500 (Figure 3.18). PA1-308 was further 

tested against MCF7 (Figure 3.19) and T47D (Figure 3.19) with two ER negative 

cell line MDA-MB-231 and MDA-MB-468, at a dilution of 1:100 (5% BSA, 

incubation overnight at 4oC and secondary antibody dilution of 1:200) further 

demonstrating differentiation in ER staining (Figure 3.19).  
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Figure 3. 16: �7�H�V�W���I�R�U���(�5�.���H�[�S�U�H�V�V�H�G���R�Q���0�&�)�����D�Q�G���7�����'���Z�L�W�K���S�U�L�P�D�U�\���D�Q�W�L�E�R�G�\���6�3�����(�5��
ab16660 (1:250 or 1:25), with DAPI and overlay of both. Cells were fixed with 4% 
paraformaldehyde, blocked for nonspecific binding using 5% BSA and visualised with 
secondary FITC anti-rabbit AlexaFluor 594 (red) (dilution of 1:200). Cells analyzed by 
fluorescence microscopy. No labelling was observed at both dilution concentrations over 
both ER positive cell lines. 
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Figure 3. 17: �7�H�V�W�� �I�R�U�� �(�5�.�� �H�[�S�U�H�V�V�H�G�� �R�Q�� �7�����'���� �0�'�$-MB-468 (negative control) and 
MCF7 using primary antibody SP1 ER MA5-14501 (1:30), with DAPI and overlay of both. 
Cells were fixed with 4% paraformaldehyde, blocked for nonspecific binding using 5% 
BSA and visualised with secondary FITC anti-rabbit AlexaFluor 594 (red) (dilution of 
1:500). Cells analysed by fluorescence microscopy at 40x. No labelling was observed at 
the lowest dilution recommended over MCF7 and T47D.  
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Figure 3. 18: �7�H�V�W���I�R�U���(�5�.���H�[�S�U�H�V�V�L�R�Q���R�Q T47D using ER polyclonal antibody PA1-308 
AlexaFluor 488 (green) (A) at dilution of (1:2000) (B) at dilution of (1:1000), (C) at dilution 
of (1:500). Cells were fixed with paraformaldehyde, blocked for nonspecific binding with 
5% BSA, visualisation with FITC anti-rabbit secondary antibody (dilution of 1:500) and 
analysed by fluorescence microscopy.  
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Figure 3. 19: �(�5�.�� �H�[�S�U�H�V�V�L�R�Q�� �R�Q�� �0�&�)������ �0�'�$-MB-231 (negative control), T47D and 
MDA-MB-468 (negative control) using ER polyclonal antibody PA1-308 (dilution of 
1:100) AlexaFluor 488, and with DAPI and without primary antibody. Cells fixed with 
paraformaldehyde, blocked for nonspecific binding by 5% BSA, FITC anti-rabbit 
secondary antibody, (dilution of 1:500) and analysed by fluorescence microscopy, strong 
stanning of ER polyclonal antibody PA1-308 was observed at 1:100 over two ER positive 
cell lines. 
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3.4.8.3 Optimizati on of CD44 and EGFR  

CD44 was analysed as it is an important marker of cell adhesion and EGFR was 

selected as it has previously been associated with Tam resistance. Optimisation 

protocols were similarly attempted, with the successful development of an assay 

for the former. Preliminary IF analysis for detection of EGFR expression using 

MA5-13070 anti-EGFR (dilution of 1:100, fixed with 4% paraformaldehyde, 

blocking agent 5% BSA, secondary FITC anti-rabbit, dilution of 1:500) on MDA-

MB-231 was unsuccessful (data not shown).  

3.4.9 Biomarker analysis in resistant cell lines by IF  

�(�5�.�� �D�Q�G�� �&�'������ �Z�H�U�H�� �H�Y�D�O�X�D�W�H�G�� �E�\�� �L�P�P�X�Q�R�I�O�X�R�U�H�V�F�H�Q�F�H���I�R�U�� �H�D�F�K�� �U�H�V�L�V�W�D�Q�W���D�Q�G��

parent (HP control) �F�H�O�O���O�L�Q�H�����(�5�.���H�[�S�U�H�V�V�L�R�Q���Z�D�V���G�H�F�U�H�D�V�H�G���L�Q���0�&�)�����2�+�7���5�H�V��

and unchanged in MCF7 Ralx Res compared to the MCF7 HP control cell line 

(Figure 3.20). There was a pronounced shift in subcellular location of ER�. with 

nuclear and cytoplasmic expression in both MCF7 resistant cell lines, whereas it 

was primarily observed in the nucleus in parental cells. As was expected, ER�. 

was not expressed in TNBC MDA-MB-231 parent cell line and consequently not 

detected in the resistant cell lines (Figure 3.20).  

CD44, a cell surface protein functioning in cell-cell interaction, cell adhesion and 

cell migration, associated with EMT and negative regulation of apoptosis, is also 

an established biomarker of tamoxifen resistance and was investigated by IF. In 

contrast to ER, CD44 was expressed more intensely in TNBC MDA-MB-231 

parent cell lines compared to the equivalent MCF7 cell line. However, CD44, also 

a marker of stem cellness, was significantly increased in intensity in MCF7 OHT, 

but only marginally in MCF7 Ralx resistant cell lines (Figure 3.21). CD44 

subcellular location was found preferentially on plasma membranes as expected, 

though cytoplasmic expression was also detected in all MCF7 cell lines (Figure 
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3.21). All the MDA-MB-231 cell lines showed the presence of CD44 expression 

with no change in fluorescence intensity between parental and resistant cells.  
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Figure 3.2 0: ER�. expression in breast cancer cell lines with ER polyclonal antibody 
PA1-308 (dilution of 1:100) with DAPI and overlaid with DAPI in MCF7 HP, MCF7 OHT 
Res and MCF7 Ralx Res cell lines and in MDA-MB-231 HP, MDA-MB-231 OHT Res and 
MDA-MB-231 Ralx Res cell lines. Cells were fixed with 4% paraformaldehyde, blocked 
for nonspecific binding by 5% BSA, secondary TRITC anti rabbit used (dilution of 1:200) 
and analysed by fluorescence microscopy at 40x magnification. Arrows indicate nuclear 
and cytoplasmic staining of ER in MCF7 HP and MCF7 Ralx Res cell lines and decrease 
intensity of ER�. in the MCF7 OHT Res. 
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Figure 3. 21: CD44 expression in breast cancer cell lines stained with Anti CD44 (dilution 
of 1:100) overlaid with DAPI in MCF7 HP and MCF7 OHT and MCF7 Ralx Res cell lines 
and in MDA-MB-231 HP and MDA-MB-231 OHT Res and MDA-MB-231 Ralx Res cell 
lines. Cells were fixed with 4% paraformaldehyde, blocked for nonspecific binding by 5% 
BSA, secondary TRITC anti rabbit used (dilution of 1:200) and analysed by fluorescence 
microscopy.  
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3.5 Discussion  

3.5.1 Discussion of BC growth curve profile  

The aim of these experiments was to identify and select suitable cell lines for use 

in SERM drug studies based on their sensitivity profiles and to subsequently 

develop resistant cell lines to explore the molecular mechanisms responsible for 

hormonal therapy resistance. The heterogeneity in breast cancer based on 

histological morphology, tumour size, lymph node grade, and the presence of 

biomarkers such as ER, PR, HER2, affects therapeutic response and disease 

progression. Immortalized cell lines provide an excellent model for studying 

resistance and specific cell lines were selected that were representative of 

different molecular phenotypes to initially study the cytotoxic effect of four 

established breast cancer therapeutic drugs.  

Initially, it was important to establish the growth characteristics of each cell line. 

Logarithmic phase (Log phase) is the stage when the cells most actively 

proliferate, growing exponentially and are most susceptible to the toxic effects of 

drug exposure. Growth curves for each cell line demonstrated that different 

optimal cell seeding concentrations were required to reach the log phase (Figure 

3.2). This was extremely important in providing information for the cell-

chemosensitivity assays (Terry L Riss 2013). In this study, the doubling time of 

most of the cell lines reproduced those reported in literature (Table 3.4). Various 

methods have been used for calculating the doubling time including online 

algorithm software (Kamalidehghan et al. 2012) or using linear regression 

analysis (Larsson et al. 2020). The most common and most reproducible method 

evaluates the time it takes for a cell population to double during the log-phase 

and was used in this study. The breast cancer cell lines in this study showed a 
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range from MCF-10A as the fastest (doubling time = 18.0 hrs) to MDA-MB-468 

as the slowest (50.4 hrs). As the intention was to develop resistant cell lines over 

a prolonged, but unknown endpoint, growth rate had important implications on 

the practical implementation of the resistance experiment. For example, if cell 

lines with widely different growth rates, such as MCF-10A and MDA-MB-468, 

were selected for extensive passaging and regular cytotoxicity testing, which are 

part of the process of continuous exposure of cells to sublethal doses of drugs in 

order to acquire survival traits, then the latter would take almost three-times 

longer than the former to produce a resistant cell line. Hence, the same doubling 

times of MCF7 and MDA-MB-231 (41 hrs) were a factor in the selection of cell 

lines. Differential doubling times between the cell lines could be related to the 

molecular characteristic and signature of each cell lines but may also be due to 

the different culture medium or methodology used in each individual laboratory.  

Table 3.4: Doubling time of a panel of breast cancer cell lines from their growth curves 
and compared to literature. 

Cell lines  

 
 

Experimental 
DT (hrs)  

 

 
DT from 
literature 

(hrs)  
 

References  

MCF7 41 30-48 
(Sweeney et al. 1998; Koygun et al. 

2021) 

T47D 46 46 (Risinger et al. 2015) 

MDA-MB-
231 

41 41 (Enciso-Benavides et al. 2021) 

MDA-MB-
453 

47 38 (Jain et al. 2012) 

MDA-MB-
468 

50 62 (Risinger et al. 2015) 

BT-20 27 24 (Thakur et al. 2012) 

MCF-10A 18 21 (Larsson et al. 2020) 

     DT: Doubling time at 96 hrs 
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Performing the drug sensitivity/toxicity assay in order to check for development 

of resistance was essential. Several assays have been designed which can be 

classified based on various cell functions including enzyme activity, cell 

membrane permeability, cell adherence, adenosine triphosphate (ATP) 

production and co-enzyme production. Well established assays commonly used 

in cancer and biological research include: (a) dye exclusion assays such trypan 

blue, eosin and erythrosine B stains, (b) MTT, MTS, XTT, and WST-1 colorimetric 

assays, (c) Alamar Blue fluorometric assays, (d) luminometric assays for ATP 

metabolism, and (e) flow cytometric assays that use membrane asymmetry or 

inclusion dyes. 

Cell viability, colony formation and colorimetric assays have been commonly used 

to assess the cytotoxic effect of SERM on BC cell lines and to assess resistance 

(Hassan et al. 2018; Mirzapur et al. 2018). In this study, the MTT assay was 

selected to determine the proliferation of the control and resistant cell lines as it 

can be performed with a large number of samples in a short time (days), at low 

cost, in multi-well-plates providing a semi-automatic preparation method and 

rapid acquisition of the result with a microplate reader. An alternative test to 

characterize the cell lines is the clonogenic assay, which measures the ability of 

low cell densities to generate clonal progeny but can be time-consuming to 

generate the colonies (weeks), provides a low sample throughput and is manual-

intensive to generate quantitative data.  

One of the unexpected observations from the cytotoxicity screen of different 

drugs, was the similarity in IC50 for Tam, OHT and Ralx across the phenotypically 

diverse cell lines. Ans was included as an anticipated negative control, however 
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in hindsight a non-hormonally targeted drug, such as cytotoxic drugs, doxorubicin 

or cisplatin, should also have been incorporated into the study.  

An important consideration in the preparation of the drugs for cytotoxicity assays 

and development of the resistance, was the use of DMSO for solubilisation. 

DMSO, as a vehicle, can itself be cytotoxic and it was essential to show that it 

was not contributing to the responses attributed to the drugs. DMSO at 

concentrations of 0.1 to 0.5% (v/v) had negligible effect on MCF7 and MDA-MB-

231. On this basis, the drug cytotoxicity measurements were normalized to the 

untreated cell controls and the IC50 values were calculated at dilutions that were 

in a range of low toxicity of the vehicle. Nevertheless, normalising the data against 

the DMSO controls would be preferable in future to ensure consistent monitoring 

for interference of the vehicle with all the cell lines. 

3.5.2 Drug cytotoxicity in Breast cancer cell lines  

Cytotoxicity of Tam, OHT, Ralx, and Ans was determined for each breast cell line 

to find the best drugs for resistance studies. Most of the cell lines showed a higher 

sensitivity against OHT compared to the parent drug (tamoxifen) while BT-20 

exhibited a similar sensitivity for both drugs, despite the former being an active 

metabolite of the latter and having greater potency than the parent drug (Table 

3.1) (Reddel et al. 1983). Tamoxifen is a pro-drug and requires a complex 

metabolic activation to elicit its pharmacological activity. 4-Hydroxytamoxifen 

(OHT) is one of the main products of first pass effect (hepatic oxidation), resulting 

from CYP2D6 and CY3A4 metabolism of tamoxifen (Lyon et al. 2012). However, 

this is not completely reflected in the in vitro cell line model. The general pattern 

observed in the breast cancer cell lines was a micromolar range of IC50 and 

increased values were observed with longer exposure to OHT and Ralx. 
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Significant differences in IC50 values have been reported by a number of groups 

ranging 10-fold from 2.5 to 25 µM for tamoxifen in MCF7 cell line (Zhang et al. 

2015). A 14-�I�R�O�G���Y�D�U�L�D�W�L�R�Q�����I�U�R�P�������W�R����������M was also observed with OHT on MCF7, 

(Chang et al. 2011; Zhou et al. 2012; Ahmad et al. 2015; Aravindan et al. 2015; 

Pawlik et al. 2016; Montaser and Coley 2018; Hu et al. 2020; Wang et al. 2021). 

This reported variation could be due to a number of factors such as the test type 

and incubation time used to determine the IC50 of the drugs. Colorimetric assays 

such as MTT (Hassan et al. 2018), MTS (Wang et al. 2019a), CCK-8 (Wang et 

al. 2021), SRB assay (Petinari et al. 2004), crystal violet (Chang et al. 2020) and 

ATP chemosensitivity (Seeger et al. 2004) have all been used to determine IC50s 

of tamoxifen or OHT. Among other variables, the provenance of a particular cell 

line, its phenotypic accreditation and the method of propagation may play a role 

as sources of discrepancies between various researchers. Furthermore, 

interference from culture medium components and cell seeding density could 

also have an effect on the IC50 (Wright Muelas et al. 2018).  

Although tamoxifen should only target ER-positive cancers, a cytotoxic effect has 

been reported in a number of studies in ER-negative cell lines to a similar extent 

(Etienne et al. 1989). Tam IC50s in T47D (ER+ve) and MDA-MB-231 (ER-ve) 

were observed to be 13 and 11µM, respectively (Kim and Ma 2010), Tam IC50s 

were 24���0���D�Q�G���������0���L�Q��MCF7 (ER+ve) and MDA-MB-231, respectively (Abu et 

al. 2014), Tam IC50s of 9�±�������0  were determined for MCF7, MDA-MB-231 and 

BT20 (a TNBC cell line) (Mandlekar et al. 2000) and Tam IC50s of �������0�� �D�Q�G��

�������0���L�Q���0�&�)�����D�Q�G���0�'�$-MB 231, respectively, were also reported (Seeger et al. 

2004). Moreover, similar Tam IC50s were reported for MCF7 (10-12µM), MDA-

MB-468 (ER-ve) (14µM) and T47D (9.4-13µM) (Guerram et al. 2015; Yadav et al. 
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2015) and similar IC50 values in T47D (5.65µM) and MDA-MB-231 cells (5.82µM) 

were determined while the IC50 for MCF7 cells was calculated to be 10.7±1.9µM 

(Potuckova et al. 2014).  

Several studies have also shown that tamoxifen has the same effect on MCF7, 

and MCF-10A, with similar IC50s of 10-15�PM observed in both cell lines (Abu et 

al. 2013; Abu et al. 2014; Etti et al. 2017). Interestingly, in the results presented 

here, MCF-10A (normal-like) had a higher sensitivity for the three drugs (Tam, 

OHT and Ralx) compared to the other cell lines. One possible explanation for the 

high sensitivity in MCF-10A is the higher expression of estrogen receptor (Yaacob 

and Ismail 2014). This epithelial cell type was derived from a 36-year-old female 

with fibrocystic breasts in 1984 but has still not been fully characterised in terms 

of phenotype. Based on gene expression profiling, MCF-10A was classified as 

basal-type breast cell line, while another study indicated that it expressed luminal 

and stem-like markers (Qu et al. 2015). For this reason, MCF-10A was excluded 

as a candidate for resistance development. 

A possible ER-independent mechanism was provided by a clinical study of 950 

patients, in which 70 were diagnosed with TNBC and invasive ductal 

carcinoma, and Tam was observed to have a beneficial effect on ER-negative 

cancers combined with radiotherapy (Mehrdad Payandeh 2015). In a separate 

study, ���������R�I���(�5�.-negative breast tumours were sensitive to tamoxifen (Manna 

and Holz 2016) and 69 ER-negative invasive breast cancer (from a total of 528 

patients), treated with tamoxifen, benefited with a 9% reduced risk of recurrence 

and a 6% reduction in mortality (Merglen et al. 2009).  
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Independently of breast cancer, Tam has also been shown to be cytotoxic for 

eight non-breast cancer cell lines (UACC62, NCI-460, K-562, OVCAR-03, PC-

03, HT-29, 786-0, NCI-ADR) along with non-tumoural cell lines (3T3, V79, MDCK, 

VERO) (Petinari et al. 2004). Most significantly, the non-tumoural cells exhibited 

higher sensitivity and cytotoxicity to Tam compared to the tumoural cells (Petinari 

et al. 2004).  

Taken together, the above observation suggest that Tam may have a molecular 

effect which mediates cell growth arrest, separate from the main ER dependent 

mechanism (Etienne et al. 1989). An in vitro study tested for a non-ER effect 

induced by tamoxifen using the trypan blue-cell viability assay and DNA 

fragmentation assay, which demonstrated an apoptotic effect at a clinically 

relevant concentration (5µM), in both ER positive (MCF7) and negative cell lines 

(MDA-MB-231 and BT-20) (Mandlekar et al. 2000). Spencer et al also showed 

tamoxifen-induced cell death in ER-negative MDA-MB-231 and ER-positive 

MCF7 cell lines via apoptosis by releasing mitochondrial cytochrome c, with 

decreased mitochondrial membrane potential disruption, and increased reactive 

oxygen species (ROS) production (Spencer Keene 2014). Additionally, in vitro 

and in vivo assays in ER-negative cell lines, MDA-MB-231 (Claudin-low TNBC 

phenotype), MDA-MB-453 (HER2), and MDA-MB-468 (Basal-like TNBC), 

revealed that Tam caused apoptosis through inhibition of two human 

oncoproteins, protein CIP2A and phospho-Akt (p-Akt) (Liu et al. 2014). 

An alternative non-ER-related mechanism for the effect of Tam on TNBC was 

investigated using murine MDA-MB-231 xenograft tumours, which showed that 

Tam inhibited cell migration to the lung and enhanced chemosensitivity of 

mesenchymal TNBC cells by reversing their EMT-like properties (Wang et al. 
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2017). Therefore, there is considerable evidence for an ER-independent method 

of OHT/Tam action, and the possibility of an ER-independent mechanism of 

resistance. Further investigation of the MDA-MB-231 OHT Res cell line and 

comparison with MCF7 OHT Res may provide insights into such a mechanism. 

A similar trend of raloxifene cytotoxicity profile (Table 3.1) was observed in this 

study compared to that reported in the literature with ER+ MCF7 and T47D having 

IC50�V�� �R�I�� �������0 and ER- MDA-MB-231 with an IC50 = �������0  (Ihraiz et al. 2020). 

Raloxifene is used in the prevention of breast cancer in post-menopausal women 

high risk of developing the disease. However, several studies have shown that 

raloxifene has ER-independent effects in breast, liver and prostate cancer cells. 

Raloxifene can directly bind to aryl hydrocarbon (AhR) receptor, one of its 

molecular targets, inducing apoptosis in ER-negative mouse and human 

hepatoma cells and triple-negative MDA-MB-231 breast cancer cells compared 

with non-transformed mammary epithelial cells (Donnell et al. 2014). Moreover, 

xenografts in in vivo studies have shown that raloxifene inhibited triple-negative 

breast cancer growth (Taurin et al. 2013). 

Raloxifene has also been reported to exhibit an alternative mechanism of action 

in ER-negative cell lines by inducing a 27-fold decrease in the expression of 

EGFR levels as well as 70% decrease in Ki67 leading to tumour cell proliferation 

inhibition and apoptosis by promoting caspase-3 activity (Taurin et al. 2013). 

Furthermore, raloxifene was reported to induce apoptosis in androgen-

independent human prostate cancer cell lines (Kim et al. 2002). Therefore, 

evidence in the literature compares favourably with the cytotoxicity data 

described here, providing a strong case for investigating Ralx for alternative, non-

ER targeted mechanism for SERMs using both ER-positive and ER-negative cell 

https://pubmed.ncbi.nlm.nih.gov/?term=O%27Donnell+EF&cauthor_id=24481452
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lines. The development of cell lines to MCF7 and MDA-MB-231 resistant to Ralx, 

provide additional biological models for investigation of ER-dependent and ER-

independent SERM resistance. 

Anastrozole, an inhibitor of aromatase, is an essential hormonal therapy used in 

clinic to treat breast cancer in post-menopausal women. Aromatase is part of the 

estrogen synthesis pathway, and its inhibition prevents the production of the 

hormone to stimulate proliferation-associated ER signal transduction pathways 

(Fabian 2007). Anastrozole, showed no cytotoxic effect against the seven breast 

cell lines tested in this study at the range of 1-���������0�����W�K�H�U�H�I�R�U�H���Y�D�O�L�G�D�W�L�Q�J���L�W���D�V���D��

suitable negative control. This was not unexpected as evaluation of aromatase 

inhibitor responses in in vitro models required human aromatase gene to be 

stably transfected into cell lines due to the low level of endogenous enzyme 

expression (Wong and Chen 2012). Endogenous aromatase expression varies 

between the BC cell lines and very high doses of Ans (400µg/ml) were required 

to show a cytotoxic effect in MCF7 (Chen et al. 2015; Hassan et al. 2017).  

In summary, based on the sensitivity profiles and the growth characteristics of the 

tested breast cell lines, MCF7 and MDA-MB-231 were selected to establish the 

resistant sublines. In addition, they grew more reliably, in terms of seeding, 

harvesting, adherence and in more regular patterns, which was critically 

important for prolonged passaging in the absence of antibiotics. OHT and Ralx 

were selected for developing drug resistant cell lines. 

In the former case as the compound directly interacting with �(�5�.��(compared to 

Tam) and in the latter case (a) as a novel drug for long term treatment of breast 

cancer in which the consequences of resistance remain unchartered and (b) as 
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a control for long term exposure of cell lines to OHT during the development of 

resistance. 

The combined evidence from the data presented here and the literature make a 

strong case for further investigation of the effect of hormone-based treatments on 

TNBC using MDA-MB-231. Although Tam resistance has not yet been reported 

for TNBC, the possibility of a ubiquitous, non-ER mode of action, implies non-ER 

breast cancer may also be susceptible to challenge by Tam. Consequently, 

creating in vitro TNBC resistant models against continuous exposure to Tam and 

other hormone-based therapeutics agents provides an opportunity to gain 

insights into novel and shared molecular mechanisms. This may lead to 

identification of new targets and prognostics markers that can pre-empt the 

emergence of new resistance breast cancer in the clinic. Raloxifene resistance 

has not previously been investigated, therefore long term Ralx treatment could 

lead to development of BC resistance. Accordingly, based on this concept using 

MCF7 and MDA-MB-231 cell lines, as with OHT, are expected to help uncover 

novel molecular mechanisms of SERM resistance.  

3.5.3 Resistance  

Four resistance cell lines, MCF7 OHT Res, MCF7 Ralx Res, MDA-MB-231 OHT 

Res, and MDA-MB-231 Ralx Res were generated from their respective wild types 

by gradually escalating the dose of OHT or Ralx over a period of 10 months.  

A number of different protocols have previously been used to generate tamoxifen 

resistant cell lines. There has been no consistent method described, with many 

factors varied and possibly playing a role in developing resistance strains. Of 

these factors: the drug dose regimen was an important consideration, with some 

studies gradually increasing the initial dose to create Tam resistant strain from 
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�����0�� �W�R�� �������0��(LeBeau et al. 2014; Guney Eskiler et al. 2016), while others 

continually treat the cells with a fixed dos�H�����P�R�V�W�O�\���F�R�P�P�R�Q�O�\���D�W�������0����(Zhou et 

al. 2012; Chu et al. 2015; Zhu et al. 2018a). However, it has been reported that 

treating the cells with lower doses results in a more clinical relevant model 

(McDermott et al. 2014b). Further, in many cases it was observed that OHT 

(active metabolite) was used instead of tamoxifen to create these strains as it is 

the biological active metabolite. Notably, medium composition also varied 

between the methods established, because in many studies, phenol red was 

substituted with phenol red-free medium. This was done based on results of Li et 

al. who tested the stimulatory effect of estradiol on MCF7 Tam Res cells using 

phenol red-free to exclude any estrogenic effect from the medium (Li et al. 2015). 

The results presented here indicate that phenol red had no significant impact on 

cytotoxicity, as shown by others (Chang et al. 2020), therefore, this pH indicator 

was included in culture media, since it provided a rapid check for the health of 

cell cultures during long term passaging and growth. In addition, culturing cell 

lines is frequently performed in the presence of antibiotics. However, since this 

was not representative of the clinical situation and antibiotics could interact with 

the intended drug study, they were excluded (McDermott et al. 2014a). 

Resistant cell lines produced in this study, exhibited good stability at the highest 

treated dose of drugs, since the cells grew reproducibly under drug stress. 

Nevertheless, resistant cell models need to be grown in drug-free media to 

remove the drug stress and interference, before testing and comparing them to 

normal parental cells (Liang et al. 2004; McDermott et al. 2014b). Some cell lines 

were completely stable and grown in the absence of drugs, while others still 

needed to be maintained under exposure to drugs (Ma et al. 1998; McDermott et 
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al. 2014b). Two important stability tests were used to determine whether the 

resistance phenotype remained present in the cell lines created in this study: (a) 

the recovery of the drug-resistant phenotype from the frozen stocks and (b) long-

term stability by growing the cells using drug withdrawal assays for several 

months. Indeed, it was observed that all four resistant cell lines remained stable 

for more than 7 months following storage at -169oC. 

In concurrence with studies described here, previous research to develop 

tamoxifen resistance cell lines, achieved a 1.5-fold change compared to the WT 

(6 months treatment with 10µM Tam) (Sommer et al. 2016), 1.94- and 1.30-fold 

achieved in MCF7 OHT Res and BT474 OHT Res, respectively (7 months treated 

by 12.5µM of OHT) (Fu et al. 2020), 1.80-fold change created in T47D (Chen et 

al 2020) and 1.74-fold difference in resistance in MCF7 subline (IC50 = 7µM) 

compared to the parental cell line (4µM) (Men et al. 2021). In addition, Li et al. 

showed that tamoxifen resistant cell line exhibited a lower sensitivity compared 

to the WT (p = 0.01) (Li et al. 2015). A 2.5-fold higher OHT IC50 in T47D resistant 

cell line (IC50 = 3.5µM) compared to the corresponding wild type (IC50 = 8.9µM) 

was also reported (Zhou et al. 2020), and a ~2 to 2.5-fold change higher IC50 of 

tamoxifen in MCF7 (IC50 ~25µM) and T47D (IC50 ~14µM) resistant cells compared 

to WT MCF7 (IC50 ~12µM) and T47D (IC50 ~8µM) (Hu et al. 2020). Furthermore, 

Watanabe et al. revealed that MCF7, T47D, and BT474 resistant cells exhibited 

2.7-fold, 1.9-fold, and 2.0-fold higher IC50s, respectively, compared to the 

corresponding wild-type cell line (Watanabe et al. 2021), and a study using the 

MTS assay verified that an MCF7 resistant cell line was less sensitive to 

tamoxifen with the IC50 2.3-fold higher than MCF7 parental cells (Zhang et al. 

2020). Hence, results presented here, indicated that a similar fold change in 
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resistance and possible differences in absolute IC50s values could be attributed 

to assay variations. 

The development of the resistant models required regular assessment of 

cytotoxicity change relative to the parental cell line. During the early stages (first 

three months), no changes were apparent. The cytotoxicity assay needed to be 

adapted to include more titration points and using a consistent drug dilution 

method. As a consequence, it became difficult to compare IC50 values at the end 

of the resistance experiment with those at the beginning. For example, it was 

necessary to adjust the range of concentrations, particularly lower doses 

(<100µM) to improve IC50 accuracy.  

As the resistant cell lines exhibited similar IC50s for each drug compared to the 

respective wild type, an independently generated and commercially available 

MCF7 cell line resistant to OHT was assessed under identical conditions to the 

in-house resistant cell line. ATCC MCF7 OHT Res cell line was tested over a 

range of OHT concentrations, to compare the IC50-fold change to those 

established in this project and showed similar results (Table 3.2). Unfortunately, 

it has not been possible to compare these ATCC MCF7 OHT results with those 

of other researchers since the published papers have not indicated using the 

same ATCC cell line source, and full characteristics such as cell viability and 

proliferation was not available from ATCC themselves. ATCC sources describe 

generating MCF7 OHT resistant cell line by treating the cells with 1µM of OHT at 

a constant dose providing an ~1.5-fold higher IC50 for the resistant strain 

compared to wild type, similar to that achieved in this study (different cytotoxic 

assay and exposure times of OHT were used) (Kangaspeska et al. 2016).  
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3.5.4 Immunofluorescence  

Before comparison of resistant cell lines with parental controls, several 

immunofluorescence (IF) protocols were evaluated to optimise assay 

performance, for example, selection of fixative agent and dilution of the primary 

and the secondary antibodies.  

�:�L�W�K���U�H�V�S�H�F�W���W�R���H�[�S�U�H�V�V�L�R�Q���R�I���(�5�.�����W�K�U�H�H���D�Q�W�L�E�R�G�L�H�V���Z�H�U�H���W�H�V�W�H�G���E�H�Iore finding a 

suitable candidate demonstrating the importance of selecting the supplier and 

source. In the case of ER�., there are at least four isoforms known to exist due to 

alternative RNA splicing. Polyclonal PA1-308, the successfully selected antibody, 

recognises the sequence TMTLHTKASGMALLHQIQGN which is found in the 

66kDa Isoform 1 of human �(�5�. (Thermo Fisher), whereas ab16660, and MA5-

14501 were monoclonal antibodies (epitope information not available from the 

suppliers) and could be the reasons for differential IF detection. ER�. represents 

an important target in breast cancer drug design and its expression in the cell line 

models required assessment to support interpretation of drug resistance 

development. In selecting PA1-308 it was recognised that only �(�5�.���H�[�S�U�H�V�V�L�R�Q��

was being evaluated and the consequence of resistance development on ER�E 

levels, would require a different antibody and remains to be evaluated.   

The anti-ER�. polyclonal antibody exhibited evidence of strong cytoplasmic and 

weak nuclear staining in MCF7 and T47D, which reflected the established 

dynamic function of the receptor in breast cells (Manavathi and Kumar 2006; 

Christopher Fordi1 2011). IF results showed that ER�. expression status was 

markedly reduced in MCF7 OHT Res as expected, as decreased ER�. would lead 

to limited growth of resistant cells (Zhou et al. 2012; Li et al. 2015). However, 

tamoxifen resistance cells still expressed some ER�. expression even after 50 
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passages of exposure to OHT corroborating previous observations (Chen et al. 

2018a). The presence of residual ER�. would correlate with a proposed 

alternative non-genomic based mechanism via different growth factors or non-

ER dependent processes such as apoptosis (Osborne and Schiff 2011). 

