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Abstract 
Breast cancer is the most commonly diagnosed cancer globally and, despite advances 

in detection and improved treatment, it remains the leading cause of cancer death 

among women. Chemotherapy regimens include taxanes in combination, or in 

sequence, with anthracyclines as first-line treatment with proven survival benefits. 

However, the development of chemoresistance is a major clinical challenge in the 

treatment of breast cancer with limited treatment options available thereafter.  

Identification of mechanisms driving taxane resistance is therefore critical to 

developing new treatment strategies to improve patient survival. The primary aim of 

this thesis was to model acquired taxane resistance and identify actionable pathways 

associated with the progression to a chemoresistant phenotype.  

Isogenic models of acquired taxane resistance were developed from the breast 

cancer cell lines MDA-MB-231 and MCF7 by continuous exposure to either paclitaxel 

or docetaxel. STR profiling confirmed the parental lineage of the derived taxane 

resistant isogenic cell lines and assessment of biomarkers by western blotting 

confirmed retention of the triple negative phenotype of MDA-MB-231. MCF7 25PACR 

cells exhibited a slight decrease in ERα expression but otherwise retained the protein 

expression profile of its parent. The resistant cell lines exhibited the ability to 

proliferate and progress through the cell cycle in the presence of taxanes, unlike the 

parental cell lines which arrested at the G2/M phase. This was reflected in the 

absence of apoptosis in the resistant cell lines when exposed to concentrations of 

taxanes which induced cell death in the parental counterpart. Low level cross 

resistance was observed to anthracyclines and other commonly used 

chemotherapeutic agents. Expression of p-gyp protein encoded by MDR1 was 

assessed by western blotting and shown to be slightly elevated in both MCF7 25PACR 

and MDA-MB-231 25DOCR cell lines. However knockdown of MDR1 by siRNA did not 

result in reversion to the same level of taxane sensitivity as observed in the parental 

cell lines, suggesting other mechanisms are involved in the resistance observed in the 

isogenic cell lines derived for this study.  
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To gain insight in to the pathways driving taxane resistance in the cell line models, a 

multi-omic approach was taken. Targeted exome sequencing of the isogenic taxane 

resistant cell lines revealed few resistance-associated genomic changes.  

Transcriptomic analysis of the parental and isogenic taxane resistant cell lies was 

performed by Nanostring®. Bioinformatic analysis revealed deregulation of the PI3-

Akt, MAPK, and transcriptional regulation pathways in the isogenic cell lines, 

suggesting that inhibition of these pathways may be an effective treatment strategy 

for taxane resistant breast cancer. RPPA and Western blotting confirmed these 

findings and a small molecule kinase screen identified several clinically relevant 

inhibitors with nanomolar potency in the resistant cell line models. The PI3K 

inhibitors, PIK75 and BKM120, and the CDK inhibitors, dinaciclib and alvocidib, were 

selected for further investigation via a combination of in vitro techniques. 

Confirmation of their potency against all taxane resistant cell line models was 

established and combination assays to assess synergy with other chemotherapeutics 

performed.  

Together, these results extend our knowledge of the drivers of taxane resistance in 

breast cancer and support the use of PI3K and CDK inhibition as candidate 

therapeutics in taxane resistant breast cancer.   
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Lay Summary 
Breast cancer remains the most common cancer in woman worldwide with an 

estimated 2.3 million new cases in 2020. Chemotherapy treatment for early breast 

cancer typically includes the use of taxanes in combination with anthracyclines, along 

with other drugs targeted to proteins expressed by the tumour cells themselves. 

Cancer is characterised by a loss of tightly regulated mechanisms where cell division 

occurs unchecked and results in an abnormal growth of cells to form a tumour. The 

taxanes (paclitaxel and docetaxel) act by ‘arresting’ cells at a particular point in the 

cell cycle which controls division ultimately resulting in cell death. However, 

approximately 30% of early breast cancer patients’ progress to metastatic breast 

cancer due to the development of drug resistance and treatment options thereafter 

are limited. To be able to identify new chemotherapy options it is necessary to 

understand the mechanisms which drive resistance but there are few preclinical 

models available to facilitate investigation.  

In this study models of acquired resistance were established by exposing breast 

cancer cell lines to increasing doses of taxanes until a population remained that 

continued to grow even when exposed to high concentrations of the drugs. By 

developing resistance models in this way, it is possible to compare the sensitive 

‘parental’ cell line with the resistant ‘daughter’ line to determine what is different 

between them.  Initial investigations concentrated on characterising these novel 

taxane resistant cell lines. It was found that, unlike the parental lines when treated 

with taxanes, the resistant cell lines continued to progress through the cell cycle and 

cell death (apoptosis) did not occur. Although a low level of cross resistance to other 

commonly used chemotherapy drugs was noted, this was not driven by a protein that 

regulates multi-drug resistance and it was hypothesised that other mechanisms were 

responsible.  

To identify other mechanisms which might be driving resistance in the model cell 

lines, comparative gene expression analysis was performed which helped identified 

disruption of a series of proteins involved in the cell cycle, PI3K-Akt and MAPK 
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pathways. Alterations in the pathways were confirmed by a variety of proteomic 

approaches. This suggested that inhibition of these pathways may be effective as 

targets for novel treatment strategies for taxane resistant breast cancer. A drug 

screen of inhibitors targeting proteins in these pathways identified compounds which 

were potently active against the cell cycle and PI3K-Akt pathways. Selected 

compounds were tested further and found to be equally efficient at inhibiting cell 

growth and promoting cell death in the resistant ‘daughter’ cell lines as the sensitive 

‘parent’ cell lines.  

In conclusion successful generation of models of taxane resistance in breast cancer 

cell lines allowed the identification of signalling pathways which are believed to be 

crucial to the development of chemoresistance. New drugs effective against taxane 

resistant breast cancer were also identified which may offer promise for patients who 

no longer respond to first-line treatment options.  
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 INTRODUCTION 
 

1.1 Overview of cancer 
 

Cancer remains among the leading causes of death worldwide, with approximately 

19.3 million new cancer cases diagnosed globally in 2020 and 10 million cancer-

associated deaths. By 2040, the global cancer burden is predicted to grow to almost 

28 million new cancer cases, simply due to an aging and growing worldwide 

population (1). This is likely to grow further due to increases in the prevalence of risk 

factors associated with cancer.  

The term ‘cancer’ encompasses a large heterogeneous group of diseases 

characterised by uncontrolled cell proliferation and the ability to invade other tissues. 

Cell division in a healthy cell is tightly controlled by a number of regulatory 

mechanisms. However, these are bypassed by cancer cells resulting in aberrant 

growth and division of cells. In solid cancers this leads to the formation of a primary 

mass, and disseminated disease throughout the body (2).  

 

1.2 Hallmarks of cancer 
 

Cancer represents a diverse collection of diseases. More than 100 different cancer 

types have been identified, of which many have additional subtypes. Intra-tumour 

heterogeneity adds further complexity to the landscape of tumorigenesis. In an effort 

to rationalise the complexity of neoplastic disease, Hanahan and Weinberg proposed 

the ‘Hallmarks of Cancer’ to describe essential cellular events acquired by all cancer 

cells which enable tumour development (3).  
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These ‘hallmarks’ include self-sufficiency in growth signals, insensitivity to growth 

suppressors, evasion of apoptosis, limitless replicative potential, increased 

angiogenesis and tissue invasion and metastasis. This landmark review was later 

updated to include reprogramming of energy metabolism and evasion of immune 

system destruction. The acquisition of the hallmarks rely on two enabling 

characteristics: genome instability and mutation which drive tumour formation and, 

tumour promoting inflammation which enables tumour progression (4) (Figure 1.1).  

Together these factors describe a critical framework for how cancer cells survive, 

proliferate and invade.  

 

 

Figure 1.1: Hallmarks of Cancer. Illustration of the defining ‘Hallmarks of cancer as defined 
by Hanahan and Weinberg (2011) 
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The development and progression of cancer is influenced by genetics and 

environmental factors. However it is generally believed that tumorigenesis is a 

multistep process  which is initiated by the accumulation of a succession of genetic 

changes which alter the genome, leading to the eventual transformation of normal 

cells into malignant ones (3, 5, 6). The accrual of somatic, germline or epigenetic 

mutations are a result of the inability of cells to maintain DNA integrity. Contributing 

factors of DNA instability include environmental exposure, such as from tobacco 

smoke or UV radiation, viruses such as HPV, and changes to normal DNA replication 

which become more common with aging. Mutations in cell cycle checkpoint and DNA 

repair genes cause damage to accumulate, accelerating tumorigenesis (7). The 

sequential development of mutations alters fundamental regulatory mechanisms of 

the cell resulting in a malignant phenotype, while also rewiring their 

microenvironment to sustain tumorigenesis (8). 

 

1.3 Breast cancer  
 

1.3.1 Overview 
In 2020 it was reported that breast cancer had surpassed lung cancer as the most 

commonly diagnosed cancer globally, with an estimated 2.3 million cases worldwide 

(Figure 1.2A) and represents the 5th leading cause of cancer mortality (Figure 1.2B). 

It remains the most common cancer in women (Figure 1.2C) and, despite advances in 

early detection and treatment, the leading cause of death in females (Figure 1.2D) (1, 

9).  
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Figure 1.2: Global incidence and mortality rates of different cancer types: (A) and (B) for 
both sexes and (C) and (D) for females, according to WHO reports 2020 (1)  
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1.3.2 UK breast cancer statistics  
In the UK, breast cancer accounts for approximately 25% of all diagnosed cancers in 

women, with an estimate of almost 55,000 new cases in 2020 (Figure 1.3A), and is 

the second leading cause of cancer death (10). Due to advances in treatments and 

effective screening programmes, the mortality rate of patients with breast cancer 

under the age of 70 has declined steadily over the last 30 years (11). However, the 

incidence of breast cancer has continued to rise (Figure 1.3) (12). This increase may 

in part be due to earlier diagnosis as a result of improved surveillance in women 

invited for breast cancer screening, but also the positive effects of improved 

treatments on patient survival.   
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Figure 1.3: UK breast cancer incidence and mortality. Pie charts representing the UK (A) 
incidence and (B) mortality rates of the most common cancer types in females. Source: 
GLOBOCAN, 2020.(1) (C) Graph illustrating the decrease in mortality rate and increase in 
incidence rate of breast cancer in the last 4 decades in the UK. Dotted vertical line represents 
the introduction of the breast cancer screening program in 1987. Source: Office for National 
Statistics. 
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1.3.3 Risk factors 
A number of factors can contribute to the development of breast cancer. The two 

greatest risk factors for breast cancer are non-modifiable; gender and age. Breast 

cancer can occur in both men and women. However, in men, breast cancer is 

considered a rare disease and accounts for less than 1% of all diagnosed cases. The 

comparative lifetime risk of developing breast cancer for men is less than 1 in 1000 

compared to 1 in 7 for women (10).  

The close association between risk of developing breast cancer and age has long been 

acknowledged, with the highest incident rate in older people. Approximately 24% of 

all new cases in the UK are in those aged 75 and over.  Age-specific incidence rises 

steadily from the age of 25 and effectively doubles every 10 years until menopause 

when it starts to slow (13). The highest incidence of new cases is detected in women 

aged 65-69 years (10).  

A strong family history of breast cancer also increases the risk of developing the 

disease. The risk is approximately doubled in women with a first-degree relative with 

breast cancer, and increases still with a larger number of affected first-degree 

relatives (14, 15).  The majority of hereditary breast cancer cases are associated with 

mutations in breast cancer type 1 susceptibility protein (BRCA1) and breast cancer 

susceptibility protein 2 (BRCA2) (16, 17). Women with a BRCA1 or BRCA2 mutation 

have a 45-65% risk of developing breast cancer before they are 70 years old (18).  

Finally, as with most cancers, the impact of what can be termed as modifiable risk – 

smoking, alcohol consumption, and sedentary lifestyle – is significant, with 23% of 

cases attributed to lifestyle and environmental factors (19).  
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1.3.4 Breast cancer histology and subtypes 
Breast cancer is a highly heterogeneous disease, with distinctive clinical presentation, 

histopathological and molecular features, therapeutic response, and outcomes. This 

heterogeneity is observed both between tumours (intertumoral) and within the same 

tumour (intratumoral). Classification systems of breast cancer have been developed 

which aid diagnosis and inform treatment choices for patients. Broadly, breast cancer 

is classified according to histopathology, which defines type and grade, and molecular 

classification, based on expression of cellular markers.  

 

1.3.4.1 Histopathological classification of breast cancer 

Breast cancer tumours originate from the epithelia lining of the mammary gland cells 

and present with a range of clinical, biological and morphological characteristics (20, 

21). The World Health Organisation (WHO) classification defines 21 distinct 

histological subtypes on the basis of cell morphology and patterns of growth (22). 

Breast cancer can be broadly categorised as either in situ carcinoma (stage 0, pre-

cancer) or invasive carcinoma (stages I-IV). The most common subtype of in situ 

carcinoma is ductal carcinoma in situ (DCIS) which accounts for approximately 90% 

of all stage 0 cases diagnosed (23).  An increase in diagnosis of in situ carcinomas in 

recent years, particularly in pre-menopausal women, is likely a result of improved 

screening strategies. While classified as stage 0 disease, DCIS are considered as pre-

malignant and have an associated 2 to 8-fold increased risk of developing invasive 

breast cancer(24-26). 

Invasive carcinoma is the most common type of breast cancer. It is highly 

heterogeneous group of tumours and can be subdivided in to 7 different histological 

groups: invasive ductal carcinoma (IDC), invasive lobular carcinoma (ILC), 

ductal/lobular, tubular, mucinous (colloid), medullary and papillary carcinomas. Of 

these the most common histological type is invasive ductal carcinoma of no special 

type (IDC-NST), which accounts for between 70-80% of all cases, followed by ILC with 
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10-15% of cases (10, 27-29). IDC is a diagnosis of exclusion referring to those tumours 

which lack specific differentiating morphological or cytological features necessary to 

classify the tumour as a special type. IDC may be further classified as well-

differentiated (grade 1), moderately differentiated (grade 2) and poorly 

differentiated (grade 3) (30).  

 

1.3.4.2 Histological grading and staging of breast cancer 

All breast cancers are traditionally graded according to histological grade which is 

reported using the “Bloom Richardson Scale” or “Nottingham Scale” histological 

system (31, 32). First developed in the 1950s by Bloom and Richardson, the grading 

system considers nuclear pleomorphism, glandular/tubular formation and mitotic 

index.  Each factor is graded between 1 and 3 and added to obtain an overall grade: 

non-tumour (score <3), grade 1 (score 3-5), grade 2 (score 6-7) or grade 3 (score 8-9). 

Tumours with high grades are typically poorly differentiated and indicate advanced 

disease and poor prognosis. 

Once breast cancer is diagnosed, it is important that the cancer is staged to define 

how advanced the disease is and inform treatment strategies. Staging of breast 

cancer is based on a system known as TNM classification (Table 1.1) which takes into 

account tumour size (T), invasion of lymph nodes (N) and presence of metastasis (M). 

These scores can be combined to assign an overall stage of disease from stage 0 (in 

situ), through stage I (early cancer) to stage IV (advanced, metastatic cancer which 

has spread to other parts of the body) (33, 34) .  
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Table 1.1: Simplified description of TNM staging 

 Tumour size (T) Tx Primary tumour cannot 

be assessed 

T0 No evidence of tumour 

Tis Carcinoma in situ 

T1-T4 Size of the tumour  

Invasion of lymph nodes 

(N) 

Nx Regional lymph nodes 

cannot be assessed 

N0 No regional lymph node 

involvement 

N1-N3 Involvement of regional 

lymph nodes (score based 

on number of nodes 

involved) 

Metastasis (M) M0 No distant metastasis 

M1 Distant metastasis 

 

  



12 
 

1.3.5 Molecular classification 
Increasingly molecular biomarkers have been employed as valuable tools for breast 

cancer classification. Together with grading, staging and histological subtyping, the 

hormone receptor status of a breast cancer can be used to guide targeted therapeutic 

strategies for the treatment of patients (12, 30, 35).  

 

1.3.5.1 Expression of hormone receptors 

Following a diagnosis of breast cancer, the expression of the nuclear receptors, 

oestrogen receptor α (ERα) and progesterone receptor (PR), and of human epidermal 

growth factor receptor 2 (HER2) which is expressed on the cell membrane, are 

determined by immunohistochemical (IHC) assessment. The expression levels of ERα 

and PR are assessed using the Allred score, which accounts for the abundance and 

intensity of positively stained cells (36). A scoring system ranging from 0 to 3+ is 

applied to assess HER2 expression by IHC. For those cases where a score of 2+ is 

recorded, further assessment of HER2 gene copy number by fluorescent in situ 

hybridisation (FISH) is performed (37-39).  

 

1.3.5.2 Molecular subtypes 

Breast cancers exhibit a wide degree of heterogeneity and diversity at both a 

morphological and molecular level. Advances in molecular profiling based on 

transcriptomic profiling have furthered our understanding of the genes and pathways 

involved with breast cancer development and progression. A pivotal study by Perou 

et al (40) compared the heterogeneity of a cohort of breast cancers by gene 

expression analysis. This led to the identification of four distinct intrinsic subtypes 

which corresponded with clinical outcomes, namely luminal, basal-like, normal-like 

and HER2 enriched. Follow up studies further refined the subtypes resulting in the 

molecular characterisation of five intrinsic breast cancer subtypes which are defined 
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in Table 1.2 (41, 42).  These studies were the first to provide evidence of 

heterogeneity within ER+ tumours and suggested at least two subtypes of luminal 

breast cancer.  More recently an additional subtype named claudin-low has been 

described  which has a similar profile to basal/TNBC but characterised by enrichment 

of epithelial to mesenchymal (EMT) markers, immune response genes and cancer 

stem cell-like features (43, 44).  

 

Table 1.2: Molecular subtypes of invasive ductal carcinoma 

Subtype Protein Expression Profile 

Luminal A ER+ and/or PR+, HER2-, Ki67low 

Luminal B ERlow and/or PR+, HER2+/-, Ki67high 

Basal/Triple negative (TNBC) ER-, PR-, HER2-; basal cytokeratins and 

EGFR 

Claudin-low ER-, PR-, HER2-; low Claudin 3, 4 and 7, E-

cadherin  

HER2 ER-, PR- HER2+ 

Normal-like (similar to normal breast 

tissue) 

ER+/-, PR-, HER2- 

 

Luminal tumours are ER+ and/or PR+ and can be further subdivided into luminal A 

and luminal B depending on expression of the proliferation marker, Ki67. Luminal A 

tumours represent the most commonly diagnosed subgroup of breast cancers, and 

have a better prognosis presenting at a lower stage compared to luminal B tumours.  
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HER2 tumours are characterised by amplification of HER2 and account for 

approximately 15-30% of all breast cancers (45). HER2 is a member of the Epidermal 

Growth Factor Receptor (EGFR) family, and is an important component of cell 

signalling pathways, driving pathways such as mitogen-activated protein kinase  

(MAPK),  and phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K) which play 

pivotal roles in the activation of cell proliferation, migration and invasion (46).  

TNBC account for 10-20% of all breast cancers (47). It is a highly heterogeneous group 

of tumours that can be classified into distinct molecular subtypes by further gene 

expression stratification (48, 49). They do not express ER, PR or HER2 and present as 

highly aggressive tumours, with a poor prognosis and higher incidence in young 

women (50, 51). Loss of function mutations in TP53 and gain of function mutations 

in the PI3K signalling pathways are common in TNBC and thought to contribute to 

this aggressive phenotype ( 52, 53). Alterations in MAPK signalling genes and cell-

cycle regulators are also frequently observed. Due to the lack of classically targeted 

receptors TNBC do not respond to commonly used treatments such as endocrine 

therapy or HER2 targeted treatment. Systemic chemotherapy remains the most 

effective treatment for TNBC. However, despite initially responding well to 

treatment, TNBC has a high rate of metastasis and distant recurrence or death 

compared to other breast cancer subtypes (54, 55). 

The molecular stratification of breast cancers has now been translated in to the 

clinical setting with the design of gene-expression diagnostic tests. Tests such as 

EndoPredict (56), OncotypeDX (57), MammaPrint (58)  and Prosignia (59) have been 

developed based on a minimised gene set with the purpose of predicting risk of 

recurrence and relative response to chemotherapy in patients with early breast 

cancer. The results from the tests are used along with other clinical risk factors, such 

as nodal status and tumour size, to predict the risk of disease recurrence and aid 

decision making about adjuvant chemotherapy use.  
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1.3.6 Treatment of breast cancer 
Breast cancer is a heterogeneous disease with specific properties. The molecular and 

histopathological classification of breast cancer is therefore critical for determining 

prognosis and selecting appropriate treatment strategies for patients following 

diagnosis. Therapeutic strategies typically include a combination of treatments and 

may include surgery, radiotherapy, endocrine therapy and targeted biological 

therapy.  

 

1.3.6.1 Surgery 

Surgery, with or without radiotherapy, remains the mainstay of   early breast cancer 

treatment. Most women with stage I, II or III breast cancer are offered surgery, with 

the intention of achieving local control, preventing locoregional recurrence and 

improving survival. Surgery may be performed to remove only part of the breast 

tissue (lumpectomy or breast conservation surgery (BCS)) or the whole breast 

(mastectomy) (60, 61). The choice of surgery approach depends on tumour size or 

evidence of metastasis. Preoperative or neoadjuvant chemotherapy is offered in 

cases where the tumour size exceeds that recommended for BCS to allow subsequent 

surgery (62). Patients who have presented as lymph node positive will also have their 

affected lymph nodes surgically removed (63). Women with a high susceptibility to 

developing breast cancer due to germline BRCA1/2 mutations or a strong family 

history are offered preventative prophylactic mastectomy, significantly reducing the 

risk of developing disease (64). 

 

1.3.6.2 Radiotherapy 

Radiotherapy is widely used for the management of breast cancer typically in the 

adjuvant setting after lumpectomy or mastectomy in an effort to reduce local 

recurrence (65). The most common method for radiotherapy delivery is via external 
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beam radiation. The ionising radiation, given in focused beams to the site of the 

tumour mass, targets rapidly dividing cancer cells which are particularly sensitive to 

radiotherapy. Successful radiotherapy causes DNA damage to such an extent that 

cells are unable to undergo DNA repair resulting in cell death by apoptosis (66). 

Adjuvant radiotherapy to reduce local recurrence is the standard of care after BCS for 

the majority of early breast cancer patients and has been shown to reduce the risk of 

recurrence and mortality (67-69). Radiation therapy may also be given in a 

neoadjuvant setting, along with chemotherapy, to reduce tumour size prior to 

surgery, or to control symptoms in cases of terminal cancer.  

 

1.3.6.3 Endocrine therapy 

Oestrogen and progesterone play an important role in the development and 

progression of breast cancer and are primary regulators of breast tissue growth and 

differentiation (70). They induce their cellular effects by binding to and activating 

their respective nuclear receptors, ER and PR (71). Activation of the receptors on 

breast cancer cells can promote cell proliferation, while also inhibiting apoptosis by 

regulating expression of key molecules controlling the cell cycle, such as c-myc and 

cyclin D1 (72, 73). As the majority of breast cancers are ER+ and hormone dependent, 

anti-endocrine therapies have become some of the most powerful tools currently 

available for their treatment in the adjuvant and metastatic setting. Effective 

disruption of oestrogenic signalling can be achieved through direct inhibition of the 

oestrogen receptor or by inhibiting the production of oestrogen or progesterone (73).  

 

1.3.6.3.1 SERMs and SERDs 
Selective oestrogen receptor modulators (SERM) such as tamoxifen and raloxifene, 

act by competitively binding to ER, and inducing down-regulation of the transcription 

of oestrogen-regulated genes (74-76). Tamoxifen is widely used to treat both early 
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and late-stage breast cancer in pre- and post-menopausal ER+ women (77). Use of 

tamoxifen in the adjuvant setting for 5 years confers a reduction in relative risk and 

mortality, with benefits still present up to 15 years after diagnosis (78, 79). Two 

recent studies have shown further benefit of extending tamoxifen use to 10 years. 

The aTTom and ATLAS trials compared 10 years of adjuvant tamoxifen to 5 years and 

showed an absolute reduction of recurrence by 3.7% and mortality by 2.8% with 

extended use (80, 81). Selective oestrogen receptor down-regulators (SERDS), such 

as fulvestrant, are a similar class of endocrine therapy used to treat hormone 

receptor positive metastatic breast cancer. Fulvestrant acts by downregulating and 

degrading ER through competitive binding to ER dimers (82).  

 

1.3.6.3.2 Aromatase inhibitors 
Aromatase inhibitors act by inhibiting the oestrogen biosynthesis, specifically the 

conversion by aromatase of androgen precursors into oestrone or oestradiol (83). 

The use of aromatase inhibitors, such as exemestane, letrozole and anastrazole, is 

mostly limited to postmenopausal women. Their use in advanced breast cancer have 

demonstrated a better response when compared to tamoxifen in terms of clinical 

response rates and time to progression treatment (84, 85). 
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1.3.6.4 Targeted Therapy 

As our knowledge of the molecular biology of breast cancer has expanded over recent 

years it has become evident that optimal therapy is driven by subtype. This has led 

to the development of targeted therapies, such as monoclonal antibodies or small 

molecule kinase inhibitors, which now forms one of the major modalities of 

treatment (86). A common strategy of targeted therapies is to exploit molecular 

targets which discriminate normal from cancer cells, and which selectively target the 

malignant phenotype.  

 

1.3.6.4.1 HER2 targeted therapy 
Several tumour types depend on the continuous activation of oncogenic signalling for 

their survival. In the context of breast cancer, HER2 is probably the most important. 

HER2 is a member of the human epidermal growth factor receptor (EGFR) family 

which are key regulators of proliferation, growth and survival (87). Activation of HER2 

occurs by formation of homo-dimers, or hetero-dimers with other members of the 

EGFR family, resulting in the initiation of signalling pathways such as PI3K, MAPK and 

protein kinase C (PKC) which drive cell proliferation, survival, differentiation, 

angiogenesis, and invasion. Overexpression of HER2 occurs in 15-30% of invasive 

breast cancers, conferring a more aggressive clinical phenotype (39). Amplification of 

the gene ERBB2 results in ligand-independent homo-dimerization and constitutive 

signalling primarily through the PI3K cascade (45, 88).  

Numerous clinical trials investigating the use of HER2 targeted therapies in both the 

neoadjuvant and adjuvant settings have indicated significant benefits in terms of 

disease free survival and overall survival (89, 90). Trastuzumab and pertuzumab are 

monoclonal antibodies against HER2 which act by inhibiting dimerization of the 

receptors, preventing activation of the HER2 signalling pathways and tumour growth 

(91, 92). Trastuzumab was the first HER2-targeted therapy and is used in combination 

with systemic chemotherapy to treat both early and late stage HER2+ breast cancer 
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(93). Treatment of early stage HER2+ breast cancer with trastuzumab as adjuvant 

chemotherapy has been shown to reduce recurrence and mortality by a third (94).  

Lapatinib and neratinib are small molecule tyrosine kinase inhibitors which directly 

inhibit kinase activity of EGFR family members (95). They are used to treat early 

HER2+ ER+ breast cancer in patients who have completed trastuzumab therapy, and 

in advanced HER2+ cancer that has progressed after previous treatment (96, 97).  

 

1.3.6.4.2 Other targeted therapies – PI3K-Akt and Cyclin Dependent Kinases 
Multiple protein kinases have been found to play an important role during 

tumorigenesis and cancer progression, making them valid candidates for the 

development of new targeted therapies. Uncontrolled kinase activity, as a result of 

loss of inhibitory mediators or gain of function mutations are common in cancer, and 

lead to increased kinase activity. Constitutive activation of signalling pathways may 

then be induced which render them essential for cell proliferation, differentiation 

and inhibition of apoptosis (98).  

The PI3K-Akt pathway is the most commonly altered pathway in cancer, and 

frequently dysregulated in breast cancer driving cell growth, survival, and motility 

(99). The PI3K family of enzymes can by subdivided in to three main classes (I, II and 

III). Class I PI3K is comprised of two classes, class IA and IB, with class IA most often 

associated with cancer (100). In the normal cell, class IA exist as heterodimers 

consisting of a catalytic subunit (p110α/β/γ/δ) and a regulatory subunit (p85β).  Class 

I of the PI3K enzymes are primarily activated by the binding of hormones, cytokines 

or growth factors (101, 102). Receptor activation occurs by recruitment of PI3K to the 

plasma membrane where it catalyses the conversion of membrane phosphoinositide 

4,5- bisphosphate (PIP2) to phosphatidylinositol-3,4,5-trispho-sphate (PIP3). Kinases 

such as PDK1 and Akt bind to PIP3, confining them at the plasma membrane where 

PDK1 activates Akt by phosphorylation at its threonine 308 residue (103). To be fully 

activated Akt must also be phosphorylated at serine 473 residue. The pathway is 
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regulated by phosphatase and tensin homologue, encoded by the tumour suppressor 

gene PTEN, which acts to dephosphorylate PIP3 to PIP2 and therefore prevents Akt 

activation (104).  Activation of Akt leads to a number of downstream processes which 

are crucial for cell proliferation and survival including the inhibition of pro-apoptotic 

factors, such as Bad and procaspase-9, the stimulation of cell growth and 

proliferation by inhibiting beta-catenin antagonist GSK3β and an increase in protein 

synthesis through regulation of mTOR(105) (Figure 1.4). 

 

 

Figure 1.4: Schematic representation of the Class I PI3K-Akt pathway. Upon growth factor 
stimulation and activation of receptor tyrosine kinases (RTKs), class I PI3Ks are recruited to 
the plasma membrane. Activated p110 converts phosphatidylinositol-4,5-bisphosphaste 
(PIP2) to phosphatidylinositol-3,4,5-bisphosphaste (PIP3) providing docking sites for 
phosphoinositide-dependent kinase 1 (PDK1) and AKT. PDK1 activates AKT which results in a 
downstream cascade of signalling events. Arrows represent positive regulation and block-
headed arrows represent negative regulation. Image adapted from Liu et al., 2009 (106). 

  



21 
 

Activating mutations of PI3KCA, the gene encoding the p110a catalytic subunit of 

PI3K, are frequently observed across numerous cancers, including breast cancer (107, 

108). PI3KCa mutations are one of the most common events in HR+ breast cancers, 

occurring in approximately 35% of cases. PI3KCA mutations are also observed in the 

other cancer subtypes but to a lesser extent; 20-25% of HER2+ and 8% of TNBC (109). 

The mutations cluster in the helical and kinase domain, including three hot-spot 

mutations (E545K, E542K and H1047R) which activate the enzymatic activity of PI3K, 

and results in constitutive activation of Akt and its downstream effectors (110, 111). 

Amplification of PI3KCA and loss of PTEN activity have been associated with PI3K-Akt 

pathway activation in TNBC (109).  

As a consequence of these observations, efforts have been made in the development 

of inhibitors of this pathway, many of which are now in clinical trial l (112, 113). The 

PI3K inhibitors can be classified into pan-PI3Ki such as buparlisib (BKM120) and 

pictilisib (GDC-0941), isoform specific such as alpelisib (BYL719) and dual mTOR/pan 

PI3K, such as BEZ235.  The pan-PI3K inhibitor, buparlisib, targets all isoforms of class 

I PI3K (114). Most recently, the p110α-specific phosphatidylinositol-3-kinase (PI3K) 

inhibitor, alpelisib, was approved for use in combination with fulvestrant in women 

with HR+/HER2- PI3KCA-mutated advanced breast cancer (115, 116). The isoform 

specific PI3K inhibitors have proved to show improved tolerability and increased 

efficacy compared to pan-PI3K inhibitors (117). It is therefore anticipated that 

selective PI3K inhibitors continues to be an area of interest for the treatment of 

breast cancer.  

A second strategy of targeted therapy is the inhibition of kinases which are necessary 

for sustained proliferation and survival of cancer cells despite genetic alterations. 

Deregulation of the cell cycle through inactivation of tumour suppressors (eg RB1) 

and aberrant activation of cyclin-dependent kinases (CDKs) is a defining characteristic 

of breast cancer, with different subtypes displaying differing dependencies (118). Due 

to the essential role of the cell cycle for sustaining cancer cell proliferation, inhibition 
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of selected kinases represents a promising therapeutic opportunity, and in recent 

years a large number of CDK inhibitors have entered clinical trial (119, 120).   

The cell cycle is an ordered series of events, involving cell growth, DNA replication 

and cell division to produce two daughter cells (121). The cell cycle can be divided 

into four sequential phases referred to as Gap1 (G1), synthesis (S), Gap2 (G2) and 

mitosis (M). A cell enters the G0 resting phase from G1 when fully differentiated or 

in the presence of DNA damage, which impedes movement through the cell cycle.  

Progression through the phases is strictly controlled by surveillance mechanisms 

known as checkpoints which ensure the order, integrity and fidelity of the major 

events of the cell cycle (122) (Figure1.5).  

Advancement through the cell cycle is controlled by two classes of regulatory 

proteins: cyclin-dependent kinases (CDK) and their activators, cyclins. The overall rate 

of cell cycle progression is determined by the relative activity of the Cyclin-CDK 

complexes and their inhibitory proteins, the INK4 and the WAF/CIP families (123, 

124).  