CD44 is a stem cell marker that is highly associated with breast cancer 

aggressiveness. Overexpression of CD44 is accompanied by tumourigenesis 

and metastasis as well as association with tamoxifen resistance (Hiscox et al. 

2012; Bellerby et al. 2016). CD44 was highly expressed in TNBC compared to 

Luminal phenotypes characterized by poor prognosis and more aggressive 

characteristics (Zhang et al. 2020). One rationale for overexpression 

in MCF7 Tam Res is associated interaction with other receptors (e.g., EGFR) at 

the cell surface, which enhanced breast cancer progression. The importance of 

EGFR receptors and the EGFR/ERBB2 signalling pathways in tamoxifen 

resistance is well established with increased expression of EGFR, concurrent 

with down-regulation of ER�., a proposed mechanism of acquired resistance of 

tamoxifen (Moerkens et al. 2014). Hence, investigation of changes in EGFR 

expression during the process of resistance described in this project would be of 

value in the future. 

Ideally for IF analysis, HP parental and resistant cells from the same passages 

would have been used for comparison of biomarker expression. However, 

resistant cell lines were growing at different rates and by passages 40 to 50 were 

discordant. Consequently, a HP control passage close to or between the two 

resistant cell lines (OHT Res and Ralx Res) was selected. Although the cells were 

in different passages they grew in the culture for the same period and the 
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experiments were undertaken for all the cell lines in the same conditions and at 

the same time.  

3.6 Conclusion  

A panel of breast cell lines have been tested with hormone therapy-based drugs 

- Tam, Ralx, OHT and Ans to assess their sensitivity using the MTT assay. Based 

on the results obtained in terms of their sensitivity, two cell lines, MCF7 (Luminal 

A) and MDA-MB-231 (TNBC) were selected to create resistant sub-lines to OHT 

and Ralx.  

Four resistant sublines were generated �± MCF7 OHT Res, MCF7 Ralx Res, 

MDA-MB-231 OHT Res and MDA-MB-23 Ralx Res, which demonstrated similar 

fold-changes in sensitivity compared to the parental cell lines and were consistent 

with differentials generated in previous studies by other groups. Three strains, 

MCF7 Ralx Res, MDA-MB-231 OHT Res and MDA-MB-231 Ralx Res, were novel 

and have not been described previously and therefore provide unique tools for 

the investigation of hormone therapy resistance using a SILAC quantitative 

proteomics approach. 
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�������3�U�R�W�H�R�P�L�F�V���D�Q�D�O�\�V�L�V���R�I���K�R�U�P�R�Q�H���W�K�H�U�D�S�\���U�H�V�L�V�W�D�Q�F�H���L�Q���E�U�H�D�V�W��
�F�D�Q�F�H�U�� 

4.1 Introduction  

Although OHT resistance in MCF7, the classic Luminal phenotype cell line, has 

been studied using proteomics strategies in the past (section 1.16), a novel 

approach of using two passage controls in SILAC quantitative analysis was 

intended in this project. In addition, the generation of the MCF7 OHT Res cell line 

over a period of 10 months was uniquely prepared in parallel with MCF7 

continuous exposure to raloxifene, and MDA-MB-231 treatment with OHT or 

raloxifene. These additional cell lines were prepared based on growing evidence 

of ER independent mechanisms of OHT action but also to create additional 

controls for refining genuine OHT resistance markers. All three experiments 

unexpectedly produced resistant cell lines (MCF7 Ralx Res, MDA-MB-231 OHT 

Res and MDA-MB-231 Ralx Res �± section 3.5.3), which enabled a more 

extensive multi-SILAC proteomics strategy to be employed, to explore 

mechanisms of common origin, at the drug (OHT/Ralx) and phenotype 

(Luminal/TNBC) level. 

4.1.1 Overview of proteomic on biological  aspect  

Proteomic techniques play a central role in relative and absolute quantification of 

protein profiles in many biological models including human biopsies, cultured 

cells and biofluids. Hence, proteomics can generate a global view of dynamic 

changes in proteins expression, which in turn, provides valuable insights into 

physiological and pathological conditions, and disease progression (Ressom 

2009). Proteomic approaches show a promising role in cancer research and drug 

discovery by comparing the proteins expressed between samples that differ by a 

specific variable, such as in the case of treatment with novel drugs. From this, 
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molecular mechanisms, pathways and specific proteins are identified that may be 

disease-related or drug targets and warrant further investigation with 

complementary techniques. Of particular interest is the use of quantitative 

proteomics strategies to identify mechanisms that can explore cancer resistance 

by comparing the proteomes of sensitive cancer cell lines with those that do not 

respond to drug treatment (Shanchun Guo 2013). 

4.2 Hypothesis and objectives  

Previous proteomics experiments offered insights into tamoxifen resistance and 

molecular pathways for further investigation, however, to-date few targets have 

emerged for development of new drugs to counter resistance, or prognostic 

markers to predict occurrence of resistance. In addition, although TNBC 

endocrine resistance mechanisms have been described, they have not been 

investigated by proteomics methods. Nor has any previous proteomics studies 

explored the possibility of Ralx resistance. Therefore, the hypothesis proposed 

here is that a multi-SILAC-quantitative proteomic approach applied to four 

resistant cell lines (two cell lines originating from different phenotypes and two 

different hormone therapies, creating MCF7 OHT Res, MCF7 Ralx Res, MDA-

MB-231 OHT Res, MDA-MB-231 Ralx Res), coupled with state-of-the-art 

nanoHPLC LCMS and subsequent bioinformatic analysis, will provide new 

insights into resistance mechanisms. Furthermore, unique to this study, is the 

incorporation of two controls. (a) For each resistant cell line, a prolonged 

passaging control (high passage controls �± HP) was created, that will support 

identity of proteins specifically associated with resistance rather than changes 

associated with long-term culturing of cells. (b) In a multi-SILAC strategy, each 

resistant and HP cell line (light SILAC) will be combined with the corresponding 
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heavy SILAC cell line, which was created over 9 passages. Consequently, light-

labelled SILAC controls were created for 9 passages (low passage controls �± 

LP), in parallel with each heavy labelled SILAC cell line. The LP control provides 

two functions (i) as a comparator with the heavy-labelled equivalent cell lines to 

determine heavy-label incorporation efficiency, and (ii) in control SILAC 

experiments (combining light and heavy SILAC extracts) to identify proteins 

changed due to SILAC labelling rather than resistance. Overall, the strategy 

represents unparalleled rigor aimed at unambiguous identification of resistance 

mechanisms. This chapter will implement the following objectives:  

 

1. Establish SILAC Heavy and SILAC Light (low passage control, LP) MCF7 and 

MDA-MB-231 cell lines and confirm their label incorporation efficiency using 

MALDI-TOF MS and 1-D nanoLC MS.  

2. Identify and quantify the protein profiles of eight multi-SILAC experiments (see 

Figure 2.7) using 2-D nanoLC MS/MS and Proteomic Discoverer data 

manager.  

3. Statistically compare the qualitative and quantitative protein profiles for each 

resistant cell line and two matched passage controls (LP and HP) to identify 

protein clusters that are common or unique to drug treatment or the resistant 

cell line phenotypes. 

4. Using bioinformatic analysis, identify molecular pathways and novel targets of 

SERM resistance for further investigation.  
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4.3 Materials and Methods utilis ed 

 

4.3.1  SILAC Label cell line (see Chapter 2.10.) 

4.3.2  Protein extraction and preparation (see Chapter 2.11.) 

4.3.3  SILAC Label incorporation (see Chapter 2.11.5-2.11.8.) 

4.3.4  Quantitative proteomic approach (see Chapter 2.12) 

4.3.5  Data processing and protein identification (see Chapter 2.14.) 

4.3.6  Bioinformatic data analysis (see Chapter 2.15.) 
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4.4 Results  

Each cell line (MCF7 OHT Res, MCF7 Ralx Res, MCF7 HP, MCF7 LP light label, 

MCF7 LP heavy label, MDA-MB-231 OHT Res, MDA-MB-231 Ralx Res, MDA-

MB-231 HP, MDA-MB-231 LP light label and MDA-MB-231 LP heavy label) was 

grown in culture (T75 flasks) to obtain 5x106 cells for proteomics and subsequent 

verification experiments. Lysis of cell pellets produced approximately 100µl of 

protein solution, which was initially used for protein determination. 

4.4.1 Bradford assay and protein measurements  

Bradford assay was performed on lysates of all variants of the MCF7 and MDA-

MB-231 cell lines to determine that there was sufficient protein for SILAC 

proteomic data acquisition. Although 5x106 cells were lysed for each cell line, a 

four-fold difference was observed in both protein concentration and total protein 

yield, with MDA-MB-231 LP control producing the lowest recovery (Table 4.1). 

Most importantly, protein extraction yielded greater than 200µg protein from each 

light SILAC cell lysate and more than 800µg of each heavy SILAC protein extract, 

enabling the multi-SILAC experiment to proceed.  
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Table 4.1:  Protein extracts from cell lines for SILAC proteomics, (n=3) 

Cell lines  
Protein Con.  

µg/µl  

Total protein  

�Pg 

Volume of 
200µg protein  

µl 

MCF7 Low P = 9 32.60 3162 6.13 

MCF7 High P = 45 16.87 1636 11.85 

MCF7 OHT Res P = 51 21.15 2051 9.46 

MCF7 Ralx Res P = 54 19.40 1881 10.31 

MCF7 Heavy SILAC P = 9 18.55 1799 10.78 

MDA-MBA-231 Low P = 9 8.95 868 22.35 

MDA-MBA-231 High P = 50 18.15 1760 11.02 

MDA-MBA-231 OHT Res P = 48 23.52 2281 8.50 

MDA-MBA-231 Ralx Res P = 54 22.55 2187 8.87 

MDA-MBA-231 Heavy SILAC P = 9 25.15 2439 7.95 

P = passage number 

 

4.4.2 SDS PAGE 

Preliminary protein profile of samples (20µg) was performed by Coomassie Blue 

stained SDS PAGE as a quality check for correct protein amounts (Figure 4.1). 

All samples demonstrated similar protein banding patterns and intensities for the 

main bands confirming reproducible measurement of proteins levels in the 

Bradford assay. At the gross level, patterns were similar in all MCF7 and MDA-

MB-231 sources, though additional higher molecular weight bands were 

observed in MDA-MB-231 OHT Res and Ralx Res that were not observed in the 

other MDA-MB-231 extracts. 
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                      (MCF7)                                                 (MDA-MB-231)  

 

Figure 4.1:  SDS-PAGE profile of MCF7 and MDA-MB-231. Low passage, High passage, 
OHT Res and Ralx Res cell lysates, SILAC (20µg) were run respectively (lane 1-5).        

 *SILAC: cells that successfully labelled with heavy Arg (13C6, 15N4) and Lys (13C6, 15N2) 
amino acids by growing in SILAC medium one month. Red arrows pointed to selected 
MW bands excised for labelling incorporation experiment.  

 

4.4.3 SILAC label incorporation of MCF7 and MDA -MB-231  

Labelling efficiency was determined by; - 

1. SDS PAGE of individual (20µg each) and mixed (equal amounts, 10µg of 

MCF7 or MDA�±MB-231 Heavy SILAC plus 10µg of equivalent Light SILAC 

low passage controls) samples, in-gel digestion of specific bands, and 

MALDI MS and peak intensity measurements of matched pairs (mass shift 

10 Da apart) (See section 2.11.6). 

2. 1D LC MS/MS of heavy SILAC samples on their own and calculating the 

total and labelled peptides by Proteomic Discoverer (See section 2.11.7). 
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4.4.3.1 MALDI MS analysis of in -gel digested proteins  

Sharp, intense bands of intermediate MWs 55, 50 and 45 kDa (Figure 2.6) were 

selected from each lane of a gel containing protein extracts from MCF7 LP Light, 

MCF7 LP Heavy, mixed MCF7 Light and Heavy, MDA-MB-231 LP Light, MDA-

MB-231 LP Heavy and mixed MDA-MB-231 Light and Heavy, and were trypsin 

digested. Intense bands were selected as they contain more proteins and on digestion 

are likely to produce more peptides. Peptides recovered from each band were 

subject to MALDI MS. In each case, complex spectra were observed with many 

signals attributable to peptides based on mass range (800-4000 m/z). 

Comparison of spectra of light only, heavy only and mixed samples within narrow 

mass ranges identified paired signals corresponding to a 10 Da Mass-shift 

between light (non-labelled) and heavy (labelled) peptides (Figure 4.2, 4.3). The 

relative ratio of unlabelled (0 Da) to labelled (+10 Da) peak intensity of paired 

signals in the mixed sample spectra were calculated. For MCF7, the average L/H 

ratio was 1.08 (n = 4), which equated with approximately 100% incorporation of 

heavy labelled Arg and Lys (Table 4.2). In the case of MBA-MB-231, the average 

L/H ratio was 0.95 (n=7), indicating 95% incorporation of heavy labelled Arg and 

Lys (Table 4.3). 
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Figure 4.2:  Example mass spectra of Light, Heavy and a mixture of paired peptide 
signals, MH+ 945.600 and MH+ 955.632 from in-gel trypsin digested MCF7 gel band at 
50kDa. 
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Figure 4.3:  Example mass spectra of Light, Heavy and a mixture of paired peptide 
signals, MH+ 1229.297 and MH+ 1239.600 from in-gel trypsin digested MDA-MB-231 gel 
band at 50kDa. 
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Table 4.2:  Matched paired Light and Heavy labelled peptides in MCF7 mixed Light and 
Heavy cell lysates. 

�P���] �3�H�D�N���,�Q�W�H�Q�V�L�W�\ �/���+���5�D�W�L�R�
 

���������������D�Q�G�������������� �������������������������� �������� 

���������������D�Q�G�������������� ������������������������������ �������� 

�������������D�Q�G������������ ������������������������������ �������� 

�������������D�Q�G������������ ������������������������������ �������� 

 �$�Y�H�U�D�J�H���  �������� 

*100% incorporation of Heavy labelled Arg and Lys into MCF7 parent cell line, L/H ratio 
= 1.00 
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Table 4.3:  Matched paired Light and Heavy labelled peptides in MDA-MB-231 mixed 
Light and Heavy cell lysates. 

 *100% incorporation of Heavy labelled Arg and Lys into MCF7 parent cell line, L/H ratio 
= 1.00 

 

4.4.3.2 1D nLC-ESI MS/MS of heavy labelled SILAC samples following in -

solution trypsin digestion  

Each SILAC Heavy sample (50µg) was processed with trypsin and subjected to 

LCMS analysis to determine the number of Heavy-labelled peptides as a 

percentage of the total peptides. Analysis of MCF7 identified 2011 peptides, of 

which 1912 peptides were identified using SILAC heavy labelling parameters (8 

�P���] �3�H�D�N���,�Q�W�H�Q�V�L�W�\ �/���+���5�D�W�L�R�
 

���������������D�Q�G�������������� ������������������������������ �������� 

���������������D�Q�G�������������� �������������������������������� �������� 

���������������D�Q�G�������������� ������������������������������ �������� 

���������������D�Q�G�������������� ������������������������������ �������� 

���������������D�Q�G�������������� ������������������������������ �������� 

���������������D�Q�G�������������� ������������������������������ �������� 

�������������D�Q�G������������ ���������������������������� �������� 

 �$�Y�H�U�D�J�H���  �������� 
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Lys and 10 Arg), whereas only 99 were identified using normal Lys and Arg 

masses. Hence, heavy label incorporation was 95% of the total (Table 4.4). 

Analysis of MDA-MB-231 identified 1514 peptides of which 1402 were heavy 

labelled and 120 were identified using normal Lys and Arg masses. Hence, heavy 

label incorporation was 93% (Table 4.4). Overall, MALDI MS and ESI MS/MS 

analyses provided strong evidence of efficient incorporation of heavy labelled Lys 

and Arg amino acids into the wild-type cell lines. 

Table 4.4:  Label incorporation efficiency of MCF7 and MDA-MB-231 detected by 1D 
LCMS.       

  *Heavy label was defined as cells labelled by heavy Arg (13C6, 15N4) and Lys (13C6, 15N2) amino acids 
through growing in SILAC medium for one month.  

 

 

4.4.4 SILAC proteomics  

Multi-SILAC proteomics experiments were executed by combining 200��g each of 

(A) Heavy SILAC labelled MCF7 with (i) MCF7 low passage (LP) control (Light 

SILAC), (ii) MCF7 high passage (HP) control, (iii) MCF7 OHT Res, or (iv) MCF7 

Ralx Res, and (B) Heavy SILAC labelled MDA-MB-231 with (i) MDA-MB-231 low 

passage (LP) control (Light SILAC), (ii) MDA-MB-231 high passage (HP) control, 

MD-MB-231 OHT Res or (iv) MDA-MB-231 Ralx Res (Figure 4.4). 

Peptides number  MCF-7 MDA-MB-231 

Total peptides 2011 1514 

Heavy labelled* 1922 1402 

Labelling efficiency 96 % 93 % 
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Figure 4.4:  Scheme illustrating the 8 SILAC experiments executed by 1D and 2D 
LCMS/MS. 

 

4.4.4.1  1D nLC MS/MS 

Each mixed SILAC sample was processed by acetone precipitation and trypsin 

digest followed by desalting on C18 cartridges. Each sample was then initially 

analysed by 1D nLC MS/MS to check trypsin digestion had occurred. The total 

protein numbers identified in MCF7 LP was 1154, in MCF7 HP 1441, in MCF7 

OHT Res 1212 and in MCF7 Ralx Res 1556 proteins. In the case of MDA-MB-

231 higher protein numbers were observed with 1821 in MDA-MB-231 LP, 1493 

in MDA-MB-231 HP, 1841 in MDA-MB-231 OHT Res and 1727 in MDA-MB-231 

Ralx Res. The results provided an indication that trypsin digestion had proceeded 

as expected. 

4.4.4.2  2D nLC MS/MS 

The SILAC samples were subjected to SCX/nLC ESI MS/MS for further 

fractionation of the peptide mixtures to increase data content and therefore higher 

proteome coverage. The total identified in MCF7 LP, MCF7 HP, MCF7 OHT Res 

and MCF7 Ralx Res were 1965, 2481, 2247 and 2880 proteins, respectively 

(Table 4.5, Supplementary Tables 1, 2, 3 and 4). Of these 1160, 1700, 1369 and 

1684 were quantified by SILAC (at least one �X�Q�L�T�X�H�� �S�H�S�W�L�G�H���� �•���� �3�6�0�V�� �D�Q�G�� ����
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ratios) and used for further proteomics interpretation. The largest number of 

PSMs and unique peptides were identified in MCF7 HP and MCF7 Ralx Res. In 

the case of MDA-MB-231 the total number of proteins identified were 3353, 2519, 

3471 and 3495 in MDA-MB-231 LP, MDA-MB-231 HP, MDA-MB-231 OHT Res 

and MDA-MB-231 Ralx Res, respectively, of which 2257,1617, 2452 and 2499 

were quantified by SILAC. The greatest number of unique peptides identified 

were in MDA-MB-231 LP and MDA-MB-231 Ralx Res (Table 4.5, Supplementary 

Tables 5, 6, 7 and 8).  

Table 4.5: Summary of raw data for the multi-SILAC experiments. 
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������  
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�S� ���� 

�0�'�$ ���0�%����������������
���������5�D�O�[��

�5�H�V 
�S� ���� 

�����8�Q�L�T�X�H��

�3�U�R�W�H�L�Q�V�
 
��������  ��������  ��������  ��������  ��������  ��������  ��������  ��������  

Quantified 

proteins 
1160 1700 1369 1684 ��������  ��������   2452 2499 

�3�6�0�V 26555 58285 44456 64246 132659 53694 111578 120538 

�8�Q�L�T�X�H 
Peptides ** 

 

4896 9827 7767 10673 21494 9547 21760 22817 

* Mascot threshold score of 27 defined a 95% confidence limit for protein identification  

** unique peptides are also defined as proteotypic peptides that uniquely identify protein isoforms 

 

4.4.4.3  Data Processing   

To identify proteins significantly changed in expression a series of data 

processing steps were required that will enable comparison of quantitative data 

between SILAC experiments (Figure 4.5). In the first instance, data from each 

resistant cell line was compared with respective LP and HP cell lines. For 

example, two of the aims were to identify changes in expression due to (i) growing 

cells in SILAC medium (MCF7 low passage) and (ii) the effects of long-term 
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culturing (MCF7 high passage), that were unrelated to resistance in MCF7 OHT 

Res. To implement this, protein ratios in each of the three SILAC experiments 

(for example, MCF7 LP, MCF7 HP and MCF OHT Res) needed to be 

comparable, therefore the ratios were normalised relative to the respective 

median protein ratio within each experiment. Hence, all the proteins in all the 

SILAC experiments were normalised to allow multiplexed comparisons across 

large datasets. In addition, each normalised ratio was converted to log2, which 

provided a convenient means to display protein changes with positive ratios 

(light/heavy) corresponding to increased expression and negative values 

equating to decreased expressions (Figure 4.5). 
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Figure 4.5 : Workflow of multi-SILAC results. 

 

SILAC log2 ratio, frequency distribution curves were prepared for quantified 

proteins. MDA-MB-231 Ralx Res SILAC experiment is presented as an example 

showing the data before and after the normalization step (Figure 4.6).  

 

 
 



 
 
 

163 
 

 

 

 
 
 
 
 
 

 
 
 

Figure 4.6:  Frequency of proteins relative to fold change in expression (Log2 ratios) for 
(A) MDA-MB-231 Ralx Res before normalization (B) MDA-MB-231 Ralx Res after 
normalization with their respective controls LP and HP.  
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To allow for inherent experimental variation in the ratios created from MS signal 

intensities, significant changes in protein expression were arbitrarily defined as 

±1SD of the mean log2 ratio within each dataset (Figure 4.6). Therefore, 

significantly increased proteins (U) were those with log2 �•�����6�' , significantly 

decreased ���'�����W�K�R�V�H���Z�L�W�K���O�R�J�����”-1SD) and unchanged (N) were those between 

Log2 >-1 and <+1SD (Table 4.6).  

Table 4.6:  Protein complement in each SILAC experiment defined by response (U �± 
increased, N �± not changed, D �± decreased) +/- Log2 SD. 
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Having established one of three response types for each protein (U, D or N) for 

each SILAC experiment, the next step was to compare the responses of each 

protein across three SILAC experiments (LP, HP and a resistant cell line). This 

was most effectively achieved by cluster analysis, but initially the protein 

complements for the three SILAC experiments were filtered to include only those 
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entities common to all three. Common proteins were elucidated using Venn 

diagram comparisons. For example, 828 proteins were commonly identified and 

quantified in MCF7 OHT Res and their corresponding LP and HP controls (Figure 

4.7a), while 856 common proteins were common to MCF7 Ralx Res and the LP 

and HP controls (Figure 4.7b). In the case of MDA-MB-231 OHT Res, 1339 

proteins were commonly identified and quantified with the respective controls 

(Figure 4.8a), while 1327 proteins (Figure 4.8b) were common to MDA-MB-231 

Ralx Res and the corresponding controls. Venn analysis also identified that each 

SILAC experiment had a significant number of unique proteins, for example, 209 

proteins uniquely identified in MCF7 OHT Res (Figure 4.7a), of which 145, 35 

and 29 proteins could be categorised as unchanged, increased and decreased 

responses, respectively (data not shown). However, further investigation 

revealed that the absence of these proteins from the LP and HP datasets was 

most likely due to either, (a) Mascot scores below the significance threshold or, 

(b) the light or heavy mass signals were missing preventing determination of the 

SILAC ratio. Similar findings were found for other proteins unique to other SILAC 

experiments or proteins found in only two SILAC experiments (for example, the 

57 proteins detected in MCF7 LP and MCF7 OHT Res, but not found in MCF7 

HP, Figure 4.7) and were excluded from further analysis. 
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Hence, for the purpose of cluster analysis only those proteins common to the 

resistant cell line and the two controls were investigated further.  

Figure 4.7:  Venn diagrams presenting the number of common and uniquely proteins 
identified and quantified in (a) MCF7 OHT and (b) MCF7 Ralx Res with their respective 
passage controls. 

 

Figure 4.8:  Venn diagrams presenting the number of common and uniquely identified 
and quantified proteins in (a) MDA-MB-231 OHT and (b) MDA-B-231 Ralx Res with their 
respective passage controls. 

 

4.4.5 Cluster analysis of MCF7 proteomes   
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�F�O�D�V�V�L�I�L�H�G���L�Q�W�R���������U�H�V�S�R�Q�V�H���V�X�E�J�U�R�X�S�V�����(�D�F�K���S�U�R�W�H�L�Q���L�Q���W�K�H���/�3���F�R�Q�W�U�R�O���Z�D�V���G�H�I�L�Q�H�G��

�D�V�� �X�S���U�H�J�X�O�D�W�H�G�� ���8������ �Q�R�W�� �F�K�D�Q�J�H�G�� ���1�����R�U�� �G�R�Z�Q���U�H�J�X�O�D�W�H�G�� ���'������ �L�Q�� �D�Q�� �L�G�H�Q�W�L�F�D�O��

�P�D�Q�Q�H�U�� �W�K�H�� �V�D�P�H�� �S�U�R�W�H�L�Q�� �L�Q�� �+�3�� �Z�D�V�� �G�H�W�H�U�P�L�Q�H�G���D�V�� �8���� �1���R�U�� �'���� �D�Q�G�� �D�O�V�R�� �L�Q���W�K�H��

�U�H�V�L�V�W�D�Q�W���F�H�O�O�V���D�V���8�����1���R�U���'�����&�R�Q�V�H�T�X�H�Q�W�O�\�����I�R�U���D���V�H�W���R�I���W�K�U�H�H���6�,�/�$�&���H�[�S�H�U�L�P�H�Q�W�V��

���/�3�����+�3���D�Q�G���U�H�V�L�V�W�D�Q�W�������W�K�H�U�H���D�U�H���S�R�W�H�Q�W�L�D�O�O�\���������R�U���������G�L�I�I�H�U�H�Q�W���W�\�S�H�V���R�I���U�H�V�S�R�Q�V�H����

�(�D�F�K���S�U�R�W�H�L�Q���E�H�O�R�Q�J�V���L�Q���R�Q�H���R�I���W�K�H���������J�U�R�X�S�V�����(�D�F�K���J�U�R�X�S���Z�D�V���G�H�I�L�Q�H�G���E�\���D������

�O�H�W�W�H�U���L�G�H�Q�W�L�W�\�����Z�L�W�K���W�K�H���I�L�U�V�W���O�H�W�W�H�U���F�R�U�U�H�V�S�R�Q�G�L�Q�J���W�R���W�K�H���S�U�R�W�H�L�Q���U�H�V�S�R�Q�V�H���L�Q���/�3�����W�K�H��

�V�H�F�R�Q�G�� �O�H�W�W�H�U�� �W�R�� �W�K�H�� �U�H�V�S�R�Q�V�H�� �L�Q�� �+�3�� �D�Q�G�� �W�K�H�� �W�K�L�U�G�� �O�H�W�W�H�U�� �W�R�� �W�K�H�� �U�H�V�S�R�Q�V�H�� �L�Q�� �W�K�H��

�U�H�V�L�V�W�D�Q�W���F�H�O�O�V�����)�R�U���H�[�D�P�S�O�H�����D���S�U�R�W�H�L�Q���L�Q���W�K�H���'�1�8���F�O�X�V�W�H�U���Z�D�V���G�H�F�U�H�D�V�H�G���L�Q���W�K�H��

�/�3�� �F�R�Q�W�U�R�O���� �X�Q�F�K�D�Q�J�H�G�� �L�Q�� �W�K�H�� �+�3�� �D�Q�G�� �L�Q�F�U�H�D�V�H�G�� �L�Q�� �W�K�H�� �U�H�V�L�V�W�D�Q�W�� �F�H�O�O�� �O�L�Q�H����

�7�K�H�U�H�I�R�U�H���� �L�W�� �Z�D�V�� �S�R�V�V�L�E�O�H�� �W�R�� �G�H�W�H�U�P�L�Q�H�� �W�K�H�� �V�X�E�J�U�R�X�S�V�� �W�K�D�W�� �P�R�V�W�� �V�L�J�Q�L�I�L�F�D�Q�W�O�\��

�F�K�D�Q�J�H�G���L�Q���R�Q�O�\���U�H�V�L�V�W�D�Q�W���F�H�O�O���O�L�Q�H�V�����L���H�������1�1�8���D�Q�G���1�1�'�����2�Y�H�U�D�O�O�����F�O�X�V�W�H�U���D�Q�D�O�\�V�L�V��

�R�I���0�&�)����identified the largest group as NNN group (MCF7 OHT Res = 324/828 

proteins, MCF7 Ralx Res = 338/856) which comprised proteins that were not 

changed in levels across the course of the passaging and resistance experiments 

���7�D�E�O�H����������. �E-actin (MCF7 LP log2 ratio = -1.17, MCF7 HP = +0.17, MCF7 OHT 

Res = -1.50 and MCF7 Ralx Res = -0.166) and tubulin alpha (LP = +0.05, HP = 

+0.95, OHT = -1.30, Ralx = -0.49), housekeeping proteins commonly identified 

as markers of normal cell functions, were in the NNN groups. The clusters of 

particular interest for MCF7 OHT Res comprised 48 proteins �L�Q�F�U�H�D�V�H�G���W�K�U�R�X�J�K��

�2�+�7�� �U�H�V�L�V�W�D�Q�F�H�� �L�Q�� �W�K�H�� �1�1�8�� �J�U�R�X�S�� ���7�D�E�O�H�� ���������� �)�L�J�X�U�H�� �������D������ �D�Q�G�� ������ �S�U�R�W�H�L�Q�V��

�G�H�F�U�H�D�V�H�G���W�K�U�R�X�J�K���2�+�7���U�H�V�L�V�W�D�Q�F�H���L�Q���1�1�'�����7�D�E�O�H�������������)�L�J�X�U�H���������E�������6�L�P�L�O�D�U�O�\�����I�R�U��

�0�&�)���� �5�D�O�[�� �5�H�V�� �W�K�H�� �N�H�\�� �J�U�R�X�S�V�� �Z�H�U�H�� ������ �S�U�R�W�H�L�Q�V�� �L�Q�F�U�H�D�V�H�G�� �G�X�H�� �W�R�� �5�D�O�[��

�U�H�V�L�V�W�D�Q�F�H���G�H�I�L�Q�H�G���E�\���1�1�8�����7�D�E�O�H������������ �)�L�J�X�U�H���������F���� �D�Q�G�������� �S�U�R�W�H�L�Q�V���G�H�F�U�H�D�V�H�G��

�G�X�H���W�R���5�D�O�[���U�H�V�L�V�W�D�Q�F�H���U�H�S�U�H�V�H�Q�W�H�G���E�\���1�1�'�����7�D�E�O�H�������������)�L�J�X�U�H���������G������ 
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Table 4.7:  Cluster analysis summarizing the status of all common proteins established 
by SILAC approach for MCF7 resistance cell lines with their corresponding LP and HP 
MCF7 cell lines P=9 and P=45.  