CDK4, CDK6 and CDK2 cooperate to drive cells through G1 into S phase. CDK4 and 

CDK6 are thought to be involved in early G1, forming complexes with D-type cyclins 

(cyclin D1, D2 and D3). CDK2 is required to complete G1 and initiate the S phase, and 

is activated by the E-type cyclins (cyclin E1 and cyclin E2). Finally, during S phase, 

CDK2 is activated by the A-type cyclins – cyclin A1 and cyclin A2. CDK1 is a key 

mediator of mitotic progression, with activity levels peaking during G2/M phase of 

the cell cycle (121). 
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Figure 1.5: Simplified diagram of eukaryotic cell cycle. The cell cycle is comprised of four 
sequential phases regulated by cyclin-dependent kinases (CDKs) and their cyclin regulatory 
subunits. During G1 cells respond to extrinsic signals and decide to either exit cell cycle, or to 
pass the restriction point (G1 checkpoint) and complete cell division. Activation of the Cyclin 
E-CDK2 complex initiates transition into S phase where DNA replication takes place.  
Progression through the S phase is regulated by Cyclin A-CDK2 complex formation. At the end 
of S phase Cyclin A complexes with CDK1 and cells enter the G2 phase in preparation for 
mitosis (M). Mitosis is initiated by Cyclin B-CDK1 complex. Checkpoints occur during the cell 
cycle to ensure effective completion of key events. 

 

 

Cell-cycle regulators are frequently mutated in human cancers. Alterations include 

amplification of cyclins, such as cyclin D1 and cyclin E1, and of CDKs, mainly CDK4 and 

CDK6 (125-127). Additionally, loss of cyclin kinase inhibitors, such as INK4A and 

INK4B, or downregulation of Rb expression are also observed. CDK2 is rarely altered 

in human tumours although loss of CDKN1B expression and overexpression of cyclin 

E1 correlates with poor prognosis. Down regulation of p27KIP1 has been found to be 

predictive of breast cancer tumour resistance to radiotherapy and HER2 target 

therapy (128, 129).  
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Due to the central role of CDKs in cell cycle progression, small molecule kinase 

inhibitors are actively being pursued as novel therapeutic targets.  First generation 

cell cycle inhibitors included multi-CDK inhibitors such as alvocidib, dinaciclib and 

seliciclib. However, the success of early generation cell cycle targeting agents were 

limited due to lack of target specificity and dose-limiting toxicities as monotherapies. 

Concerted efforts to explore their use in combination with other therapies are 

ongoing, but it is likely that further stratification of patients is required to ensure 

successful treatment. Preclinical studies have also identified opportunities for 

repurposing some of these compounds, although these mechanisms are based on 

inhibition of transcription rather than the cell cycle (130, 131). 

The most successful CDK inhibitor to date is undoubtedly palbociclib, which 

specifically targets CDK4/6. CDK4 and CDK6 are activated by cyclin D1 (CCND1) and 

initiate the phosphorylation of retinoblastoma tumour suppressor protein (pRb). 

Dysregulation of the CDK4/6 pathway has been implicated in breast cancer, with 

overexpression of CCND1 observed in up to 45% of breast cancers (132, 133). As 

CCND1 is a transcriptional target of ER, CDK4/6 is a logical target for ER+ breast 

cancer. This approach has proven particularly successful with palbociclib, an inhibitor 

of cyclin dependent kinase 4/6 (CDK4/6), approved for use in combination with 

endocrine therapy for the treatment of locally advanced ER+ HER2- breast cancer 

(134, 135).  

 

1.3.6.5 Chemotherapy 

Chemotherapy refers to the cyclical systemic administration of cytotoxic drugs which 

provide an effective broad acting therapy for all tumour types. Their mode of action 

is to inhibit cell proliferation and induce cell death in highly proliferating cancer cells. 

They are used in the management of both early and metastatic breast cancer, and 

represents the main treatment option for TNBC.  
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Systemic chemotherapy was originally used as a way to downstage patients with 

inoperable or locally advanced breast cancer, and remains the backbone of 

chemotherapy regimes in metastatic disease. Its use in the adjuvant setting for the 

treatment of early breast cancer has demonstrated efficacy in randomised studies 

and  is primarily used to reduce the risk of recurrence and improve overall survival by 

eradicating micrometastatic disease (136). Neoadjuvant chemotherapy is now 

extensively used in the treatment of early-stage breast cancer (137). A range of 

chemotherapeutic agents are used for the treatment of breast cancer and are often 

given in combination as poly-chemotherapy treatment regimens which have been 

shown to be superior to single agents in terms of efficacy and safety (138).   

Alkylating agents, such as cyclophosphamide, are DNA damaging agents which inhibit 

DNA replication by forming covalent bonds between strands. This results in double 

strand DNA breaks and cell death (139). The platinum analogues (cisplatin and 

carboplatin) are considered to be alkylating-like agents, which also act by introducing 

inter-and intra-strand crosslinks in DNA which require repair (140). They are used in 

the treatment of metastatic breast cancer and triple negative breast cancer. 

Methotrexate and 5-fluorouracil (5-FU) are anti-metabolites, and are commonly used 

along with cyclophosphamide, as poly-chemotherapy in both the adjuvant and 

neoadjuvant settings. Typically this also includes an anthracycline, followed by a 

taxane (141).  

Anthracyclines and taxanes are the most effective and widely used cytotoxic agents 

in the treatment of cancer, and are the preferred first line treatment for all stages of 

early breast cancer (142-144). Anthracyclines, such as epirubicin and doxorubicin, are 

DNA damaging agents which inhibit topoisomerase -II activity thereby accelerating 

the rate of insertion of double-strand breaks in DNA strands (145). Simultaneously, 

anthracyclines intercalate with DNA and induce the formation of reactive oxygen 

species (ROS), as well as activating ataxia telangiectasia mutated kinase (ATM), 

resulting in cell cycle arrest and apoptosis (146). The taxanes (paclitaxel and 

docetaxel) belong to the microtubule-stabilising class of antimitotic cancer drugs 
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(147), which act by interfering with the normal functions of microtubules during cell 

division (148, 149). In clinical practice, taxanes remain a first line treatment for 

metastatic breast cancer in both the adjuvant and neoadjuvant settings, but have 

increasingly formed part of the polychemotherapy regimen for the treatment of early 

breast cancer. A recent review of the use of taxanes for adjuvant treatment for early 

breast cancer showed improvement in overall survival and disease-free survival, and 

recommended their continued use in this setting (150).  

 

1.3.6.5.1 Limitations of chemotherapeutic agents 
Systemic chemotherapeutic agents act by targeting highly proliferative cells, a 

characteristic of cancer cells. The assumption therefore is that cancer cells, which 

divide more frequently than normal cells, will be affected more than healthy cells. 

However, other cells within the body such as of the gastrointestinal tract, bone 

marrow and hair follicles, are also rapidly dividing, resulting in the characteristic side-

effects associated with chemotherapy such as nausea, diarrhoea or neutropenia 

(151). Extended use of cyclophosphamides, a component of almost all 

polychemotherapy regimens for breast cancer, is commonly associated with nausea 

and vomiting, as well as reversible hair loss (152). The side-effects of taxanes, which 

include neurotoxicity and haematological suppression, are often considered to be 

dose-limiting factors leading to treatment disruption (153, 154). Long term side-

effects have also been identified, such as the cardiotoxicity observed in some patients 

treated with anthracyclines or trastuzumab (155). These side-effects can be a 

significant barrier to completing chemotherapy regimens. The current approach to 

limiting such complications are to lower the dose of chemotherapy administered, 

postpone treatment until the immediate effects subside, or treat effects with other 

drugs. However these practices can also risk the patient’s benefit from treatment, 

compromise disease control, or have their own associated side-effects which limit 

use.  
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Resistance to chemotherapy and to targeted therapies, remains the biggest challenge 

to the treatment and long-term control of breast cancer. Patients who present with 

recurrent cancers are frequently found to have chemoresistant tumours presenting 

a significant challenge to clinicians.  Therapy options for these patients are often 

limited and most patients die as a result of metastatic disease. Despite advances in 

our understanding of cancer biology and treatment, the mechanisms of drug 

resistance remain poorly understood.  

Drug resistance may be either innate or acquired. Innate resistance indicates that a 

tumour presents with an inherent lack of sensitivity to the drug meaning it is 

unresponsive to treatment. Acquired resistance develops over the course of drug 

treatment, resulting in tumour cells which are no longer responsive to treatment 

(156). Initially many tumours appear to respond to treatment but, as not all 

neoplastic cells are killed, a residual resistant population allows regrowth that is no 

longer responsive to drugs (157). The development of acquired resistance cannot be 

explained by one single event. Instead, it is likely to be in response to a combination 

of treatment-induced somatic mutations and non-genetic changes, such as 

expression changes in genes or alterations in protein phosphorylation (158).  

With the increased popularity for use of taxanes as part of the treatment regimens 

of early breast cancer, many patients will become resistant to their action. 

Subsequent therapeutic options for metastatic disease are limited if resistance 

occurs, and represents a significant problem for the clinician. However, an increased 

understanding of the mechanisms driving resistance to taxanes has the potential to 

improve therapeutic strategies benefiting patient management. The following 

sections discuss more fully taxanes and mechanisms which drive resistance.  
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1.4 Taxanes in breast cancer 
 

1.4.1 Mechanism of action 
Taxanes are naturally occurring compounds derived from the Taxoidaceae tree 

family(159). Paclitaxel was developed first but due to solubility and availability issues, 

a semi-synthetic analogue, docetaxel, was developed (160-162). Taxanes are potent 

anti-mitotic drugs, which selectively and reversibly bind to β-tubulin that have 

previously been incorporated into microtubules (148, 161). This stabilises the 

structure of the microtubule by inducing the formation of stable microtubule bundles 

which prevent corrects spindle formation, ultimately blocking the cell cycle and 

inducing apoptosis.  

Microtubules are long, hollow dynamic structures which are involved in a number of 

cellular functions, but, in particular, play a critical role during cell division (163). 

Microtubules comprise heterodimers of α and β-tubulin and are dynamic structures 

which undergo continual assembly and disassembly within the cell. The microtubules 

in most cells radiate out from the centrosome, a microtubule organising centre in 

which the microtubules are anchored. During mitosis, the microtubules extend 

outward from the duplicated centrosomes to form the mitotic spindle assembly 

checkpoint (SAC). As the cell enters mitosis, the turnover of spindle microtubules 

increases dramatically. Stabilisation of microtubules and cell polarity is maintained 

by microtubule associated proteins (MAPs) and microtubule interacting proteins.  

Microtubule-targeting drugs function by suppressing microtubule dynamics, binding 

to the inner surface of the microtubule (164, 165). This binding promotes microtubule 

stability by increasing tubulin assembly independently of MAPs and GTP, which are 

normally necessary for the assembly process (161, 166). This results in arrest of the 

cell cycle at the G2/M phase, which inhibits mitosis and induces apoptosis through 

downregulation of Bcl2 and upregulation of p53 and p21/WAF1 (167, 168). Cell cycle 

arrest can occur at different phases depending on the dose of taxane used. 
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Interruption of the cell cycle at G0/G1 has also been observed in some cell lines when 

low doses of taxane were given, resulting in downregulation of c-myc (169).  

 

1.4.2 Taxane chemoresistance 
Resistance to chemotherapy is a well-known phenomenon where tumours become 

tolerant to the effects to pharmaceutical agents. Taxanes have been found to be 

highly effective chemotherapeutic agents, offering benefit in terms of overall survival 

and disease free survival (150). However many patients develop progressive disease 

over time and no longer respond to treatment. An increased understanding of the 

mechanisms driving resistance to taxanes has the potential to identify predictive 

biomarkers of taxane response and promising targets for new therapeutic strategies.   

 

1.4.2.1 Drug efflux 

Alterations in drug transport, particularly in drug efflux, are a common resistance 

mechanism in cancer. Resistance can occur by specific resistance to a single drug or 

resistance to a wide variety of compounds, so called multi-drug resistance. The ATP-

binding cassette (ABC) transporter family are drug efflux pumps which are key 

regulators of multidrug resistance. Paclitaxel and docetaxel are both substrates of P-

glycoprotein (P-gyp), which is encoded by the MDR1 gene (170). Overexpression of 

MDR1 is frequently observed in cell lines but has not consistently been observed in 

primary breast cancer samples (171).  Other members of the ABC family have been 

associated with resistance to taxanes, including ABCB4 (MDR2/3) for which paclitaxel 

is a substrate and ABCC2 (MRP2), ABCC10 (MRP7) for which both taxanes are 

substrates (172, 173).  
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1.4.2.2 Drug metabolism 

Alterations in drug metabolism and detoxification, resulting in reduced intracellular 

drug concentrations, are key resistance mechanisms in many cancers. Cytochrome 

p450 is a family of metabolising enzymes, which includes CYP3A4 the enzyme 

responsible for metabolism of paclitaxel and docetaxel into inactive precursors (174). 

The CYP enzymes are expressed predominantly in the liver but are also found in other 

extrahepatic tissues including the digestive tract (175). Expression has also been 

observed in malignant tissue including breast, colon and oesophageal tumours (176).  

Overexpression of CYP3A4 in tumours may contribute to chemoresistance by limiting 

efficacy or influencing intracellular drug concentrations (177). As a strategy of 

overcoming resistance, inhibition of CYP3A4 activity has been shown to decrease 

tumour volume in an in vivo model of breast cancer when given with docetaxel (178). 

However given the role of the CYP enzymes in the metabolism of more than 50% of 

medicines (179), inhibition may prove clinically challenging.  CYP3A4 expression in 

breast cancer tumours from patients treated with docetaxel has been found to 

correlate with clinical outcome, with overexpression of CYP34A observed in patients 

who respond poorly to docetaxel (180-182). This suggests that CYP3A4 assessment 

may be a valid predictive marker for therapeutic response to taxanes.  

 

1.4.2.3 Alteration of microtubule associated proteins 

The functional target of the taxanes is the microtubule, acting exclusively with tubulin 

to inhibit the dynamic changes normally seen during cell division. It is therefore 

plausible to anticipate that an on-target resistance mechanism may limit the activity 

of taxanes. There are multiple isotypes of tubulin with evidence indicating that βIII-

tubulin is most frequently associated with taxane resistance (183). Over expression 

of βIII-tubulin has been shown in several human cancer cell lines with associations 

with taxane sensitivity (184). This finding was validated by the observation of high 

expression levels of TUBB3 correlating with low response rates in patients treated 
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with taxane-containing regimens (185, 186). Additionally several mutations carried 

by beta-tubulin have been identified which are associated with taxane resistance 

(187). However the clinical significance of these mutations remains unclear (188). 

The assembly and dynamics of the mitotic spindle are tightly regulated by a family of 

microtubule-associated proteins (MAPs) and mitotic kinases proteins (189).  

Alterations in their expression or function in breast cancer may therefore regulate 

their sensitivity to taxanes. As such MAPs have long been considered as potential 

predictive biomarkers of taxane response (190). One such protein, MAP4, stabilises 

microtubules playing a critical role in mitotic dynamics (191). In vitro, MAP4 

overexpression has been associated with paclitaxel resistance (192). However this 

observation has not been confirmed in patient samples.  MAPT/Tau, which functions 

primarily be enabling tubulin assembly and promoting microtubule stabilisation, has 

also been observed as being upregulated in breast tumours and it was therefore 

suggested that its expression could serve as a predictor of response.   However, a 

study in ER+ early breast cancer failed to show an association between Tau and 

taxane benefit (193). A recent in silico analysis of 280 microtubule associated genes 

identified increased expression of MTUS1, a gene encoding a stabilising MAP, as 

being associated with resistance to taxanes in breast cancer and therefore of interest 

as potential biomarker of response (194). Stathmin, a microtubule destabiliser and 

regulator of the G2/M phase of the cell cycle, may also play a role in taxane 

resistance. It is found to be overexpressed in breast cancer and its expression is 

associated with poor prognosis (195). RNA interference knockdown of stathmin was 

found to reverse taxane resistance in vitro and it is postulated that overexpression of 

stathmin may therefore modulate paclitaxel efficacy by decreasing microtubule 

sensitivity to taxanes (196).  

The spindle assembly checkpoint is activated by taxanes when the attachment of 

microtubules to the kinetochores is interrupted. Maintenance of this checkpoint is 

tightly regulated by proteins such as MAD2 and BUBR1 which ensure correct 

microtubule attachment. Sustained activation of these checkpoint proteins by 
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taxanes increases activity of cyclin B1-CDK1 leading to cell cycle arrest at the M phase 

(197). Polo-like kinase 1 (PLK1) promotes mitotic progression by phosphorylating 

CDC25C, which also activates cyclin B1-CDK1 complexes(198).  Studies have shown 

that suppression of the SAC checkpoint genes in the MCF7 breast cancer cell line 

results in paclitaxel resistance with associated downregulation of CDK1 (199), a 

protein which is essential for the regulation of mitosis. In addition, inhibition of cyclin 

dependent kinases by overexpression of p21 are associated with paclitaxel treatment 

(167). 

 

1.4.2.4 Alterations in apoptosis, cell cycle and signalling pathways 

A common resistance mechanism is to increase cell pro-survival signalling, and 

reduce signalling through pathways, which result in apoptosis. A primary function of 

taxanes, and other chemotherapy agents, is to induce programmed cell death and it 

has been proposed that perturbations in the pathway may induce chemoresistance 

(168). Several apoptosis-related or survival signalling genes have been shown to be 

activated by taxanes for example c-Jun N-terminal kinase (JNK), nuclear-kappa B 

(NFκB) and Bcl-2 proteins (200, 201).  