MCF7 LP 
protein 
status  

MCF7 HP 
protein 
status  

MCF7 
Resistance 

pro tein 
status  

Status 
Sum* 

 

Number of 
proteins in 
MCF7 OHT 

Res 

Number of 
proteins in 
MCF7 Ralx 

Res 

U U U UUU 23 27 

N U U NUU 21 20 

D U U DUU 4 3 

U N U UNU 28 19 

N N U NNU 48 40 

D N U DNU 3 6 

U D U UDU 3 1 

N D U NDU 7 9 

D D U DDU 1 1 

U U N UUN 23 20 

N U N NUN 74 74 

D U N DUN 6 7 

U N N UNN 53 65 

N N N NNN 324 338 

D N N DNN 41 38 

U D N UDN 5 12 

N D N NDN 49 38 

D D N DDN 11 12 

U U D UUD 3 3 

N U D NUD 5 10 

D U D DUD 3 2 

U N D UND 12 9 

N N D NND 49 56 

D N D DND 13 19 

U D D UDD 3 1 

N D D NDD 12 22 

D D D DDD 4 4 

*First letter for low passage, second letter for high passage and third letter for the resistant line with the 
protein response; U �± up, N �± no change, D �± down 
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Figure 4.9:  Increased (a) and decreased (b) proteins established by multi-SILAC 
approach in MCF7 OHT Res but unchanged in the LP and HP controls. Increased (c) 
and decreased (d) proteins established by multi-SILAC approach in MCF7 Ralx Res but 
unchanged in the LP and �+�3���F�R�Q�W�U�R�O�V�����/�R�J�����F�K�D�Q�J�H���•�������6�'���I�R�U���V�L�J�Q�L�I�L�F�D�Q�W�O�\���L�Q�F�U�H�D�V�H�G��
�D�Q�G���”��-1SD for significantly decreased. 
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4.4.6 Cluster analysis MDA -MB-231 proteomes  

As with MCF7, 27 cluster response subgroups of proteins �F�R�P�P�R�Q���W�R���0�'�$���0�%��

���������U�H�V�L�V�W�D�Q�W���V�X�E���O�L�Q�H�V���D�Q�G���W�K�H�L�U���U�H�V�S�H�F�W�L�Y�H���F�R�Q�W�U�R�O�V���Z�H�U�H���G�H�W�H�U�P�L�Q�H�G�����7�D�E�O�H��������������

The proteins that were not changed in their expression in the controls or during 

the resistance course of treatment formed the largest group �± the NNN group (= 

547/1339 proteins for MDA-MB-231 OHT Res and 564/1327 for MDA-MB-231 

Ralx Res. ��-actin (MDA-MB-231 LP log2 ratio = -0.76, MDA-MB-231 HP = +0.11, 

MDA-MB-231 OHT Res = +1.08 and MDA-MB-231 Ralx Res = +0.70) was again 

observed to show no substantial change throughout the experiments, while 

tubulin was not quantified in all four MDA-MB-231 datasets and therefore 

excluded from cluster analysis. �7�K�H�� �V�L�J�Q�L�I�L�F�D�Q�W�� �S�U�R�W�H�L�Q�� �J�U�R�X�S�V�� �R�I�� �L�Q�W�H�U�H�V�W�� �Z�H�U�H��

�W�K�R�V�H���L�Q�F�U�H�D�V�H�G���L�Q���0�'�$���0�%�����������2�+�7���5�H�V���E�X�W���Q�R�W���D�O�W�H�U�H�G���L�Q���E�R�W�K���F�R�Q�W�U�R�O�V�����1�1�8����

�D�Q�G���F�R�P�S�U�L�V�H�G���������S�U�R�W�H�L�Q�V���L�Q�F�U�H�D�V�H�G���G�X�H���W�R���2�+�7���U�H�V�L�V�W�D�Q�F�H�����7�D�E�O�H�������������)�L�J�X�U�H��

���������D������ �D�Q�G���±���1�1�'�� �F�R�Q�W�D�L�Q�L�Q�J�� ������ �S�U�R�W�H�L�Q�V�� �G�H�F�U�H�D�V�H�G�� �G�X�H�� �W�R�� �2�+�7�� �U�H�V�L�V�W�D�Q�F�H��

���7�D�E�O�H�������������)�L�J�X�U�H�����������E�������,�Q���W�K�H���F�D�V�H���R�I���0�'�$���0�%�����������5�D�O�[���5�H�V�����1�1�8���L�Q�F�O�X�G�H�G��

�������S�U�R�W�H�L�Q�V���L�Q�F�U�H�D�V�H�G���G�X�H���W�R���5�D�O�[���U�H�V�L�V�W�D�Q�F�H�����7�D�E�O�H�������������)�L�J�X�U�H�����������F�������D�Q�G���1�1�'��

�L�Q�Y�R�O�Y�H�G���������S�U�R�W�H�L�Q�V���G�H�F�U�H�D�V�H�G���G�X�H���W�R���5�D�O�[���U�H�V�L�V�W�D�Q�F�H�����7�D�E�O�H�������������)�L�J�X�U�H�����������G���� 
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Table 4.8:  Cluster analysis summarizing the status of all established proteins by the 
SILAC approach for MDA-MB-231 resistance cell lines compared with LP (P=9) and 
HP (P=50) controls.  

MDA-MB-
231-231 LP 

protein 
status  

MDA-MB-
231 HP 
protein 
status  

MDA-MB-231 
Resistance 

protein 
status  

Status  
Sum -UP 

 

 
Number of 
proteins in 
MDA-MB-
231 OHT 

Res 
 

Number of 
proteins in 
MDA-MB-
231 Ralx 

Res 

U U U UUU 44 52 

N U U NUU 27 29 

D U U DUU 2 1 

U N U UNU 54 57 

N N U NNU 96 76 

D N U DNU 9 6 

U D U UDU 6 7 

N D U NDU 20 15 

D D U DDU 1 0 

U U N UUN 34 27 

N U N NUN 92 94 

D U N DUN 8 9 

U N N UNN 79 74 

N N N NNN 547 564 

D N N DNN 56 56 

U D N UDN 6 7 

N D N NDN 103 105 

D D N DDN 11 12 

U U D UUD 2 0 

N U D NUD 13 12 

D U D DUD 9 6 

U N D UND 8 5 

N N D NND 74 75 

D N D DND 19 15 

U D D UDD 0 0 

N D D NDD 15 19 

D D D DDD 4 4 
*First letter for low passage, second letter for high passage and third letter for the resistant line with the 
protein response; U �± up, N �± no change, D �± down 
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Figure 4.10:  Increased (a) and decreased (b) proteins established by multi-SILAC 
approach in MDA-MB-231 OHT Res but unchanged in the LP and HP controls. Increased 
(c) and decreased (d) proteins established by multi-SILAC approach in MDA-MB-231 
Ralx Res but unchanged i�Q���W�K�H���/�3���D�Q�G���+�3���F�R�Q�W�U�R�O�V�����/�R�J�����F�K�D�Q�J�H���•�������6�'���I�R�U���V�L�J�Q�L�I�L�F�D�Q�W�O�\��
�L�Q�F�U�H�D�V�H�G���D�Q�G���”��-1SD for significantly decreased. 
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4.4.7 Bioinformatic studies   

The relationship between proteins within specific clusters, for example MCF7 

OHT Res increased (NNU) or decreased (NND), were investigated using 

STRING, Reactome, KEGG and Uniprot applications (Chapter 1.15.1.2, Chapter 

2.15.) to identify gene ontological features (common biological pathways, 

molecular functions or cellular localisations) that can support understanding of 

the biochemical mechanism under investigation, in this case, drug resistance. 

4.4.7.1 MCF7 OHT resistance mechanisms  

4.4.7.1.1 Functional significance of proteins increased in expression 
(NNU) (Supplementary Table A) 

A PPI enrichment p-value of 8.15e-13 was obtained from STRING analysis for the 

significantly increased proteins in MCF7 OHT Res (Figure 4.11). Functional 

enrichment using STRING and Reactome indicated, cell redox (p = 0.001), RNA 

binding (p = 1.49e-05) and the regulation of mRNA (p = 0.03) were up-regulated 

by OHT resistance. KEGG identified a significant role in pathways mediating in 

anti-apoptosis and redox homeostasis. Uniprot was used to gather functional 

data for each protein. In MCF7 OHT Res, several proteins displayed an important 

role in breast tumourigenesis and cancer resistance. Three proteins were 

identified as adapter proteins and implicated in kinase signalling pathways, 14-3-

3 protein epsilon (YWHAE), 14-3-3 protein sigma (SFN) and KH domain-

containing RNA-binding signal transduction-associated protein 1 (KHDRBS1). 

Some proteins appeared to promote cell proliferation and operate as anti-

apoptosis mediators, such as programmed cell death protein 10 (PDCD10), 

apoptosis-antagonizing transcription factor (AATF) and zinc finger protein 185 

(ZNF185). In addition, particular components appeared to be involved in the 
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generation of reactive oxygen species (ROS) such as quinone oxidoreductase 

(PIG3), peroxiredoxin-1 (PRDX1) and peroxiredoxin-4 (PRDX4).  

4.4.7.1.2 Function al significance of proteins decreased in expression 
(NND) (Supplementary Table B) 

STRING analysis for the significantly decreased proteins in MCF7 OHT Res 

identified a PPI enrichment p-value of 1.50e-11 (Figure 4.12). STRING and Gene 

ontology designated cell adhesion and cell binding (p = 0.001), RNA binding (p = 

8.88e-09), cadherin binding (p = 0.00) and mRNA metabolic process (p = 5.24e-

06) as molecular processes that were changed. Reactome indicated metabolism 

of RNA (p = 0.001), GTP hydrolysis and 60S ribosomal subunit function (p = 

0.001), were important pathways and complexes in this cluster.
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          Figure 4.11 : STRING analysis obtained from the significantly increased proteins (NNU) in MCF7 OHT Res, PPI enrichment p-value 8.15e-13.  
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Figure 4.12 : STRING analysis obtained from the significantly decreased proteins (NND) in MCF7 OHT Res, PPI enrichment p-value 1.5e-11.
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4.4.7.2 MCF7 Ralx resistance mechanisms  

4.4.7.2.1 Functional significance of proteins increase d in expression 
(NNU) (Supplementary Table C) 

A PPI enrichment p-value of 1.71e-11 was obtained from STRING analysis for the 

significantly increased proteins in MCF7 Ralx Res (Figure 4.13). Functional 

enrichment indicated proteasome (p = 0.002), thioredoxin activity (p = 0.049) and 

cell redox homeostasis (p = 0.008) were upregulated by Ralx resistance. KEGG 

analysis also identified a significant role in MAPK kinase and anti-apoptosis 

pathways. Exploration of the Uniprot database for functional information of this 

cluster substantiated the role of redox homeostasis, identifying proteins such as 

thioredoxin (TXN), glutathione S-transferase P (GSTP1), 26S proteasome 

regulatory subunit 8 (PSMC5) and proteasomal ubiquitin receptor ADRM1 

(ADRM1 26S). In addition, the 14-3-3 protein family which mediate 

tumourigenesis corroborated a link with an anti-apoptotic effect, and with MAPK 

signalling pathway exemplified by growth factor receptor-bound protein 2 (GRB2) 

and dual specificity mitogen-activated protein kinase (MAP2K). 

4.4.7.2.2 Functional significance of proteins decreased in expression 

(NND) (Supplementary Table D) 

STRING analysis generated a PPI value of 1.8e-06 and identified significantly 

down-regulated proteins mediated by cell adhesion molecule binding (p = 5.63e-

07) and mRNA metabolic pathway (p = 0.012) (Figure 4.14). Uniprot analysis 

showed that cell adhesion and actin binding changed through down-regulation of 

calponin 3 (CNN3), plectin (PLEC) and emerin (EMD). Furthermore, tumour 

suppressor and pro-apoptotic tumour antigen p53 (TP53) was also decreased, 

possibly due to the increased proteosomal activity noted in the NNU cluster, and 

hence promoting cancer cell survival and proliferation.
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            Figure 4.13 : STRING analysis obtained from the significantly up-regulated proteins (NNU) in MCF7 Ralx Res, PPI enrichment p-value 1.8e-06. 
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        Figure 4.14 : STRING analysis obtained from the significantly decreased proteins (NND) in MCF7 Ralx Res, PPI enrichment p-value 1.12e-07. 
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4.4.7.3 MDA-MB-231 OHT resistance mechanisms  

4.4.7.3.1 Functional significance of proteins increased in expression 
(NNU) (Supplementary Table E) 

As with MCF7, PPI enrichment p-value of 1.0e-16 was obtained from STRING 

analysis of the significantly increased proteins in MDA-MB-231 OHT Res (Fig 

4.15). STRING indicated important functional groups changed were chaperone 

proteins (p = 5.67e-05), RNA metabolic processing (p = 2.90e-06), cytoskeleton 

homeostasis (p = 0.015) and immune system (p = 0.011). Protein processing in 

endoplasmic reticulum (p = 0.043) was identified to be changed in KEGG 

analysis, while mRNA splicing (p = 0.001) and programmed cell death (p = 0.04) 

were indicated by Reactome bioinformatics. Exploration of Uniprot data identified 

many chaperone proteins, including B-cell receptor-associated protein 31 

(BCAP31), T-complex protein 1 subunits delta (CCT4), 6A (CCT6A) and theta 

(CCT8), Hsp90 co-chaperone Cdc37 (CDC37), heat shock protein 90kDa beta 

member 1 (HSP90B1), heat shock protein family D (HSPD1), protein disulfide 

isomerases A3 (PDIA3), and A6 (PDIA6).
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Figure 4.15 : STRING analysis obtained from the significantly up-regulated proteins (NNU) in MDA-MB-231 OHT Res, PPI enrichment                                     
p-value 1.0e-16
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4.4.7.3.2 Functional significance of proteins down in expression (NND) 
(Supplementary Table F)  

PPI enrichment p-value of 2.13e-08 was calculated from STRING and Uniprot 

identified significantly down-regulated proteins in MDA-MB-231 OHT Res 

associated with metabolic processes (p = 8.86e-05), chaperones (p = 0.02) and 

ribosome biogenesis (p = 0.002). rRNA processing (p = 0.001) and metabolism 

of RNA (p = 0.01) were indicated by Reactome analysis (Figure 4.16).
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Figure 4.16 : STRING analysis of significantly down-regulated proteins (NND) from MDA-MB-231 OHT Res, PPI enrichment p-value 2.13e-08.
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4.4.7.4 MDA-MB-231 Ralx resistance mechanisms  

4.4.7.4.1 Functional significance of proteins increased in expression 
(NNU) (Supplementary Table G) 

A PPI enrichment p-value of 6.66e-16 was obtained from STRING analysis for the 

significantly increased proteins in MDA-MB-231 Ralx Res (Figure 4.17). Of the 

pathways identified, those linked to chaperone mediated proteins (p = 0.02), 

cytoskeleton homeostasis (p = 0.03), cellular metabolic and redox homeostasis, 

particularly glutathione metabolism and function (p = 0.02) was of note. Metabolic 

changes and cell motility were affected, and key proteins involved in MAPK 

signalling pathways such as GRB2 and ERK2 were also present in this group. 

Pentose phosphate pathway and protein processing in endoplasmic reticulum 

were identified to be up-regulated from Uniprot data analysis.
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Figure 4.17:  STRING analysis obtained from the significant up-regulated proteins (NNU) from MDA-MB-231 Ralx Res, PPI enrichment p-value 6.66e-

16. 
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4.4.7.4.2 Functional significance of proteins down in expression (NND) , 

(Supplementary Table H) 

A PPI value of 9.48e-11 was calculated using STRING for the significantly down-

regulated proteins in MDA-MB-231 Ralx Res. Altered pathways were mRNA 

metabolism and splicing (p = 0.0008) and apoptosis (p = 0.018). Reactome 

analysis indicated ATP synthesis (p = 0.02) and citric acid (TCA) cycle and 

respiratory electron transport (p = 0.01) metabolic pathways were affected 

(Figure 4.18). 
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Figure 4.18:  STRING analysis obtained from the significantly down-regulated proteins (NND) from MDA-MB-231 Ralx Res, PPI enrichment p-value 
9.48e-11. 
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In order to gain further enlightenment on the resistance mechanisms, related 

clusters (NNU and NND) from independent SILAC experiments were compared; 

A. MCF7 OHT Res and MCF7 Ralx Res for common MCF7 resistance 

mechanisms (Section 4.4.8). 

B. MDA-MB-231 OHT Res and MDA-MB-231 Ralx Res for common MDA-

MB-231 resistance mechanisms (Section 4.4.9). 

C. MCF7 OHT Res and MDA-MB-231 OHT Res for common OHT resistance 

mechanisms (Section 4.4.10). 

D. MCF7 Ralx Res and MDA-MB-231 Ralx Res for common Ralx resistance 

mechanisms (Section 4.4.10). 

4.4.8 Comparison of protein clusters in MCF7 OHT Res and MCF7 Ralx Res  

To identify a target in the same phenotype but acquired resistance to two different 

SERMs, commonly increased or decreased proteins in MCF7 OHT and/or Ralx 

resistance were explored. Notably, 10 proteins were increased (NNU) in both 

MCF7 OHT and MCF7 Ralx Res cell lines (Figure 4.19a, Table 4.9) while 

unchanged in SILAC LP and HP controls and 13 proteins were commonly 

decreased (NND) (Figure 4.19b, Table 4.10).  
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Figure 4.19:  Venn diagrams presenting the common significantly changed proteins in 
both MCF7 resistant sublines. (a) increased and (b) decreased proteins in resistant cell 
lines. 

 

STRING analysis of these proteins showed important associations in resistance 

and tumourigenic mechanism such as 14-3-3 protein sigma and epsilon (p = 

0.02), and apoptosis (p = 0.02). While Uniprot and Reactome analysis indicated 

peroxiredoxin-1 and TP53 regulates metabolic genes (p = 0.02). No pathways 

were indicated by KEGG analysis for those proteins that were increased in their 

expression nor enrichment by STRING analysis for proteins that were decreased 

in their expression. However, the commonly decreased protein in MCF7, emerin, 

filamin-A and calponin 3, are associated with actin binding and cell homeostasis. 

 

 

 

 

 

 

 

 



 
 
 

190 
 

Table 4.9: Significantly increased proteins in MCF7 OHT Res and MCF7 Ralx Res. 

 

 Accession  Gene Description  
Log2 fold 
change 
OHT 

Log2 fold 
change 
Ralx  

1 P62258 YWHAE 14-3-3 protein epsilon 4.27 2.22 

2 P31947 SFN 14-3-3 protein sigma 3.60 3.00 

3 P62195 PSMC5 
26S proteasome regulatory 
subunit 8 

2.91 2.61 

4 P36542 ATP5F1C 
ATP synthase subunit 
gamma, mitochondrial 

3.34 2.61 

5 Q9NYF8 BCLAF1 
Bcl-2-associated transcription 
factor 1 

4.25 2.60 

6 O60869 EDF1 
Endothelial differentiation-
related factor 1 2.62 4.29 

7 P27816 MAP4 
Microtubule-associated 
protein 4 

2.56 5.89 

8 Q06830 PRDX1 Peroxiredoxin-1 4.34 2.22 

9 Q9BWM7 SFXN3 Sideroflexin-3 2.93 3.35 

10 P06753 TPM3 Tropomyosin alpha-3 chain 2.88 2.66 

 

Table 4.10: Significantly decreased proteins in MCF7 OHT Res and MCF7 Ralx Res  

 

 Accession  
Gene 
name 

Description  
Log2 Fold 
change 
OHT 

Log2 Fold 
change Ralx  

1 P62851 RPS25 
40S ribosomal protein 
S25 

-2.21 -2.31 

2 O95340 PAPSS2 

Bifunctional 3'-
phosphoadenosine 5'-
phosphosulfate synthase 
2 

-2.61 -3.67 

3 Q15417 CNN3 Calponin-3 -3.25 -4.13 

4 Q14839 CHD4 
Chromodomain-helicase-
DNA-binding protein 4 

-7.41 -2.01 

5 P38117 ETFB 
Electron transfer 
�I�O�D�Y�R�S�U�R�W�H�L�Q���V�X�E�X�Q�L�W���� -2.76 -3.04 

6 P13639 EEF2 Elongation factor 2 -7.70 -2.16 

7 P50402 EMD Emerin -1.95 -2.37 

8 P21333 FLNA Filamin-A -2.27 -4.75 

9 P52292 KPNA2 Importin subunit alpha-1 -2.25 -3.95 

10 Q15435 Q15435 
Protein phosphatase 1 
regulatory subunit 7 

-4.95 -4.38 

11 P62140 PPP1CB 
Serine/threonine-protein 
phosphatase PP1-beta 
cs 

-1.99 -2.12 

12 P61009 SPCS3 
Signal peptidase 
complex subunit 3 

-3.23 -2.74 

13 Q99614 TTC1 
Tetratricopeptide repeat 
protein 1 

-2.55 -2.32 
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4.4.9 Comparison of proteins associated with MDA -MB-231 OHT and Ralx 
Res 
Proteins commonly changed in resistant cell lines relative to the original MDA-

MB-231 phenotype, identified 23 proteins increased (NNU) (Figure 4.20a, Table 

4.11) and 15 proteins decreased (NND) (Figure 4.20b, Table 4.12). 

 

Figure 4.20:  Venn diagrams presenting the common significantly changed proteins in 
both MCF7 resistant sublines, (a) increased and (b) decreased proteins in resistant cell 
lines. 

Uniprot analysis identified proteins increased in both resistant cell lines were 

associated with protein processing and folding in endoplasmic reticulum such as 

calnexin (CANX), UV excision repair protein RAD23 homolog B (RAD23B), B-cell 

receptor-associated protein 31 (BCAP31). Also, CCN family protein 1 (CCN1) 

and Hsp90 co-chaperone Cdc37 (CDC37) which play a role in protein folding and 

regulate cell adhesion were common to the up-regulated cluster in both cell lines. 

Cytoskeleton homeostasis associated proteins, fascin (FSCN1) and destrin 

(DSTN), were increased in response resistance to both drugs. However, STRING 

did not find any relation or pathway between the commonly decreased proteins 

in MDA-MB-231 OHT Res and MDA-MB-231 Ralx Res.  
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Table 4.11:  Significantly increased proteins in MCF7 OHT RES and MCF7 Ralx Res  

 Accession  Gene Description  

Log2 
Fold 
change 
OHT 

Log2  
Fold 
change  
Ralx  

1 P21589 NT5E 5'-nucleotidase 2.02 2.69 

2 P51572 BCAP31 
B-cell receptor-associated protein 
31 

3.54 3.60 

3 P27824 CANX Calnexin 3.76 3.43 

4 O00622 CCN1 CCN family member 1 2.27 2.55 

5 Q96KP4 CNDP2 
Cytosolic non-specific 
dipeptidase 

2.84 3.33 

6 P60981 DSTN Destrin 5.2 2.51 

7 P13804 ETFA 
Electron transfer flavoprotein 
subunit alpha, mitochondrial 

2.12 3.63 

8 Q16658 FSCN1 Fascin 3.76 2.08 

9 P13984 GTF2F2 
General transcription factor IIF 
subunit 2 

2.94 3.00 

10 O14979 HNRNPDL 
Heterogeneous nuclear 
ribonucleoprotein D-like 

4.1 2.63 

11 Q16543 CDC37 Hsp90 co-chaperone Cdc37 5.18 4.19 

12 P41252 IARS1 
Isoleucine--tRNA ligase, 
cytoplasmic 

2.24 2.99 

13 P40925 MDH1 
Malate dehydrogenase, 
cytoplasmic 

3.68 4.26 

14 Q8WXF1 PSPC1 Paraspeckle component 1 3.25 4.34 

15 Q8IY81 FTSJ3 
pre-rRNA 2'-O-ribose RNA 
methyltransferase FTSJ3 

2.52 2.39 

16 P60900 PSMA6 Proteasome subunit alpha type-6 3.53 1.89 

17 Q15020 SART3 
Squamous cell carcinoma 
antigen recognized by T-cells 3 

3.01 2.83 

18 P50990 CCT8 T-complex protein 1 subunit theta 2.84 2.31 

19 Q9NR50 EIF2B3 
Translation initiation factor eIF-
2B subunit gamma 

2.74 2.04 

20 P22314 P22314 
Ubiquitin-like modifier-activating 
enzyme 1 

2.01 3.97 

21 Q16851 UGP2 
UTP--glucose-1-phosphate 
uridylyltransferase 2.09 2.52 

22 P54727 RAD23B 
UV excision repair protein 
RAD23 homolog B 

3.19 7.13 

23 P21796 VDAC1 
Voltage-dependent anion-
selective channel protein 1 6 

6.03 3.37 
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Table 4.12: Significantly increased proteins in MCF7 OHT RES and MCF7 Ralx Res.  

 Accession  Gene Description  

Log2     
Fold 
change 
OHT 

Log2  
Fold 
change  
Ralx  

1 P24539 ATP5PB 
ATP synthase F(0) 
complex subunit B1, 
mitochondrial 

-2.70 -2.86 

2 Q9H773 DCTPP1 dCTP pyrophosphatase 1 -3.48 -3.66 

3 O60216 RAD21 Double-strand-break repair 
protein rad21 homolog 

-2.76 -1.99 

4 Q5RKV6 EXOSC6 
Exosome complex 
component MTR3 

-3.49 -3.02 

5 P52732 KIF11 Kinesin-like protein KIF11 -2.52 -2.16 

6 Q9NRN7 AASDHPPT 

L-aminoadipate-
semialdehyde 
dehydrogenase-
phosphopantetheinyl 
transferase 

-5.95 -3.21 

7 O60220 TIMM8A Mitochondrial import inner 
membrane translocase 

-2.55 -3.26 

8 Q2NL82 TSR1 
Pre-rRNA-processing 
protein TSR1 homolog 

-2.77 -1.8 

9 Q96GQ7 DDX27 
Probable ATP-dependent 
RNA helicase DDX27 

-3.52 -2.13 

10 P61020 RAB5B 
Ras-related protein Rab-
5B 

-2.13 -2.01 

11 P49756 RBM25 RNA-binding protein 25 -2.99 -3 

12 Q96B97 SH3KBP1 
SH3 domain-containing 
kinase-binding protein 1 

-2.1 -4.01 

13 P51532 MDH1 
Transcription activator 
BRG1 

-2.91 -2.86 

14 Q9BSH4 TACO1 
Translational activator of 
cytochrome c oxidase 1 

-3.68 -1.99 

15 Q9H832 UBE2Z 
Ubiquitin-conjugating 
enzyme E2 Z 

-3.15 -2.49 

  

4.4.10 Cross resistance between the two phenotypes identified . 

A comparison between significantly altered proteins derived from cell lines of 

different phenotypes but had the same acquired OHT resistance was performed. 

Only two proteins, protein disulfide-isomerase A6 (PDI6) and paraspeckle 

component 1 (BCAP31), were increased and two, cytosol aminopeptidase 

(LAP3) and annexin A7 (ANXA7), were decreased when comparing MCF7 OHT 

Res and MDA-MB-231 OHT Res (Figure 4.21). The low correlation between the 

two datasets was not surprising as the whole proteomes of parental MCF7 and 
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MDA-MB-231 cell lines are distinct from each other showing limited correlation in 

proteins expressed as well as the relative levels for those that are ubiquitous 

(data not shown). 

 

 

Figure 4.21:  Comparison of common significantly changed proteins in MCF7 OHT 
resistant and MDA-MB-231 OHT resistant sublines. (a) increased and (b) decreased 
proteins in resistance cell line. 

 
A comparison between significantly altered proteins derived from cell lines of 

different phenotypes but same acquired Ralx resistance was undertaken. Only 

three proteins (chloride intracellular channel protein 4, pyruvate kinase PKM and 

transcription factor BTF3 homolog 4) were increased and five proteins decreased 

- RNA-binding protein 25, serine/threonine-protein phosphatase pp1 beta 

catalytic subunit, tetratricopeptide repeat protein 1 and chromodomain-helicase-

DNA-binding protein 4 were decreased (Figure 4.22). STRING analysis did not 

provide any significant protein-protein interaction correlation.  
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Figure 4.22 : Venn diagrams presenting the common (a) increased, and (b) decreased 
proteins in different Ralx resistant sublines.  

 

4.4.11 Bioinformatic analysis summary  

Pathways were classified in each cell lines based on their significantly up- and 

down-regulated proteins. Common functions and mechanism were observed to 

be affected by resistance �± anti-apoptosis, redox homeostasis and expression 

changes in oncogenic proteins, though different proteins associated with those 

functions, mechanisms and pathways were changed in individual resistant cell 

lines (Table 4.13). Transcription factors, signalling pathways and cell motility were 

also frequently, but not ubiquitously, associated with resistance.  
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     Table 4.13:  Pathways identified in the four resistant cell lines 

MCF7 OHT MCF7 Ralx  MDA-MB-231 
OHT 

MDA-MB-231 
Ralx 

Anti-apoptotic 
effect 

Anti-apoptotic 
effect 

Anti-apoptotic 
effect 

Anti-apoptotic 
effect 

Redox 
homeostasis 

Redox 
homeostasis 

Redox 
homeostasis 

Redox 
homeostasis 

Tumour 
suppressor  

Tumour 
suppressor  

Transcription 
factor 

Metabolic 
pathway 

ER signalling 
pathway 

MAPK signalling 
pathway 

          -- MAPK signalling 
pathway 

-- -- Cytoskeleton 
and cell motility 

Cytoskeleton 
and cell motility 

Oncogenic 
proteins 

Oncogenic 
proteins 

Oncogenic 
protein 
(Endoplasmic 
stress) 

Oncogenic 
proteins 
(Endoplasmic 
stress) 

 

4.5 Proteomic Discussion  

4.5.1 Proteomic sample preparation and LC MS/MS   

Eight multi-SILAC experiments were performed to explore the mechanisms of 

endocrine resistance in breast cancer cell line models. SCX was applied for all 

the samples to increase the separation and detection of the low abundant 

proteins, but still in some samples, the protein numbers were low. Proteomics 

experiments, by definition, involve the preparation of unique complex biological 

samples and despite checks and controls, elements of the approach, such as 

trypsin-digestion and LC-MS performance, can be prone to variation. 

Multi-SILAC experiments generated a large amount of data, which required 

processing through a series of logical steps. To understand the proteins changed 

in a particular resistance cell line, proteomics data was normalised in each SILAC 
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experiment to allow comparison of ratios between the resistant cell line and two 

wild type controls (LP and HP). In each case a subgroup of proteins that were 

found in all three experiments was created, with each protein having three ratios, 

one for LP, one for HP and one for the resistant cell line. Furthermore, within each 

dataset, a protein could be defined by a response �± unchanged (N), increased 

(U) or decreased (D), based on ±1 standard deviation threshold. Hence, overall, 

proteins were clustered into one of 27 groups (33) in order to investigate in further 

detail, those significantly changed only in the resistance cell lines (i.e., NNU and 

NND), as well as enabling comparison of resistance mechanisms between drugs 

and between phenotypically disparate cell lines. Overall, the step-by-step data 

processing workflow (Figure 4.5) provided the means to manipulate a vast 

amount of data in a logical and quantitatively methodical manner and generate 

smaller groups of proteins of functional importance. As a consequence, the 

unprecedented rigor of multi-SILAC proteomics strategy provided insights into 

unique and shared mechanisms of resistance.  

Initially, key up- and down-regulated functionalities and proteins for each resistant 

cell line will be discussed. For clarity, only the log2 value for the resistant cell line 

was reported for each discussed protein (LP and HP ratios can be found in 

Supplementary data). Also, unless specifically stated (i.e., non-NNU or non-

NND), proteins discussed are from the NNU and NND clusters for each resistant 

cell line. However, some proteins of particular note, which were excluded from 

cluster analysis, for example, those uniquely increased in MCF7 OHT but not 

detected in MCF7 LP and MCF7 HP, also warranted a mention if functionally 

significant. 
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4.5.2 Proteomic analysis of MCF7 resistance mechanisms  

4.5.2.1 MCF7 OHT resistance mechanisms  

The development of an MCF7 cell line resistant to OHT represents the 

established standard procedure previously developed by a number of groups, 

and also the point of comparison of prior proteomics research to understand 

resistance mechanisms. It is therefore useful to compare the functional 

significance as well as individual proteins that were identified here with previous 

results. 

 4.5.2.1.1 Changes indirectly influencing ER expression and activity  

A number of components of estrogen receptor (ER) regulation and mechanism 

of action were affected by developing resistance to OHT. ER expression is 

controlled by a process of reversible ubiquitination and de-ubiquitination. In the 

former case, many proteins of the proteosomal complex significantly increased 

(Figure 4.23) (an average log2 ratio of +0.32 was observed for 33 components of 

the proteosome detected in MCF7 OHT Res) leading to ubiquitination and 

proteasomal-directed degradation of ER. In the case of de-ubiquitination, 

significantly decreased levels of ubiquitin thioesterase (OTUB1, log2 -2.70), 

would prevent ER recovery. Proteasomal ubiquitin receptor ADRM1, also a 

component of the 26S proteosome complex which activates 19S-associated 

UCHL5 and PSMD14 deubiquitinases, was also decreased (log2 -2.40). ER 

stimulated gene expression was also supressed at various levels, by increased 

expression of co-repression factor, scaffold attachment factor B1 (SAFB, log2, 

+4.87), decreased expression of gene activator factor chromatin target of PRMT1 

protein (CHTOP, log2 -3.37), decreased ER-activated gene splicing and mRNA 

processing via probable ATP-dependent RNA helicase (DDX17, log2 -2.21), 
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reduced ER phosphorylation and further exacerbating ER stability and 

decreasing ER-mediated signal transduction (Figure 4.23).  

Protein phosphatases, which are involved in regulation of signalling and 

metabolic pathways, were also found to be significantly decreased, protein 

phosphatase 1 regulatory subunit 7 (PPP1R7, log2 -4.38), protein phosphatase 

2 scaffold subunit alpha (PPP2R1A, log2 -3.54) and protein phosphatase 1 

catalytic subunit beta (PPP1CB, log2 -1.99). PPP2R1A, a regulatory component 

of the PP2A protein phosphatase complex, is a tumour suppressor protein 

reducing PP2A activity by 60% and associated with a 75% reduction in ER mRNA 

and its protein expression, possibly playing a role in the development of 

resistance (Keen et al. 2005).  

       ��
PK = protein kinases, underlined proteins - detected only in MCF7 OHT Res, but not LP and/or HP, values in parentheses are log2 SILAC 
ratios for the MCF7 OHT Res cell line 

 Figure 4.23:  Significantly changed proteins regulating estrogen receptor (ER) function 
in MCF7 OHT Res. 

 

4.5.2.1.2 Cell proliferation and apoptosis counteracting effect  

In the case of failed SERM treatment, imbalance between proliferation and 

apoptosis resulted in stimulating growth signals inhibiting the latter process. This 



 
 
 

200 
 

was observed through the elevation of anti-apoptotic genes which in turn 

protected the cells from death. It was revealed previously that using tamoxifen, in 

the long-term, increased anti-apoptotic genes or reduce pro-apoptotic genes, 

which ultimately impaired normal cell growth (Riggins et al. 2007; Ali et al. 2016). 

Previously, evasion of apoptosis has been identified as a tamoxifen resistance 

mediated pathway (Viedma-Rodríguez et al. 2014; Iezzi and Fanciulli 2015; 

Wang et al. 2019a). Anti-apoptotic proteins were up-regulated in MCF7 OHT Res, 

such as apoptosis-antagonizing transcription factor (AATF, log2 +3.69), 

programmed cell death 10 (PDCD10, log2 +5.31) and apoptosis inhibitor 5 (API5, 

log2 +3.15). All these proteins have been reported to reduce cell proliferation and 

allow cells to escape apoptosis. AATF also plays a pivotal role in many other 

cellular functional activities such transcriptional regulation, autophagy, cell cycle 

and DNA repair (Sharma 2013). In agreement with this finding, a gene profiling 

study revealed that AATF-silencing using siRNA in MCF7 induced apoptosis by 

overexpressing pro-apoptotic genes such as Bax, Fas, Casp5, Casp6 as well 

reduced Bcl2, TNF and Bcl2A1, an anti-apoptotic gene, thus in turn, inhibiting the 

proliferation in breast cancer cells (Sharma 2013). Indeed, AATF is not only 

protecting cancer cells from apoptosis, but is also considered a good target in 

cancer therapy (Iezzi and Fanciulli 2015). PDCD10 protein was also reported to 

be overexpressed in doxorubicin-resistant Hela cells, preventing apoptosis 

(Urfali-Mamatoglu et al. 2018). Some up-regulated proteins in resistance are 

indirectly anti-apoptotic by increasing other functions such as cell proliferation. 

�$�Q���H�[�D�P�S�O�H���L�V���.-enolase, a metabolic enzyme of the glycolytic pathway, which 

inhibits the apoptotic action of cellular oncogenes, was identified in this study 

(MCF7 OHT Res, log 2 +5.90, non-NNU cluster), and was also observed to be 
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increased in tamoxifen resistance by Campbell and Tait et al (Campbell and Tait 

2018). 

4.5.2.1.3 Redox haemostasis  

Redox is one of the critical pathways which is highly activated in cancer cells as 

a result of increased levels of metabolic products. Antioxidant proteins such as, 

thioredoxin, glutathione and peroxiredoxins evolved to prevent cell damage 

caused by the cytotoxic effect of reactive oxygen species (ROS) (Penney and 

Roy 2013a). 

From MCF7 OHT Res results, three upregulated proteins, quinone 

oxidoreductase (TP53I3, log2 +5.40), peroxiredoxin-1 (PRDX1, log2 +4.34) and 

peroxiredoxin-4 (PRDX4, log2 +4.02), were associated with redox regulation. 

Peroxiredoxins are a family of proteins which catalyse the reduction of H2O2, alkyl 

hydroperoxides and peroxynitrite to water, and regulate antioxidant enzyme 

activity such as catalase and glutathione peroxidase. There is a clear correlation 

between peroxiredoxin and the association of tumour growth either by reducing 

the tumourigenic effect or inducing cell proliferation and metastasis dependent 

on the cancer type (Nicolussi et al. 2017). Peroxiredoxin-1 is overexpressed in 

lung, breast, oesophageal cancers and stimulates cell progression and 

metastasis of human tumours (Ding et al. 2017). Importantly, peroxiredoxin-1, a 

thiol-dependent peroxidase, has many cellular functions, typically acting as a 

proto-oncogene, activated by c-Jun and AP-1 transcriptional factors. It has been 

shown that knockdown of peroxiredoxin-1 or peroxiredoxin-4 reduced the 

activation of c-Jun and repressed AP-1 activity (Jiang et al. 2014a).  

Cisplatin resistant models of erythroleukemia, breast carcinoma and ovarian 

carcinoma, identified significantly increased levels of PRDX1 and PRDX6 (Chung 
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et al. 2001; Pak et al. 2011). MCF7 OHT proteomics data also identified PRDX6 

(log2 +1.10, non-NNU cluster) as upregulated. PRDX2 was observed to be 

involved in the development of gefitinib resistance in a lung carcinoma model 

which correlates with the increased levels detected in MCF7 OHT (log2 +3.31, 

non-NNU) (Kwon et al. 2015). Interestingly, PRDX5 (log2 +4.66) also exhibited 

significant increase in the OHT resistant model, though significant changes in 

expression were also observed in the LP and HP controls (Nicolussi et al. 2017). 

Aggressive breast cancer types produce high oxidative stress particularly under 

chronic treatment with exemestane, fulvestrant, or tamoxifen. Bae et al showed 

an important role of PRDX1 and PRDX2 in cellular response to oxidative stress 

by inhibiting cell death. MCF7 which expresses PRDX1 endogenously exhibited 

a resistant response when treated with H2O2, whereas the normal breast cell line 

MCF-10A which did not express PRDX1 was rapidly killed. Also, MCF-10A 

transfected with PRDX1 and PRDX2 acquired resistance to H2O2-induced cell 

death (Bae et al. 2007). Furthermore, chronic exposure to H2O2 induced ROS 

which in turn stimulated cell growth of MCF7 cells, was linked with upregulation 

of VEGF and CD44, pro-metastatic genes, and down-regulation of E-Cadherin 

gene. In the study presented here, CD44 showed an increase expression in 

MCF7 OHT by immunofluorescence and proteomics (CD44, log2 +3.53, non-

NNU). All these findings provided strong evidence that excessive ROS/oxidative 

stress leads to acquired chemoresistance in breast cancer cells (Mahalingaiah 

and Singh 2014). In line with the results presented in this study, quinone 

oxidoreductase (TP53I3) mRNA and enzyme activity were significantly higher in 

tamoxifen and fulvestrant-resistant MCF7 and LCC9 cells than in sensitive cells 

(Pradubyat et al. 2020).  
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4.5.2.1.4 Comparison with previous proteomic analysis of MCF7 OHT 
resistance   

Previous proteomics analysis of OHT resistant MCF7 also showed increased 

expression and activation of cyclin-dependent kinases and the up-regulation of 

growth factor receptors such as EGFR and IGF-1R. These changes, in turn, 

activated the PI3K/AKT/mTOR pathway (Yin et al. 2014) and focal adhesion 

pathway, enhanced cell motility and downregulated the ER signalling pathway 

(Osborne and Schiff 2011). In particular, ER (Yao et al. 2020b), quinone 

oxidoreductase (Pradubyat et al. 2020), AHNAK (Johansson et al. 2015a), �.-

enolase (Campbell and Tait 2018) and CD44 (Hiscox et al. 2012; Bellerby et al. 

2016), linked to tamoxifen resistance mechanisms, indicated a strong analogy to 

prior studies.  

On the other hand, in the work presented here, regulation of the actin 

cytoskeleton dynamics was not significantly affected whereas it was increased in 

a study by Zhou et al (Zhou et al. 2012) and E-cadherin, linked to epithelial to 

mesenchymal transition, was not detected in any MCF7 datasets. A number of 

proteins (MAP2K1, GRB2 and SHC1) linked to the MAPK pathway were 

increased in this study corroborating findings of others (Vafeiadou et al. 2022b). 

However, MAPK1 (ERK2) itself exhibited decreased expression of log2 -1.90, 

whereas others observed the expected increase in line with upregulation of the 

signalling pathway. Because of its pivotal role in signal transduction, MAPK1 

represents a valuable target to study by an alternative method such as Western 

blotting. Protein focal adhesion kinase (PTK2, FAK log2 -2.11), which has a role 

in focal adhesion pathway linked to tamoxifen resistance, produced results 

contrary to previous findings and warrant further investigation in the future. 
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4.5.2.1.5 Other proteins of interest in MCF7 OHT Res  

Interestingly, protein AHNAK2 (a homolog of AHNAK protein), a high molecular 

weight scaffold protein was identified as increased in MCF7 OHT Res (log2 

+6.26). It is expressed in different types of cancer, including breast, lung, 

melanoma and oral carcinoma and recently implicated in tumour progression in 

melanoma, renal clear cell carcinoma, lung, and pancreatic ductal carcinoma. It 

is involved in regulation of actin cytoskeleton network, migration and in the 

formation of pseudopodia protrusions (Zhang et al. 2020; Zheng et al. 2020). The 

SILAC results were in agreement with a previous ITRAQ proteomic study which 

compared tumour tissues of patients exhibiting deterioration within two years of 

tamoxifen treatment with those from patients with 7-year relapse-free survival. 

AHNAK was highly expressed in the former group and correlated with epithelial 

mesenchymal transition (EMT) and metastasis (Johansson et al. 2015b). 

EF-hand domain family member D2 (EFHD2, log2, +2.49) was increase in 

expression in MCF7 OHT Res. EFHD2 is characterized as an actin-binding 

protein that induces the formation of actin bundles thereby increasing cell mobility 

(Kwon et al. 2013). It has been shown to be expressed in numerous types of 

malignancy including breast cancer, pancreatic cancer and gastric cancer with 

highly metastatic potential. Also, EFHD2 increased cell migration and invasion 

and promoted the EMT feature in lung cancer cells (Fan et al. 2017).  

4.5.2.2 MCF7 Ralx resistance mechanisms  

The concept of raloxifene resistance represents a novel area of investigation. The 

creation of a Ralx resistant MCF7 cell line has the potential to provide additional 

insights into SERMs resistance that can help understand the more established 

example provided by OHT. In the case of MCF7 Ralx Res many pathways and 
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targeted proteins emerged in this resistant sub-line and bioinformatic data 

analysis revealed significant relationships between these functional proteins.  

4.5.2.2.1 Cell proliferation and apoptosis counteracting effect  

From the MCF7 Ralx Res results, two pro-apoptotic proteins were decreased in 

their expression, apoptosis-stimulating of TP53 protein 2 (ASPP2, log2 -4.11 not 

detected in controls) and cell cycle and apoptosis regulator protein 2 (CCAR2, 

log2 -4.20 non-NND cluster), and were not significantly changed in MCF7 OHT 

Res. Encouragingly, anti-apoptotic proteins exhibited the inverse response with 

increased expression in MCF7 OHT Res (AATF, and EFHD2, (see section 

4.5.2.1.2). Decrease of ASPP2 protein has been reported in many cancer 

patients to be associated with metastasis and a poor prognosis (Yin et al. 2018). 

It has been shown that silencing ASPP2 in TNBC cells reduced apoptosis through 

deactivation of the intrinsic mitochondrial death pathway exemplified by the 

caspase family and Bax (Wu et al. 2018), and hence down-regulation of ASPP2 

would align with MCF7 cell survival as part of the resistance mechanism. On the 

other hand, an in vitro study showed that CCAR2 has a role as a tumour 

suppressor as it was found that its downregulation resulted in reduced TP53 

protein which in turn induced cell growth. CCAR2 loss was shown to prevent 

cancer growth by altering the transcription of genes coding for proteins that 

inactivated the AKT pathway (Restelli et al. 2016).  

Pro-apoptotic caspase 3 was unexpectedly detected (log2 -5.50 non-NND 

cluster) in MCF7 Ralx Res. A phenotypic characteristic of parental MCF7 is the 

deletion mutation in the caspase-3 gene normally preventing transcription. A 

thorough investigation of the raw MS data verified its detection with 2 proteotypic 

peptides from 14 spectra (probability of false identity p<1.0e-21, see 
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supplementary data). Activation of caspase-3 in MCF7 by a diverse range of 

chemicals such as Nutlin-3 (Wu et al. 2019), terpenoids and flavonoids (Masood 

et al. 2020) a combination of resveratrol and sorafenib (Mondal and Bennett 

2016) and N-heterocyclic carbene complexes (Gupta et al. 2019), has been 

reported, In addition, MCF7 doxirubicin resistant cell subline, which was 

established by culturing MCF7 wild type to a high dose of doxorubicin, exhibited 

phenotypic and genotypic changes that were distinct from the parental drug-

sensitive cells including expression of full-length functional caspase-3 (Pirnia et 

al. 2000; Devarajan et al. 2002). Hence, there are precedents, for caspase-3 

expression in MCF7 resistance models, and there is a possibility that raloxifene 

has resulted in the same response. The presence of caspase 3 in MCF7 Ralx 

Res requires independent verification using alternative analytical methods such 

as Western blotting or the Fluorometric enzyme activity assay.  

4.5.2.2.2 Redox homeostasis  

As with MCF7 OHT Res, redox homeostasis function was significantly increased 

though different components were identified by proteomics. Thioredoxin system 

comprises thioredoxin (TXN) and thioredoxin reductase 1 (TXNRD1), expression 

correlates with lower overall survival and metastasis-free survival (Cadenas et al. 

2010). In the case of MCF7 Ralx Res, one of the significant overexpressed 

proteins associated with the redox homeostasis was TXN (log2 +5.91), however 

TXNRD1 (log2 +0.8, non-NNU cluster) was increased but not significantly. 

The expression of the thioredoxin system is linked with the proliferative capacity 

and apoptotic resistance of different cancers. An in vivo study observed a positive 

correlation between TXN over-expression and cancer cell proliferation and 

decreased apoptosis in primary gastric carcinomas, which correlated with a poor 
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clinical outcome, with similar effects in non-small cell lung carcinoma and 

colorectal cancer (Raffel et al. 2003; Shang et al. 2019). Also, it has been 

reported that TXN enhanced cell motility in breast cancer cells and resulted in 

aggressive malignancy (Bhatia et al. 2016). 

Long term treatment by SERM increases oxidative stress and redox reactions 

which in turn, disturbed the redox homeostasis and metabolism process that is 

associated with cell proliferation, and leads to breast cancer cells adapting to the 

new environment and ROS signalling (Singh et al. 2020). Overexpression of TXN 

has previously been linked to tamoxifen resistance, through either ER-dependent 

or ER-independent mediation by MAPKs and AKT downstream cascade 

signalling pathways, which in turn, induced the activation of transcription factors 

AP-1 enabling continued cell proliferation (Penney and Roy 2013b). Further, TXN 

was found to be anti-apoptotic by inhibiting the caspase cascade system, by 

acting as a direct scavenger of ROS and by inhibiting apoptosis through binding 

to apoptosis regulating kinase (ASK-1). Consequently, involvement of TXN in 

preventing apoptotic cell death has many consequences for cancer, in terms of 

maintaining cell viability and protection from various chemotherapeutic 

treatments (Bhatia et al. 2016).  

Recently, in vitro studies have shown an association of high TXN expression in 

cancer cell resistance to a number of chemotherapeutics agents such as 

doxorubicin, cis-diamminedichloroplatinum (II), cisplatin, mitomycin and 

etoposide. TXN was also up-regulated in docetaxel-resistant MCF7 cells, which 

were originally sensitive to docetaxel, and cells became resistant to docetaxel 

after thioredoxin cDNA transfection (Kim et al. 2005).  
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Glutathione S-Transferase Pi 1 is a glutathione metabolising enzyme increased 

in MCF7 Ralx Res (GSTP1, log2 +4.25). It has a role in detoxification against 

anti-cancer and is associated with poor malignancy and resistance in lung, 

breast, colon and prostate cancer. Overexpression of GSTP1 in TNBC was 

shown to be associated with cancer pathogenicity and correlated with malignancy 

and poor prognosis in doxorubicin resistance. Clinical studies revealed that 

higher expression of GSTP1 in tumour cells may inhibit apoptosis, hence driving 

drug resistance (Huang et al. 2003; Ogino et al. 2019). 

4.5.2.2.3 MAPK signalling pathway  

MAPK signalling cascade is one of the most important pathways affected by 

tamoxifen resistance. A previous SILAC proteomic study reported the activation 

of MAPK in an MCF7 OHT resistant cell line (Wu et al. 2015). The pathway 

exhibited evidence of activation in tamoxifen resistance in this study with insulin-

like growth factor 2 mRNA-binding protein 1 (IGF2BP1, log2 +4.09) and insulin-

like growth factor 2 mRNA-binding protein 2 (IGF2BP2, log2 +2.33) up-

regulated, in MCF7 Ralx Res. Both proteins have a role in cancer growth, 

invasion and metastasis, with IGF2BP1 promoting ERK2 expression in an RNA-

binding dependent manner, which in turn increased cell proliferation (Zheng et al. 

2020). Increased IGF2BP2 levels promote IGF2 activity activating the 

PI3K/Akt/mTOR pathway, also promoting cell proliferation and migration. 

Therefore, their increased expression in breast cancer patients correlating with a 

shorter survival may also reflect resistance to treatment (Barghash et al. 2015; 

Cao et al. 2018). 

Dual specificity mitogen-activated protein kinase (MAP2K1, log2 +4.35) and 

GRB2 (log2 +2.22), were also up-regulated in MCF7 Ralx Res, though 
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MAPK1/ERK2 remained unchanged. The MAPK pathway has a well-established 

role in tamoxifen resistance (Giubellino et al. 2008), but the data here represents 

the first link to Ralx resistance and may reflect part of a common SERM 

resistance mechanism.  

4.5.2.2.4 Tumour suppressor  

Cellular tumour antigen p53 (TP53) is one of the best-known tumour suppressor 

genes involved in regulation of apoptosis, and in DNA damage and repair. In 

MCF7 Ral Res proteomics dataset TP53 was decreased (log2 -3.28), reducing 

apoptosis, leading to tumour growth, which would be expected as part of the 

survival mechanism to continuous drug exposure. Around 30-50% of breast 

cancer cases have a mutated TP53 which leads for invasion, migration, 

angiogenesis and drug resistance. Mutations in TP53, and possibly decreased 

expression, also inhibits ER expression, decreasing the response of tamoxifen in 

breast cancer and supporting drug resistance (Hientz et al. 2017).  

4.5.2.2.5 Other protein of interest in MCF7 Ralx Res  

Tumour protein D52 was uniquely identified in MCF7 Ralx Res (TPD52, log2 

+3.17), not detected in HP and not changed in LP, has previously been observed 

to be overexpressed in many cancer types, including breast, lung, prostate and 

pancreatic cancer. It acts as an oncogene in breast cancer, is implicated in cell 

proliferation and migration and has been linked to poor prognosis. Recent in 

vitro and in vivo studies revealed that silencing of TPD52 reduced the cell growth 

and migration of breast cancer cells and therefore maybe considered a promising 

target in BC resistance treatment (Tennstedt et al. 2014; Ren et al. 2021).  
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4.5.3 Proteins common to MCF7 OHT Res and MCF7 Ralx Res  

14-3-3 sigma (SFN) and 14-3-3 epsilon (YWHAE), members of a conserved 

regulatory family of proteins were identified as significantly changed in both MCF7 

resistant cell lines and have previously been associated with mediating evasion 

of apoptosis, increased proliferation and migration. 14-3-3 protein sigma 

expression may predict poor prognoses in prostate, colorectal and pancreatic 

cancers, and might contribute to tumour resistance to DNA-damaging drugs in 

some tumours. Also, it has been associated with cisplatin resistance in NSCLC 

cells promoting tumourigenesis and tumour proliferation (Cetintas et al. 2013; 

Feng et al. 2022). 

14-3-3 protein zeta/delta (YWHAZ) was also detected increased (log2 +3.40) in 

MCF7 OHT Res (non-NNU cluster) but was unchanged in MCF7 Ralx Res. Its 

overexpression in breast cancer predicted a poor prognosis and aggressive 

tumourigenesis (Neal et al. 2009). 14-3-3 protein isoforms have also previously 

been associated with chemoresistance either in in vitro cell line models or primary 

tumours. Genetic analysis studies identified crosstalk between ER and 14-3-3 

protein zeta/delta (Frasor et al. 2006) and suggested a role in resistance 

development (Thistle et al. 2017). High expression of 14-3-3 protein zeta/delta by 

tamoxifen was observed in women with ER-positive breast cancers and 

significantly correlated with disease recurrence. Furthermore, Neal and Yu, have 

also proposed that 14-3-3 protein zeta/delta overexpression contributed to 

tamoxifen resistance (Neal and Yu 2010).  

Bcl-2-associated transcription factor 1 (BCLAF1) was increased in both MCF7 

resistant cells. Originally, BCLAF1 was introduced as a protein that interacts with 

the anti-apoptotic members of the Bcl-2 family. Recent studies have shown that 
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BCLAF1 serves a key role in many other physiological functions, including lung 

development, DNA repair and transcriptional regulation. 

Up-regulation of BCLAF1 has previously been reported to bind to BRCA1 in 

mediating resistance to DNA damage and formation of BRCA1-mRNA splicing 

complexes. The multiple functions of BCLAF1 raises the possibility that it serves 

a vital role in lung cancer cisplatin resistance (Vohhodina et al. 2017; Jiang et al. 

2020). Additional evidence confirmed the potential effect of BCLAF inducing 

cisplatin resistance in NSCLC cells (Vohhodina et al. 2017; Jiang et al. 2020).  

4.5.4 Proteomic analysis of MDA -MB-231 resistance mechanisms  

4.5.4.1 MDA-MB-231 OHT resistance mechanisms  

MDA-MB-231 (TNBC) represents a phenotypic variant of breast cancer 

developmentally completely divergent from MCF7 (Luminal). That a resistant 

variant of MDA-MB-231 was created with similar IC50 differences to MCF7 was 

unexpected. Nevertheless, as evidence emerges of ER-independent responses 

to tamoxifen treatment, the possibility of non-ER linked resistance mechanisms 

may also occur. Proteomics analysis of the MDA-MB-231 OHT Res cell line 

served to identify potential non-specific resistance processes that might be 

present in the established MCF7 OHT Res model, while also elucidating possible 

common points for future therapeutic intervention. 

4.5.4.1.1 Cell proliferation and Apoptosis counteracting effect  

In MDA-MB-231 OHT Res, two proteins involved in the apoptosis pathway were 

significantly decreased, apoptosis-inducing factor 1 (AIF1, log2 -2.52) and the 

apoptosis regulator BAX (BAX, log2 -3.15, detected in the resistant line only and 

not the LP and HP controls). Both function by inducing apoptosis and are 

considered proapoptotic factors mediating within the caspase-dependent 
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pathway (Westphal et al. 2014; Bano and Prehn 2018). Consequently, their 

suppression would enable MDA-MB-231 OHT Res to survive OHT treatment as 

part of the resistance mechanism. The results complement those observed for 

MCF7 OHT Res where anti-apoptotic proteins were up-regulated as part of the 

resistance mechanism. AIF1 and BAX were not detected in the MCF7 OHT Res 

proteomics dataset. 

4.5.4.1.2 Redox homeostasis  

Two critical enzymes associated with redox homeostasis were increased in MDA-

MB-231 OHT Res, thioredoxin reductase 1 (TXNRD1, log2 +4.74) and 

glutathione reductase (GSR, log +2.06). Thioredoxin was also increased (TXN, 

log +7.32, but not in the NNU cluster). Elevated levels of TXNRD1 have been 

reported in various cancers types such as lung, pancreatic and hepatocellular 

carcinomas in terms of chemoresistance and distant metastasis (Bhatia et al. 

2016). TXNRD1 supports tumour growth in malignant cell tumours and elevated 

levels were implicated in drug resistant particularly with chemotherapeutic agents 

(Kim et al. 2005). Therefore, targeting TXNRD1 may contribute to preventing or 

reversing resistance mechanisms in the case of tamoxifen in TNBC cell lines. 

Expression of TXNRD also correlated with apoptotic resistant mechanism since 

it is known to inhibit apoptosis by activating reduced TXN which in turn inhibits 

apoptosis signal-regulating kinase, MAP3K5 (not detected in MDA-MB-231 OHT 

Res) (Ueda et al. 2002; Urig and Becker 2006; Zhu et al. 2018b). 

GSR is a mitochondrial enzyme and changes in expression have an impact on 

glutathione (GSH), which is an important metabolite of the redox pathway. 

However, research has indicated that GSR expression responses vary in a 

cancer-dependent manner. In some cases, such as ovarian cancer, elevated 
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GSH levels in tumour cells were observed in chemoresistance models (platinum 

drugs) as well as in clinical and preclinical studies. Also, lower GSH levels have 

been attributed to higher sensitivity of anti-cancer drugs (Calvert et al. 1998; 

Jardim et al. 2013; Zhu et al. 2018b). In both scenarios, the role of GSR/GSH had 

a valuable contribution in resistance.  

Interestingly, transcription factor AP-1 subunit, c-Jun, was upregulated in MDA-

MB-231 OHT Res (JUN, log2 +2.59), which has been described previously in 

MCF7 tamoxifen resistance models (He et al. 2018). However, AP-1 is also 

involved in oxidative stress mechanisms, as observed in a tamoxifen-resistant 

MCF7 xenograft study, where its increase correlated with increased antioxidant 

enzymes and glutathione activity (Schiff et al. 2000). The oxidative stress induced 

by tamoxifen may contribute to increases in intracellular redox activity followed 

by activation of AP-1 which in turn, leads to recruiting the mitogenic signalling 

pathways and, consequently promote tumour cellular growth (Chang 2012).  

Therefore, this target could warrant further investigation. 

4.5.4.1.3 Other protein of interest detected in MDA -MB-231 OHT Res 

Breast cancer anti-estrogen resistance 3 (BCAR3, log +2.44, not detected in the 

controls) is associated with cell migration and anti-estrogen resistance. It has 

been reported that decreasing BCAR3 reduced the invasiveness of breast cancer 

cells (Wilson et al. 2013). On the other hand, retroviral transfection of BCAR3 

cDNA into MCF7 and ZR-75-1 in the presence of OHT, generated resistant 

clones, resulting in the upregulation of BCAR3 gene and promoting tumour 

growth independently of hormonal response through the activating of PI3K 

signalling pathway or through enhanced Cas/c-Src interactions (van Agthoven et 

al. 1998). These findings suggest that overexpression of BCAR3 and Crk-
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associated substrate (Cas) stimulate the generation of tamoxifen resistance 

(Riggins et al. 2006). 

4.5.4.2 MDA-MB-231 Ralx mechanisms   

Currently there is no clinical basis for treatment of triple negative breast cancer 

with raloxifene, however as with OHT treatment, resistance was observed 

creating a Ralx resistant variant. Proteomic analysis was performed to further 

understand possible non-specific ER-independent resistance mechanisms. 

Several proteins were seen to be changed in their expression in the MDA-MB-

231 Ralx Res cell line. 

4.5.4.2.1 Cell proliferation and Apoptosis counteracting effect  

Two proteins, d�L�D�E�O�R�� �K�R�P�R�O�R�J���� �P�L�W�R�F�K�R�Q�G�U�L�D�O�� ��DIABLO, log2 -2.58) and cell 

division cycle and apoptosis regulator protein 1 (CCAR1, log2 -2.75) were 

observed to be decreased. Previously CCAR1 was reported as a co-activator 

promoting tumour suppressor TP53 which in turn reduce the tumour cell growth. 

Also, CARP-1/CCAR1 regulates chemotherapy-dependent apoptosis 

mechanism in complex steps, since decreased expression would reduce 

apoptosis, contributing to resistance development (Muthu et al. 2015). 

4.5.4.2.2 Redox homeostasis  

Many proteins involved in redox homeostasis were identified, such as 

peroxiredoxin-4 (log2 +2.56), which was also increased in MCF7 OHT Res, and 

ERO1-like protein alpha which cooperates with peroxiredoxin-4 (ERO1A, log2 

+2.48) through regulation of hydrogen peroxide signalling. This affects the redox 

balance and the oxidative protein folding process in the endoplasmic reticulum  

(Jia et al. 2019). Glutathione S-transferase Mu 3 (GSTM3, log2 +2.12) was also 

increased in expression and has a role in glutathione synthesis. 
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4.5.4.2.3 MAPK signalling pathway  

Three significantly up-regulated proteins observed in MDA-MB-231 Ralx Res 

were linked to the MAPK signalling pathway - SHC-transforming protein 1 (SHC1, 

log2 +3.96), mitogen-activated protein kinase 1 (MAPK1/ERK2, log2 +4.49), and 

growth factor receptor-bound protein 2 (GRB2, log2 +1.80). MAPK pathway is 

involved in many critical biological processes such as cell growth and 

proliferation, tumour progression and drug resistance. Several factors initiate the 

cascade signalling pathway including growth factors, oxidative stress and small 

molecules such as cytokines. The oncogenic potential of ERK-2 in breast 

cancer was previously described, where it was found that elevation of ERK-2 

activity was associated with shorter disease-free survival and poor prognosis. A 

study conducted in patients with TNBC showed that ERK-2 was a marker of 

disease-free survival. Further, the MAPK pathway triggered epithelial�±

mesenchymal transition and played a role in cell migration (Bartholomeusz et al. 

2012). In addition, a study conducted in TNBC patients revealed a relation 

between anthracycline resistance and high ERK2 expression that was also 

associated with shorter disease-free survival�����(�U�D�O�S���H�W���D�O���������������� 

Collectively SHC1, ERK2 and GRB2 define a fundamental ER independent 

signalling route as depicted in the KEGG map (Figure 4.24) (http://www. 

genome.ad.jp/kegg/). This suggests that targeting MAPK pathway in TNBC 

exhibiting OHT resistance may restore ER-independent sensitivity to SERMs 

(Mandlekar and Kong 2001a; Butti et al. 2018; Robinson and Copeland 2019). 
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  Figure 4.24:  Resistance mechanism of endocrine therapy by KEGG.  

 

4.5.4.2.4 Metabolic pathways in MDA -MB-231 Ralx   

Metabolic reprogramming is a tumourigenesis hallmark of cancer and cancer 

resistance. Cancer cells become more biological active in case of invasiveness 

and metastases. Generally, glycolysis is not only acting as an energy source for 

cancer cells to grow, it also acts as a precursor for other biosynthesis pathways. 

Compared to normal cells, mitochondria of cancer cells are more intact and 

overstressed, therefore, glycolysis and pentose phosphate pathway (PPP) are 

more active than oxidative phosphorylation (Martinez-Outschoorn et al. 2017). 