The Bcl-2 family of proteins consists of both anti-apoptotic (Bcl-2, Bcl-XL, and Mcl-1), 

and pro-apoptotic proteins (Bax, Bak, Bim). Inhibition of the anti-apoptotic effects of 

Bcl-2 is thought to be induced through its phosphorylation, allowing pro-apoptotic 

proteins such as Bax and Bak to become activated (202). Changes in expression levels 

or posttranslational modifications of Bcl-2 family members have been associated 

with taxane resistance. The relative concentrations of pro-apoptotic and anti-

apoptotic Bcl2 proteins may therefore be involved in resistance to taxane-induced 

cell death.  

Resistance to systemic therapies can also be conferred indirectly by altered activity 

of molecular pathways. As discussed previously the activation of the pro-survival 

PI3K-Akt pathway is associated with chemoresistance by driving cell survival, cell 
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growth and cell cycle progression (105) . Akt has been shown to phosphorylate a 

number of key apoptotic proteins including Bad, and NFκB transcription factors. Akt 

is involved in the phosphorylation of the pro-apoptotic protein Bad, which becomes 

bound to 14-3-3, inhibiting its pro-apoptotic activity (203).  Activation of NFκB an 

inhibit apoptosis through induction of anti-apoptotic proteins such as Bcl-2 and Bcl-

xL (204). Cell line studies have demonstrated upregulation of NFκB in response to 

treatment with paclitaxel, resulting in reduced apoptosis suggesting a role in taxane 

resistance (205, 206).  

Increased activity of the mitogen-activated protein kinases (MAPK) pathway, has also 

been implicated in resistance to numerous systemic therapies. JNK is a subfamily of 

mitogen-activated protein kinases (MAPK), which regulates important cellular 

activities, including cell proliferation, differentiation, and apoptosis (207).  The JNK 

pathway is activated by taxanes via the apoptosis signal-regulating kinase (ASK1) as 

well as by Ras, and phosphorylates and inactivates Bcl-2 at the G2/M phase of the 

cell cycle (208). The Raf/MEK/ERK pathway is a pro-survival pathway playing an 

important role in apoptosis, by phosphorylating both pro- and anti-apoptotic proteins 

(Bax, Bad, and Bcl-2, Bcl-xL respectively) (209). Inhibition of ERK signalling has been 

shown to increase the sensitivity of cells to taxane suggesting it may also play a role 

in taxane resistance (210).  

 

1.5 Overview and aims of this thesis 
 

The challenge of acquired chemoresistance in breast cancer remains the major cause 

of treatment failure, with limited treatment options available to patients thereafter 

contributing to a poor prognosis. With the growing use of taxanes as a first-line 

treatment for early breast cancer, resistance to these chemotherapy agents is 

becoming an increasing challenge for the clinician. An appropriate second line 

therapy is required after resistance to taxanes has occurred, which remains an unmet 

need. Understanding the mechanisms which drive acquired taxane resistance in 
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breast cancer could potentially improve the outcomes for patients by identifying 

pathway changes which are predictive of resistance, and which could then be 

exploited as novel therapies to treat chemorefractory disease.    

The main objective of this thesis was therefore to generate a series of well-

characterised isogenic taxane-resistant breast cancer cell lines as a model system.  It 

is hypothesised that isogenic taxane-resistant cell line models will undergo 

phenotypic and transcriptomic changes when compared to their parental cell lines 

which can be attributed to acquired taxane resistance. I theorised that differences in 

signalling pathways could therefore be used to identify biomarkers associated with 

response to taxanes, and that the isogenic cell lines could be employed as pre-clinical 

models to identify novel therapeutic targets with activity against taxane resistant 

breast cancer.       

Aims and objectives: 

a. To develop a panel of isogenic taxane-resistant breast cancer cell line models 

representing different molecular breast cancer subtypes. 

b. To characterise the isogenic cell lines through a variety of in vitro assays. 

c. To identify signalling pathways altered in the resistant cell lines through 

comprehensive transcriptomic and proteomic characterisation of the 

sensitive and taxane-resistant breast cancer cells. 

d. To identify novel strategies for the treatment of taxane resistance by 

performing a pathway-focussed small molecule kinase screen to detect 

inhibitors with activity in the isogenic breast cancer cell lines. 
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 MATERIALS AND METHODS 
 

2.1 Materials 
 

2.1.1 Common Buffers and Reagents 
The compositions of common buffers are listed in Table 2.1. Buffers were prepared 

in Milli-Q water unless otherwise stated. 

 

Table 2.1: Common buffers and reagents 

Buffer Composition 

Blocking buffer 5% w/v milk powder added to TBS-T 

Phosphate buffered saline 

(PBS) 

137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 

mM KH2PO4, pH 7.4. 

PBS with Tween (PBS-T) 0.1% (v/v) Tween® 20 to PBS 

Radioimmunoprecipitation 

assay (RIPA) buffer 

50 mM Tris pH 8.0, 150 mM NaCl, 1% (v/v) NP-40, 

0.5% (w/v) sodium deoxycholate, 0.1% (v/v) SDS. 

cOmplete™ mini-Protease Inhibitor Cocktail tablets 

(Roche, #4693159001) and PhosSTOP™ tablets 

(Roche, #4906845001) were added directly before 

use. 

RPPA lysis buffer 1% (v/v) Triton X-100, 50 mM HEPES (pH 7.4), 150 

mM NaCl, 1.5 mM MgCl2, 1 mM EGTA, 100 mM NaF, 

10 mM Na4P2O7, 1 mM Na3VO4, 10% glycerol 
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RPPA sample buffer 4 X 250 mM Tris, pH 6.8, 8% (w/v) SDS, 40% (v/v) 

glycerol. Before use, 2-mercaptoethanol at 1/10th of 

the volume was added. 

SDS-PAGE sample buffer 3 X 150 mM Tris HCl pH6.8, 3% (w/v) SDS, 30% (v/v) 

glycerol, 0.03% (w/v) bromophenol blue 

Tris buffered saline (TBS) 50 mM Tris, 150 mM NaCl, pH 7.5 

TBS with Tween 0.1% (TBS-

T) 

0.1% v/v Tween®20 to TBS 

Tris Glycine SDS Running 

buffer 

25 mM Tris, 192 mM glycine, 0.1% (w/v) SDS, pH 

8.3. 

Tris Glycine Transfer buffer 25mM Tris, 192 mM glycine, pH 8.3 

Trypsin-EDTA 10X Trypsin-EDTA (Sigma, T4174) diluted to 1X in PE 

(PBS with EDTA) buffer 

 

2.1.2 Compounds  
Compounds (Table 2.2) were diluted in DMSO at a stock concentration of 10 mM and 

stored at -80°C unless otherwise stated. Compound source plates were prepared in 

v-bottom 96 well plates (Corning #3363) at 1000-fold assay concentration over an 8-

point semi-log range and stored at -20°C for short-term use. 
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Table 2.2: Chemotherapy and small molecule kinase compounds 

Compound Supplier Catalogue 

Number 

Solvent Stock 

concentration 

Storage 

5-fluorouracil Sigma F6627 DMSO 10 mM -80°C 

Alvocidib Stratech S1230-SEL DMSO 10 mM -80°C 

BKM120 Cayman 

Chemicals 

11587 

 

DMSO 10 mM  

-80°C 

BYL719 Cayman 

Chemicals 

16986 DMSO 10 mM -80°C 

Carboplatin Cayman 

Chemicals 

13112 H2O 10 mM Prepare 

fresh 

Cisplatin TEVA  PBS 3.3 mM RT 

Dinaciclib Cayman 

Chemicals 

14707 DMSO 10 mM -80°C 

Docetaxel Sigma O1885 DMSO 10 mM -80°C 

Doxorubicin 

Hydrochloride 

MP 

Biochemicals 

215910101 DMSO 10 mM -80°C 

Epirubicin 

hydrochloride 

Cambridge 

Biosciences 

E6235 DMSO 10 mM -80°C 

Paclitaxel Selleck S1150 DMSO 10 mM - 80°C 

PIK75 

hydrochloride 

Cayman 

Chemicals 

10009210 

 

DMSO 10 mM -80°C 

SNS-032 Selleck  S1145 DMSO 10 mM -80°C 
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2.1.3 Antibodies 
Antibodies for Western blots were diluted in blocking buffer. 

Table 2.3: Antibody list 

Target Source Supplier Catalogue 

Number 

Dilution 

β-actin Mouse Calbiochem CP01 1:100,000 

Total Akt Rabbit  CST 4691 1:1000 

Akt1 Mouse CST 2967 1:1000 

Akt S473 Rabbit CST 9271 1:1000 

CCNB1 Mouse CST 4135 1:1000 

EGFR Rabbit Santa Cruz Sc-03 1:2000 

ERα Mouse Leica NCL-L-ER-6F11 1:100 

FAK Rabbit CST 3285 1:1000 

FAK (Y397) Mouse BD Biosciences 611722 1:1000 

GAPDH Rabbit CST 2118 1:5000 

HER2 Rabbit CST 2165 1:1000 

HER3 Mouse Fisher/LabVision MS201 1:1000 

MDR1 Mouse Santa Cruz Sc-13131 1:1000 

P38 MAPK Rabbit CST 9212 1:1000 

P44/42 MAPK 

(ERK1/2) 

Rabbit CST 9102 1:1000 
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P44/42 MAPK 

(ERK1/2) 

(Thr202/Tyr204) 

Rabbit CST 9101 1:1000 

PgR Mouse Leica NCL-L-PGR-312 1:1000 

pS6 Rabbit CST 2215 1:1000 

RB (Ser807/811) Rabbit CST 9308 1:1000 

Anti-mouse IgM 

(actin) 

Goat Calbiochem 401225 1:120000 

Anti-mouse  Horse CST 7076 1:5000 

Anti-rabbit Goat CST 7074 1:5000 
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2.2 Methods 
 

2.2.1 Cell culture 
2.2.1.1 Cell culture maintenance 

All cell lines were obtained from the American Type Cancer Collection (LGC 

Standards, UK). MDA-MB-231 and MCF-7 cells were cultured in Dulbecco’s Modified 

Eagle Medium (DMEM) (Thermo Fisher Scientific; #21969035) supplemented with 

10% foetal calf serum (FCS) (Life Technology #16140071) and 2mM L-glutamine 

(Thermo Fisher Scientific; #A2916801). SK-BR-3 cells were cultured in Rosewell Park 

Memorial Institute (RPMI) 1640 Medium (Thermo Fisher Scientific; #11875101) 

supplemented with 10% FCS and 2mM L-glutamine. 

All cells in culture were maintained at 37°C in a humidified atmosphere containing 

5% CO2. Cells were routinely tested for mycoplasma using the Venor™GeM 

Mycoplasma Detection PCR kit (Sigma; #MP0025). 
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Table 2.4: Human breast cancer cell lines used in this study 

Cell line Origin Classification Description 

MCF-7 Human breast cancer; pleural 

effusion from 69 year old 

woman with metastatic disease 

originating from luminal 

mammary adenocarcinoma 

(211) 

Luminal A ER+/PgR+/HER2- 

MDA-MB-

231 

Human breast cancer; pleural 

effusion from 51 year old 

woman with metastatic disease 

originating from  basal 

mammary adenocarcinoma 

(212) 

Basal B ER-/PgR-/HER2- 

SK-BR-3 Human breast cancer; pleural 

effusion from 43 year old 

woman with metastatic disease 

originating from luminal 

mammary adenocarcinoma 

(213) 

Luminal ER+/PgR-/HER2+ 

ER, oestrogen receptor; PgR progesterone receptor; HER2, human epidermal growth 

factor receptor 2.  

 

2.2.1.2 Cell line authentication 

Cell line authentication was confirmed by short tandem repeat (STR) genotyping. 

Parental cell lines were genotyped prior to establishment of taxane resistance and 
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cryopreservation of cell line stocks. The process was repeated for all cell lines at 3 

monthly intervals during the development of resistant cell lines, prior to freezing 

stock aliquots and during the course of this study to confirm integrity of experiments. 

Genomic DNA from all cell lines were analysed by the DNA Sequencing Facility, 

Institute of Genetics and Cancer, University of Edinburgh, using the GenePrint® 10 

system (Promega; B9510).  

2.2.1.3 Cell harvesting and counting 

Cells were routinely sub-cultured in 75cm2 cell culture flasks (Greiner; #658175) 

according to cell growth, 1-3 times per week. The media was aspirated, and the flasks 

washed twice with phosphor buffered saline (PBS), pH7.3. Cells were harvested by 

brief incubation with 0.25% trypsin/1mM EDTA at 37°C. The disaggregated cells were 

resuspended in 10 ml of the appropriate complete growth media to neutralise the 

trypsin and centrifuged for 5 min at 250 x g.  To ensure a single cell suspension, the 

cell pellet was resuspended in fresh media before being passed through a 21G needle 

attached to a 10ml syringe. A proportion of the resulting cell suspension was then 

transferred to appropriate tissue culture plates and maintained at 37°C and 5% CO2 

in a humidified atmosphere. 

Where a fixed number of cells were required for an experiment 10µl of the above cell 

suspension was transferred to a haemocytometer. The cell count was obtained by 

manually counting the number of cells in the each of the large 1mm2 corner squares. 

The average number of cells per ml was obtained by dividing by the count by four and 

multiplying by 104.  

All cell line experiments were performed using sub-confluent cultures in their log-

phase of growth. 

2.2.1.4 Cryopreservation and recovery from liquid nitrogen storage 

Cells from a confluent flask were harvested as outlined above. The cell suspension 

was centrifuged at 250 x g for 5 minutes to form a pellet. The media was carefully 
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aspirated and the cell pellet resuspended in freezing medium at a concentration of 1 

x 106 to 5 x 106 cells/ml. The resulting suspension was transferred to cryovials and 

stored at -80°C for 24 hours before moving to long term storage in liquid nitrogen.  

To recover cells from liquid nitrogen, the cryovial was incubated briefly at 37°C to 

defrost the contents before resuspension in 10ml of complete media. The 

resuspended cells were pelleted by centrifugation at 250 x g for 5 minutes. The 

supernatant was aspirated, and the pellet resuspended in complete medium before 

transferring the contents to appropriate tissue culture flasks. 

 

2.2.2 Generation of taxane resistant isogenic cell lines 
Cells were routinely passaged prior to subculture to two 25 cm2 and two 175 cm2 cell 

culture flasks (Greiner; #690175 and #660175 respectively). When 80% confluent, the 

cells from the 175cm2 cell culture flasks were harvested and frozen down as master 

stocks of the parental native cell line. These cells were used as controls for all 

subsequent experiments. 

For the establishment of taxane resistance, working stock solutions at 1µM of 

paclitaxel and docetaxel were prepared in complete medium and stored, wrapped in 

foil to protect from light degradation, at 4°C for one week.  

After 24 hrs in culture the media was replenished in the 25 cm2 cell culture flasks with 

complete media containing either paclitaxel or docetaxel. Cells were initially exposed 

to 0.5nM taxane, a dose which approximately represented the IC80 of each cell line. 

The media in each flask was replaced twice weekly with fresh taxane. On reaching 

confluence, the cells were passaged twice before the next increment of drug was 

introduced. The contents of one flask was harvested and seeded in to two further 

25cm2 cell culture flasks and an incremental dose of taxane added to the media. 

Increments in taxane dosage was guided by the ability of the cells to tolerate the drug 

and proliferate in culture. Initially an increase of 0.5 nM of each drug was applied at 

each stage. The contents of the second 25cm2 cell culture flask was collected and 
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frozen down as a representative of that concentration of taxane, ensuring that the 

full spectrum of doses were available for future experiments if required.  

Cells were named according to cell type, dose of drug and taxane e.g. MDA-MB-231 

25nM PACR; MDA-MB-231 treated with 25nM paclitaxel. This naming schedule was 

applied to all cell lines generated for the purpose of this thesis. 

 

2.2.3 Cell doubling times 
To quantify any differences in growth rate between the parental and resistant cell 

lines, live cell imaging using an IncuCyte ZOOM® system was performed. The IncuCyte 

ZOOM® provides the capability to capture real-time quantitative kinetic data of 

cellular confluence by periodic imaging over multiple time points and days. MDA-MB-

231 and MCF7 parental and taxane resistant isogenic cells were counted and seeded 

at 6 x 10 4 cells.ml-1 in triplicate in the inner wells of a 96 well cell culture plate 

(Greiner; #655180) either in the presence or absence of the maintenance dose of 

25nM of the relevant taxane. Control wells containing 0.1% (v/v) DMSO were 

included for each cell line. The outer wells were filled with 100µl PBS. Four images 

per well in the phase channel using a 10x objective were captured every 3 hours for 

72 hours. Mean confluence for each well and time points were obtained using 

IncuCyte ZOOM® software and data extracted as a csv file. All experiments were 

performed in triplicate.  