Over activation of PPP is considered a vital stage to initiate the development of 

drug resistance. Notably, two enzymes, glucose-6-phosphate1-dehydrogenase 

(G6PD, log2 +2.17) and transketolase (TKT, log2 +2.35) from the PPP were 

increased, while cytochrome b-c1 complex subunit 6 (cytochrome b-c1 complex 

subunit 6 (UQCRH, log2 -1.86), mitochondrial import inner membrane 

translocase subunit Tim8 (TIMM8A, log2 -3.26), mitochondrial import receptor 

subunit TOM22 (TOMM22, log -2.94), cytochrome c oxidase subunit (COX5A, 

log -1.90) and cytochrome b-c1 complex subunit 9 (COX5A, log2 -4.80) were 

decreased indicating a decrease in the oxidative phosphorylation. Hyper-

activation of PPP and increase the glycolysis have been shown to have a role in 

cancer drug resistance through elevating levels of NADPH and/or GSH. 
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Indeed, overexpression of G6PD and TKT in this study was in agreement with 

previous findings, that described higher levels of G6PD as enhancing the PPP 

flux associated with tamoxifen resistance. Further, higher TKT expression was 

reported to be associated with poor survival of cancer cells (Zaal and Berkers 

2018; Jin and Zhou 2019). 

4.5.5 Significant proteins common to MDA -MB-231 OHT and MDA -MB-231 

Ralx Res  

4.5.5.1 Cytoskeleton  and cell motility in MDA -MB-231 resistance cell line  

It was observed that resistant MDA-MB-231 morphology was less organized with 

cells growing in different shapes and sizes. Bioinformatic analysis (STRING) 

revealed multiple proteins overexpressed which were associated with 

cytoskeleton homeostasis. In both MDA-MB-231 resistance cell lines, a complex 

protein network was determined and associated with actin polymerization which 

in turn affected the cell motility. Of these protein fascin, destrin, integrin alpha-3, 

vinculin, zyxin and myosin-9 were of particular note.  

Fascin was increased in both MDA-MB-231 OHT and Ralx Res cell lines (FSCN1, 

log2 +2.09, +3.76 respectively) and has been highly correlated with cell 

morphology, poor prognosis, migration and aggressive breast cancer type, 

further to drug resistance (Min et al. 2015). A 2-D LCMS proteomic tandem mass 

tag (TMT) labelling study of letrozole-resistant cell line revealed that up-regulation 

of fascin, integrin isoforms and adaptor proteins such actinin, filamin A, vinculin, 

and zyxin, were implicated in focal adhesions and filopodia formation (Tilghman 

et al. 2013). Furthermore, a label-free proteomic study identified several proteins 

in MCF7 tamoxifen resistance associated with cytoskeleton protein binding. Of 
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these fascin was implicated as having an important role in cancer aggressiveness 

and SERM resistance (Kumari et al. 2020). 

4.5.5.2 Other proteins of interest in MDA -MB-231 Ralx Res  

CCN family member 1 (CCN1), a common oncogenic protein, was identified in 

both MDA-MB-231 OHT Res (log2 +2.27) and MDA-MB-231 Ralx Res (log2 

+2.55). It is associated with the lymph node metastasis and poor prognosis. A 

complementary study showed that suppression of CCN1 in triple negative breast 

cancer cells reduced invasion and migration thus providing evidence for a tumour 

promoting effect in breast cancer (Kleer 2016). Further, in vivo and in 

vitro experiments revealed that CCN1 promotes breast cancer metastasis into 

the lung by promoting extravasation of cancer cells (Huang et al. 2016). 

B-cell receptor associated protein 31 (BAP31) is another oncogenic protein 

increased in both MDA-MB-231 OHT (log2 +3.54) and Ral Res (log2 +3.6). It is 

highly correlated with poor prognosis and promotes cell proliferation and 

migration in breast and cervical cancers. Downregulation of BCAP31 in TNBC 

inhibit the cell migration and invasion through Akt signalling pathway (Fu et al. 

2019). Consequently, its increase in resistant cell lines would reverse these 

activities. 

Calnexin (CANX), a calcium-binding protein common to both MDA-MB-231 

resistant model (OHT Res, log2 +3.76 and Ralx Res, log2 +3.43), is a chaperone 

protein associated with endoplasmic reticulum stress and reported to be a 

prognostic marker in colorectal cancer (Ryan et al. 2016). Of particular note, 

MCF7 resistance to endoplasmic reticulum stress-induced apoptosis was 

mediated by CANX in association with BAP31 (Delom et al. 2007).  
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4.5.6 Cross resistance between the two phenotypes acquired to OHT Res  

Two proteins, protein disulfide-isomerase A6 and paraspeckle component 1, 

were increased and two were decreased, cytosol aminopeptidase and annexin 

A7, when comparing MCF7 OHT Res with MDA-MB-231 OHT Res.  

Overexpression of protein disulfide-isomerase proteins (PDIs) is associated with 

cell proliferation, metastasis, drug resistance and clinical outcomes in breast 

cancer (Yang et al. 2022). Protein disulfide-isomerase A6 (PDIA6) was 

upregulated in MCF7 OHT Res (log2 +3.29) and MDA-MB-231 OHT Res (log2 

+2.49). In supporting the role of PDIs in developing drug resistance, PDIA6 was 

overexpressed in cisplatin-resistant lung cancer cells (Tufo et al. 2014; Yang et 

al. 2022) and reported to be upregulated in imatinib resistance in leukemia cells 

(Higa et al. 2014). Additionally, an increase of PDI expression was observed in 

the multidrug-resistant MCF7 cells against mitoxantrone (Liu et al. 2006). Hence, 

there is growing interest in PDI inhibitors as a potential therapeutic target in 

treating breast cancer. 

Paraspeckle component 1 (PSPC1, MCF7 OHT Res, log2 +3.29 and MDA-MB-

231 OHT Res, log2 +2.49) is an important protein associated in late tumour 

stages and an indicator of poor patient survival in many cancers types such 

breast, lung and liver cancers. PSPC1 plays a role in enhances epithelial�±

mesenchymal transition (EMT), stemness and tumour growth via activation of 

transcription factors (TFs) (Lang et al. 2019). Paraspeckles are involved in 

promoting cancer growth due to their role in inhibiting apoptosis and have been 

shown to induce resistance via apoptosis due to changes in miRNA patterns, 

however the exact mechanism has not been fully identified. Furthermore, 

paraspeckles enhance the ability of cancer cells to resist apoptotic 
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chemotherapeutic agents, hence increasing their chemoresistance potential 

(Pisani and Baron 2020). As a result, re-establishing this pathway could have 

potential therapeutic benefits by re-sensitizing chemoresistance cells.  

Conversely, high expression levels of annexin A7 (ANXA7), a calcium ion-

dependent phospholipid-binding protein, were associated with better prognosis 

in BC patients (Huang et al. 2018). Herein, downregulation of ANXA7 in MCF7 

OHT Res (log2 -2.74) and MDA-MB-231 OHT Res (log2 -2.65) was observed, 

implying suppression would be linked to poor prognosis as a result of inducing 

resistance. Similarly, clinical studies have shown that breast cancer patients with 

higher ANXA7 expression level were associated with improved clinical features 

in terms of tumour size and histopathological grading (Huang et al. 2018). The 

similar effect of downregulation of ANXA7 in liver and gastric cancer was noticed 

since it induced HCC metastasis to local lymph nodes and negatively correlated 

with the differentiating grade and apoptosis in gastric cancer type (Jin et al. 2013). 

4.5.7 Cross resistance between two Ralx phenotype acquired resistanc e  

Proteomic analysis of cells that acquired resistance to Ralx was performed to 

further understand of possible commonly ER-independent mechanisms and to 

fully understand the effect of Ralx on two different cell lines. This could introduce 

new combination therapies or prophylactic agents applicable to the majority of 

BC patients regardless of their phenotypes. Three proteins were increased 

(chloride intracellular channel protein 4, pyruvate kinase PKM and transcription 

factor BTF3 homolog 4), and 5 decreased (RNA-binding protein 25, 

serine/threonine-protein phosphatase pp1 beta catalytic subunit, 

tetratricopeptide repeat protein 1 and chromodomain-helicase-DNA-binding 

protein 4) in both Ralx resistant models. 
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Several studies have demonstrated that high glycolysis rate reduce glucose level 

within tumour cells. The excess pyruvate and lactate produced by glycolysis in 

cancer-associated fibroblasts can be delivered to adjacent cancer cells, 

enhancing mitochondrial activity and resulting in cancer cell resistance to many 

clinically used drugs, including tamoxifen, herceptin, doxorubicin in breast cancer 

cells, and gemcitabine resistance in pancreatic cancer cells (Peng et al. 2021). 

Pyruvate kinase (PKM) is a gatekeeper enzyme of pyruvate flux and plays a 

critical role in promoting drug resistance in different cancer types. It was 

increased in both MCF7 Ralx (log2 +2.79) and MDA-MB-231 Ralx (log2 +3.85). 

On the other hand, MCF7 OHT and MDA-MB-231 OHT did not show a change in 

PKM expression. PKM2 has been reported to promote drugs resistance in ER-

positive breast cancer by enhancing aerobic glycolysis (He et al. 2019). 

Furthermore, upregulation of PKM reduced the sensitivity of adriamycin via 

increasing glycolysis in MCF7 and T47D cell lines (He et al. 2019). Similarly, 

overexpression of PKM2 has been associated with drugs resistance in pancreatic 

cancer, osteosarcoma and colorectal cancer (Cheng et al. 2018). Accumulation 

of PKM in the nucleus instead of cytoplasm was a response to high levels of 

nicotinamide phosphoribosyl transferase (NAMPT) which was also significantly 

increased in MDA-MB-231 Ralx Res (log2 +1.97) and enhanced tamoxifen 

resistance in breast cancer cells (Park et al. 2016). 

Oncogenic transcription factor (BTF3) enhances ER-positive breast cancer cells 

�S�U�R�O�L�I�H�U�D�W�L�R�Q�� �D�Q�G�� �P�L�J�U�D�W�L�R�Q�� �W�K�U�R�X�J�K�� �U�H�J�X�O�D�W�H�� �(�5�.�� �H�[�S�U�H�V�V�L�R�Q�� �L�Q�� �O�X�P�L�Q�D�O�� �E�U�H�D�V�W��

cancer cells and in a cohort study (Ding et al. 2019). It was found that BTF3 is 

involved in the interaction between stemness and immunosurveillance of TNBC. 

High expression of BTF3 indicated an increased stem-like signature, proliferation, 
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migration and inhibition of the Interferon signalling pathway in TNBC patients 

which could be associated in resistance mechanism  (Wang et al. 2021). It is 

possible that transcription factor BTF3 homolog 4 (BTF3L4, MCF7 Ralx, log2 

2.56, MDA-MB-231 Ralx log2 3.88) has a similar function. 

Chromodomain-helicase-DNA-binding protein 4 (CHD4) is the largest subunit 

protein of the repressive nucleosome remodelling and deacetylase (NuRD) 

complex and is involved in the regulation of cell cycle and DNA repair. It is 

downregulated in MCF7 Ralx Res (log2 -2.01) and MDA-MB-231 Ralx Res (log2 

-1.70) (also in MCF7 OHT Res, log2 -6.56). CHD4 can be a double edge sword 

since decreased CHD4 expression could either promote resistance or sensitivity 

to therapeutic agents such cisplatin, poly-ADP-ribose polymerase (ARP) inhibitor, 

or trastuzumab via different molecular pathways according to the type of BC 

(Novillo et al. 2021). 

Collectively, the proteomics data from different breast cancer resistant models, 

identified many proteins changed in expression, covering a number of basic 

pathways and functions, and provided a better understanding of the complex 

molecular mechanisms underpinning resistance. To confirm their importance, it 

is necessary to verify select proteins representative of the different models. 

4.5.8 Targets for validation  

Sorcin was one of the significantly up-regulated protein identified in both MCF7 

OHT Res and MCF7 Ralx Res (log2 +4.11 and log2 +2.35 respectively). It is 

expressed in many cancers cell types such as breast, lung, colorectal, ovarian, 

and gastric cancers. It has been reported to contribute to numerous physiological 

functions such as cell cycle regulation and apoptosis and is consequently 

considered as an oncoprotein (Colotti et al. 2014). Overexpression of sorcin is 
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associated with cancer malignancy and tumourigenesis and implicated in cancer 

resistance by inactivating caspase-3 and caspase-12 in apoptosis. It has a 

significant role in the regulation of calcium homeostasis by increasing the 

concentration of calcium in endoplasmic reticulum, inhibiting stress and inducing 

resistance to apoptosis. It has also been reported that sorcin prevented entry of 

chemotherapeutics, such as doxorubicin, vincristine, cisplatin, 5-fluorouracil and 

taxol, into cells by increasing multi-drug resistance protein (MDR1, also known 

as ATP-dependent translocase ABCB1 or P-glycoprotein 1) expression (Hu et al. 

2014; Genovese et al. 2017; Genovese et al. 2018). Therefore, sorcin has a 

pivotal role in shifting cell survival over cell death and promoting resistance 

mechanisms (Genovese et al. 2018; Shabnam et al. 2018).  

The MAPK pathway was identified in both phenotypes as significantly changed 

in raloxifene resistance. GRB2 is considered an important adapter protein 

connecting growth factor receptors in the ERK2/MAPK cascade with downstream 

Ras pathways. Once GRB2 attaches to a growth factor-activated receptors (like 

EGFR), their two SH3 domains recruit Son of sevenless homolog 1 (SOS) which 

in turn attaches to RAS and activates MAPK pathway inducing further cellular 

growth (Morlacchi et al. 2014; Muhammad et al. 2017). Hence, this cascade 

pathway could provide a new candidate target for raloxifene resistance. GRB2, 

was increased in expression in both Ralx resistant cell lines, however ERK2 

showed different results between resistant cell lines. Consequently, both will be 

analysed further by western blotting. Transcription factor AP-1 is triggered as a 

result of Redox or MAPK pathway activation and has previously been linked to 

tamoxifen resistance in MCF7. C-Jun, as a representative component of AP-1, 

was upregulated in MDA-MB-231 OHT Res which warrants further analysis. 
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4.6 Conclusion  

The development of novel hormone therapy resistant cell lines has provided an 

excellent model to investigate the molecular mechanism of SERMs. The use of 

low passage (a reference for SILAC incorporation) and high passage (a reference 

for resistance) controls was a unique strategy for exploration of resistance-

specific proteins changes and understanding of the underlying molecular 

mechanisms. From this strategy, eight SILAC experiments were generated that 

enabled comparison of each resistant cell line (MCF7 OHT Res, MCF7 Ralx Res, 

MDA-MB-231 OHT Res, MDA-MB-231 Ral Res) with the relevant matched LP 

and HP controls, to identify commonly detected proteins and stratify them based 

on significantly increased or decreased expression.  

Proteomic analysis revealed 2247 and 2880 total proteins in MCF7 OHT Res and 

MCF7 Ralx Res whilst 3471 and 3495 total proteins were identified in MDA-MB-

231 OHT Res and MDA-MB-231 Ralx Res, respectively. Cluster analysis refined 

the proteomes to specific groups related to those that are increased (NNU) and 

those that were decreased (NND) only in the resistant cells. Bioinformatics data 

analysis of these sub-groups specifically identified mechanisms that were 

common or unique to SERM treatment or cell line phenotype (luminal A vs TNBC) 

to identify the molecular pathways and novel targets for SERM resistance 

treatment. Sorcin and 14-3-3 protein family were uniquely up regulated in both 

MCF7 resistant cell lines and have been strongly associated with drug resistance 

in various cancer types. Of these, sorcin represents a novel target for verification 

by western blotting. STRING identified frequently re-occurring pathways including 

apoptosis, cytoskeleton and redox cell homeostasis. Several components of the 

MAPK-signalling cascade were consistently found to be upregulated in resistant 
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cell lines. These included MEK1 and GRB2 in MCF7 Ralx Res and SHC1, ERK2, 

and GRB2 in MDA-B-231 Ralx Res. From the overall analysis, GRB2 and ERK2 

will be analysed further by western blotting. In the case of MDA-MB-231 models, 

cytoskeleton homeostasis was shown to be altered in both resistant cell lines, 

and in particular fascin and CCN1 were upregulated indicating a possible 

connection with invasiveness and cell motility. C-Jun was elevated in MDA-MB-

231 OHT Res with possible involvement in both oxidative stress and cytoskeleton 

changes and therefore will be subject to analysis by western blotting in the 

resistant cell lines and their respective controls. 
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�������:�H�V�W�H�U�Q���E�O�R�W�W�L�Q�J���Y�H�U�L�I�L�F�D�W�L�R�Q���V�W�X�G�L�H�V 

5.1 Introduction  

Proteomics analysis of hormone-resistant breast cancer cell lines identified 

several proteins that warrant further investigation using orthogonal analytical 

approaches. Many targeted analytical approaches such as Western blot (WB), 

immunofluorescence (IF) or immunohistochemistry (IHC) are often used to 

corroborate results for specific proteins of interest (Osborne and Schiff 2011). 

Western blot is a powerful technique used to separate proteins based on 

molecular weights through gel electrophoresis, which are then transferred to a 

membrane such as nitrocellulose or PVDF, specific antibodies bound to targets, 

and then visualised using secondary antibody-linked enzymes (Mahmood and 

Yang 2012). From the SILAC-based proteomic approach, distinct proteins 

increased in expression in each resistant cell line were selected for analysis using 

WB. This is an important step on the biomarker/target discovery roadmap prior to 

large-scale clinical validation studies.  

Western blotting is an established analytical technique and very applicable in 

biological research as it is sensitive and specific and uses an antibody to detect 

the target protein of interest in a complex sample without the need for enrichment. 

Further, it can be applied in most laboratories which employ protein 

electrophoresis. In contrast, the LCMS method used for proteomic analysis 

quantified and identified thousands of proteins in an unbiased manner, but 

required fractionation, sophisticated MS instruments and specialist knowledge  

(Ghosh et al. 2014). 

Four proteins were selected for Western blot analysis based on rigor of the 

proteomics data (Chapter 4), previous resistance research and/or novelty of 
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function. Each represented specific functional properties that can provide further 

understanding of the newly generated cell lines and the underlying mechanisms 

of breast cancer resistance. All were detected with a high confidence level in the 

proteomics identification based on Mascot score, number of PSMs and number 

of unique peptides (Table 5.1).  

Table 5.1: Proteomic data for proteins selected for further validation based on profile 
across the resistant cell lines 

 

Accession 
code  

Target  #PSM Unique 
peptide  

Mascot  MW 
kDa 

Resistant Cell 
line(s)  

Log2   

P30626 
 

Sorcin 7 
35 
22 
26 

4 
9 
8 
7 

115 
678 
421 
561 

21.7 
 
 

MCF7 OHT 
MCF7 Ralx 

MDA-MB-231 OHT 
MDA-MB-231 Ralx 

+4.12 
+2.35 
-3.81 
-1.52 

 
P62993 

 
GRB2 10 

5 
24 
28 

6 
5 
7 
8 

93 
109 
295 
327 

25.2 MCF7 OHT 
MCF7 Ralx 

MDA-MB-231 OHT 
MDA-MB-231 Ralx 

 

+1.48 
+2.22 
+1.00 
+1.83 

 
P28482 

 
ERK2 4 

8 
41 
51 

2 
2 
7 
6 

104 
113 
424 
694 

41.4 MCF7 OHT 
MCF7 Ralx 

MDA-MB-231 OHT 
MDA-MB-231 Ralx 

 

-1.96 
-0.32 
+1.97 
+4.17 

 
P05412 c-Jun  9 

11 
6 
5 

3 
3 
3 
3 

215 
205 
121 
247 

35.7 
 

MCF7 OHT 
MCF7 Ralx 

MDA-MB-231 OHT 
MDA-MB-231 Ralx 

 

-0.24 
+0.14 
+2.59 
+0.35 

 
P60709 ��-Actin 875  

995 
1591 
1915 

 
 

10 
10 
11 
12 

17352 
20990 
28118 
35255 

 
 
 

41.7 MCF7 OHT 
MCF7 Ralx 

MDA-MB-231 OHT 
MDA-MB-231 Ralx 

 

-1.51 
-0.16 
+1.08 
+0.70 
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5.1.1 Sorcin  

Sorcin, also known (v19 or cp-22) is a soluble resistance associated protein, part 

of the penta-EF-hand (PEF) protein family, initially identified in vincristine-

resistant Chinese hamster ovary cell line CHRC5 in 1986 (Van der Bliek et al. 

1986; Zhou et al. 2019a). Sorcin is distributed in many normal human tissues, 

including lung, brain, heart, skeletal muscle and liver, and has been associated 

with gastric, colorectal, lung and breast cancers, but reduced in bladder cancer 

and renal cell carcinoma (Zhou et al. 2019b). Also, it is widely overexpressed in 

tumour-resistant cells and its localization is dynamically changed within the cell, 

translocating between cytoplasm, endoplasmic reticulum, mitochondria, nuclear 

membrane and microtubules (Lalioti et al. 2014).  

Sorcin has a major role in calcium regulation, since it can bind directly to Ca++ or 

regulate calcium channels and exchangers which are located at the plasma 

membrane or at the endoplasmic reticulum, thus preventing its stress. In addition, 

sorcin can inhibit ryanodine receptors and activates sarcoendoplasmic reticulum 

calcium transport ATPase SERCA enabling regulation of the calcium levels in ER 

vesicles (Colotti et al. 2014). More recently, an increasing number of studies have 

demonstrated that sorcin is involved in non-cancerous diseases such as diabetes 

mellitus (Groebe et al. 2018), �$�O�]�K�H�L�P�H�U�¶�V���G�L�V�H�D�V�H��(Del Prete et al. 2014) and in 

proliferation of foot-and-mouth disease virus (Li et al. 2013). 

Sorcin is associated with tumour proliferation and migration and exerts its 

functions through regulation of stemness, cancer microenvironment and drug 

resistance (Zhang et al. 2021). It was shown to be upregulated in gastric cancer 

(SGC7901 cells) compared to normal cells (GES-1) (Deng et al. 2010). It was 

also reported to be highly expressed in HCT116 colorectal cells and exerting a 
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role in cell migration and epithelial-mesenchymal transition (EMT) via activation 

of PI3K/Akt/mTOR pathway (Tong et al. 2015).  

In terms of drug resistance, sorcin expression has been correlated with tumour 

necrosis factor receptor-associated protein 1 (TRAP1) in multidrug resistance 

(MDR) in colorectal cancer cells. Also, downregulation of sorcin inhibited the 

growth and metastasis of breast cancer cells, obstructed angiogenesis and re-

sensitized the cells to chemotherapeutics agents (Landriscina et al. 2010; Zhou 

et al. 2019b). Several studies demonstrated that sorcin promoted the expression 

of MDR1/P-gp in breast cancer resistance to paclitaxel and doxorubicin by 

activating the cAMP response element (Genovese et al. 2017; Battista et al. 

2020). Moreover, sorcin mRNA level showed a positive correlation with 

resistance to methotrexate (Dabaghi et al. 2016), and overexpression by gene 

transcription demonstrated sorcin had a high correlation with resistance to 

vincristine, taxol, and 5-fluorouracil in breast, gastric, leukaemia and ovarian 

cancers (Qi et al. 2006; Battista et al. 2020). 

Zhang et al characterized sorcin expression across 33 cancer types determined 

from genomic alterations in the Cancer Genome Atlas (TCGA) pan-cancer 

datasets across 10,953 patients using the cBioPortal data base and also studied 

the effect of sorcin on drug sensitivity using the CellMiner including NCI-60 

compound activity data and the RNA-seq expression profiles. This showed that 

sorcin was upregulated in 25 tumour types compared with normal tissues. Most 

frequently sorcin gene amplification had a negative correlation with drug 

sensitivity of fluorouracil, paclitaxel, docetaxel, and isotretinoin suggesting a role 

in tumourigenesis and drug resistance. The study concluded that sorcin may 

cause paclitaxel resistance in breast cancer and might be dependent on the 
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presence of estrogen receptors (Zhang et al. 2021). Additionally, high expression 

of sorcin was observed in serum samples of breast cancer subjects with various 

stages of disease (Gong et al. 2014). Expression levels were subsequently 

compared with the outcome of paclitaxel/epirubicin neoadjuvant chemotherapy 

(NAC) using 2D gel electrophoresis, MALDI-TOF-MS/MS mass spectrometer 

analysis of blood samples prior and after treatment. The results revealed that 

sorcin was upregulated in 6/29 NAC-sensitive patients whereas it was 

upregulated in 15/21 patients that developed multidrug resistance (p<0.01) (Gong 

et al. 2014). 

Sorcin has not previously been associated with tamoxifen resistance. The data 

acquired from proteomics analysis in this study (Section 4.5.8) indicated that 

sorcin not only increased in MCF7 OHT, but also in MCF7 Ralx resistance, 

providing an opportunity to investigate a protein shared in the resistance 

mechanism. Collectively, all the evidence serves to illustrate that sorcin may 

serve as a potential marker for several malignancies, and over expression is 

strongly linked to resistance to a number of cancer treatments, making it a 

suitable candidate for further study.  

5.1.2 Growth factor receptor -bound protein 2  

Growth factor receptor-bound protein 2 (GRB2) is an adaptor protein, initially 

discovered to be involved in cell growth, cell proliferation, apoptosis and 

migration, and several studies have demonstrated that GRB2 was involved in 

multiple tumour malignancies. GRB2 has a ubiquitous structure consisting of a 

Src homology 2 (SH2) domain flanked by two Src homology 3 (SH3) domains 

and is located at the interface between cell-surface activated receptors and 

downstream target pathways (Ijaz et al. 2018)  
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GRB2 can be a valuable therapeutic target for pathological disorders such as the 

spread of solid tumours through local invasion or metastasis, as described 

previously (Section 4.5.4.2.3.). Increased keratinocyte growth factor (KGF) signal 

transduction upregulated GRB2 expression which in turn activated ERK1 and 

ERK2, and induced breast cancer cell motility in MCF7 (Giubellino et al. 2008). 

In addition, GRB2 has been overexpressed in parallel with Son of sevenless 

protein 1 (Sos1) in bladder cancer cells presenting a key mechanism of 

oncogenesis since no EGFR overexpression nor Ras mutations were reported  

(Watanabe et al. 2000). Moreover, direct and indirect interactions of GRB2 with 

particular molecules such as focal adhesion kinase (FAK), magicin (mediator of 

RNA polymerase II transcription subunit 28) and caldesmon were involved in 

motility and cytoskeleton remodelling in cancer invasion and metastasis cascade 

(Giubellino et al. 2008). 

Upon activation of cell membranous receptor, GRB2 facilitates cell division and 

proliferation in many signal transduction routes including the mitogen-activated 

protein kinase (MAPK) cascade, PI3K/AKT and JAK/STAT pathways (Yin et al. 

2013). Previous studies have reported that this adapter protein is abnormally 

expressed and involved in numerous types of malignant tumours, including 

glioma, leukaemia and melanoma, as well as ovarian, breast, lung cancers and 

colorectal carcinoma (Giubellino et al. 2008). Further, the presence of human 

GRB2 gene at chromosome 17(q22) is an important feature of its central 

involvement in leukaemias and solid tumours (Ijaz et al. 2018). Hence, silencing 

of GRB2 expression reduces tumour cell growth indicating it could be a good 

target for cancer therapy. 
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As a therapeutic target, development of drugs has focused on blocking or 

targeting GRB2-SH3 domains to inhibit the downstream pathways and prevent 

tumour growth. Recent reports have described that anti-HER2 medicines, such 

as trastuzumab and lapatinib, could treat selective metastatic breast cancer 

cases by compromising the activity of GRB2 gene (Park et al. 2015). 

In the proteomics study presented here (Sections 4.5.2.2.3 and 4.5.4.2.3), GRB2 

was overexpressed in both MCF7 Ralx Res (log2 +2.22) and MDA-MB-231 Ralx 

Res (log2 +1.80) sub cell lines and seemed to be linked to changes observed in 

the downstream MAPK pathway, but it may also represent a novel target for 

investigation in tamoxifen resistance. As MAPK1/ERK2 proteomics results 

appeared ambiguous, a second proteins associated in the same activation 

pathway may provide insights into the role of the MAPK pathway in these novel 

resistant cell lines.  

5.1.3 Mitogen -activated protein kinase 1  

Mitogen-activated protein kinase 1 (also known as MAPK1, ERK2, ERT1) was 

selected as it is a key component of the MAPK signalling pathway. Previously it 

has been shown to be overexpressed in colon, prostate, bladder, ovarian and 

breast cancer (Haagenson and Wu 2010), and in ER positive tamoxifen 

resistance-type BC (Ma et al. 2015).  

The Ras/Raf/MAPK signalling pathway is abnormally activated in ER-positive 

tumours to support survival and proliferation (McGlynn et al. 2009). With 

increased activation of ERK2, AP-�����H�Q�K�D�Q�F�H�V���W�K�H���W�U�D�Q�V�F�U�L�S�W�L�R�Q�D�O���D�F�W�L�Y�L�W�\���R�I���(�5�.��

�D�Q�G�� �L�Q�F�U�H�D�V�H�G�� �(�5�.�� �V�H�Q�V�L�W�L�Y�L�W�\�� �W�R�� �H�V�W�U�R�J�H�Q�� �Z�K�L�F�K�� �L�Q�� �W�X�U�Q�� �G�L�P�L�Q�L�V�K�H�G�� �W�K�H�� �W�R�[�L�F��

effects of tamoxifen and contributed to resistance mechanism (McGlynn et al. 

2009). 
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Also, activated ERK2 can phosphorylate S118, located in the AF1 domain of �(�5�. 

and trigger the ligand-�L�Q�G�H�S�H�Q�G�H�Q�W�� �D�F�W�L�Y�D�W�L�R�Q�� �R�I�� �(�5�.�� �D�V�� �D�� �W�U�D�Q�V�F�U�L�S�W�L�R�Q�� �I�D�F�W�R�U����

Growth factors and their intracellular signalling pathways can stimulate ER 

activity in the absence of ligand or �³�O�L�J�D�Q�G-�L�Q�G�H�S�H�Q�G�H�Q�W�´���D�F�W�L�Y�D�W�L�R�Q���� �,�W���K�D�V���E�H�H�Q��

proposed that this phenomenon is associated with the overexpression of EGFR 

and human epidermal growth factor receptor-2 (HER2) and is particularly 

mediated by MAPK signalling pathway (Kolch 2000; Vafeiadou et al. 2022b). A 

clinical study reported a high correlation between antihormonal drug resistance 

and over expression of ERK2 activity which was linked to shortened disease-free 

survival in breast patients (Gee et al. 2001). Furthermore, changes in several key 

regulatory components of ERK2 activation (e.g., erbB, insulin-like growth factor 

receptor, protein kinase C) were frequently observed to be associated with 

hormone therapy resistance in clinical breast cancer (Gee et al. 2001). 

In TNBC patients, on the other hand, high levels of EGFR induce the activation 

of the MAPK signal-transduction pathway, in turn stimulating the proliferation of 

tumour cells through hormone-independent pathway (Jiang et al. 2020). In a 

clinical study of 120 paired tumour and paracancerous tissues from TNBC 

patients, examined by immunohistochemistry for ERK2 and EGFR expression, 

both proteins were found to be significantly higher in the former. The positive 

expression rates of both proteins had a higher correlation with lymph node 

metastasis, advanced disease stage, tumour recurrence and metastasis, lower 

survival times and overall poorer prognosis than those with symptoms of early 

disease (Jiang et al. 2020). An independent study also found that high ERK2 

levels in TNBC patients were correlated with a lower overall survival (OS) rate 
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and high pERK2 expression levels were associated with a higher relapse-free 

survival (RFS) rate (Bartholomeusz et al. 2012) 

The proteomics data acquired in this study indicated ERK2 appeared 

unexpectedly to be decreased in MCF7 OHT Res (log2 -1.96), contrary to 

previous findings, and therefore warrants further clarification. On the other hand, 

ERK2 was increased in MDA-MB-231 Ralx Res (log2 +4.17), in line with GRB2 

expression and consequently additional investigation may provide evidence of 

the role of the MAPK pathway in ER-independent resistance. 

5.1.4 C-Jun  

C-Jun is a member of the leucine zipper protein family of transcription factors that 

homo- or heterodimerizes with c-Fos or other zipper proteins to form transcription 

factor activator protein 1 (AP-1). Transforming oncoproteins and stress signals, 

such as growth factors, UV irradiation and hypoxia can stimulate phosphorylation 

of c-Jun and activate the AP-1 transcription dependent cascade (Migliorini et al. 

2011). C-Jun was originally discovered as a viral oncoprotein but has been shown 

to be overexpressed in many human cancers (Lopez-Bergami et al. 2010). 

C-Jun indirectly promotes tumourigenesis as it is located towards the final stage 

of the MAPK signalling cascade, which also comprises other crucial oncogenes, 

receptor tyrosine kinases, Ras and Raf. On the other hand, AP-1 transcription 

factor family members also interact with many major cell regulatory proteins such 

as cyclin D1 and CD44 (Brennan et al. 2020). C-Jun has been reported to be 

highly expressed in lung and colorectal cancer tissues compared to normal non-

cancerous samples. Clinical studies indicated that c-Jun was highly expressed in 

invasive breast cancer patients and was strongly associated with aggressive, 

invasive and metastatic breast cancer types (Vleugel et al. 2006). 



 
 
 

236 
 

Hence, its overexpression in MCF7 cell line resulted in increased migration and 

tumourigenic properties. Furthermore, c-Jun was also found to be highly 

expressed in TNBC cells (Lukey et al. 2016).   

C-Jun was overexpressed in patients treated with tamoxifen but have then 

relapsed due to drug-resistance and emergence of aggressive tumour growth. 

Moreover, c-Jun correlation with drug resistance was determined in etoposide 

resistant human leukaemia cell line which exhibited higher cJun/cFos levels 

compared to a drug sensitive control (Brennan et al. 2020).  

c-Jun is one of the important transcription factors that is involved in breast cancer 

resistance. Its overexpression is associated with aggressive and metastatic 

behaviour and it is considered as a complementary step following the activation 

of the MAPK cascade. AP-1 early response transcription factor holds a central 

�U�R�O�H���L�Q���%�&���S�U�R�O�L�I�H�U�D�W�L�R�Q���D�Q�G���F�U�R�V�V�W�D�O�N���Z�L�W�K���(�5�.���Z�D�V���I�R�X�Q�G���W�R���E�H���D���S�L�Y�R�W�D�O���I�D�F�W�R�U���L�Q��

disease progression (Zhou et al. 2007). C-Jun has previously been linked with 

breast cancer resistance and is considered a complementary part of the MAPK 

pathway which was significantly changed in the proteomics data of all the 

resistant cell lines. As a consequence, it was selected for analysis by WB as a 

representative part of the AP-1 transcription factor complex.   

5.1.5 �� -Actin  

��-Actin was included as a housekeeping control, which exhibited no significant 

change in expression in any of the resistant cell lines from SILAC proteomics 

analysis.  
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5.2 Hypothesis and objective  

The hypothesis for the proposed study is that the analysis of the four targets using 

an orthogonal method will: (a) provide independent verification of the proteomics 

results, (b) provide further insights into the mechanism of resistance in each cell 

line and for each drug, and (c) provide evidence for their selection for further 

investigation.  

 

5.3 Materials and Methods uti lised  

5.3.1  Cell lines (see Chapter 2.7.) 

5.3.2  Protein extraction and preparation (see Chapter 2.11.) 

5.3.3  Western blotting (see Chapter 2.16.) 
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5.4 Results  

5.4.1 Optimization of WB protocols  

WB protocols were evaluated to optimise assay performance for four antibodies, 

including selection of dilution of the primary and secondary antibodies and the 

amount of protein sample applied to the gel (10-30µg). From this, protocols were 

successfully designed for GRB2, ERK1 and c-Jun based on identification of the 

optimum primary antibody dilution. Sorcin from different suppliers was obtained, 

for optimisation experiments. Preliminary WB assays for detection of sorcin using 

dilutions from 1:1000 to 1:100 on varying amounts of total protein extract (10-

30µg) from MDA-MB-231 wild type and mouse liver as a tissue control, along with 

�E-actin as a WB method control, were performed. Detection of sorcin was 

unsuccessful for PA5-64975 and WH0006717M1 antibodies (data not shown), 

but effective for ab71983 antibody at 1:100 dilution using 20µg of protein applied 

to the gel.   

5.4.2 Western blot analysis of sorcin in breast cancer cell lines  

Sorcin exhibited two bands, a dominant one at 22 kDa and a much weaker band 

at 18 kDa molecular weight. The 22 and 18 kDa bands were more intense in both 

MCF7 OHT Res and MCF7 Ralx res cell lines compared to the LP and HP 

controls. In the case of MDA-MB-231, both Res cell lines showed an increase in 

the 22kDa compared to the controls, with no band at 18 kDa in any of the samples 

(Figure 5.1).  
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Figure 5.1 : Western blot analysis of sorcin. a: WB results for Sorcin and ß-actin in 
controls cell lines and resistant sublines. (n=2), b: Bar graph comparisons between WB 
results (normalised relative only to �E-actin in the absence of sorcin bands in the MCF7 
low passage control).  

 

 

5.4.3 Western blot analysis of GRB2 in breast cancer cell lines  

Western blot analysis of GRB2 showed a single band at 22 kDa molecular weight, 

which was more intense in MCF7 Ralx Res, compared to MCF7 LP and HP, 

whereas MCF7 OHT Res appeared less intense than the MCF7 HP control, 

however after normalisation against �E-actin, generated analogous results to the 

Ralx Res cell line. In the case of MDA-MB-231, both Ralx Res and OHT Res cell 

lines exhibited an intense band at 22 kDa compared to their LP and HP controls 

(Figure 5.2).  

a b 
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Figure 5.2: W estern Blot analysis  of GRB2 . a:  WB results for GRB2 and ß-actin in 
controls cell lines and resistant sublines. (n=2), b: Bar graph comparisons between WB 
results normalised relative to �E-actin and the respective LP band.  

 

5.4.4 Western blot analysis of MAPK1 in bre ast cancer cell lines  

MAPK1 (ERK2) exhibited a clear band at 44 kDa molecular weight and was more 

intense in MCF7 Ralx Res and MDA-MB-231 Ralx Res compared to their 

respective LP and HP controls. However, only faint bands were observed in 

MCF7 OHT and MDA-MB-231 OHT resistance (Figure 5.3). Unexpectedly, bands 

were more intense in the LP controls compared to their respective HP controls 

and the OHT Res cell line though this effect was reduced after normalisation. 

 

a 
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Figure 5.3: W estern Blot analysis  of ERK2/MAPK1. a: WB results for MAPK1 and ß-
actin in controls cell lines and resistant sublines. (n=2), b: Bar graph comparisons 
between WB results normalised relative to �E-actin and the respective LP band. 

 

 

 

5.4.5 Western blot analysis of C -Jun  in breast cancer cell lines  

C-Jun western blot analysis showed a single specific band at 36 kDa molecular 

weight in all samples. MDA-MB-231 Ral Res exhibited an intense band compared 

to the LP and HP controls. Strong bands were also observed in both MCF7 OHT 

Res and MCF7 Ralx Res compared to their LP and HP controls. No difference in 

band intensity in MDA-MB-231 OHT Res was observed compared to the HP 

control after normalisation, indicating expression had not changed (Figure 5.4).  
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Figure 5.4 : Western Blot analysis  of C-Jun  a: WB results for C-Jun and ß-actin in 
controls cell lines and resistant sublines. (n=2), b: Bar graph comparisons between WB 
results normalised relative to beta-actin and the respective LP band. 

 

5.5 Discussion  

WB was used to determine whether four target proteins identified by proteomics 

displayed similar changes in expression through progression of resistance 

compared to passage controls. 

5.5.1 Sorcin  

A similar up-regulation of sorcin in SILAC analysis and WB was determined in 

MCF7 OHT and Ralx resistant cell lines. However, one limitation of the proteomic 

analysis was the inability to differentiate between sorcin isoforms to confirm 

whether the 22 or 18kD or both contributed to the SILAC ratios. Overall, the 

results for the MCF7 resistance models showed good consistency with prior 

studies, but the results for MDA-MB-231 were ambiguous and require further 

investigation by an independent approach such as immunohistochemistry or 

polymerase chain reaction at the transcriptional level. To date, there have been 

a b 



 
 
 

243 
 

no published studies reporting sorcin involvement in SERM resistance, therefore, 

further verification studies would be invaluable.  

Previous findings indicate the different isoforms could be expressed in different 

subcellular localisations - 22 kDa isoform in the cytosol and the 18 kDa protein in 

mitochondria (Landriscina et al. 2010; Mao et al. 2020). The main role of the 22 

kDa isoform is to regulate calcium levels inside the endoplasmic reticulum. If 

there is an imbalance in calcium, which can be caused by tamoxifen, the 

endoplasmic reticulum becomes stressed leading to apoptosis (Bekele et al. 

2016). Depletion of 22kDa sorcin was accompanied by mitochondrial membrane 

hyperpolarization which in turn reduced the mitochondrial calcium concentration 

and also induced apoptosis. The 18-kDa variant, although appearing at much 

lower levels than the larger form in the breast cancer cell lines, is regulated by 

tumour necrosis factor receptor-associated protein 1 (TRAP1) and also acts as 

mitochondrial anti-apoptotic protein (Landriscina et al. 2010). Furthermore, 

colorectal cancer cells were found to increase sorcin expression and accumulate 

Ca2+ in the endoplasmic reticulum which in turn prevented stress and apoptosis 

(Maddalena et al. 2011).  

Overall, evidence suggests that overexpression of sorcin would prevent apoptotic 

events enabling prolonged cell survival as would be expected during resistance 

to hormone therapy. This was consistent for the Luminal resistance models, but 

verification of the increased levels in TNBC cell types would help to determine if 

sorcin is contributing to an ER independent mechanism of resistance. 

5.5.2 GRB2 

The GRB2 WB results revealed a good correlation with the proteomics data, with 

the most intense bands in both Ralx Res cell lines relative to controls. The SILAC 
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results for GRB2 in MCF7 OHT (log2 +1.48) and MDA-MB-231 OHT (log2 +1.00) 

was increased but did not register as significantly changed and therefore not 

present in the NNU clusters, while the WB results exhibited an increase in both 

OHT resistant lines compared to the HP controls. 

Overexpression of GRB2 in breast cancer is associated with shortened disease-

free survival in breast patients. Also, its overexpression is associated with 

metastasis in breast and oesophageal carcinoma. Direct targeting of GRB2 in 

breast cancer cells using interference RNA, miR-411-5p, reduced the ability of 

GRB2 to bind with Son of sevenless proteins (SOS), thus suppressing the activity 

of Ras, which in turn reduced ERK activity and diminished proliferation and 

metastasis (Zhang et al. 2016b). 

An independent clinical study used miR-27b targeting GRB2 to re-sensitize 

chemoresistance breast cells by suppressing both PI3K/Akt and MAPK/Erk 

signalling pathways and was considered to be a promising biomarker (Chen et 

al. 2018b). Further, miR-378a-3p has also been reported to enhance the 

sensitivity of ovarian cancer cells to cisplatin by targeting ERK2 and GRB2 (Xu 

et al. 2018).  

In summary, a good correlation between SILAC and WB results was observed 

for GRB2 supporting the role of the MAPK pathway in promoting cell proliferation 

in all the resistant cell lines, and again suggesting a contribution to a non-ER 

survival mechanism.  

5.5.3 ERK2/MAPK1 

WB analysis of ERK2/MAPK1 also confirmed the proteomics results showing an 

increase in MCF7 Ralx Res and MDA-MB- 231 Ralx Res compared to controls 
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and OHT resistant cell lines. However, a significant band in the MCF7 LP control 

lessens the interpretation of the MCF7 OHT Res and MCF7 Ralx Res results, 

and also in the case of the former cell line, prevented corroboration of the 

unexpected decrease observed in the proteomics data. Further investigation is 

required, including differentiation of phosphorylated and unphosphorylated 

ERK2, which was not possible using the proteomics strategy employed in this 

study. Assessing the activation state of ERK2/MAPK1 by determining the level of 

phosphorylation may infer the level of the kinase activity and help understand 

changes in expression that were counter to published findings.  

5.5.4 C-Jun  

C-Jun is a key oncogenic transcriptional factor in cancer progression. Although 

proteomics data did not show a significant increase in expression in MCF7 OHT 

Res, MCF7 Ralx Res or MDA-MB-231 Ralx Res, WB demonstrated high intense 

bands in those cell lines compared to the passage controls. Interestingly, MDA-

MB-231 OHT Res showed a significant increase in the SILAC data, but little 

change in the WB.  

Previously, a high c-Jun mRNA level has been associated with shorter disease-

free survival of patients with TNBC and therefore linked to TNBC tumourigenesis 

(Xie et al. 2017). Overall, the results obtained in this study and by other groups 

indicate c-Jun overexpression causes reduced sensitivity to tamoxifen in ER-

positive breast cancer cells (He et al. 2018), therefore more extensive 

investigation of c-Jun is required. 
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5.5.5 Summary  

The application of WB analysis to selected targets has provided valuable data to 

support the proteomics findings. There were some inconsistences in expression, 

for example proteomic analysis was not detected changes in ERK2 in MCF7 Ralx 

Res while WB showed higher expression, despite replicate analyses to improve 

scientific rigor. The inherent differences (Table 5.2) in the two approaches may 

be the cause of these variances and indicate the need for additional independent 

assays to verify the findings, particularly as the aim is to advance the candidates 

as biomarkers of resistance or targets for re-sensitising resistant cells to 

therapeutic intervention. 

 

Table 5.2:  Comparison between proteomic analysis and WB properties arising from 
this study. 

 

 

 

 

 

 

 

 

 

 

 

 

Proteomics  WB 

 
Detect of multiple peptides  

for each protein based on LC 
MS 

 
Thousands of proteins 

detection 
 

Isoform and PTMs difficult to 
specify 

 
More accurate as multiple 
SILAC ratios contribute to 

quantification 
 

Samples mixed with controls 
prior to analysis 

 
Statistical processing applied 

to total detected proteome  
 

Detect protein based on relative 
MW separation 

Specific for unique protein 
                                          

Visualisation of different 
isoforms based on size. 

 
Normalization to housekeeping 

protein required 
 

Controls separate from sample  
 

Posttranslational modification 
protein isoform available 

 
Calculations performed 

manually for each protein 
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5.6 Conclusion  

Four proteins were selected from proteomic analysis of in-house endocrine 

therapy resistant-cell lines for verification studies. All the targets had the potential 

for development as biomarkers or treatment of resistant breast cancer. Analysis 

of sorcin and GRB2 showed the best correlation between the datasets, whereas 

C-Jun exhibited the weakest reproducibility. Furthermore, the combined results 

for the MAPK kinase pathway including GRB2, MAPK1 and C-Jun showed 

strongest agreement with other researchers. Consequently, sorcin and GRB2 

provided the more reliable data, but in all cases, further investigation of the 

targets in the four resistant models will support greater insights into their roles in 

the underlying specific or generic resistance mechanisms.    
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�������*�H�Q�H�U�D�O���G�L�V�F�X�V�V�L�R�Q���D�Q�G���)�X�W�X�U�H���Z�R�U�N 

6.1 General Discussion  

Breast cancer is the second highest cause of cancer death among women, with 

an estimated 2.3 million new cases presenting 11.7% of total cases and 6.9% 

cancer deaths of women worldwide (Sung et al. 2021). Although there are diverse 

therapies available, the development of drug resistance, which accounts 40% in 

ER-positive patients, is a major factor limiting successful treatment (Gao et al. 

2014). The pathological biomarkers or mediators associated with BC treatments 

are ER, PR and HER2 receptors. These biomarkers are critically important in 

treatment strategy of BC, since lack of expression, as in TNBC, make them 

insensitive to endocrine therapy and HER2 treatment. Interestingly, ER and 

HER2 are predictive markers for the effectiveness of anti-estrogen treatments, 

however it has also been observed that patients with a higher ER expression did 

not exhibit an improved benefit from anti-estrogen therapy over those with a lower 

expression (Freelander et al. 2021).  

Clinical research studies have discovered several biomarkers that were 

increased in tamoxifen resistance, which were identified through assessment of 

clinical outcome criteria, including overall survival (OS), poor distant metastasis 

free survival (DMFS) and disease-free survival (DFS). Examples of these 

biomarkers include Cyclin A2 (CCNA2) (Gao et al. 2014a), transcription factor of 

embryonic stem cells (POU domain, class 5, transcription factor 1, POU5F1, also 

known as Oct4) and ALDH1 expression (Gwak et al. 2017), ribonucleotide 

reductase subunit M2 (RRM2) (Putluri et al. 2014), LEM domain-containing 

protein 4-like (LEM4) (Gao et al. 2018) and EGFR/HER2 expression (Massarweh 

et al. 2008) have all been reported to mediate tamoxifen resistance in ER-positive 

breast cancer. Furthermore, patients who were ER-positive and overexpressed 
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p-mTOR and p-ERK1/2 did not benefit from tamoxifen treatment (Beelen et al. 

2014). 

Several effective targeted therapies have been used in breast cancer through 

blocking critical molecular pathways induced in cancer resistance. A previous 

clinical study indicated the beneficial effect of EGFR inhibitors neratinib which 

induced apoptotic cell death of Tam resistant cells (Plaza-Menacho et al. 2010). 

Also, a new therapy has been established which include mTOR inhibitors and 

CDK4/6 inhibitors in combination with endocrine therapies to overcome the 

endocrine therapy resistance. Despite their role in governing the resistance to 

tamoxifen several limitations have been observed including their substantial cost 

and grade III/IV neutropenia as a side effect in more than 50% cases (Presti and 

Quaquarini 2019).  

Hence, the present study employed a unique strategy to identify novel molecular 

mechanisms and targets responsible for mediating endocrine therapy resistance, 

by (A) creating novel phenotypic resistant cell lines to OHT and raloxifene along 

with the standard MCF7 OHT Res, and (B) creating low and high passage 

controls of each resistant cell lines for complete proteomic profiling. 

When starting this project, with the limited availability of clinical specimens of 

tamoxifen resistance, we rationalised that making use of immortalised cell lines 

would be the best model to understand cancer mechanisms, and to find methods 

for intervention through the development of anti-cancer agents and markers of 

disease progression (Guan et al. 2020). Resistance to targeted anticancer agents 

has proven to be complex, not limited to a single pathway, since compensatory 

survival mechanisms are activated by cancer cells. Hence, inhibiting specific 
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single target results in poor clinical effect in counteracting resistance to 

established treatments (Yao et al. 2020b). 

Two different distinct phenotypes MCF7 (Luminal A) and MDA-MB-231 

(TNBC/Claudin-low) were used to establish resistance models with two endocrine 

therapies so that common mechanisms might be identified for a more effective 

treatment to neutralise resistance or biomarkers for predicting cancer cell survival 

mechanisms might be discovered.  

The main reason for tamoxifen treatment in ER-positive breast cancers is due to 

its anti-estrogenic activity via the ER-dependent pathway, initiated by forming a 

Tam-ER complex which inhibits the binding of estrogen to the ER receptor. 

However, strong evidence of multicellular, non-ER related functions of tamoxifen, 

not only in breast cancer but other cancers such as hepatocellular carcinoma and 

lung cancer, have been reported (Elba et al. 1994; Perez et al. 2003). The results 

presented in this project strongly support a non-ER targeted mechanism based 

on a similar cytotoxic effect in ER-positive cell line (MCF7, T474) as well as ER-

negative (MDA-MB-231, MDA-MB-468, MDA-MB-453, BT-20) and normal-like 

(MCF-10A) cell lines. Further, the three SERM drugs (Tam, OHT, Ralx) showed 

a good correlation between cell survival and dose exposure which indicated that 

the cytotoxic effects were dose dependent. 

Four resistant sublines MCF7 OHT Res, MCF7 Ralx Res, MDA-MB-231 OHT 

Res and MDA-MB-231 Ralx Res were generated in vitro by gradually increasing 

of OHT and Ralx exposure. Generating resistant cell lines was not a simple 

process. In the literature, different protocols have been used to generate 

tamoxifen resistant cell lines, with many factors varied and potentially playing a 

role in developing resistance. There are no comprehensive optimised protocols 
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to create resistance cell lines since the length of time to establish resistance 

varied dependent on the dose regimen and the culturing conditions used. 

Previous reports describe 6-12 months to achieve Tam resistance (Zhou et al. 

2012), with the approach taken here taking 10 month which is consistent with 

these established studies.  

Also, the cell lines established in this project were clinically relevant as the fold 

change compared to wild-type reflected no more than the 5-fold change observed 

in the clinic (McDermott et al. 2014b). Studies exhibiting an extreme change such 

as, 40-fold (Clynes et al. 1992), 94-fold and 1152-fold (Shen et al. 1995), describe 

non-clinically relevant models as they used toxic drug doses, inducing different 

mechanisms of resistance.  

MCF7 OHT Res cells exhibited, as anticipated, a reduction in ER�D expression by 

immunofluorescence technique but the protein was not detected in the 

proteomics data. CD44 expression showed an increase in proteomic data 

analysis in MCF7 OHT Res while immunofluorescence revealed diffuse 

cytoplasmic staining but confirmed a change in expression and supported the 

creation of MCF7 resistant cell lines. 

Proteomic analysis provided network-level insights into the molecular alterations 

associated with the SERM resistant phenotypes, as part of the strategy to identify 

novel proteins involved with the resistance mechanism. Proteins derived from the 

four sub cell lines exhibited common functionalities and pathways associated with 

cancer resistance (Figure 6.1). 
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                         Figure 6.1 : Pathways and proteins identified from proteomic analysis.
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The anti-apoptotic pathway, redox homeostasis and MAPK kinase pathway were 

commonly identified in all the resistant cell lines although seemingly mediated by 

different proteins. These proteins, whether identified in TNBC resistance sub cell 

lines or in the MCF7 Ralx line, provided the potential for new prospective 

treatments through unique or common mediators compared to MCF7 OHT Res. 

Four proteins (sorcin, GRB2, ERK2 and c-Jun) identified from the proteomics 

data that provided valuable insights into possible resistance mechanisms were 

studied by Western blotting. Comparison proteomics and western blot results of 

individual resistance models was not completely aligned, particularly for c-Jun, 

for reasons that remain unclear. Nevertheless, results for sorcin and GRB2 were 

generally encouraging across the resistant models, both warranting further 

functional investigation, particularly their roles in the MAPK signalling pathway, 

and therefore also their importance in ERK2 expression.   

The results obtained from this study added a new insight and value to sorcin in 

endocrine resistant mechanisms, since it was increased in both SILAC and WB 

analysis of luminal resistant cell lines. Sorcin has been reported to be associated 

in cell survival, inhibition of apoptosis and inactivating P53, which was also 

reduced in MCF7 Ralx Res (Shabnam et al. 2018).  

Interestingly, the MAPK signalling cascade was identified in both novel 

phenotypic Ralx resistant cell lines. Since GRB2, MEK1 and ERK2 were 

increased in MCF7 Ralx and GRB2, ERK2, SHC-transforming protein 1 were 

increased in MDA-MB-231 Ralx Res, this finding added a new insight into a 

common mechanism involved in cancer growth and resistance development. 

To emphasise the substance of this finding, sorcin overexpression was recently 

shown to be associated with several molecular mechanisms that promote cell 
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growth and induce cancer resistance. Of particular relevance is the ability of 

sorcin to exert oncogenic activity in the regulation of the MAPK signalling pathway 

(Figure 6.2) (Battista et al. 2020).  

 

Figure 6.2:  Sorcin multiple functions in cancer. Adapted from Shabnam et al (Shabnam 
et al. 2018).  

  

The results of this project revealed the upregulation of ERK2 and sorcin in both 

MCF7 Ralx and MDA-MB-231 Ralx, indicating that ERK2 may be part of a 

downstream pathway activated by sorcin overexpression.  

It is well established that activation of MAPK signalling cascade promotes cell 

proliferation. ERK2 is considered druggable and its inhibition could be used to 

prevent the development of resistance caused by reactivation of the MAPK 

pathway. Clinical trials with the ERK2 inhibitor GDC-0994 for advanced or 

metastatic solid tumour patients and Ulixertinib are currently being explored in 

clinical trials alone or in combination with other agents such as MEK inhibitors  

(Scheiblecker et al. 2020). Also, many Raf kinase inhibitors have been FDA 
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approved as therapeutic agents that block the MAPK pathway however, they may 

not be effective due to acquired resistance by reactivation of the MAPK pathway 

as a negative feedback mechanism (Scheiblecker et al. 2020). Therefore, a 

combination of direct inhibition of ERK2 with raloxifene as a prophylactic strategy 

for both luminal A breast cancer and TNBC which could delay the development 

of resistance, would be interesting to investigate in the future (Figure 6.3). 

A combination of FDA approved CDK4/6 and MAPK inhibitors with letrazole or 

fulvestrant in breast cancer treatment of postmenopausal metastatic breast 

cancer patients has been registered to be used in the clinic (Cristofanilli et al. 

2016; Scheiblecker et al. 2020). This treatment regimen has the ability to block 

ERK2 and activation of AP-1 with the extra benefit of reducing the activities of 

other proto-oncogenic members of the AP-1 complex (Du et al. 2020; 

Scheiblecker et al. 2020). Hence, using CDK4/6 or ERK2 inhibitors with raloxifene 

as a prophylactic agent could also be an interesting approach to prevent 

resistance development irrespective of breast cancer phenotype (Figure 6.3).  
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Figure 6. 3: Possible combination therapies to prevent resistance development.  

 

Interestingly, the redox homeostasis pathway also revealed changes in the 

resistant cell lines. One of the most important redox mediators that plays a role 

in regulation of cancer growth, is the thioredoxin (TXR) / thioredoxin reductase 

(TXNRD1) system, which showed increased levels in MCF7 Ralx Res and MDA-

MB-231 OHT Res cell lines. Previous in vivo studies provided evidence that TRX 

and thioredoxin reductase 1 (TXNRD1) have a high correlation with cancer 

proliferative capacity, apoptotic resistance and poor clinical outcomes in gastric 

(Grogan et al. 2000), lung (Ceccarelli et al. 2008), and colorectal cancer (Raffel 

et al. 2003). Importantly, the overexpression levels of TXN and TXNRD1 were 

associated with distant metastases and cell invasion in breast cancer and have 
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also been reported in TNBC (Bhatia et al. 2016; Liu et al. 2018). A study that 

demonstrated targeting TXNRD1 using auranofin or other TXN system inhibitors 

provided a promising strategy for treating metastasis of TNBC (Liu et al. 2018). 

Hence, this indicates a potential novel approach by targeting the TXN system 

with inhibitors in combination with a SERM as a prophylactic strategy to 

resistance. Many unique proteins were also revealed as novel targets in each 

specific resistant cell line, such as AHNAK2 in MCF7 OHT Res, tumour protein 

D52 in MCF7 Ral Res, and CCN1 and BAP31 in both MDA-MB-231 Res and 

would be interesting targets for validation in future studies. 

Overall, it has been demonstrated here that the multi-SILAC proteomic approach 

using uniquely generated cell lines has provided a highly controlled and 

rationalised strategy for studying breast cancer endocrine-therapy resistance. 

Using these cell models, it was possible to confirm known resistance mechanisms 

for tamoxifen, but more importantly, to identify new targets, commonly and 

uniquely affected, in a phenotype-specific or ubiquitous, and drug-specific or 

generic SERM induced manner. 

To conclude, the results herein have shown many common and unique 

mechanisms and pathways between these two phenotypic resistant cell lines 

acquired to two SERMs, which indicated that protein expression changes 

following 10 months exposure to SERM were specifically occurring due to 

resistance rather than other factors such as stress or SILAC effect. This supports 

our hypothesis that the biological rigor applied to developing resistant cell lines 

with appropriate controls, in combination with a proteomics strategy designed to 

reduce experimental variation, provided an improved understanding of SERM 

resistance in breast cancer. 
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Furthermore, WB findings provided some support in the verification of the targets 

selected from SILAC analysis as overexpressed in the resistant cells. 

Inconsistencies between these two methods reduced confidence in the viability 

of some targets (MAPK1/ERK2 and c-Jun) and hence the test of the hypothesis 

was not fully met, and further analyses will be required to validate these targets.  

6.2 Future work  

Tamoxifen is the mainstay therapy in ER-positive breast cancer patients and has 

also been shown to be promising in a small cohort of ER-negative patients. 

Raloxifene has a crucial role in breast cancer prevention and therefore long-term 

administration may be implicated with resistance mechanisms. Resistance limits 

efficacy of these therapies, indicating the importance of combating this problem 

in the fight against breast cancer. This study has provided insights into 

approaches to overcome endocrine therapy resistance through the discovery of 

new candidate biomarkers. In order to validate these markers and gain further 

understanding of the resistance mechanisms, the unique biological tools created 

here, could be used for a number of studies. Also, to gain confidence in some of 

the observations, additional controls and adjustment of methodologies should be 

investigated. 

6.2.1 Cell  assay controls  

A positive control, such as a non-hormonal, cytotoxic, clinically used drugs, e.g., 

doxorubicin, 5-fluorouracil or benzethonium chloride, where cells are expected to 

die at low doses, would provide valuable evidence for the variation of cytotoxic 

effect across phenotypically different cell lines and better characterize drug-

induced effects (Hultsch et al. 2018; Cipriani et al. 2022). Also, further 

characterisation of DMSO as a negative control would be useful. Although no 
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toxic effect was observed for the vehicle control (DMSO) and the SERM IC50 

values were calculated using dilutions that were in a range of low toxicity of the 

vehicle, a further quantification model that normalizes for the effects of 

background noise from vehicle would be invaluable. This would be performed by 

incorporating each corresponding concentration of the vehicle into each assay, 

to control for inter-experimental variations.   

6.2.2 Cell line characterization  

Characterization of the cell lines by using additional assays for the comparison of 

resistant cell lines properties to respective parental cell lines is recommended.  

Investigation of the proliferative behaviour during colony formation (Chang et al. 

2020), migration properties and invasiveness (Li et al. 2020), and structure in 3D 

tumour spheroids (Mukhopadhyay et al. 2019) would provide additional evidence 

of the resistant lines having changed compared to the high passage parental 

cells. Previously, wound healing and transwell cell migration/invasion assays 

have been used to assess and demonstrate the occurrence of EMT in resistant 

cells and would serve to confirm the novelty of the new lines created in this project 

(Mao et al 2021). Furthermore, viability of the resistant cells to freezing and 

thawing, and long-term stability in the presence or absence of the respective 

SERM is essential to determine their suitability for extended resistance studies, 

discovery of new therapeutics and distribution to collaborators.   

Some of the proteomics data indicated that the process of EMT was induced 

during resistance development. Increased expression of EFHD2, AHNAK, 

PSPC1 and sorcin, could be complemented immunoassay (IF or Western 

blotting) for established EMT markers such as Zinc finger proteins SNAI1 (SNAIL) 
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and SNAI2 (SLUG) (Jiang et al. 2014b), Zinc finger E-box-binding homeobox 1 

(ZEB1) (Zhang et al. 2018) and N-cadherin (CDH2) (Wang et al. 2019b).  

Tamoxifen was reported to induce apoptosis in parental MCF7 cells compared to 

the resistance line (Wang et al. 2019b). Since proteomics data supported the up-

regulation of the anti-apoptotic pathway as evidenced by distinct proteins in each 

resistant cell line, it would be useful to check the suppression of apoptosis using 

DNA fragmentation or flow cytometric analysis (Chung et al. 2002). 

Cross-resistance between the resistant cell lines would be tested, in which IC50 

of OHT and Ralx for the Ralx Res and OHT Res cell lines, respectively, would be 

determined. This could provide important evidence of the clinical relevance of 

using Ralx for patients who have become resistant to Tam.  

6.2.3 Exploration  of  resistance  mechanisms  in  the resistant  cell  lines  grown  
as multicell  tumour  spheroids  (MCTS) 

 
In addition to the project described in this thesis, monolayer cultures have been 

comprehensively used to create resistant cell lines and investigate resistance 

mechanisms. However, resistance arises in solid tumours which comprises a 

complex three-dimensional structure, multiple cell types and a heterogeneous 

micro-environment (Reidy et al. 2021; Hong and Song 2022). MCTS have proven 

a valuable, scalable model for in vitro characterisation of the tumour micro-

environment. The methods for creating MCF7 and MDA-MB-231 MCTS have 

been established in the Sutton lab (Ghasaq Kashtl thesis). Microdissection of 

HT29 colorectal carcinoma MCTS into functionally separate layers (proliferating, 

hypoxic and necrotic), which were investigated using an iTRAQ proteomic 

strategy, provided evidence of extensive changes in chaperone profile (including 

HSP90 alpha and beta, 14-3-3 isoforms), glycolysis and oxidative 
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phosphorylation across the different regions and demonstrated that some cells 

were phenotypically modified to survive in the harsh, nutrient-deficient core 

(McMahon 2012).  