 

2.2.4 Cell viability assays 
Cell Counting Kit-8 (CCK-8) assays (Sigma 96992) were used for the determination of 

cell viability in cell proliferation and cytotoxicity assays. CCK-8, is a sensitive 

formazan-based colorimetric assay, which is converted to an orange product under 

reducing conditions of viable cells. The product is measured by absorbance at 450 nm 

and is directly proportional to the amount of living cells in each well.  
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Cells were seeded at a density of 0.5 x 104 in triplicate in 96-well plates and incubated 

for 24 hours before treatment. Edge wells were not used due to evaporation effects 

which may affect cell growth. Each well was then replaced with fresh media 

containing the compound of interest over an 8 point semi-log concentration range. 

Stock dilution plates of test compounds were prepared in DMSO. A working-dilution 

plate was prepared in complete medium. Drug vehicle control wells were included 

and treated with 0.1% v/v DMSO corresponding to the final concentration of drug 

diluent. Media only controls were also included. Cells were grown for 72hrs and 

viability assessed with the addition of CCK-8.  All experiments were performed in 

triplicate. Cell counts were normalised to the DMSO control as a measure of cell 

viability and concentration response curves plotted using GraphPad Prism v6 and 

IC50s calculated.  

 

2.2.5 Small Molecule Kinase Screen 
All inhibitors described in Table 2.5 were provided by the Drug Discovery group at 

OICR. Each compound was tested against MDA-MB-231 Native, MDA-MB-231 

25PACR and MDA-MB-231 25DOCR. 
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Table 2.5: Inhibitors and targets of small molecule kinase screen 

Inhibitor Target 

(+)-P276, P276-00 CDK1, CDK4 

2-Thio(3-iodobenzyl)-5-(1-pyridyl)-

[1,3,4]-oxadiazole 

GSK3B 

6-bromoindirubin-3'-oxime, BIO GSK3 

A 1070722, A-1070722 GSK3 

Alsterpaullone CDK1, CDK2, CDK5, GSK3 

Alvocidib, Flavopiridol CDK1, CDK2, CDK4, CDK63, CDK7, CDK9, Bcl-2, 

Mcl-1, Survivin, XIAP 

AR-A014418 GSK3 

Arcyriaflavin A CDK4, CaMK2b (CaMK2) 

AS-252424 PI3K 

AS604850, AS-604850 PI3K 

AS605240, AS-605240 PI3K 

AT-7519 hydrochloride CDK1, CDK2, CDK3, CDK4, CDK5, CDK6 

AZD 7762, AZD-7762 hydrochloride CHK1, CHK2 

AZD5438, AZD-5438 CDK1, CDK2, CDK9 

AZD6482, AZD-6482 PI3K 

BGT-226, NVP-BGT-226 PI3K, FRAP (MTOR, FRAP1) 

BKM120, NVP-BKM-120 PI3K 
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BS-181 hydrochloride CDK7 

BYL-719, NVP-BYL-719 PI3Ka 

CAL-101, GS-1101 PI3Kd 

Cdk1/2 Inhibitor III CDK1, CDK2 

CGK 733 ATR, ATM 

CGP-74514A hydrochloride CDK1 

CHIR-124 CHK1 

CHIR-98014 isomer, CT-98014 GSK3 

Chk2 Inhibitor II, 339253 CHK2 

Compound 52, NG-52 CDK1 

CP466722, CP-466722 ATM 

CT-99021, CHIR-99021 GSK3 

Dinaciclib, MK-7965,  SCH-727965 CDK2, CDK5, CDK1, CDK9 

FAK Inhibitor 14 FAK (FAK1) 

GDC-0941 PI3K 

GDC-0941 bismesylate, RG-7321, 

Pictilisib 

PI3K 

GSK-1059615, GSK-615 PI3K 

GW8510 CDK2 

IC87114, D-030, IC-87114 PI3Kd 



48 
 

Indirubin, NSC-105327 CDK1, CDK2,  CDK4, CDK5, GSK3B 

Kenpaullone, NSC-664704 CDK1, CDK2, CDK5, GSK3, LCK (p56lck) 

KU-55933, KU-0064 ATM, PI3K 

KU-60019 ATM 

LY2835219, LY-2835219 CDK4, CDK6, PIM1 

LY-294002 PI3K 

NSC 109555 ditosylate, DDUG CHK2 

NSC 625987 CDK4 

NSC 693868 CDK1, CDK5, GSK3 

NSC-663284 cdc25 

NU-2058 CDK1, CDK2, CDK5, GSK3 

NU-6102 CDK1, CDK2 

NVP-BEZ235, BEZ235 PI3K 

Olomoucine CDK1, CDK2, CDK5 

PD-0332991, PD-332991 CDK4, CDK6 

PD-407824 CHK1, WEE1 

PF-04691502,  PF-502 PI3K, FRAP (MTOR, FRAP1) 

PF431396, PF-431396 FAK (FAK1), PYK2 (FAK2, PTK2B, CAKB) 

PF562271, PF-562271 FAK (FAK1), PYK2 (FAK2, PTK2B, CAKB) 

PF-573228 FAK (FAK1) 
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PHA690509, PHA-690509 CDK2 

PHA-767491 hydrochloride CDC7, CDK9, MAPKAPK2 (MK2) 

PHA-793887 CDK1, CDK2, CDK4, CDK5 

PHA-848125, PHA-848125AC CDK2, CDK7, CDK4, CDK5, CDK1 

PI-103 PI3K 

PI3-Kinase a Inhibitor 2 PI3K 

PI-828 PI3K 

PI-93, PIK-93 PI3Ka 

PIK-294 PI3Ka 

PIK-294 PI3Ka 

PIK-75 hydrochloride PI3K 

PIK-90 PI3Ka 

Purvalanol A, NG 60 CDK1, CDK2, CDK4, CDK5, DYRK1A (DYRK) 

Purvalanol B, NG 95 CDK1, CDK2, CDK5 

PV-1019, NSC-744039 CHK2 

PX-866, DJM-166, Sonolisib, NSC-

722134 

PI3K, PTEN inhibitor 

Quercetin PI3K 

Roscovitine, CYC202, Seliciclib CDK1, CDK2, CDK5 

Ryuvidine CDK4 
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SB 216763 GSK3 

SB-218078 CHK1, CDK1, PKC 

SB-415286 GSK3 

SCH-900776, MK-8776 CHK1, CDK2 

SNS-032, BMS-387032 CDK2, CDK7, CDK9 

SU-9516 CDK1, CDK2, CDK4 

TCS 2312 CHK1 

TCS 2312 dihydrochloride CHK1 

TG100-115, TG-100115 PI3K 

TGX-221 PI3K 

TWS-119  GSK3 

VE-821 ATR 

Wortmannin, KY 12420 PI3K - Irreversible 

WYE-125132, WYE-132 PI3K, FRAP (MTOR, FRAP1), mTORC1, mTORC2 

XL-147, , SAR-245408 PI3K 

XL765,  SAR245409 PI3K, mTORC1, mTORC2 

ZSTK474 PI3K 

 

Cells were seeded at 1000 – 1200 cells/well into 384 well cell culture plates (Greiner; 

#781073). After 24 hrs, resistant cells were exposed to the relevant taxane at the 

selection doses established then exposed to small molecule kinases dissolved in 

DMSO in 12 concentrations ranging from 0.0026 to 10 μM using a HP D300 digital 



51 
 

compound dispenser (Tecan). 0.5% v/v DMSO controls were included to reflect the 

maximum concentration of compound diluent in each well. After 72 hr, the effects of 

inhibitors were determined using CellTiter-Glo™ Luminescent Cell Viability Assay 

(Promega; G7570) and the Wallac EnVision 2104 Multilabel Reader. Raw data were 

normalised to negative (media) and positive (20 μM staurosporine; Selleckchem 

S1421) controls and analysed using GraphPad Prism v6 software.  

 

2.2.6 Drug combination synergy assays 
For drug combination assays, a drug dose combination matrix was applied before 

assessment of synergistic effects. Briefly, cells were seeded as described above and a 

working-dilution compound plate prepared in complete medium. After incubation for 

24 hours, taxanes (compound A) were added over an 8-point semi-log concentration 

range down the inner rows of 96 well plates, along with a 5-point semi-log 

concentration range of compound B along the inner columns. Drug vehicle control 

wells were included in wells C2-G2 of the 96 well plate. A ‘no treatment’ well was 

included with cells in well B2 incubated in complete medium (Figure 2.1). Cells were 

grown for 72 hours and viability assessed with the addition of CCK-8. Triplicate plates 

were set up for each experiment, and all experiments performed three times.  

 

 

Figure 2.1: Combination matrix layout for assessment of synergistic drug activity 
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Values normalised to the DMSO controls were analysed using SynergyFinder v2.0 

(www.synergyfinder.fimm.fi) (214) a web application for interactive analysis and 

visualisation of multi-drug combination profiling data. The program calculates 

separate scores based on four main reference models: Bliss independence, Loewe 

additivity, Highest Single Agent (HSA) and Zero Interaction Policy (ZIP) models.  

 

2.2.7 Cell cycle assays 
Cells were seeded at 2500 cell/well in 100 µl of complete media in 96-well black 

optical-bottom plates (Fisher Scientific; #10281092) and incubated at 37°C with 5% 

CO2 for 24 hours before treatment. Media from each well was aspirated and replaced 

with fresh medium containing the compound of interest, 0.1% v/v DMSO as a vehicle 

control or 300nM staurosporine as a positive control. Each treatment was performed 

in triplicate.  

The plates were incubated for a further 24 hours at 37°C before fixation of the cells 

with 100 µl 8% (v/v) formaldehyde (Fisher Scientific; #11586711)) in PBS at room 

temperature for 20 mins. The media/formaldehyde was removed, and wells washed 

three times with 100 µl PBS, and then permeabilised with 0.1% Triton X-100 for 5 

mins. Cells were labelled with Hoescht 33342 (2µg.ml-1 final concentration; Molecular 

Probes #H32721) for 30 mins at room temperature, then washed three times with 

PBS and plates sealed. Images of Hoescht-labelled nuclei were acquired using the 

ImageXpress® Micro XL System (Molecular Devices), a multi wavelength wide-field 

fluorescent microscope with a 20x S Plan Fluor objective, and analysed using the Cell 

Cycle module in the MetaXpress® software. This software enables cell-by-cell cell 

cycle classification into G0/G1, S phase and early and late mitosis. Briefly, to configure 

the analysis, an image of stained cell nuclei was used to define the size and intensity 

thresholds. The integrated intensity of the nuclear stain was then used to quantify 

DNA content. Image analysis was performed with the assistance of Dr John Dawson, 

Drug Discovery Group, University of Edinburgh.  
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2.2.8 Apoptosis and cell death assays 
To assess the apoptotic effects of taxanes and inhibitors on the isogenic cell lines, 

cells were seeded and cultured in 96-well plates as described above for 24 hrs. 

Cultures were subsequently treated with an 8-point semi-log concentration curve of 

drug. Negative control wells were treated with vehicle only (0.1% v/v DMSO) and 

positive control wells with 300nM staurosporine. To allow real time quantification of 

apoptosis and cell death, Incucyte® Caspase-3/7 reagent (Essen Bioscience; #4440) 

or DRAQ7™ (Abcam; ab109202) reagent were used. The Incucyte® Caspase-3/7 

apoptosis assay reagent couples the activated capase-3/7 recognition motif (DEVD) 

to a DNA intercalating dye which enables real-time quantification of cells. DRAQ7™ is 

a membrane-permeable dye that only stains the nuclei of dead or permeabilised cells. 

Incucyte® Caspase-3/7 or DRAQ7™ were added at the same time as addition of 

inhibitors at final concentrations of 5 µM or 3µM respectively. Four images per well 

in the phase and fluorescent channels using a 10x objective were captured every 3 

hours for 72 hours. Mean confluence for both phase and fluorescent channels at 

every timepoint were obtained using IncuCyte ZOOM® software and data extracted 

as a csv file. Values were normalised to the average of all wells at time zero and 

apoptosis expressed as a percentage of total confluence.  All experiments were 

performed in triplicate.  

 

2.2.9 Transient transfection of small interfering RNA (siRNA)  
Knockdown of target genes was achieved through reverse siRNA transfection 

according to Lipofectamine® RNAiMAX manual instructions.  ON-TARGETplus siRNA 

reagent human SMARTpool targeting MDR1, GAPDH and scrambled siRNA control 

(GE Healthcare Dharmacon) were reconstituted in distilled H2O to achieve a stock 

concentration of 20 µM according to manufacturer’s instructions and aliquots stored 

at -80°C. siRNA targeting GAPDH was included as a positive control for transfection. 

Negative controls included lipofectamine only and mock transfection with a 

scrambled non-targeting siRNA. 
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For each well to be transfected, master mixes of RNAi-Lipofectamine complexes were 

prepared as follows: 20 µM siRNA was diluted 1:500 in OptiMEM™ I Reduced Serum 

Medium in give a final volume of 2000 µl. 14.4 µl Lipofectamine® RNAiMAX reagent 

was added and mixed gently before aliquoting 25 µl of RNAi-Lipofectamine 

complexes in a 96-well plate. Incubation at room temperature for a further 15 mins 

allowed complex formation to occur. Cells were prepared at a concentration of 6.7 x 

104.ml-1. 75 µl of the resulting cell suspension was then added to each well to give a 

final siRNA concentration of 10 nM and the solutions mixed by gentle agitation. Plates 

were incubated overnight before the media was replaced with complete growth 

media. Paclitaxel or docetaxel over an 8 semi-log concentration range was added to 

triplicate wells per concentration point. 0.1% v/v DMSO controls were included. After 

a further 72 hrs the proliferation of each well was assessed by CCK-8 assay as 

previously described.   

To confirm knockdown of target protein, RNAi-Lipofectamine complexes were 

formed by aliquoting 2.5µl siRNA (20 µM) diluted in 250µl OptiMEM I Reduced Serum 

Medium (Thermo Fisher Scientific; #31985-062) in a 6 well tissue culture plate. 7.5 µl 

Lipofectamine® RNAiMAX transfection reagent (Thermo Fisher Scientific; #13778075) 

was then added to each well, gently mixed and complexes allowed to form by 

incubation for 15 mins at room temperature. A total of 2.5 x 105 cells were added to 

each well and gently mixed by rocking the plate back and forth. After 16 hours, the 

media was aspirated and replaced with complete growth medium containing 

maintenance doses of taxane if applicable. After 72 hours, the cells were lysed with 

RIPA buffer for protein analysis. 

 

2.2.10 Nucleic Acid Analysis 

2.2.10.1 DNA Extraction 

Cells were cultured in 75cm3 tissue culture flasks and after 72 hrs, 5 x 106 cells 

collected as a pellet prior to lysis using the DNeasy® Blood and Tissue Kit (Qiagen, 
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#69514) according to manufacturer’s instructions. Briefly, the cell pellet was 

resuspended in PBS prior to cell lysis with Proteinase K for 10 mins at 56°C. An 

equivalent volume of ethanol was added to the sample before loading the lysate into 

a DNeasy mini spin column. The sample was centrifuged for 1 minute at 8000 rpm. 

After a series of washes, the column was placed in a fresh 1.5ml tube before elution. 

Extracted DNA quantification was performed using a Nanodrop ND-1000 

Spectrophotometer. Samples were aliquoted and stored at 4°C. 

 

2.2.10.2 RNA Extraction 

Cells were seeded in 6 well plates at a concentration of 3 x 105 cells.ml-1 and 

incubated for 24 hrs before addition of compounds of interest. DMSO only controls 

were included at a final concentration of 0.1% v/v. Duplicate wells were seeded for 

each treatment and pooled for nucleic acid extraction. 

Cells were cultured for 48hrs before trypsinisation and 5 x 106 – 1 x 107 cells collected 

as a pellet prior to lysis using the RNeasy Mini Kit (Qiagen, #74104) according to 

manufacturer’s instructions. Briefly, RLT buffer was added to the pellet to lyse cells 

and the lysate added to a QIAshredder spin column (Qiagen, #79654) and 

homogenised by centrifugation for 5 mins at 14,000 rpm. An equivalent volume of 

ethanol was added to the homogenised lysate before loading into an RNeasy spin 

column and centrifugation for 15 secs at 14,000 rpm. On-column DNase digestion 

was carried out before a series of wash steps to remove contaminants. The column 

was placed in a fresh 1.5ml tube before elution in 30 µl RNase-free water. Extracted 

RNA quantification was performed using a Nanodrop ND-1000 Spectrophotometer. 

Samples were aliquoted and stored at - 80°C. 
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2.2.10.3 Mutational Profiling of cell lines by MSK-IMPACT  

This experiment was performed in collaboration with Dr Melanie Spears, OICR, 

Toronto, Canada.  