Creating a resistant breast cancer MCTS would be challenging due to the uneven 

exposure of SERMs to all the cells in the spheroid as they grow. Nevertheless, 

having already produced resistant cell lines as monolayers, growing them as 

MCTS, in parallel to the parental cell lines, would provide additional 

understanding of the resistance mechanisms. The proteomic profiles of the 

MCTS proliferating, hypoxic and necrotic layers from parental and resistant cell 

lines could be compared to verify the anti-apoptotic and redox homeostasis 

mechanisms that were identified from 2D models. In addition, specific targets 

such as sorcin, GRB2, HER2, EGFR, ER, CD44, carbonic anhydrase IX (hypoxia 

marker), LC3 (autophagy marker) can be analysed by IHC to determine 

distribution in different MCTS regions. Overall, the aim would be to compare 

parental and resistant cell lines in different micro-environments and in particular 

survival mechanisms of SERM resistance and necrosis-induced autophagy for 

common and unique functionalities, and whether there is an ER-independent 

SERM resistance or a generic survival mechanism. 

6.2.4 Further  studies  on the candidate  targets   

ERK2, GRB2, c-Jun and sorcin expression changes determined by proteomic 

analysis and WB analysis should be investigated at the genetic level by RT-PCR 

analysis, whilst also checking for PTMs such as phosphorylation that may 

indicate the activity status of these proteins. Further, knockdown/transfection 

studies in WT and resistance cells for these target proteins would provide variants 

that can be to assess for their role in the resistance mechanism and possible re-
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sensitizing of the cell to SERM exposure. For example, using sorcin-targeting 

small interfering RNA on the luminal resistance cell lines, should lead to increase 

sensitivity to the respective SERM (cytotoxicity using MTT or colony formation 

assays) corroborating the role of sorcin in the resistance mechanism.  

6.2.5 Additional biomarkers  acquired from proteomic studies that would 
afford investigation of combination therapies  
 

Additional biomarkers derived from proteomic data including TXNRD, 14-3-3 

family and PDIs proteins were investigated to be increased in breast cancer 

resistance and several inhibitors for these proteins have been studied (in vitro 

and in vivo) as part of a treatment strategy in breast cancer. These targets can 

be investigated by WB or IF to observe correlations with proteomics data.  

In particular, measuring thioredoxin reductase activity would provide information 

on changes in redox potential in wild type and resistance cell lines, which could 

then be applied to xenograft models. 

Further, this study provides a rationale to investigate resistant breast cancer with 

therapeutics for non-ER targets such as ERK2/Raf/CDK4/6 inhibitors, on their 

own or a combination with OHT or Ralx. These experiments would provide an 

understanding of whether resistant lines can be re-sensitised to OHT or Ralx. 

6.2.6 Established tamoxifen resistance b iomarkers not tested in this study 

that require investigation.  

Ligand-�L�Q�G�H�S�H�Q�G�H�Q�W���D�F�W�L�Y�D�W�L�R�Q���R�I���(�5�.���Z�D�V���U�H�S�R�U�W�H�G���W�R���W�U�L�J�J�H�U���W�K�H���0�$�3�.���F�D�V�F�D�G�H����

through EGFR and was reported to be an important biomarker involved in ER- 

independent pathway of tamoxifen resistance (Vafeiadou et al. 2022a). EGFR 

also play an important role in TNBC progression (Ferraro Daniela et al. 2013). 



 
 
 

263 
 

Therefore, investigation of changes in EGFR would be invaluable to confirm OHT 

resistance.  

Many studies have prompted an investigation of the relationship between 

tamoxifen and ER-��. Transfection MCF7 Tam Res cell line with an ER-����

expression was thought to sensitize MCF7 Tam Res cells to the growth inhibitory 

and pro-apoptotic effects of Tam�����W�K�H�U�H�E�\���L�Q�G�L�F�D�W�L�Q�J���W�K�D�W���(�5�����R�Y�H�U�H�[�S�U�H�V�V�L�R�Q���Z�D�V��

linked to restoring Tam sensitivity (Pitta et al. 2013; Zhou and Liu 2020). 

Interestingly, �(�5���� �L�V�� �F�R�Q�V�L�G�H�U�H�G�� �D�Q�� �L�Q�G�H�S�H�Q�G�H�Q�W�� �P�D�U�N�H�U�� �I�R�U�� �S�U�R�J�Q�R�V�L�V�� �D�I�W�H�U��

�W�D�P�R�[�L�I�H�Q�� �W�U�H�D�W�P�H�Q�W�� �L�Q�� �(�5�.-negative breast cancer patients, this was clinically 

important in the United States since approximately there are �ý10,000 women are 

�G�L�D�J�Q�R�V�H�G���D�Q�Q�X�D�O�O�\���Z�L�W�K���(�5�.-�Q�H�J�D�W�L�Y�H���(�5��-positive breast carcinoma and may 

benefit from adjuvant tamoxifen (Gruvberger-Saal et al. 2007). IF results in this 

�V�W�X�G�\���Z�H�U�H���U�H�V�W�U�L�F�W�H�G���W�R���(�5�.�����W�K�H�U�H�I�R�U�H�����(�5����expression would be invaluable to 

provide supporting evidence in resistance mechanism.   

6.2.7 Further investigation of SERM resistance  

A series of unique cell lines have been created from the project. Not only the Ralx 

resistant MCF7 and OHT and Ralx resistant MDA-MB-231 lines, but a series of 

high passage controls. There is considerable interest in finding new treatments 

for resistant breast cancer, consequently cell lines will be used to develop 

collaborations with other to researchers in the field, providing access to new drug 

candidates or access to techniques currently not available in the Sutton lab, such 

as RNA sequencing (to complement the proteomics results) or animal models 

(knockdown mice for functional analysis of targets).  
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In the long term, if one or more of the candidate targets should prove to be specific 

for resistance, then a novel therapeutic strategy to combat breast cancer or a 

novel diagnostic assay could be developed. 
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�'�µ���v�U�� �Y�X�U�� �^�}�v�P�U�� �y�X�U�� �•�Z���v�P�U�� �•�X�U�� �•�Z���v�P�U�� �z�X�U�� ���Z���v�U�� �z�X�� ���v���� �>�]�U�� �:�X�� �~�î�ì�î�ì�•�� �/�����v�š�]�(�]�����š�]�}�v�� �}�(�� �d���u�}�Æ�]�(���v�r
�Z���•�]�•�š���v�š�����Œ�����•�š�������v�����Œ�������o�o���>�]�v���•�����v�������Œ�µ�P���Z���•�‰�}�v�•�����^�]�P�v���š�µ�Œ���X���&�Œ�}�v�š�]���Œ�•���]�v���D�}�o�����µ�o���Œ��
���]�}�•���]���v�����•���ó�U���ï�ï�ì�X 

�'�µ���Œ�Œ���u�U���D�X�U���:�]���v�P�U���•�X���•�X�U���z�}�µ�•���(�U�����X�����X�U���,���u���]�U�����X���D�X�U���,���•�•���v�U���,�X���D�X�U���z�µ���v�U���•�X���Y�X�U���>�µ�}�U���,�X���t�X�U���•�Z�µ�U��
�y�X�����v�����•�Z���v�P�U���>�X���z�X���~�î�ì�í�ñ�•���d�Z�����‰�}�š���v�š�]���o���µ�š�]�o�]�š�Ç���}�(���������š�Ç�o�š���v�•�Z�]�v�}�v�����/�/�����]�v���š�Z�����š�Œ�����š�u���v�š��
�}�(�� �,���Z�î�r�}�À���Œ���Æ�‰�Œ���•�•������ ���Œ�����•�š�� �����v�����Œ�W�� �/�v���µ���š�]�}�v�� �}�(�� �����v�����Œ�� �����o�o�� �������š�Z�� ���Ç�� �š���Œ�P���š�]�v�P��
���‰�}�‰�š�}�š�]�������v�����u���š�����}�o�]�����•�]�P�v���o�]�v�P���‰���š�Z�Á���Ç�•�X���K�v���}�š���Œ�P���š���ò���~�î�ò�•�U���î�í�ô�ò�ñ�r�ó�ó�X 

�'�µ�v���Ç�� ���•�l�]�o���Œ�U�� �'�X�U�� ���������v���Œ�U�� �'�X�U�� �d�µ�v�����U�� ���X�� ���v���� ���P���o�]�U�� �h�X�� �~�î�ì�í�ò�•�� ���v�� �]�v�� �À�]�š�Œ�}�� �u�}�����o�� �(�}�Œ�� �š�Z����
�����À���o�}�‰�u���v�š���}�(�������‹�µ�]�Œ�������š���u�}�Æ�]�(���v���Œ���•�]�•�š���v�����X�������o�o�����]�}�o�}�P�Ç�����v�����d�}�Æ�]���}�o�}�P�Ç���ï�î���~�ò�•�U���ñ�ò�ï�r
�ñ�ô�í�X 

�'�µ�‰�š���U�����X�U���E�]�P���u�U���^�X�U�����À���•�š�Z�]�U���/�X�U���^�Z���Œ�u���U�����X�U�����š�����‹�U�����X�����v�����s���Œ�u���U���^�X���~�î�ì�í�õ�•�������•�‰���•���r�ï���u�����]���š������
�‰�Œ�}�P�Œ���u�u�����������o�o���������š�Z�����Ç�������P�}�o���r�•�š�����]�o�]�•�������‰���‰�š�]�����������Œ�����v���X�����]�}�}�Œ�P���D���������Z���u���>���š�š���î�õ��
�~�î�í�•�U���í�î�ò�ò�ó�î�X 

�,�����P���v�•�}�v�U�� �<�X�� �<�X�� ���v���� �t�µ�U�� �'�X�� �^�X�� �~�î�ì�í�ì�•�� �D�]�š�}�P���v�� �����š�]�À���š������ �‰�Œ�}�š���]�v�� �l�]�v���•���� �‰�Z�}�•�‰�Z���š���•���•�� ���v����
�����v�����Œ�X�������v�����Œ�����]�}�o���d�Z���Œ���õ���~�ñ�•�U���ï�ï�ó�r�ð�ì�X 

�,���u�u�}�v���U���D�X�����X���,�X�U���,���Ç���•�U�����X���&�X�U�����}�Á�•���š�š�U���D�X�U�����o�o�Œ�����U�����X�����X�U���,���P���Œ�š�Ç�U���<�X���>�X�U���������À���U���^�X�U���&�]�š�Ì�P�]�����}�v�•�U��
�W�X���>�X�U���&�Œ���v���]�•�U���'�X�U���'�}�o���•�š���]�v�U���E�X���^�X�U���,���Ç���•�U���D�X�U���,�]���l�•�U�����X���'�X�U���>���•�š���Œ�U���^�X�U���>�}�À���U���Z�X�U���D���v�P�µ�U���W�X�����X�U��
�D���^�Z���v���U�� �>�X�U���D�]�o�o���Œ�U�� �<�X�U�� �K�•���}�Œ�v���U�� ���X�� �<�X�U�� �W���]�l�U�� �^�X�U�� �W���Œ�o�u�µ�š�š���Œ�U�� �:�X�U�� �Z�Z�}�����•�U�� ���X�U�� �^���•���v�}�U�� �,�X�U��
�^���Z�Á���Œ�š�Ì�U�� �:�X�� �E�X�U�� �^�Á�����‰�U�� �&�X�� ���X�� �'�X�U�� �d���µ�����U�� �^�X�U�� �d�}�Œ�o���l�}�À�]���U�� ���X�� ���X�U�� �s���o���v�•�š���]�v�U�� �W�X�U�� �s�]���o���U�� �'�X�U��
�s�]�•�•���Z���Œ�U�����X�U���t�Z�����o���Œ�U���d�X�U���t�]�o�o�]���u�•�U���Z�X�����X�U���t�]�š�š�o�]�(�(�U���:�X���>�X�����v�����t�}�o�(�(�U�����X�����X���~�î�ì�í�ì�•�����u���Œ�]�����v��
�^�}���]���š�Ç�� �}�(�� ���o�]�v�]�����o�� �K�v���}�o�}�P�Ç�l���}�o�o���P���� �}�(�� ���u���Œ�]�����v�� �W���š�Z�}�o�}�P�]�•�š�•�� �P�µ�]�����o�]�v����
�Œ�����}�u�u���v�����š�]�}�v�•�� �(�}�Œ�� �]�u�u�µ�v�}�Z�]�•�š�}���Z���u�]�����o�� �š���•�š�]�v�P�� �}�(�� ���•�š�Œ�}�P���v�� ���v���� �‰�Œ�}�P���•�š���Œ�}�v����
�Œ�������‰�š�}�Œ�•�� �]�v�� ���Œ�����•�š�� �����v�����Œ�X�����Œ���Z�]�À���•�� �}�(�� �‰���š�Z�}�o�}�P�Ç���˜�� �o�����}�Œ���š�}�Œ�Ç�� �u�����]���]�v�����í�ï�ð�� �~�ò�•�U�� �õ�ì�ó�r
�õ�î�î�X 

�,���v�U�� �y�X�U�� ���•�o���v�]���v�U�� ���X�� ���v���� �z���š���•�U�� �:�X�� �Z�X�U�� �ï�Œ���� �~�î�ì�ì�ô�•�� �D���•�•�� �•�‰�����š�Œ�}�u���š�Œ�Ç�� �(�}�Œ�� �‰�Œ�}�š���}�u�]���•�X�����µ�Œ�Œ���v�š��
�}�‰�]�v�]�}�v���]�v�����Z���u�]�����o�����]�}�o�}�P�Ç���í�î���~�ñ�•�U���ð�ô�ï�r�ð�õ�ì�X 

�,���•�•���v�U���&�X�U�����o�r�,�]�š�]�U���'�X�����X�U���������r���o�o���š�����(�U���D�X�����v�����z�}�µ�•�]�(�U�����X���~�î�ì�í�ó�•�����Ç�š�}�š�}�Æ�]���]�š�Ç�����v�š�]�����v�����Œ�������š�]�À�]�š�]���•��
�}�(�����v���•�š�Œ�}�Ì�}�o�������P���]�v�•�š�����Œ�����•�š�U���o�]�À���Œ���Z���‰���š�}�����o�o�µ�o���Œ�U�����v�����‰�Œ�}�•�š���š���������v�����Œ�������o�o�•�X���^���µ���]���D������
�:���ï�ô���~�ð�•�U���ï�ñ�õ�r�ï�ò�ñ�X 

�,���•�•���v�U���&�X�U���D�}�Z���u�u�����U���'�X�U�����o�r�,�]�š�]�U���'�X�����X�U�����o�•�Z���v�}�v�U�����X�����v�����z�}�µ�•�]�(�U�����X���~�î�ì�í�ô�•�����Ç�š�}�š�}�Æ�]�������(�(�����š�•���}�(��
�š���u�}�Æ�]�(���v���]�v�����Œ�����•�š�������v�����Œ�������o�o�•�X���:�}�µ�Œ�v���o���}�(���h�v���Æ�‰�o�}�Œ�������D�����]�����o�������š�����ï�U���ï�X 

�,���À�]�o���v���U���:�X���^�X�U���K�Á���v�U���:�X���Z�X�U�������Á���Œ�U���:�X�����X�U�����P�Œ���Á���o�U���Z�X���<�X�U�������Œ�Œ���š�š�U���:�X�U�������Œ�Œ���š�š�r�>�����U���W�X���:�X�U�����}�����•�U���,�X���:�X�U��
�,�}�‰�Á�}�}���U�� �W�X�U�� �>���Á�š�}�v�U���W�X�� ���X�U�� �D���P�����U�� ���X�� �:�X�U�� �D�]�o�o�•�U�� �:�X�U�� �^�]�u�u�}�v�•�U�� �^�X�U�� �^�Ç�����v�Z���u�U�� �D�X�� ���X�U��
�s���v�����o���•�U�� �<�X�U�� ���o�]�•�•�U�� �:�X�� �D�X�� ���v���� �z���Œ�v�}�o���U�� �:�X�� �Z�X�� �~�î�ì�í�ï�•�� �d�Z���� �h�<�� �^�š���v�����Œ���]�•���š�]�}�v�� �}�(�� ���Œ�����•�š��
�Z�����]�}�š�Z���Œ���‰�Ç�� �~�^�d���Z�d�•�� �š�Œ�]���o�•�� �}�(�� �Œ�����]�}�š�Z���Œ���‰�Ç�� �Z�Ç�‰�}�(�Œ�����š�]�}�v���š�]�}�v�� �(�}�Œ�� �š�Œ�����š�u���v�š�� �}�(�� �����Œ�o�Ç��
���Œ�����•�š�� �����v�����Œ�W�� �í�ì�r�Ç�����Œ���(�}�o�o�}�Á�r�µ�‰�� �Œ���•�µ�o�š�•�� �}�(�� �š�Á�}�� �Œ���v���}�u�]�•������ ���}�v�š�Œ�}�o�o������ �š�Œ�]���o�•�X���>���v�����š��
�K�v���}�o���í�ð���~�í�í�•�U���í�ì�ô�ò�r�í�ì�õ�ð�X 

�,���U���,�X�U���^�]�v�Z���U���/�X�U���&���v�U���Z�X�U���,���o���}�•���v�U���>�X�r���X�U���z���v�U���&�X�U���•�Z���}�U�����X�����v���������Z�o�u���v�r�t�Œ�]�P�Z�š�U���<�X���~�î�ì�í�ô�•�����r�:�µ�v�l���W�r
�í�� �}�À���Œ���Æ�‰�Œ���•�•�]�}�v�� �Œ���‰�Œ�}�P�Œ���u�•�� ���Z�r���•�]�P�v���o�]�v�P�� �Œ���o���š������ �š�}�� �š���u�}�Æ�]�(���v�� �Œ���•�‰�}�v�•���� �]�v�� ���Z�r�r
�‰�}�•�]�š�]�À�������Œ�����•�š�������v�����Œ�X���K�v���}�P���v�����ï�ó���~�í�õ�•�U���î�ñ�ô�ò�r�î�ò�ì�ì�X 

�,���U���D�X�U���:�]�v�U���Y�X�U�����Z���v�U�����X�U���>�]�µ�U���z�X�U���z���U���y�X�U���:�]���v�P�U���z�X�U���:�]�U���&�X�U���Y�]���v�U���,�X�U���'���v�U�����X�U���z�µ���U���^�X�U���•�Z�µ�U���t�X�����v�������Z���v�U��
�d�X�� �~�î�ì�í�õ�•�� �d�Z���� �u�]�Z�r�í�ô�ò�r�ï�‰�l���Z���'�� ���Æ�]�•�� �}�Œ���Z���•�š�Œ���š���•�� �š���u�}�Æ�]�(���v�� �Œ���•�]�•�š���v������ ���v���� �����Œ�}���]����
�P�o�Ç���}�o�Ç�•�]�•���]�v�����Œ�����•�š�������v�����Œ�������o�o�•�X���K�v���}�P���v�����ï�ô���~�î�ô�•�U���ñ�ñ�ñ�í�r�ñ�ñ�ò�ñ�X 

�,�����Œ�U�����X�U���,���Œ�‰���Œ�U�����X�U�����•�����v���}�Œ�U���E�X�U���^�µ�v�P�U���,�X�U���D�����}�Œ�u�����l�U���s�X�����v�����&�]���o���Œ�r�����v���}�µ���]���U���D�X���D�X���~�î�ì�î�ì�•��
�'�o�}�����o�� ���µ�Œ�����v�� ���v���� �š�Œ���v���•�� �]�v�� �‰�Œ���u���v�}�‰���µ�•���o�� ���v���� �‰�}�•�š�u���v�}�‰���µ�•���o�� ���Œ�����•�š�� �����v�����Œ�W�� ����
�‰�}�‰�µ�o���š�]�}�v�r�����•�������•�š�µ���Ç�X���d�Z�����>���v�����š���'�o�}�����o���,�����o�š�Z���ô���~�ô�•�U�����í�ì�î�ó�r���í�ì�ï�ó�X 

�,���]�o���š�U���'�X�U�����Œ���v�v���v�U���D�X�����v�����&�Œ���v���Z�U���:�X���~�î�ì�í�õ�•���h�‰�����š�����}�v���š�Z�����u���v���P���u���v�š���}�(�������Œ�o�Ç�r�•�š���P�������Œ�����•�š��
�����v�����Œ�X�����µ�•�š�Œ���o�]���v���:�}�µ�Œ�v���o���(�}�Œ���'���v���Œ���o���W�Œ�����š�]�š�]�}�v���Œ�•���ð�ô�U���ò�ì�ð�r�ò�ì�ô�X 

�,���Œ�Ç�v�l�U���D�X���,�X�����v���� �&�µ�‹�µ���U���^�X�����X���~�î�ì�ì�ð�•�����•�š�Œ�}�P���v���Œ�������‰�š�}�Œ���u�µ�š���š�]�}�v�•���]�v���Z�µ�u���v�����]�•�����•���X�����v���}���Œ��
�Z���À���î�ñ���~�ò�•�U���ô�ò�õ�r�õ�ô�X 
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276 
 

�,�]�P���U�����X�U���d���}�µ�i�]�U���^�X�U���>�Z�}�u�}�v���U���^�X�U���:���v�•���v�U�����X�U���&���Œ�v���v�����Ì�r�•���‰�]���}�U���D�X�����X�U���^�]�u�‰�•�}�v�U���:�X�����X�U���W���•�‹�µ���š�U���:�X�r
�D�X�U�� �^���Z���l�u���v�U�� �Z�X�� ���v���� ���Z���À���š�U�� ���X�� �~�î�ì�í�ð�•�� ���v���}�‰�o���•�u�]���� �Œ���š�]���µ�o�µ�u�� �•�š�Œ���•�•�r�����š�]�À���š������
�š�Œ���v�•���Œ�]�‰�š�]�}�v�� �(�����š�}�Œ�� ���d�&�ò�r�� �Œ���‹�µ�]�Œ���•�� �š�Z���� ���]�•�µ�o�(�]������ �]�•�}�u���Œ���•���� �W���/���ñ�� �š�}�� �u�}���µ�o���š����
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�d�Œ���v�•���µ���š�]�}�v���/�v�•�]�P�Z�š�•���ñ�U���^�d�/�X�^�î�õ�õ�ì�í�X 
�D���}�U�� �:�X�U�� �>�]�v�P�U�� �&�X�U�� �'�]�•�o���]�v���� �W�]�Œ���•�� �^���v���Z���•�U�� �:�X�U�� �z�µ�U�� �y�X�U�� �t���]�U�� �z�X�� ���v���� �•�Z���v�P�U�� �:�X�� �~�î�ì�î�ì�•�� �d�Z���� �‰�}�š���v�š�]���o��

�u�����Z���v�]�•�u���}�(�������š�]�}�v���}�(���^�}�Œ���]�v�����v�����]�š�•���]�v�š���Œ�����š�]�v�P���‰�Œ�}�š���]�v�•�X�����o�]�v�]���������Z�]�u�]�����������š�����ñ�í�ì�U���ó�ð�í�r
�ó�ð�ñ�X 

�D���Œ�]�v�}�U���E�X�U���t�}���]�š�•���Z�l���U���^�X�U���Z�������U���>�X���d�X�U���E���l���Ç���u���U���:�X�U���D���Ç���Œ�U���D�X�U���t���š�Ì���o�U���D�X�����v�����^�š�����P�U���W�X���^�X���~�î�ì�í�ï�•��
���Œ�����•�š�������v�����Œ���u���š���•�š���•�]�•�W���]�•�•�µ���•���(�}�Œ���š�Z�����‰���Œ�•�}�v���o�]�Ì���š�]�}�v���}�(���]�š�•���‰�Œ���À���v�š�]�}�v�����v�����š�Œ�����š�u���v�š�X��
�d�Z�������u���Œ�]�����v���i�}�µ�Œ�v���o���}�(���‰���š�Z�}�o�}�P�Ç���í�ô�ï���~�ð�•�U���í�ì�ô�ð�r�í�ì�õ�ñ�X 

�D���Œ�u�}�š�U�� �D�X�� �'�X�U�� ���o�š�u���v�U�� ���X�� �'�X�U�� �����u���Œ�}�v�U�� ���X�� ���X�U�� �����Á���Œ�U�� �:�X�� ���X�U�� �d�Z�}�u�‰�•�}�v�U�� �^�X�� �'�X�� ���v���� �t�]�o���}�Æ�U�� �D�X��
�~�î�ì�í�ï�•�� �d�Z���� �����v���(�]�š�•�� ���v���� �Z���Œ�u�•�� �}�(�� ���Œ�����•�š�� �����v�����Œ�� �•���Œ�����v�]�v�P�W�� ���v�� �]�v�����‰���v�����v�š�� �Œ���À�]���Á�X��
���Œ�]�š�]�•�Z���i�}�µ�Œ�v���o���}�(�������v�����Œ���í�ì�ô���~�í�í�•�U���î�î�ì�ñ�r�î�î�ð�ì�X 

�D���Œ�š�]�v���Ì�r�K�µ�š�•���Z�}�}�Œ�v�U�� �h�X�� ���X�U�� �W���]�Œ�]�•�r�W���P� �•�U���D�X�U���W���•�š���o�o�U���Z�X�� �'�X�U�� �^�}�š�P�]���U�� �&�X�� ���v���� �>�]�•���v�š�]�U�� �D�X�� �W�X�� �~�î�ì�í�ó�•��
�����v�����Œ���u���š�����}�o�]�•�u�W�������š�Z���Œ���‰���µ�š�]�����‰���Œ�•�‰�����š�]�À���X���E���š���Z���À�����o�]�v���K�v���}�o���í�ð���~�í�•�U���í�í�r�ï�í�X 

�D���Œ�š�]�v�l�}�À�]���Z�U�� �^�X�U�� �^�Z���Z�U�� ���X�U�� �W�o���v���Ç�U�� �^�X�� �>�X�� ���v���� ���Œ�v�}�š�š�U�� �:�X�� ���X�� �~�î�ì�í�ð�•�� �^���o�����š�]�À���� ���•�š�Œ�}�P���v�� �Œ�������‰�š�}�Œ��
�u�}���µ�o���š�}�Œ�•�W���š�]�•�•�µ�����•�‰�����]�(�]���]�š�Ç�����v�������o�]�v�]�����o���µ�š�]�o�]�š�Ç�X�����o�]�v���/�v�š���Œ�À�����P�]�v�P���õ�U���í�ð�ï�ó�r�ñ�î�X 
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�D���•�}�}���U�� �E�X�U�� ���µ�����Ç�U�� �s�X�� ���v���� �>�µ�‹�u���v�U�� �^�X�� �~�î�ì�î�ì�•�� �����š�]�À���š�]�}�v�� �}�(�� �����•�‰���•���r�ï�� ���Ç�� �d���Œ�‰���v�}�]���•�� ���v����
�&�o���À�}�v�}�]���•���]�v�����]�(�(���Œ���v�š���d�Ç�‰���•���}�(�������v�����Œ�������o�o�•�X�����µ�Œ�Œ���d�}�‰���D���������Z���u���î�ì���~�î�í�•�U���í�ô�ó�ò�r�í�ô�ô�ó�X 

�D���•�•���Œ�Á���Z�U�� �^�X�U�� �K�•���}�Œ�v���U�� ���X�� �<�X�U�� ���Œ���]�P�Z�š�}�v�U�� ���X�� �:�X�U�� �Y�]�v�U�� �>�X�U�� �d�•�]�u���o�Ì�}�v�U�� ���X�U�� �,�µ���v�P�U�� �^�X�U�� �t���]�•�•�U�� �,�X�U��
�Z�]�u���Á�]�U�� �D�X�� ���v���� �^���Z�]�(�(�U�� �Z�X�� �~�î�ì�ì�ô�•�� �d���u�}�Æ�]�(���v�� �Œ���•�]�•�š���v������ �]�v�� ���Œ�����•�š�� �š�µ�u�}�Œ�•�� �]�•�� ���Œ�]�À���v�� ���Ç��
�P�Œ�}�Á�š�Z�� �(�����š�}�Œ���Œ�������‰�š�}�Œ���•�]�P�v���o�]�v�P�� �Á�]�š�Z�� �Œ���‰�Œ���•�•�]�}�v���}�(�� ���o���•�•�]���� ���•�š�Œ�}�P���v���Œ�������‰�š�}�Œ���P���v�}�u�]����
�(�µ�v���š�]�}�v�X�������v�����Œ���Z���•���ò�ô���~�ï�•�U���ô�î�ò�r�ï�ï�X 

�D���š�•���v�U�����X�����X�����v�����E���µ�u���Ç���Œ�U���>�X�����X���~�î�ì�í�ï�•�����Œ�����•�š�������v�����Œ�W�������Œ���À�]���Á���(�}�Œ���š�Z�����P���v���Œ���o���•�µ�Œ�P���}�v�X���:���D����
�^�µ�Œ�P���í�ð�ô���~�í�ì�•�U���õ�ó�í�r�õ�X 

�D���š�š�Z�]���•���v�U�� �Z�X�� �~�î�ì�í�ï�•�� ���o�P�}�Œ�]�š�Z�u�•�� �(�}�Œ�� �����š�������•���r�����‰���v�����v�š�� �^�����Œ���Z�� �}�(�� �D�^�l�D�^�� �����š���X�� �/�v��
�D���š�š�Z�]���•���v�U�� �Z�X�� �~�����]�š�}�Œ�•���D���•�•�� �^�‰�����š�Œ�}�u���š�Œ�Ç�� �����š���� ���v���o�Ç�•�]�•�� �]�v�� �W�Œ�}�š���}�u�]���•�X�������d�}�š�}�Á���U�� �E�:�W��
�,�µ�u���v�����W�Œ���•�•�X���í�í�õ�r�í�ï�ô�X���Z�š�š�‰�•�W�l�l���}�]�X�}�Œ�P�l�í�ì�X�í�ì�ì�ó�l�õ�ó�ô�r�í�r�ò�î�ó�ì�ï�r�ï�õ�î�r�ï�z�ñ�� 

�D���š�š�Z�]���•���v�U���Z�X�����v�������µ�v�l���v���}�Œ�P�U���:�X���~�î�ì�í�ï�•���/�v�š�Œ�}���µ���š�]�}�v���š�}���D���•�•���^�‰�����š�Œ�}�u���š�Œ�Ç�r�����•�������W�Œ�}�š���}�u�]���•�X��
�/�v���D���š�š�Z�]���•���v�U���Z�X���~�����]�š�}�Œ�•���D���•�•���^�‰�����š�Œ�}�u���š�Œ�Ç�������š�������v���o�Ç�•�]�•���]�v���W�Œ�}�š���}�u�]���•�X�������d�}�š�}�Á���U���E�:�W��
�,�µ�u���v�����W�Œ���•�•�X���í�r�ð�ñ�X���Z�š�š�‰�•�W�l�l���}�]�X�}�Œ�P�l�í�ì�X�í�ì�ì�ó�l�õ�ó�ô�r�í�r�ò�î�ó�ì�ï�r�ï�õ�î�r�ï�z�í�� 

�D���µ�P�Z���v�U�� �<�X�� �>�X�U�� �>�µ�š�š���Œ���]���U�� �D�X�� ���X�� ���v���� �,���u�U�� �W�X�� �^�X�� �~�î�ì�í�ì�•�� �d�Œ�����š�u���v�š�� �}�(�� ���Œ�����•�š�� �����v�����Œ�X�����u�� �&���u��
�W�Z�Ç�•�]���]���v���ô�í���~�í�í�•�U���í�ï�ï�õ�r�ð�ò�X 