Briefly, genomic DNA from the parental and taxane resistant cells were sequenced 

using the MSK-IMPACT platform, a capture-based Next Generation Sequencing (NGS) 

assay capable of identifying sequence mutations, copy number alterations and select 

gene fusions. Genomic DNA was sheared and sequencing libraries prepared through 

several enzymatic steps, including end repair, A-base addition and ligation of Illumina 

sequence adaptors followed by PCR amplification. Adaptors containing 6-mer unique 

barcodes corresponding to the Illumina TruSeq barcoding system were used in the 

library preparation. A mix of blocker oligos synthesized at IDT (Integrated DNA 

Technologies, Coralville, IA) and compatible with the TruSeq barcodes was also added 

to the pool to help prevent nonspecific binding and improve target capture 

specificity. Custom DNA probes targeting exons and selected introns of 341 genes 

were synthesized using the NimbleGen SeqCap EZ library custom oligo system and 

were biotinylated to allow for sequence enrichment by capture using streptavidin-

conjugated beads. Pooled libraries containing captured DNA fragments were 

subsequently sequenced on the Illumina HiSeq 2500 system (rapid-run mode) as 2 × 

100-bp paired-end reads. Sequence reads are then aligned to the reference human 

genome. By comparing the identity of bases from the tumour DNA to the matched 

normal DNA and the reference human genome, somatic alterations are identified in 

the tumour. 

 

2.2.10.4 Nanostring Gene Expression 

Nanostring nCounter® technology directly detects and quantifies individual target 

sequences in a highly multiplexed single reaction without the need for amplification 

or library preparation (215). The technology is based on direct molecular barcoding 

and digital detection of up to 800 target transcripts in one reaction using colour 
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coded probe pairs. The probe pair consists of two target specific probes; a 50 base 

reporter probe with a unique fluorescent barcode on the 5’ end and a 50 base capture 

probe with a biotin tag at the 3’ end to enable complex immobilisation to a 

proprietary cartridge prior to quantification.  

 

 

Figure 2.2: Summary of Nanostring nCounter® technology A) Capture and reporter probes 
are hybridised with mRNA to form probe-target complexes. B) Complexes are immobilised to 
cartridge C) False colour image of detected digital probes. (Adapted from Nanostring) 

 

2.2.10.4.1 Sample hybridisation and processing 
Total RNA extracted from the resistant and parental taxane resistant cell lines were 

normalised to 20ng.µl-1. Triplicate samples were included in each analysis. 

Hybridisation was performed according to manufacturer’s instructions using the 

nCounter® PanCancer Pathway panel which covers 770 genes and 13 canonical 

cancer hallmark pathways including MAPK, STAT, PI3K, RAS, Cell Cycle, Apoptosis, 

Hedgehog HH, Wnt, APC, DNA Damage, Transcriptional Regulation, Chromatin 

Modification and TGFβ (XT-CSO-PATH1-1). The panel included housekeeping genes 

which were used during the normalisation process. Briefly, a hybridisation master mix 

was prepared by adding 70 µl hybridisation buffer to the Reporter CodeSet and mixed 

by inversion of the tube. 8 µl of the master mix was aliquoted into each tube of a pre-

labelled 12-tube strip. Thereafter 5 µl total RNA (100 ng) and 2 µl Capture ProbeSet 

were added to each well. Samples were placed in a pre-heated thermocycler at 65°C 

before incubation at 80°C for 18 hours to allow probe hybridisation to the target 

sequences. 
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The following day samples were transferred to the nCounter® Prep Station. This fully 

automated liquid handling platform uses affinity purification to remove excess 

probes. Capture probes were bound to magnetic beads and unbound reporter probes 

washed away. This was followed by a second wash where excess capture probes were 

removed. Finally the purified Target-Probe complexes were eluted and immobilised 

onto the nCounter® cartridge for data collection.  

For automated imaging and barcode quantification, the cartridge was then moved to 

the nCounter® digital analyser. Images are collected from the immobilised 

fluorescent reporter probes with a charge coupled device (CCD) camera through a 

microscopic objective lens at a resolution of 555 fields of view (FOV). The expression 

levels of each gene were then evaluated by counting the number of times its unique 

barcode was detected and data reported in the form of a Reporter Code Count (RCC) 

file and exported as a csv file for further analysis.  

All Nanostring nCounter® reagents were sourced from Nanostring Technologies Inc, 

Seattle, USA. Sample processing was carried out with the assistance of Nicola Lyttle, 

OICR, Toronto, Canada. 

 

2.2.10.4.2 Data normalisation and statistical analysis 
Data normalisation and analysis was performed by using nSolver 4.0 and advanced 

analysis 2.0 plug-in which utilises the statistical analysis package R 3.3.2. A reporter 

library file (RLF) specific to each codeset was uploaded to nSolver 4.0 which identified 

which probe was associated with each gene. The RCC files were then uploaded to the 

software. Samples were assigned to studies as groups of native parental cell lines and 

isogenic taxane resistant cell lines. 

For each codeset, internal positive and negative controls were added at the time of 

manufacture. A series of robust quality control (QC) steps were automatically 

performed using the controls and internal reference genes. The efficiency of imaging, 

binding density, positive control linearity or positive control limit of detection QC 
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were assessed. Background thresholding was set as the mean of the negative 

controls. Finally, normalisation of samples was performed employing a combination 

of positive control normalisation and codeset content normalisation. Positive control 

normalisation adjusted for variation in sample processing (pipetting, scan resolution, 

lot-to-lot variation in plates etc) while codeset content normalisation accounts for 

input variability.  

Statistically significant, differentially expressed genes (DEGs) were defined as those 

with fold change expression levels corresponding to log2 ratio ≥0.58 or ≤-0.58 

(equivalent to fold change = 1.5) and a p-value ≤ 0.05. 

 

2.2.11 Protein Methods 
2.2.11.1 Protein lysate preparation 

Cells were seeded in 6 well plates or 10cm2 plates, with appropriate inhibitor 

treatments if required, and incubated until 80% confluence was reached. Media was 

removed and cell monolayers were washed twice with ice cold PBS. The plates were 

placed on ice and RIPA buffer with phosphatase and protease inhibitors added (100µl 

per 6 well or 200µl per 10cm2 plate). Cells were scraped off the surface of the culture 

vessel, the suspension collected and incubated on ice for 10 mins. Cell lysates were 

centrifuged at 13, 000 rpm for 10 mins at 4°C and the supernatant transferred to a 

fresh 1.5ml microcentrifuge tubes. All samples were stored at -20°C.  

Protein concentrations were evaluated by bicinchoninic assay (BCA). An 8-point 

standard curve using protein standard was created (1mg.ml-1 bovine serum albumin 

(BSA) (Sigma Aldrich; #82516). Lysates were diluted 1:10 in RIPA buffer. Fresh BCA 

solution was prepared by mixing copper (II) sulphate (Sigma Aldrich; C2284) with BCA 

(Sigma Aldrich; B9643). 1ml of this solution was added to 50 µl of diluted lysates and 

incubated for 15 mins at 60°C. In a 96 well plate, 200 µl of each sample was added in 

duplicate to appropriate wells. OD values were obtained by measuring absorbance at 
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540 nm using a Biorad iMARK plate reader and protein concentrations determined 

from the standard curve.  

 

2.2.11.2 SDS-Polyacrylamide Gels and Western Blotting 

To detect proteins of interest, denatured protein lysates were resolved by SDS- 

polyacrylamide gel electrophoresis (SDS-PAGE). 10% resolving and 3.6% stacking gels 

were prepared as outlined in Table 2.3. 10µg protein lysates were prepared in a final 

volume of 10µl in PBS to which 5µl 3 x SDS-PAGE sample buffer was added. Protein 

lysates were denatured at 95°C for 5 mins. Samples and SeeBlue™ Plus2 Pre-Stained 

Standard (Thermo Fisher Scientific; #LC5925) were separated by electrophoresis in a 

BioRad mini-PROTEAN II gel chamber with the gels run in Tris-Glyicine-SDS running 

buffer at 100V for 90 mins.  
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Table 2.6: Volumes of solutions required for two mini-Protean SDS-PAGE 

 10% resolving gel (ml) 3.6% stacking gel (ml) 

30% (w/v) acrylamide 

(Severn Biotech; #20-

2100-10) 

6.7 1.2 

1M Tris, pH8.8 7.5 - 

0.375M Tris pH6.8 - 3.3 

10% (w/v) SDS 0.2 0.1 

MilliQ H2O 5.84 5.3 

10% (w/v) Ammonium 

persulphate (Sigma; 

A3678) 

0.2 0.1 

TEMED (Sigma; T9281) 0.02 0.02 

 

Proteins were transferred on to nitrocellulose membranes by wet transfer blotting in 

Tris-glycine transfer buffer at 100V, constant 350mA for 1.5hrs. Membranes were 

blocked with blocking buffer for 1 hr at room temperature before incubation with 

primary antibodies at 4°C overnight on a rocking platform. They were then washed 

twice with TBS-T (0.1% v/v) for 5 mins before addition of appropriate secondary 

antibodies and incubation for 1 hour at room temperature on a rocking platform. 

Membranes were washed 3 times for 5 mins with TBS-T, before a final wash in TBS. 

Antibodies were detected by chemiluminescence by incubating membranes with BM 

Chemiluminescence western blotting substrate (Sigma Aldrich; #11500694001) for 1 

minute before imaging in the ChemiDoc XRS+ Imaging System (BioRad).  
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2.2.11.3 Reverse Phase Protein Array 

Cell lysates from parental and taxane resistant cells were prepared in 1 x RPPA lysis 

buffer supplemented with cOmplete™ ULTRA protease inhibitor (Sigma Aldrich; 

#5892970001) and PhosSTOPTM phosphatase inhibitor cocktails (Sigma Aldrich; 

#4906845001). After clearing by centrifugation at 13,300 rpm for 10 min at 4°C the 

protein concentration was determined using a BCA assay. The samples were adjusted 

to a final concentration of 2 mg.ml-1 followed by denaturation upon addition of 4 x 

RPPA sample buffer at 95˚C for 5 minutes. Samples were stored at -80˚C until 

required.  

A four-step doubling dilution series for each sample was prepared in PBS with 10% 

v/v glycerol to give final concentrations of 1.5mg.ml-1, 0.75 mg.ml-1, 0.375 mg.ml-1, 

and 0.1875 mg.ml-1. RPPA samples were spotted in technical triplicates in arrays of 

12 x 12 spots at a 500µm spot-to-spot distance using the Aushon 1740 Arrayer 

platform (Quanterix) on to SuperNova Nitrocellulose slides (Grace Bio-Labs; #705278) 

under conditions of 70% constant humidity. The slides were incubated with the 

sample for at least one hour to ensure sample capture on the nitrocellulose 

membrane. After washing, the slides were incubated with Reblot Plus Strong (Merck 

Millipore; #2504) for 15 minutes. The membrane was then washed twice with 

deionized water then twice in PBS-T for 15 minutes.  

The arrayed slides were blocked using SuperBlock™ T-20 blocking buffer (Thermo 

Fisher Scientific; #37536), and each sub-array separately incubated with validated 

primary antibodies (table x) diluted 1:250 in Superblock™ T-20. The slides were 

washed twice in TBS-T, then blocked for 10 minutes as described above. Bound 

antibodies were detected by incubation with anti-rabbit or anti-mouse DyLight 800-

conjugated secondary antibodies (New England Biolabs; #5151 and #5257 

respectively) as appropriate. Slide images were acquired using an InnoScan 710-IR 

scanner (Innopsys) with laser power and gain settings optimised for highest readout 

without saturation of the fluorescence signal. The relative fluorescence intensity of 

each array feature was quantified using Mapix software (Innopsys).  
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The linear fit of the dilution series of each sample was verified for each primary 

antibody and the median relative fluorescence intensity from the dilution series was 

calculated to represent relative abundance of total protein and post-translational 

epitopes across the sample set. Signal intensities for each sample were normalized 

to total protein loading on the array slides by using the signal readout from a Fast 

Green FCF (total protein) stained array (Sigma Aldrich; #F7258) before final global 

sample median normalisation. 

RPPA assay processing was performed by Kenny Macleod from the HTPU facility, 

Institute of Genetics and Cancer, University of Edinburgh.  
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Table 2.7: Primary antibodies used for RPPA 

Antibody Supplier Catalogue 

Number 

Species 

4E-BP1 P Ser65 CST 9451 rabbit 

4E-BP1 P Thr37, Thr46 CST 2855 rabbit 

Akt CST 9272 rabbit 

Akt P Ser473 CST 4060 rabbit 

Akt P Thr308 CST 2965 rabbit 

AMPK alpha CST 2532 rabbit 

AMPK alpha P Thr172 CST 2535 rabbit 

ATM Merck 

(Calbiochem) 

PC116 rabbit 

ATM/ATR Substrate P Ser/Thr CST 2851 rabbit 

Aurora A/B/C P Thr288/Thr232/Thr198 CST 2914 rabbit 

Bad P Ser112 CST 9291 rabbit 

Bad P Ser136 CST 9295 rabbit 

Bak Epitomics 1542-1 rabbit 

Bax Epitomics 1063 rabbit 

Bcl-2 Epitomics 1017-1 rabbit 

Bcl-2 P Ser70 CST 2827 rabbit 

Bcl-xl Epitomics 1018 rabbit 



65 
 

beta-actin CST 4970 rabbit 

beta-Catenin CST 9562 rabbit 

beta-Catenin P Ser33, Ser37, Thr41 CST 9561 rabbit 

beta-Catenin P Thr41, Ser45 CST 9565 rabbit 

beta-Tubulin Abcam ab6046 rabbit 

Bid Abcam ab32060 rabbit 

Bim Epitomics 1036 rabbit 

Bim P Ser69 CST 4585 rabbit 

BRCA1 CST 9010 rabbit 

Calmodulin CST NB12 Mouse 

IgG1 

Calpain2 CST 2539 rabbit 

Calpastatin CST 4146 rabbit 

CamKII alpha (22B1) P Thr286 Abcam ab2724 Mouse 

IgG1 

CamKII P Thr286 CST 3361 rabbit 

Caspase 3 CST 9662 rabbit 

Caspase 3 cleaved CST 9664 rabbit 

cdc25A CST 3652 rabbit 

cdc25c P Ser216 CST 4901 rabbit 

CDK1 (cdc2) CST 9112 rabbit 
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CDK1 (p34cdc2) P Tyr15 CST 9111 rabbit 

CDK2  Abcam ab32147 rabbit 

Chk1 P Ser345 CST 2348 rabbit 

Chk2 P Thr68 CST 2661 rabbit 

c-Jun N-term Epitomics 1254-1 rabbit 

c-Jun P Ser73 CST 9164 rabbit 

c-Myc CST 5605 rabbit 

c-Myc P Thr58, Ser62 Epitomics 1203-1 rabbit 

CREB CST 9197 rabbit 

CrkL CST 3182 Mouse 

IgG1 

CrkL P Tyr207 CST 3181 rabbit 

Cyclin D1 CST 2926 Mouse 

IgG2a 

Cyclin D1 P Thr286 CST 3300 rabbit 

E-Cadherin CST 3195 rabbit 

EGFR P Tyr1086 ThermoFisher 369700 rabbit 

EGFR P Tyr1173 CST 4407 rabbit 

ErbB-1/EGFR CST 4267 rabbit 

ErbB-2/Her2/EGFR Dako A0485 rabbit 

ErbB-2/Her2/EGFR P Tyr1248/Tyr1173 CST 2244 rabbit 
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ErbB-3/Her3/EGFR CST 4754 rabbit 

ErbB-3/Her3/EGFR P Tyr1289 CST 4791 rabbit 

FAK1   CST 3285 rabbit 

FAK1 P Y397 CST 3283 rabbit 

FLT3 P Tyr591 P Tyr591 CST 3461 rabbit 

FRA1 (R20) Santa Cruz sc-605 rabbit 

GAPDH Abcam ab9484 Mouse 

IgG2b 

GFAP Abcam ab7260 rabbit 

GSK-3-alpha/beta P Ser21/Ser9 CST 9331 rabbit 

GSK-3-beta CST 9315 rabbit 

GSK-3-beta P Ser9 CST 9336 rabbit 

Hexokinase CST 2867 rabbit 

Histone H2A.X P Ser139 Millipore 

(Upstate) 

05-636 Mouse 

IgG1 

HSP27 (HSPB1) CST 2402 Mouse 

IgG1 

HSP27 (HSPB1) P Ser78 CST 2405 rabbit 

IGF-1R beta CST 3027 rabbit 

IGF-1R beta P Tyr1162, Tyr1163 Invitrogen 

(Biosource) 

44-804G rabbit 

IkB-alpha CST 4812 rabbit 
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IkB-alpha P Ser32 CST 2859 rabbit 

IKK alpha/beta P Ser176/Ser177 CST 2078 rabbit 

IRS-1 CST 2382 rabbit 

IRS-1 P S636/639 CST 2388 rabbit 

JAK1 CST 3332 rabbit 

JAK1 P Tyr1022, Thr1023 Invitrogen 

(Biosource) 

44-422G rabbit 

Ki-67 (Annexin II, p36) Beckton 

Dickinson 

610968 Mouse 

IgG1 

LKB1 CST 3047 rabbit 

MAPKAPK-2 Epitomics 1497-1 rabbit 

MAPKAPK-2 P Thr334 CST 3041 rabbit 

M-CSF P Tyr723 CST 3155 rabbit 

MEK1/2 CST 9122 rabbit 

MEK1/2 P Ser217/221 CST 9154 rabbit 

Met CST 4560 rabbit 

Met P Tyr1234 Signalway 11227-1 rabbit 

Met P Tyr1349 Signalway 11238 rabbit 

MNK1 (MKNK) P Thr197, Thr202 CST 2111 rabbit 

MSK1 P Ser376 CST 9591 rabbit 

mTOR CST 2972 rabbit 
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mTOR P Ser2448 CST 2971 rabbit 

mTOR P Ser2481 Millipore 

(Upstate) 

09-343SP rabbit 

NFkB p105/p50 GeneTex GTX110585 rabbit 

NFkB p65 Ser536 CST 3033 rabbit 

p21 CIP/WAF1 CST 2946 Mouse 

IgG2a 

p21 CIP/WAF1 p Thr145 Santa Cruz sc-20220-R rabbit 

p38 MAPK CST 9212 rabbit 

p38 MAPK PThr180, Tyr182 CST 9211 rabbit 

p44/42 MAPK (ERK1/2) CST 9102 rabbit 

p44/42 MAPK (ERK1/2) P Thr202/Thr185, 

Tyr204/Tyr187 

CST 4370 rabbit 

p53 CST 9282 rabbit 

p53 P Ser15 CST 9284 rabbit 

p70 S6 Kinase CST 9202 rabbit 

p70 S6 Kinase P Thr389 CST 9205S rabbit 

p70 S6 Kinase P Thr421, Ser424 CST 9204 rabbit 

p90 S6 kinase (Rsk1-3) Santa Cruz sc-231 rabbit 

p90 S6 kinase (Rsk1-3) P Thr359, Ser363 CST 9344 rabbit 

PARP CST 9542 rabbit 
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PARP cleaved Asp214 CST 9541 rabbit 

PDGFR P Tyr751 CST 4549 rabbit 

PDGFR P Tyr1021 CST 2227 rabbit 

PDK-1 CST 3062 rabbit 

PDK-1 P Ser241 CST 3061 rabbit 

PI3 Kinase p110-alpha CST 4249 rabbit 

PKA Abcam ab26322 rabbit 

PKA RII P Ser96 Epitomics 1151-1 rabbit 

PKC (pan) P Ser660 (beta-2) CST 9371 rabbit 

PKC substrate P (R/K) CST 2261 rabbit 

PKC-alpha Beckton 

Dickinson 

610108 Mouse 

IgG2b 

PKC-alpha P Thr638 Abcam ab32502 rabbit 

PKC-gamma P Thr514 GeneTex GTX25778 rabbit 

PKC-zeta CST 9372 rabbit 

PKC-zeta/lambda P Thr410/403 CST 9378 rabbit 

PKM2 XP(R) CST 4053 rabbit 

PLC-gamma1 CST 2822 rabbit 

PLC-gamma1 P Tyr783 CST 2821 rabbit 

Prohibitin Santa Cruz sc-28259 rabbit 
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PTEN CST 9552 rabbit 

PTEN P Ser380, Thr382, Thr383 CST 9554 rabbit 

Puma CST 4976 rabbit 

Raf P Ser259 CST 9421 rabbit 

Raf P Ser338 CST 9427 rabbit 

Raf1 (C-12) Santa Cruz sc-133 rabbit 

Rap1 CST 4938 rabbit 

Ras Beckton 

Dickinson 

610001 Mouse 

IgG1 

Rb Abcam/Epitomi

cs 

ab113074 rabbit 

Rb P Ser807, Ser811 CST 9308 rabbit 

Rb P Ser780 CST 9307 rabbit 

Rsk2 Pser 227 CST 3556 rabbit 

S6 Ribosomal Protein CST 2217 rabbit 

S6 Ribosomal protein P Ser235, Ser236 CST 2211 rabbit 

S6 Ribosomal protein p Ser240, Ser244 CST 2215 rabbit 

SAPK/JNK (JNK2) CST 9258 rabbit 

SAPK/JNK P Thr183, Tyr185 CST 4668 rabbit 

SHP2 P Tyr542 CST 3751 rabbit 

Smad1/5 P Ser463/Ser465 CST 9516 rabbit 
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Smad2 P Ser465, Ser467 CST 3108 rabbit 

Smad2/3 P Ser465/Ser423, 

Ser467/Ser425 

CST 8828 rabbit 

Smad3 P Ser423, Ser425 CST 9520 rabbit 

SQSTM1 CST 8025 rabbit 

Src  CST 2109 rabbit 

Src (family) P Tyr416 CST 2101 rabbit 

Stat1 CST 9176 Mouse 

IgG1 

Stat1 P Ser727 Invitrogen 

(Biosource) 

44-382G rabbit 

Stat1 P Tyr701 CST 9171 rabbit 

Stat3 CST 12640 rabbit 

Stat3 P Tyr705 CST 9138 Mouse 

IgG1 

Stat5 Invitrogen 

(Biosource) 

44-368G rabbit 

Stat5 P Tyr694 CST 9351 rabbit 

Stat6 CST 9362 rabbit 

Stat6 P Tyr641 CST 9361 rabbit 

Survivin CST 2808 rabbit 
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Tau  Abcam/Epitomi

cs 

ab32057 rabbit 

Tau Phospho/non Phos ser 305 Epitomics 2368-1 rabbit 

TBK1/NAK CST 3504 rabbit 

Tsc-2 (Tuberin) CST 3612 rabbit 

Tsc-2 (Tuberin) P Thr1462 CST 3617 rabbit 

Tuberin P S1387 CST 5584 rabbit 

Tyk2 P Tyr1054, Tyr1055 CST 9321 rabbit 

Ubiquitin (P4D1) CST 3936 Mouse 

IgG1 

VEGFR P Tyr1059 CST 3817 rabbit 

VEGFR P Tyr1175  CST 2478 rabbit 

VEGFR P Tyr951 CST 4991 rabbit 

XIAP CST 2045 rabbit 

Zap70 CST 2705 rabbit 

CST: Cell Signalling Technologies 

 

2.2.12 Data Analysis 
Graphing of results and statistical analysis were performed using GraphPad Prism 

v6.0 software. Details of statistical tests are provided in figure legends.  

Functional interaction network visualisation was achieved through use of Cytoscape 

3.9.0 (216) and the Reactome FIViz app (217).  Gene Ontology (GO) analysis of 
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differentially expressed genes, including biological process (BP) and molecular 

function (MF), and Kyoto encyclopaedia of genes and genomes (KEGG) pathway 

analysis were enriched using the Database for Annotation, Visualisation and 

Integrated Discovery (DAVID) (https://david.ncifcrf.gov/tools.jsp).  
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 GENERATION AND CHARACTERISATION OF 
ISOGENIC CELL LINE MODELS WITH ACQUIRED 
RESISTANCE TO TAXANES 

 

3.1 Introduction 
Anthracyclines and taxanes are the most active and widely used adjuvant 

chemotherapeutics in the treatment of breast cancer in hormone receptor-negative 

patients, or for those with acquired resistance to endocrine therapy (141). They are 

commonly used in the adjuvant setting either in combination or sequentially (218). 

However, upon disease relapse it is often found that the tumours are no longer 

responsive to these drugs. Despite the importance of taxanes as a treatment option 

for solid tumours, their use is limited by the development of chemoresistance 

(acquired or intrinsic) and represents a major clinical obstacle in the treatment of the 

disease.  

Acquired resistance may develop as a result of complex events including changes in 

signalling pathways, drug metabolising enzymes and drug efflux or through 

epigenetic changes such as DNA modification or histone acetylation which deregulate 

expression of normal genes (219). Exploration of the mechanisms driving taxane 

resistance may lead to the identification of biomarkers and guide effective treatment 

options for treatment resistant breast cancer. The development and use of preclinical 

models are therefore key to defining these underlying drivers. In this study acquired 

resistance models were derived by sustained exposure   of the selected breast cancer 

cell lines to either paclitaxel or docetaxel. Cell lines were chosen to represent the 

different molecular subtypes of breast cancer. By deriving isogenic models 

differential analyses can be performed by comparing the paired parental and 

resistant cell lines. This chapter describes the development and characterisation of 

isogenic in vitro models of acquired taxane resistance in breast cancer.   
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3.2 Results 
 

3.2.1 Sensitivity of breast cancer cell lines to taxanes 
We have previously developed paclitaxel-resistant MDA-MB-231 (MDA-MB-231 

PACR) and ZR-75-1 lines which are resistant to paclitaxel (ZR-75-1 PACR) and 

docetaxel (ZR-75-1 DOCR) respectively (220). The initial aim of this project was to 

expand the panel of isogenic taxane resistant breast cancer cell lines to include 

representative examples of the main breast cancer subtypes through exposure to 

either paclitaxel or docetaxel.  

The breast cancer cell lines MDA-MB-231, MCF7 and SKBR3 were identified as 

representing the different molecular subtypes of breast cancer. MDA-MB-231 

represents a triple negative breast cancer, lacking receptors for oestrogen (ER), 

progesterone (PR) and human epidermal growth factor receptor 2 (HER2). MCF7 is 

an example of a hormone-dependent breast cancer, expressing ER and PR but not 

HER2. SKBR3 was included to represent a HER2 over-expressing breast cancer cell line 

which is negative for ER and PR hormone receptors. 

To assess the sensitivity of SKBR3, MDA-MB-231 and MCF7 to taxanes I treated the 

cell lines with escalating doses of paclitaxel or docetaxel across an 8 semi-log 

concentration range for 72 hrs before performing a CCK8 assay for proliferation. Each 

experiment was performed in triplicate and the mean IC50 and SEM calculated. It was 

found that both taxanes inhibited the proliferation of all tested cell lines in a 

nanomolar range indicating their sensitivity to the drugs. For paclitaxel the mean IC50 

for MDA-MB-231 was 3.97 nM, for MCF7 2.99 nM and for SKBR3 7.37 nM. Similar 

ranges of sensitivity was observed upon exposure to docetaxel with a mean IC50 was 

2.34 nM for MDA-MB-231, 5.46 nM for MCF7 and 1.46 nM for SKBR3 (Figure 3.1). 
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Figure 3.1: Half maximum inhibitory concentrations (IC50) for docetaxel and paclitaxel of 
parental breast cancer cell lines. 96 well plates were seeded with 5000 cells/well for each 
cell line and after 24hrs treated with increasing doses of paclitaxel or docetaxel for 72hrs. 
CCK-8 assays were then performed and data analysed using GraphPad Prism 6 software. 
Results are expressed as mean IC50 ± SEM of three independent experiments performed in 
triplicate for each cell line.  

 

3.2.2 Establishment of taxane resistant cell lines 
MDA-MB-231, MCF7 and SKBR3 cells were each cultured in two T25 flasks. When the 

cells were approximately 80% confluent, treatment with paclitaxel or docetaxel was 

commenced. Two T175 flasks of untreated cells were also grown to 80% confluence 

and frozen down as master stocks of the parental native cell line to be used as 

controls in all subsequent experiments. 

An incremental dosage schedule was applied, starting at 0.5 nM of each drug and 

allowing the cells to passage twice before increasing the dose by 0.5 nM at a time 

until it was clear that the developing cell lines could tolerate a larger increase in 

taxane concentration. Thereafter increments were typically 2 nM each time, rising to 

5 nM as the lines became established. The timing of each increment was guided by 

the ability of the cell line to adapt to a given concentration of taxane.  Media with 

fresh taxane was replaced twice weekly.  When the cells reached 80% confluence, 

one flask was passaged on while the other flask was frozen down to provide stocks 

of the full concentration range of taxanes used to establish each line (Figure 3.2). 
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Figure 3.2: Development of taxane resistant isogenic breast cancer cell lines 

 

Incremental and continuous dosage of taxane continued until resistance at 50 nM 

was reached. At this point it was considered that a resistant phenotype had been 

achieved as the cell lines continued to proliferate at a taxane concentration that 

represented a dosage greater than 10 times that of the IC50 for each cell line.  

Established lines were maintained in either paclitaxel or docetaxel throughout 

culture and all further experiments, unless otherwise stipulated. 

Docetaxel-resistant isogenic cell lines were generated for MDA-MB-231 along with 

paclitaxel-resistant MCF7. A MDA-MB-231 isogenic cell line resistant at 25 nM 

docetaxel took 14 weeks to establish and resistance to 50nM docetaxel a further 

three weeks. The development of a paclitaxel resistant MCF7 line took twice as long 

to establish, with the cells stalling at a paclitaxel concentration of 10 nM. By reducing 

each dosage increments to 1 nM paclitaxel, establishment of a more robust culture 

was achieved at 15 nM which could withstand more significant increases in taxane 
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concentration.  A stable line at 25 nM was established after approximately 26 weeks 

in culture and resistance at 50 nM after another two weeks. 

A stable isogenic MCF7 line resistant to docetaxel was not achievable, regardless of 

several attempts to establish this line. No MCF7 cells survived an increase above 5 

nM with total cell death being observed in the flasks. Attempts were made to 

establish a resistant phenotype by reducing the increments to 0.1 nM at a time but 

this also failed to produce a population of cells that would survive above the IC50 for 

docetaxel.  The decision was therefore made not to pursue the establishment of a 

docetaxel-resistant line. Likewise, it proved impossible to establish a stable taxane 

resistant cell line with SKBR3 with either paclitaxel or docetaxel. No cells survived 

above a concentration of 10nM paclitaxel or docetaxel. Lines established at a lower 

dose of docetaxel proved unstable and over time reverted to a taxane sensitive 

phenotype. After repeated attempts the decision was made not to pursue 

establishment of taxane resistant SK-BR-3 isogenic cell lines. 

It was observed that subtle morphological changes had occurred in the gross cell 

morphology of MDA-MB-231 cells rendered resistant to docetaxel. The native MDA-

MB-231 cell line (Figure 3.3A) is typically described as being of an epithelial-like 

morphology with spindle shaped cells. The paclitaxel resistant MDA-MB-231 25PACR 

cell line closely resembled the parental cell line, with no gross morphological changes 

(Figure 3.3B) However, the docetaxel resistant MDA-MB-231 25DOCR cells appeared 

larger in size, with a more rounded shape (Figure 3.3C). The observed cellular 

morphology of the native MCF7 cell line (Figure 3.3D) was epithelial-like in nature, 

which was retained by the paclitaxel resistant MCF7 25PACR cell line (Figure 3.3E). 
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Figure 3.3: Representative phase contrast images of native and taxane resistant isogenic 
cell lines (A) MDA-MB-231 cells, (B) paclitaxel-resistant MDA-MB-231 25PACR cells, (C) 
docetaxel-resistant MDA-MB-231 25DOCR cells, (D) MCF7 cells and (E) paclitaxel-resistant 
MCF7 25PACR cells. Scale bar: 300 µm. 
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3.2.3 STR profiling of taxane resistant cell lines confirms parental 
lineage 
Authentication of the cell lines was performed using STR (short tandem repeat) 

profiling to ensure parental lineage of the resistant cell lines. Using markers at 10 

different loci (TH01, TPOX, vWA, CSF1PO, D16S539, D7S820, D13S317, D5S818, 

D21S11 and Amelogenin), it was confirmed that all taxane resistant lines were 

identical in origin to their respective parent. 

 

Table 3.1: STR profile analysis of MDA-MB-231 and MCF7 isogenic cell lines. 