�D�������Œ�š�� �Z�������U�� ���X�� ���X�U�� �<�µ�š���•�}�À�]���U�� �:�X�� �Z�X�U�� �>���l�Z���v�]�U�� �^�X�� �Z�X�� ���v���� �^�]�u�‰�•�}�v�U�� �W�X�� �d�X�� �~�î�ì�í�ñ�•�� �/�v�À���•�]�À���� �o�}���µ�o���Œ��
�����Œ���]�v�}�u�����}�(���š�Z�������Œ�����•�š�W���u�}�Œ�‰�Z�}�o�}�P�Ç�U�����]�}�u���Œ�l���Œ�•�����v�����–�}�u�]���•�X�����Œ�����•�š�������v�����Œ���Z���•���í�ó���~�í�•�U��
�í�î�X 

�D�������Œ�u�}�š�š�U���D�X�U�����µ�•�š�������U�����X�U�����µ�•�•���Z�}�š�•�U���^�X�U�����Œ�����v�U���>�X�U�����o�Ç�v���•�U���D�X�U���K�–���}�v�}�À���v�U���E�X�����v�����^�š�}�Œ�����o�U�����X��
�~�î�ì�í�ð���•�� �/�v�� �À�]�š�Œ�}�� �����À���o�}�‰�u���v�š�� �}�(�� ���Z���u�}�š�Z���Œ���‰�Ç�� ���v���� �d���Œ�P���š������ �d�Z���Œ���‰�Ç�� ���Œ�µ�P�r�Z���•�]�•�š���v�š��
�����v�����Œ�������o�o���>�]�v���•�W�������W�Œ�����š�]�����o���'�µ�]�������Á�]�š�Z�������•�����^�š�µ���]���•�X���&�Œ�}�v�š�]���Œ�•���]�v���K�v���}�o�}�P�Ç���ð�U���ð�ì�X 

�D�������Œ�u�}�š�š�U���D�X�U�����µ�•�š�������U�����X���:�X�U�����µ�•�•���Z�}�š�•�U���^�X�U�����Œ�����v�U���>�X�U�����Œ�}�Á�v�U���:�X�U�����o�Ç�v���•�U���D�X�U���K�–���}�v�}�À���v�U���E�X�����v����
�^�š�}�Œ�����o�U�����X���~�î�ì�í�ð���•���/�v���À�]�š�Œ�}�������À���o�}�‰�u���v�š���}�(�����Z���u�}�š�Z���Œ���‰�Ç�����v�����d���Œ�P���š�������d�Z���Œ���‰�Ç�����Œ�µ�P�r
�Z���•�]�•�š���v�š�������v�����Œ�������o�o���>�]�v���•�W�������W�Œ�����š�]�����o���'�µ�]�������Á�]�š�Z�������•�����^�š�µ���]���•�X���&�Œ�}�v�š�]���Œ�•���]�v���}�v���}�o�}�P�Ç���ð�U��
�ð�ì�r�ð�ì�X 

�D�����}�v�v���o�o�U�� ���X�� �W�X�� ���v���� �t���Œ�����o�o�U�� �^�X�� ���X�� �~�î�ì�í�ì�•�� �d�Z���� �u�}�o�����µ�o���Œ�� �u�����Z���v�]�•�u�•�� �µ�v�����Œ�o�Ç�]�v�P�� �š�Z����
�‰�Z���Œ�u�����}�o�}�P�]�����o�������š�]�}�v�•���}�(�����Z���u�}���µ�o���š�}�Œ�•�W���]�u�‰�o�]�����š�]�}�v�•���(�}�Œ���v���Á�����Œ�µ�P�����]�•���}�À���Œ�Ç���]�v�����Œ�����•�š��
�����v�����Œ�X�����µ�Œ�Œ���K�‰�]�v���W�Z���Œ�u�����}�o���í�ì���~�ò�•�U���ò�î�ì�r�ô�X 

�D���'�o�Ç�v�v�U���>�X���D�X�U���<�]�Œ�l���P�����Œ���U���d�X�U�������Á���Œ���•�U���:�X�U���d�}�À���Ç�U���^�X�U�������u���Œ�}�v�U�����X�U���d�Á���o�À���•�U�����X�U�������Œ�š�o���š�š�U���:�X���D�X�����v����
���}�}�l���U���d�X���'�X���~�î�ì�ì�õ�•���Z���•�l�Z���(�r�í�l�D���W�<���‰���š�Z�Á���Ç���u�����]���š���•���Œ���•�‰�}�v�•�����š�}���š���u�}�Æ�]�(���v�����µ�š���v�}�š��
���Z���u�}�š�Z���Œ���‰�Ç���]�v�����Œ�����•�š�������v�����Œ���‰���š�]���v�š�•�X�����o�]�v�������v�����Œ���Z���•���í�ñ���~�ð�•�U���í�ð�ô�ó�r�õ�ñ�X 

�D���s���]�P�Z�U�� �d�X���W�X�� ���v���� �<���Œ�]�v�U�� �D�X�� �:�X�� �~�î�ì�í�ó�•�� ���o�]�v�]�����o�� �µ�•���� �}�(�� �š�Z���� �K�v���}�š�Ç�‰���� ���y�� �P���v�}�u�]���� �š���•�š�� �š�}�� �P�µ�]������
�š�Œ�����š�u���v�š���������]�•�]�}�v�•���(�}�Œ���‰���š�]���v�š�•���Á�]�š�Z���]�v�À���•�]�À�������Œ�����•�š�������v�����Œ�X�����Œ�����•�š�������v�����Œ���~���}�À�����D������
�W�Œ���•�•�•���õ�U���ï�õ�ï�r�ð�ì�ì�X 

�D���Z�Œ�������� �W���Ç���v�����Z�U�� �D�X�� �^�X�U�� �����Œ�]�•�� �^�������P�Z�]�U�� �D���Z�Œ�v�}�µ�•�Z�� �����]�v�(���Œ�� �~�î�ì�í�ñ�•�� ���o�]�v�]���}�‰���š�Z�}�o�}�P�Ç�� �&�]�P�µ�Œ���•��
���v�����>�}�v�P�r�š���Œ�u�����(�(�����š�•���}�(���d���u�}�Æ�]�(���v���W�o�µ�•���Z�����]���š�]�}�v���}�v���^�µ�Œ�À�]�À���o���}�(���t�}�u���v���Á�]�š�Z���/�v�À���•�]�À����
���µ���š���o�������Œ���]�v�}�u�������v�����d�Œ�]�‰�o�����E���P���š�]�À�������Œ�����•�š�������v�����Œ�X�����•�]���v���W�������:�������v�����Œ���W�Œ���À�U���~�í�î�•�W�ð�ô�ò�ï�r
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���Z���‰�‰�µ�]�•�U���W�X���K�X�U�������•�š�]�P�o�]�}�v���U���D�X�U���Z���‰�]�š�]�U�����X�����v���� ���}�µ���Z���Œ���Ç�U�����X���~�î�ì�ì�õ�•���,�}�Œ�u�}�v���o���š�Z���Œ���‰�Ç��
�(�}�Œ���}���•�š�Œ�}�P���v���Œ�������‰�š�}�Œ�r�v���P���š�]�À�������Œ�����•�š�������v�����Œ���]�•�����•�•�}���]���š�������Á�]�š�Z���Z�]�P�Z���Œ�����]�•�����•���r�•�‰�����]�(�]����
�u�}�Œ�š���o�]�š�Ç�X�����v�v���K�v���}�o���î�ì���~�ñ�•�U���ô�ñ�ó�r�ò�í�X 

�D�]���Z�U�� �^�X�U�� �����v�l�•�U�� ���X�� ���X���^�X�U�� �������u�•�U�� �D�X�� �<�X�U�� �&�o�}�Œ���v�•�U�� �>�X�U�� �>�µ�l�}�v�P�U�� �<�X�� ���X�� ���v���� �t���•�Z���µ�Œ�v�U�� �D�X�� �W�X�� �~�î�ì�í�ò�•��
�����À���v�����u���v�š�� �}�(�� �u���•�•�� �•�‰�����š�Œ�}�u���š�Œ�Ç�r�����•������ �‰�Œ�}�š���}�u�]���•�� �š�����Z�v�}�o�}�P�]���•�� �š�}�� ���Æ�‰�o�}�Œ���� �š�Œ�]�‰�o����
�v���P���š�]�À�������Œ�����•�š�������v�����Œ�X���D�}�o�����µ�o���Œ�����]�}�^�Ç�•�š���u�•���í�ï���~�í�•�U���ð�î�r�ñ�ñ�X 

�D�]�P�o�]�}�Œ�]�v�]�U�� ���X�U�� ���}�P�����Œ�š�•�U�� �^�X�U�� �����(���À���Œ�U�� ���X�U���s�Ç���•�U�� �Z�X�U�� �����v�����l���Œ�U�� �'�X�U�� �Z���������o�o�]�U�� ���X�U�� �•�Á�}�o�]�v�•�l���U�� ���X�U��
�����‰�����‰���U���s�X�U���,�}���Z���‰�]�����U���d�X�U���^�l���Œ�v���•�U���t�X�����X�����v�����D���Œ�]�v���U���:�X�����X���~�î�ì�í�í�•�����}�‰�í�����}�v�•�š�]�š�µ�š�]�À���o�Ç��
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�Œ���P�µ�o���š���•�����r�:�µ�v���‰�Œ�}�š���]�v���•�š�����]�o�]�š�Ç�����v�����(�µ�v���š�]�}�v�•�����•�������š�µ�u�}�Œ���•�µ�‰�‰�Œ���•�•�}�Œ���]�v���u�]�����X���:�����o�]�v���/�v�À���•�š��
�í�î�í���~�ð�•�U���í�ï�î�õ�r�ð�ï�X 

�D�]�v�U���<�X���t�X�U�����Z�����U���^�X���t�X�U���<�]�u�U�����X���,�X�U�����}�U���^�X���/�X�U���<�]�u�U���<�X�U���>�����U���,�X���:�X�U���^�}�Z�v�U���:�X���,�X�U���W�Ç�}�U���:�X���^�X�U���K�Z�U���^�X�U�����Z�}�]�U��
�^�X���,�X�U���W���Œ�l�U���z�X���>�X�����v�����W���Œ�l�U�����X���,�X���~�î�ì�í�ñ�•���&���•���]�v�����Æ�‰�Œ���•�•�]�}�v���‰�Œ�����]���š�•�����v�����P�P�Œ���•�•�]�À�������o�]�v�]�����o��
���}�µ�Œ�•�����]�v���‰���š�]���v�š�•���Á�]�š�Z�������À���v�����������Œ�����•�š�������v�����Œ�X���K�v���}�o���>���š�š���í�ì���~�í�•�U���í�î�í�r�í�ï�ì�X 

�D�]�Œ�Ì���‰�µ�Œ�U���W�X�U���<�Z���Ì�����]�U���D�X���Z�X�U���D�}�Œ�����]�U���D�X���d�X�����v�����<�Z���Ì�����]�U���D�X���~�î�ì�í�ô�•�����‰�}�‰�š�}�•�]�•���]�v���µ���š�]�}�v���]�v���Z�µ�u���v��
���Œ�����•�š�������v�����Œ�������o�o���o�]�v���•�����Ç���•�Ç�v���Œ�P�]�������(�(�����š���}�(���Œ���o�}�Æ�]�(���v�������v�����Œ���•�À���Œ���š�Œ�}�o���š�Z�Œ�}�µ�P�Z���]�v���Œ�����•�]�v�P��
�‰�Œ�}���‰�}�‰�š�}�š�]�����P���v���•�X���>�]�(�����^���]���v�����•���î�ì�ñ�U���ð�ñ�r�ñ�ï�X 

�D�]�š�Œ���U�� �^�X�� ���v���� �����Ç�U�� �W�X�� �~�î�ì�í�ò�•�� �&�]�v���r�v�������o���� ���•�‰�]�Œ���š�]�}�v�� ���v���� ���}�Œ���� ���]�}�‰�•�Ç�� �]�v�� �š�Z���� ���]���P�v�}�•�]�•�� �}�(�� ���Œ�����•�š��
�o���•�]�}�v�•�W���������}�u�‰���Œ�]�•�}�v�����v�����Œ���À�]���Á���}�(���š�Z�����o�]�š���Œ���š�µ�Œ���X�����Ç�š�}�:�}�µ�Œ�v���o���í�ï�U���í�ô�r�í�ô�X 

�D�]�š�Œ�]�U�� �•�X�U�� ���}�v�•�š���v�š�]�v���U�� �d�X�� ���v���� �K�–�Z���P���v�U�� �Z�X�� �~�î�ì�í�î�•�� �d�Z���� �,���Z�î�� �Z�������‰�š�}�Œ�� �]�v�� ���Œ�����•�š�� �����v�����Œ�W��
�W���š�Z�}�‰�Z�Ç�•�]�}�o�}�P�Ç�U�����o�]�v�]�����o���h�•���U�����v�����E���Á�������À���v�����•���]�v���d�Z���Œ���‰�Ç�X�����Z���u�}�š�Z���Œ���Z���•���W�Œ�����š���î�ì�í�î�U��
�ó�ð�ï�í�õ�ï�X 

�D�}���Œ�l���v�•�U���D�X�U���•�Z���v�P�U���z�X�U���t���•�š���Œ�U���>�X�U���À���v���������t���š���Œ�U�����X�����v�����D�����Œ�u���v�U���:�X���,�X���E�X���~�î�ì�í�ð�•�����‰�]�����Œ�u���o��
�P�Œ�}�Á�š�Z�� �(�����š�}�Œ�� �Œ�������‰�š�}�Œ�� �•�]�P�v���o�o�]�v�P�� �]�v�� �Z�µ�u���v�� ���Œ�����•�š�� �����v�����Œ�� �����o�o�•�� �}�‰���Œ���š���•�� �‰���Œ���o�o���o�� �š�}��
���•�š�Œ�}�P���v�� �Œ�������‰�š�}�Œ���r���•�]�P�v���o�o�]�v�P�� ���v���� �Œ���•�µ�o�š�•�� �]�v�� �š���u�}�Æ�]�(���v�� �]�v�•���v�•�]�š�]�À���� �‰�Œ�}�o�]�(���Œ���š�]�}�v�X�����D����
�����v�����Œ���í�ð���~�í�•�U���î�ô�ï�X 

�D�}�v�����o�U�����X�� ���v���� �����v�v���š�š�U���>�X�� �>�X�� �~�î�ì�í�ò�•�� �Z���•�À���Œ���š�Œ�}�o�� ���v�Z���v�����•�� �š�Z���� ���(�(�]�������Ç���}�(�� �•�}�Œ���(���v�]���� �u�����]���š������
���‰�}�‰�š�}�•�]�•���]�v���Z�µ�u���v�����Œ�����•�š�������v�����Œ���D���&�ó�������o�o�•���š�Z�Œ�}�µ�P�Z���Z�K�^�U�������o�o�����Ç���o�����]�v�Z�]���]�š�]�}�v�U�������•�‰���•����
�ï�����v�����W���Z�W�����o�����À���P���X�����]�}�u�������W�Z���Œ�u�����}�š�Z���Œ���ô�ð�U���í�õ�ì�ò�r�í�õ�í�ð�X 

�D�}�v�š���•���Œ�U�� �Z�X�� �•�X�� ���v���� ���}�o���Ç�U���,�X�� �D�X�� �~�î�ì�í�ô�•�� ���Œ�}�•�•�š���o�l�� �����š�Á�����v�� ���Z�r�����v���� �Z�������‰�š�}�Œ���d�Ç�Œ�}�•�]�v���� �<�]�v���•����
�^�]�P�v���o�o�]�v�P�����v�����/�u�‰�o�]�����š�]�}�v�•���(�}�Œ���š�Z���������À���o�}�‰�u���v�š���}�(�����v�š�]�r���v���}���Œ�]�v�����Z���•�]�•�š���v�����X�������v�����Œ�•��
�í�ì���~�ò�•�U���î�ì�õ�X 

�D�}�}�U���d�X�r���X�U���^���v�(�}�Œ���U���Z�X�U�������v�P�U�����X�����v�����D�}�Œ�Œ�}�Á�U���D�X���~�î�ì�í�ô�•���K�À���Œ�À�]���Á���}�(�����Œ�����•�š�������v�����Œ���d�Z���Œ���‰�Ç�X���W���d��
���o�]�v�]���•���í�ï���~�ï�•�U���ï�ï�õ�r�ï�ñ�ð�X 

�D�}�}���Ç�U���^�X�����X�U���^���Z�]�v�Ì���o�U�����X�����X�U���^�]�v�P�Z�U���^�X�U���/�Ì�Ì�}�U���&�X�U���^�š�Œ�]���l�o���v���U���D�X���Z�X�U���>�µ�}�U���>�X�U���d�Z�}�u���•�U���^�X���Z�X�U�����}���Z�u�U���:�X��
�^�X�U���<�]�u�U���^�X���z�X�U���t���v�P�U���•�X�����X�����v�����,���Z�v�U���t�X�����X���~�î�ì�í�ñ�•���W�Z�<���������u�����]���š���•���Œ���•�]�•�š���v�������š�}���,���Z�î�r
�š���Œ�P���š�������š�Z���Œ���‰�Ç���]�v�����Œ�����•�š�������v�����Œ�������o�o�•�����v�����Œ���•�š�}�Œ���•�����v�š�]�r���‰�}�‰�š�}�š�]�����•�]�P�v���o�]�v�P�X���K�v���}�P���v����
�ï�ð���~�í�ò�•�U���î�ì�ò�í�r�ó�í�X 

�D�}�Œ�o�������Z�]�U���W�X�U���Z�}�����Œ�š�•�}�v�U���&�X���D�X�U���<�o�}�•�š���Œ�P�����Œ���U���:�X�����v�����D���D�µ�Œ�Œ���Ç�U���:�X���^�X���~�î�ì�í�ð�•���d���Œ�P���š�]�v�P���^�,�î�����}�u���]�v�•��
�]�v�����Œ�����•�š�������v�����Œ�X���&�µ�š�µ�Œ�����u�����]���]�v���o�����Z���u�]�•�š�Œ�Ç���ò���~�í�ó�•�U���í�õ�ì�õ�r�í�õ�î�ò�X 

�D�}�Œ�Œ�]�•�U���^�X���D�X�U���:�Œ�X���~�î�ì�ì�ò�•�����Œ�P�]�v�]�v���W�������Ç�}�v�����‰�Œ�}�š���]�v�X���d�Z�������u���Œ�]�����v���:�}�µ�Œ�v���o���}�(�����o�]�v�]�����o���E�µ�š�Œ�]�š�]�}�v���ô�ï��
�~�î�•�U���ñ�ì�ô�^�r�ñ�í�î�^�X 

�D�}�Œ�Œ�}�Á�U�� �D�X�U�� �^�š�Œ�}�u�U�� ���X�����X�U�������•�•���š�š�U�� �>�X�� �t�X�U�������Œ�•�Z���Á�U�����X�� ���X�U�� �&�}�Á���o���U�� ���X�U�� �'�]�µ�o�]���v�}�U�� ���X�U�� �,���Œ�Œ�]�•�U�� �:�X�� �Z�X�U��
�K�–�D���o�o���Ç�U���&�X�U���^���Z�v�]�š�š�U���^�X���:�X�U���^�]�v�P�o���š���Œ�Ç�U���^�X�����X�����v�����t�]�v���Z���•�š���Œ�U�����X���W�X���~�î�ì�ì�î�•���^�š���v�����Œ�����(�}�Œ�����Œ�����•�š��
���}�v�•���Œ�À���š�]�}�v���š�Z���Œ���‰�Ç���]�v���š�Z�����u���v���P���u���v�š���}�(���]�v�À���•�]�À�������Œ�����•�š�������Œ���]�v�}�u���X�������������v�����Œ���:�����o�]�v��
�ñ�î���~�ñ�•�U���î�ó�ó�r�ï�ì�ì�X 

�D�}�•�•�U�� �^�X�� �D�X�U�� ���µ���l�o���U�� �,�X�U�� ���À���v�•�U�� ���X�U�� �:�}�Z�v�•�U�� �>�X�U�� �t���o�o���Œ�U�� �D�X�� ���v���� ���}���Œ�}�Á�U�� �>�X�� �~�î�ì�ì�ò�•�� ���(�(�����š�� �}�(��
�u���u�u�}�P�Œ���‰�Z�]���� �•���Œ�����v�]�v�P�� �(�Œ�}�u�� ���P���� �ð�ì�� �Ç�����Œ�•�� �}�v�� ���Œ�����•�š�� �����v�����Œ�� �u�}�Œ�š���o�]�š�Ç�� ���š�� �í�ì�� �Ç�����Œ�•�–��
�(�}�o�o�}�Á�r�µ�‰�W�������Œ���v���}�u�]�•���������}�v�š�Œ�}�o�o�������š�Œ�]���o�X���>���v�����š���ï�ò�ô���~�õ�ñ�ñ�î�•�U���î�ì�ñ�ï�r�ò�ì�X 

�D�µ�Z���u�u�����U���/�X�U���&���v�P�•�Z���v�U���t�X�U���D�µ�Z���u�u�����U���^�X�U���t���v�i�]���U���:�X�����v�������������o���,���u�]�����&���š�Z�Ç�����v�������(�(���š���h�v�U��
�E�X���~�î�ì�í�ó�•���d�Z�����Z�}�o�����}�(���'�Œ���î���]�v�������v�����Œ�����v�����W���‰�š�]�����•�����•���'�Œ���î�����v�š���P�}�v�]�•�š�•�X���W�Œ�}�š���]�v���˜���W���‰�š�]������
�>���š�š���Œ�•���î�ð���~�í�î�•�U���í�ì�ô�ð�r�í�ì�õ�ñ�X 

�D�µ�l�Z�}�‰�����Z�Ç���Ç�U���h�X���<�X�U���K�š�µ�Œ�l���Œ�U�����X�����X�U���������u�•�U�����X�U���t�]���l�Œ���u���•���l���Œ���U���E�X�U�������v�•���o�U���^�X�U���D�����]�•���š�š�Ç�U���Z�X�U��
�D�]�o�o���Œ�U�����X�U���^�Á���š�Ì�]�P�U���t�X���D�X�U���^�]�o�Á���o�r�W���v���]�š�U���>�X�U�����†�Œ�Œ���•���v�r�����o���U�����X�r�>�X�U�����Œ���]�P�Z�š�}�v�U�����X���:�X�U���W���Œ�l�U���:�X��
�,�X�U���<�}�v���µ�Œ�]�U���^�X�����X�U���D�µ�l�Z�}�‰�����Z�Ç���Ç�U�����X�U�������Œ�����}�Œ�]�U�����X�U���K�u�]�o�]���v�U�����X�U�����•�Z���Œ���U���t�X�U���<���]�‰�‰���Œ���š�š�µ�U��
���X�����X�����v���������•�U���'�X���D�X���~�î�ì�í�õ�•�� �d�W�ñ�ï���^�š���š�µ�•�����•�� ���������š���Œ�u�]�v���v�š���}�(���W�Œ�}�r���À�•�����v�š�]�r�d�µ�u�}�Œ�]�P���v�]����
���(�(�����š�•���}�(�����•�š�Œ�}�P���v���Z�������‰�š�}�Œ�r�����š�����]�v�����Œ�����•�š�������v�����Œ�X���:�E���/�W���:�}�µ�Œ�v���o���}�(���š�Z�����E���š�]�}�v���o�������v�����Œ��
�/�v�•�š�]�š�µ�š�����í�í�í���~�í�í�•�U���í�î�ì�î�r�í�î�í�ñ�X 

�D�µ�•�š�}�v���v�U�� �D�X�� �s�X�U�� �W�Ç�Œ�Z�‚�v���v�U�� �^�X�� ���v���� �<���o�o�}�l�µ�u�‰�µ�r�>���Z�š�]�v���v�U�� �W�X�r�>�X�� �~�î�ì�í�ð�•�� �d�}�Œ���u�]�(���v���� �]�v�� �š�Z����
�š�Œ�����š�u���v�š���}�(�����Œ�����•�š�������v�����Œ�X���t�}�Œ�o�����i�}�µ�Œ�v���o���}�(�����o�]�v�]�����o���}�v���}�o�}�P�Ç���ñ���~�ï�•�U���ï�õ�ï�r�ð�ì�ñ�X 
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�D�µ�š�Z�µ�U���D�X�U�����Z���Œ�]�Ç���v�U���s�X���d�X�����v�����Z�]�•�Z�]�U�����X���<�X���~�î�ì�í�ñ�•�������Z�W�r�í�l�������Z�í�W���������]�‰�Z���•�]�����Œ���P�µ�o���š�}�Œ���}�(�������v�����Œ��
�����o�o���P�Œ�}�Á�š�Z�����v�������‰�}�‰�š�}�•�]�•�X���K�v���}�š���Œ�P���š���ò���~�õ�•�U���ò�ð�õ�õ�r�ò�ñ�í�ì�X 

�D�º�Œ���š���Œ�U���d�X�����X�U���^���Z�Œ�}�š�Z�U���t�X�U�����������Z�µ�•�r�'���Œ�Ç�������Ì���U���>�X�U���t�]�v�š���Œ�U���^�X�U���,���]�v�l���o���U���'�X�U���^�]�u�}�v�U���t�X�U���&���•���Z�]�v�P�U��
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�t���•�]���Œ�•�l���r�'�������l�U���:�X�U���^���Z�Œ���]�v���Œ�U���d�X�U���D���µ�Œ���Œ�U���D�X�U���t���Œ�]�v�P���Œ�U�����X�����v�����Z���v�(�š�o���Œ�U�����X���~�î�ì�ì�ó�•���W�Z���v�}�o���Œ�������]�v��
�š�Z���� ���µ�o�š�µ�Œ���� �u�����]�µ�u�� �•�š�Œ�}�v�P�o�Ç�� ���(�(�����š�•�� �š�Z���� �•�µ�•�����‰�š�]���]�o�]�š�Ç�� �}�(�� �Z�µ�u���v�� �D���&�r�ó�� �����o�o�•�� �š�}��
�Œ�}�•���}�À�]�š�]�v���X�������o�o���D�}�o�����]�}�o���>���š�š���í�î���~�î�•�U���î�ô�ì�r�õ�ï�X 

�t���•�š���Œ�u���]���Œ�U�� �Z�X�� ���v���� �D���Œ�}�µ�P���U�� �Z�X�� �~�î�ì�ì�ñ�•�� �W�Œ�}�š���]�v�� �����š�����š�]�}�v�� �D���š�Z�}���•�� �]�v�� �W�Œ�}�š���}�u�]���•�� �Z���•�����Œ���Z�X��
���]�}�•���]���v�������Z���‰�}�Œ�š�•���î�ñ���~�í�r�î�•�U���í�õ�r�ï�î�X 

�t���•�š�‰�Z���o�U�����X�U���<�o�µ���l�U���Z�X���D�X�����v���������Á�•�}�v�U���'�X���~�î�ì�í�ð�•�����µ�]�o���]�v�P�����o�}���l�•���}�(���š�Z�������‰�}�‰�š�}�š�]�����‰�}�Œ���W���Z�}�Á�������Æ��
���v���������l�����Œ���������š�]�À���š���������v�����}�o�]�P�}�u���Œ�]�Ì�������µ�Œ�]�v�P�����‰�}�‰�š�}�•�]�•�X�������o�o���������š�Z���˜�����]�(�(���Œ���v�š�]���š�]�}�v���î�í��
�~�î�•�U���í�õ�ò�r�î�ì�ñ�X 

�t�]�o���l���v�U���E�X���Z�X�U���W�Œ���o�o�U���K�X���t�X�U���D�µ�•�P�Œ�}�À���U�����X�����X�����v�����^�µ�š�Z���Œ�o���v���U���Z�X���>�X���~�í�õ�õ�ó�•���/�v���µ���]���o�����}�À���Œ���Æ�‰�Œ���•�•�]�}�v��
�}�(�����Ç���o�]�v�����í���]�v�����Œ�����•�š�������v�����Œ�������o�o�•���Œ���À���Œ�•���•���š�Z�����P�Œ�}�Á�š�Z�r�]�v�Z�]���]�š�}�Œ�Ç�����(�(�����š�•���}�(�����v�š�]���•�š�Œ�}�P���v�•�X��
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�t�]�o�l���U���>�X���'�X�U�����Œ�}�����Á���š���Œ�U���'�X�U���Z�����]�v���Œ�U���^�X�U���K�Á���v�•�U�����X�U���z�}�}�v�U���^�X�U���'�Z���š���U���^�X�U���^���}�š�š�U���s�X�U���t���o�•�Z�U���Z�X�U�������l���Œ�U��
�:�X�U���^�}�}�U���D�X���^�X�U���/�����Œ�Œ���r���Œ���v�����o�o�U�����X�U���^�š�}�µ�����Œ�U�����X�U���Z�}�����Œ�š�•�}�v�U���^�X�U�������Œ�Œ�}�v�U�����X�����v�����^�����Á���o���š�U���s�X��
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�t�]�o�l�]�v�•�}�v�U�� �<�X�� ���X�� �~�í�õ�ô�ó�•�� �W�Œ�}�š���]�v�� �µ���]�‹�µ�]�š�]�v���š�]�}�v�W�� ���� �Œ���P�µ�o���š�}�Œ�Ç�� �‰�}�•�š�r�š�Œ���v�•�o���š�]�}�v���o�� �u�}���]�(�]�����š�]�}�v�X��
���v�š�]�����v�����Œ�����Œ�µ�P�������•���î���~�î�•�U���î�í�í�r�î�õ�X 

�t�]�o�o�]���u�•�}�v�U���>�X���E�X�����v���� �����Œ�š�o���š�š�U���D�X���'�X���~�î�ì�ì�ó�•�� �Y�µ���v�š�]�š���š�]�À���� �o�]�‹�µ�]���� ���Z�Œ�}�u���š�}�P�Œ���‰�Z�Ç�l�š�]�u���r�}�(�r�(�o�]�P�Z�š��
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�y�]���U���y�X�U���<���}�µ���U���d�X���^�X�U�������µ�‰�µ�P���v�š�]�U���Z�X�U���•�Z���v�P�U���d�X�U���<�}�P���Á���U���d�X�U���•�Z���}�U���z�X�U�����Z���µ�Z���v�U���'�X�����X�U���'�]���v�v�}�µ�l�}�•�U��
���X���E�X�U���Y�]�U���z�X�U���d�Œ�]�‰���š�Z�Ç�U�����X�U���t���v�P�U���:�X�U���'�Œ���Ç�U���E�X���^�X�U�������o���Ç�U���<�X���E�X�U�������Œ�š�Z�}�o�}�u���µ�•�Ì�U�����X�����v�����h���v�}�U��
�E�X�� �d�X�� �~�î�ì�í�ó�•�� ���r�:�µ�v�� �E�r�š���Œ�u�]�v���o�� �l�]�v���•���� �‰�Œ�}�u�}�š���•�� �•�š���u�� �����o�o�� �‰�Z���v�}�š�Ç�‰���� �]�v�� �š�Œ�]�‰�o���r�v���P���š�]�À����
���Œ�����•�š�������v�����Œ���š�Z�Œ�}�µ�P�Z���µ�‰�Œ���P�µ�o���š�]�}�v���}�(���E�}�š���Z�í���À�]���������š�]�À���š�]�}�v���}�(�����r�:�µ�v�X���K�v���}�P���v�����ï�ò���~�í�ô�•�U��
�î�ñ�õ�õ�r�î�ò�ì�ô�X 
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���� �E���Á�o�Ç�� ���•�š�����o�]�•�Z������ �D�µ�o�š�]�r�K�Œ�P���v�� �D�]���Œ�}�(�o�µ�]���]���� ���Z�]�‰���D�}�����o�X���&�Œ�}�v�š�]���Œ�•�� �]�v�� ���]�}���v�P�]�v�����Œ�]�v�P��
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8. �6�X�S�S�O�H�P�H�Q�W�D�U�\���)�L�O�H�V 

1- Cell line certificates of authentication 

a. MCF7 

b. T47D 

c. MDA-MB-231 

d. MDA-MB-468 

e. MCF-10A 

f. BT474  

2-  Supplementary Data - Complete SILAC Proteomic Protein Lists 

3-  Supplementary Data - NNU and NND Clusters 

4-  Supplementary Data - Caspase 3 
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