Sample Name Marker Allele 1 Allele 2 

MDA-MB 231 Native AMEL X X 

MDA-MB-231 25PACR AMEL X X 

MDA-MB-231 25DOCR AMEL X X 

MCF7 Native AMEL X X 

MCF7 25PACR AMEL X X 

MDA-MB 231 Native CSF1PO 12 13 

MDA-MB-231 25PACR CSF1PO 12 13 

MDA-MB-231 25DOCR CSF1PO 12 13 

MCF7 Native CSF1PO 10 10 

MCF7 25PACR CSF1PO 10 10 

MDA-MB 231 Native D13S317 13 13 

MDA-MB-231 25PACR D13S317 13 13 
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MDA-MB-231 25DOCR D13S317 13 13 

MCF7 Native D13S317 11 11 

MCF7 25PACR D13S317 11 11 

MDA-MB 231 Native D16S539 12 12 

MDA-MB-231 25PACR D16S539 12 12 

MDA-MB-231 25DOCR D16S539 12 13 

MCF7 Native D16S539 11 12 

MCF7 25PACR D16S539 11 12 

MDA-MB 231 Native D21S11 30 33.2 

MDA-MB-231 25PACR D21S11 30 33.2 

MDA-MB-231 25DOCR D21S11 30 33.2 

MCF7 Native D21S11 30 30 

MCF7 25PACR D21S11 30 30 

MDA-MB 231 Native D5S818 12 12 

MDA-MB-231 25PACR D5S818 12 12 

MDA-MB-231 25DOCR D5S818 12 12 

MCF7 Native D5S818 11 12 

MCF7 25PACR D5S818 11 12 

MDA-MB 231 Native D7S820 8 8 

MDA-MB-231 25PACR D7S820 8 8 
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MDA-MB-231 25DOCR D7S820 8 8 

MCF7 Native D7S820 8 9 

MCF7 25PACR D7S820 8 9 

MDA-MB 231 Native TH01 7 9.3 

MDA-MB-231 25PACR TH01 7 9.3 

MDA-MB-231 25DOCR TH01 7 9.3 

MCF7 Native TH01 6 6 

MCF7 25PACR TH01 6 6 

MDA-MB 231 Native TPOX 8 9 

MDA-MB-231 25PACR TPOX 8 9 

MDA-MB-231 25DOCR TPOX 8 9 

MCF7 Native TPOX 9 12 

MCF7 25PACR TPOX 9 12 

MDA-MB 231 Native vWA 15 15 

MDA-MB-231 25PACR vWA 15 15 

MDA-MB-231 25DOCR vWA 15 15 

MCF7 Native vWA 14 15 

MCF7 25PACR vWA 14 15 

The table shows the results at markers Amelogenin, CSF1PO, D13S317, D16S539, D21S11, 

D5S818, D7S820, TH01, TPOX and vWA. 
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3.2.4 Confirmation of taxane resistance 
Once cells had been passaged for at least 3 weeks in the maintenance dose of either 

paclitaxel or docetaxel, sensitivity to taxanes was reassessed. Both parental and 

established resistant isogenic cell lines were treated with either paclitaxel or 

docetaxel across an 8 point semi-log concentration curve ranging from 0.3 nM to 1µM 

for 72hrs before proliferation was assessed by using a CCK8 assay. All experiments 

were performed in triplicate.  

The parental cell lines were found to have IC50s at levels previously reported when 

testing the sensitivity of the cell lines. The cell lines exposed to incremental dosing of 

taxanes were found to have significantly increased IC50s and it was necessary to 

repeat the assessment of taxane sensitivity at a dose range of 3 nM to 10000 nM to 

produce a sigmoidal IC50 curve and accurate estimation of the IC50 in GraphPad Prism.  

The mean IC50 of docetaxel for MDA-MB-231 25DOCR was calculated as being 74 nM, 

representing 31-fold increase in tolerance to docetaxel exposure in the resistant line. 

An IC50 of 769 nM of paclitaxel was observed for MCF7 25PACR, a 183-fold increase 

in resistance. Due to the significant differences between the IC50s of the parental cell 

lines and those exposed to taxanes, I concluded that the isogenic MDA-MB-231 and 

MCF7 lines had indeed been rendered resistant to docetaxel or paclitaxel, 

respectively. 

Prolonged exposure to a single agent can lead to cross-resistance to structurally 

similar compounds. To address this possibility, resistance to the other taxane was 

also assessed. MDA-MB-231 25DOCR had an IC50 for paclitaxel of 415 nM, 

representing a 105 – fold increase compared to the sensitive parental cell line.  This 

contrasted with the isogenic line derived from continuous paclitaxel exposure, MDA-

MB-231 25PACR, which had an IC50 of 17.8 nM with docetaxel when compared to 2.4 

nM calculated for the parental line, representing an 8-fold increase in resistance.  

MCF7 25PACR cells also demonstrated an increase in resistance to docetaxel with an 

IC50 of 43.1 nM, reflecting an 8-fold increase in resistance compared to the parental 

cell line.  A summary of the mean IC50s of both paclitaxel and docetaxel for all cell 
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lines are shown as a bar graph in Figure 3.4. Table 3.3 summarises the IC50 values for 

all tested cell lines, with resistance factors (the fold difference calculated by dividing 

the IC50 of resistant cells by the IC50 of the parental line) in parenthesis. 

 

 

Figure 3.4: Half maximum inhibitory concentrations (IC50) for docetaxel and paclitaxel of 
taxane resistant isogenic cell line series. 96 well plates were seeded with 5000 cells/well for 
each cell line and after 24hrs treated with increasing doses of paclitaxel or docetaxel for 
72hrs. CCK-8 assays were then performed and data analysed using GraphPad Prism 6 
software. Results are expressed as mean IC50 ± SEM of three independent experiments 
performed in triplicate for each cell line. Statistical significance was determined by one-way 
ANOVA using the Tukey multiple comparison test. ** p<0.01, **** p<0.0001 
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Table 3.2: Summary of IC50 values of taxanes for all parental and isogenic resistant cell line 
models 

Cell line Paclitaxel (NM ±SEM) Docetaxel (NM ±SEM) 

MDA-MB-231 Native 3.97 ± 0.145 2.38 ± 0.32 

MDA-MB-231 25PACR 183.4 ± 17.81 (46.2) 17.79 ± 2.37 (7.5) 

MDA-MB-231 25DOCR 414.9 ± 27.39 (104.5) 109.02 ± 12.18 (45.8) 

MCF7 Native 2.99 ± 0.521  5.459 ± 0.63 

MCF7 25PACR 189.3 ± 33.53 (63.3) 34.96 ± 3.78 (6.4) 

Cells were plated at 5000 cells per well in a 96 well plate and exposed to drug concentrations 

ranging from 0.3 to 3000 nM. Cell viability was determined 72hr later by Cell Counting Kit-8 

(CCK-8) assay. Results show the mean of biological replicate experiments (n=3, with 3 

technical replicates for each treatment condition). Resistance factors are shown in 

parentheses and represents resistant IC50/parental IC50. 

 

Chemotherapy options for patients with breast cancer in both the adjuvant and neo-

adjuvant settings typically include the use of the anthracyclines (epirubicin or 

doxorubicin) in combination with or before the use of taxanes. To test whether the 

resistance observed with both taxanes extend to anthracyclines, sensitivity to 

epirubicin and doxorubicin was also assessed. Results are summarised in Table 3.4. 

Increased resistance to the anthracyclines was observed but at varying levels. MDA-

MB-231 25DOCR was found to have an IC50 of 1814 nM for epirubicin, representing a 

statistically significant 24-fold increase in resistance compared to the parental cell 

line which had an IC50 of 76.5 nM. However the paclitaxel resistant MDA-MB-231 

25PACR cell line was found to have only a 1.5-fold increase in IC50 at 136 nM. 

Resistance to doxorubicin was also observed in MDA-MB-231 25DOCR with a 5.5-fold 
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increase in IC50 (1526 nM) compared to the native parental cell line (278 nM).  The 

taxane resistant MDA-MB-231 25PACR cell line retained a level of sensitivity 

comparable to the parental cell line with an IC50 of 183 nM.  

This variability in anthracycline sensitivity was also observed with the MCF 25PACR 

cell line. An 8-fold increase in resistance to epirubicin was observed in the taxane 

resistant cell line, whereas a fold increase of only 1.6 was observed when the MCF 

25PACR cell line was exposed to doxorubicin.  

To further explore any cross-resistance, the panel was extended to include 

carboplatin and 5-fluorouracil (5-FU). MDA-MB-231 25DOCR and MDA-MB-231 

25PACR demonstrated negligible changes in sensitivity to either carboplatin or 5-FU 

compared to the observed IC50 of its parental cell line. An IC50 of 54 µM was 

calculated for the native MDA-MB-231 cell line, with comparative concentrations of 

49 µM and 69 µM for the paclitaxel and docetaxel resistant isogenic cell lines, 

respectively. The cell line MCF7 appeared to be more sensitive to carboplatin 

compared to MDA-MB-231 with an IC50 of 11µM. Its paclitaxel-resistant derivative, 

MCF7 25PACR, had a higher IC50 at 34 µM, the equivalent of a 3-fold increase.  

There is clear cross-resistance of MDA-MB-231 25DOCR to both anthracyclines. This 

reduction in sensitivity to eprirubicin and doxorubicin in not, however, observed with 

the paclitaxel resistant MDA-MB-231 isogenic cell line, which retains an IC50 that is 

similar to the parental cell line. MCF7 25PACR also appears to be cross-resistant to 

epirubicin but not doxorubicin.  The resistance shown by all lines to either carboplatin 

or 5-FU is at a level where it could be argued that there is no perceptible difference 

with the parental line and that the taxane resistant cell lines do not exhibit multi-drug 

resistance.  
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Table 3.3: Summary of IC50 values of chemotherapeutic agents in the isogenic breast 
cancer cell line models. 

 Epirubicin 

(nM ±SEM) 

Doxorubicin 

(nM ±SEM) 

Carboplatin 

(µM ± SEM) 

5-FU 

(µM ± 

SEM) 

MDA-MB-231 

Native 

76.47 ± 4.416 277.7 ±33.02 54.26 ± 3.66 12.45 ± 

1.79 

MDA-MB-231 

25PACR 

136.4 ± 11.59 

 (1.8) 

182.8 ± 7.662  

(0.66) 

49.23 ± 3.24 

(0.91) 

26.64 ± 

11.00 

(2.14) 

MDA-MB-231 

25DOCR 

1814 ± 395.6  

(23.7) 

1526 ± 167.1 

 (5.5) 

69.15 ± 5.55 

(1.27) 

29.89 ± 

1.69 

(2.40) 

MCF7 Native 387.8 ± 28.9 461.9 ± 60.09 11.40 ± 1.375 19.8 ± 4.19 

MCF 25PACR 3081 ± 991.4  

(7.9) 

734.9 ± 89.42 

 (1.6) 

33.79 ± 2.595 

(2.96) 

33.79 ± 

2.59 

(1.71) 

Cells were plated at 5000 cells per well in a 96 well plate and exposed to drug concentrations 

ranging from 0.3 to 3000nM. Cell viability was determined 72hr later by Cell Counting Kit-8 

(CCK-8) assay. Results show the mean of biological replicate experiments (n=3, with 3 

technical replicates for each treatment condition) in nanomolar concentrations for epirubicin 

and doxorubicin, and micromolar concentrations for carboplatin and 5-FU. Resistance factors 

are shown in parentheses and represents resistant IC50/parental IC50. 
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3.2.5 Expression of common breast cancer biomarkers  
The panel of native and taxane resistant isogenic cell lines were initially characterised 

by their expression of the main tissue-based molecular biomarkers used routinely in 

the subtyping and treatment of breast cancer. To this end the levels of expression of 

ERα, HER2 and PgR were assessed by Western blotting, along with other members of 

the HER family, EGFR and HER3. The cells were grown in complete medium with the 

appropriate maintenance dose of taxanes where applicable, whole cell lysates 

prepared when the cells were 80% confluent and levels of proteins assessed by 

Western blotting (Figure 3.5). While there was no change in the expression of ERα, 

HER2 or PgR in any of taxane resistant MDA-MB-231 isogenic cell lines, there was a 

very slight increase in HER3 expression in the docetaxel resistant lines MDA-MB-231 

25DOCR and 50DOCR. Elevated levels of EGFR was observed for all of the MDA-MB-

231 taxane resistant cell lines. There appeared to be no difference in the expression 

of HER2 and PgR in the taxane resistant MCF7 isogenic cell lines. However there 

appeared to be a reduction in EGFR expression in the resistant isogenic cell lines 

compared to the native parental cell line. No changes were observed in EGFR or HER3 

expression between the native and resistant lines.  
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Figure 3.5: Common biomarker expression is largely unchanged in taxane resistant isogenic 
cell lines compared to the native parental cell line. (A)  Whole cell lysates and western 
blotting as described in Materials and Methods. The proteins were separated by SDS-PAGE 
and probed for HER2, HER3, EGFR, ERα, PgR and actin.  (B) Quantification of expression of 
biomarkers relative to native parental cell line after normalisation to actin loading control 
(n=1).  
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3.2.6 Stability of acquired taxane resistance in isogenic cell lines.  
The long-term stability of resistance was determined by withdrawing taxane 

exposure and culturing all resistant isogenic cell lines over an extended period. Each 

line was cultured in two T25 flasks, one in complete media without taxane, and the 

other in the presence of the maintenance dose of 25 nM paclitaxel or docetaxel. After 

periods of 4 and 20 weeks the sensitivity of the cell lines to taxanes were reassessed.  

After 4 weeks continuous culture in the absence of docetaxel, an IC50 of 41 nM was 

calculated for MDA-MB-231 25DOCR which reflects a resistance factor of 17-fold 

compared to the parental cell line. However when compared to the IC50 of MDA-MB-

231 25DOCR this change reflects a statistically significant reduction. After a total of 4 

months continuous culture without drug, the IC50 of MDA-MB-231 25DOCR dropped 

further to 3.6 nM, comparable to the taxane sensitive parental MDA-MB-231 cell line 

(Figure 3.6A). Similarly a reduction in resistance was observed for the paclitaxel-

resistant MCF7 isogenic cell line after 4 weeks in continuous culture in the absence 

of paclitaxel.  MCF7 25PACR cells remained resistant to paclitaxel compared to the 

parental cell line, with an observed IC50 of 34 nM and a resistance factor of 11-fold. 

However after 20 weeks of continuous culture in the absence of paclitaxel, resistance 

fell further to an IC50 of 5.25 nM (Figure 3.6B).  

It was therefore concluded that, while it could be said that taxane resistance 

persisted in the isogenic cell lines after a month of continuous culture in the absence 

of drug, this was not the case after an extended period without taxane, with 

resensitisation occurring with both MDA-MB-231 25DOCR and MCF7 25PACR cell 

lines.  
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Figure 3.6: Half maximum inhibitory concentrations (IC50) for docetaxel and paclitaxel of 
(A) MDA-MB-231 25DOCR and (B) MCF7 25PACR after taxane withdrawal. Cell lines were 
grown in the presence or absence of 25nM taxane for 4 and 20 weeks. At each time point, 
96 well plates were seeded with 5000 cells/well for each cell line and after 24hrs treated with 
increasing doses of paclitaxel or docetaxel for 72hrs. CCK-8 assays were then performed and 
data analysed using GraphPad Prism 6 software. Results are expressed as mean IC50 ± SEM 
of three independent experiments performed in triplicate for each cell line. Statistical 
significance was determined by one-way ANOVA using the Tukey multiple comparison test. 
** p<0.01, *** p<0.001 

 

3.2.7 Cellular proliferation and doubling rates of taxane resistant 
cell lines 
To quantify differences in growth rate between the parental and resistant cell lines, 

cell counting was performed by live cell imaging using an Incucyte® Zoom system over 

a period of 72hrs. The Incucyte® provides the capability to capture real-time 

quantitative kinetic data of cellular confluence by periodic imaging over multiple time 

points and days. MDA-MB-231 and MCF7 native and isogenic cell lines were cultured 

in 96 well plates with and without the addition of the 25nM dose of their respective 

maintenance taxane, and cell proliferation monitored in real time. Four phase 

contrast images were captured for each well at every time point and masking applied 

to evaluate confluence (Figure 3.7). The mean confluence for each well and time 

points were calculated using Incucyte® analysis software, normalised to time 0 values 

and cell doubling times determined by GraphPad Prism version 6.  
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Figure 3.7: Representative phase contrast and masked images from the Incucyte® Zoom.  
(A) Phase contrast image of MDA-MB-231 native cells (B) MDA-MB-231 native cells with 
confluence mask applied.  

 

Under standard culturing conditions and in the absence of taxanes, the native 

parental cell lines, MDA-MB-231 and MCF7, had mean doubling times of 29.9 hours 

and 36.3 hours respectively. The paclitaxel resistant isogenic cell line, MDA-MB-231 

25PACR, demonstrated a near identical doubling time to the native parental cell line 

of 30.1 hours whereas the docetaxel resistant line, MDA-MB-231 25DOCR, had a 

statistically significantly longer doubling time of 41.9 hours ( p=0.0012). The MCF 

paclitaxel resistant line, MCF7 25PACR, had a shorter doubling time of 32.8 hours 

compared to its sensitive parental line (Figure 3.8A).  

The doubling times of the native parental cell lines in the presence of 25nM taxane 

proved impossible to accurately estimate. This dosage of taxane reflects a 

concentration well in excess of the IC50 for both cell lines (Figure 3.1) and it clear that 

proliferation is inhibited at this dose. There was no significant change in the doubling 

times of any of the taxane resistant cell lines when cells were cultured in the presence 

of the maintenance dose of 25nM paclitaxel or docetaxel. However when MDA-MB-

231 25PACR cells were cultured in the presence of 25nM docetaxel, the doubling time 

of the cell line increased to 77.1 hours, a statistically significant increase (p<0.0001). 

Similarly upon culture with docetaxel an increase in doubling time of MCF7 25PACR 
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(49.7 hours; p=0.0004) compared to the untreated cells was also noted (Figure 3.8B). 

Cell doubling times for all cell lines are summarised in Table 3.4.  

 

 

Figure 3.8: Doubling times of native and isogenic taxane resistant cell lines 

 (A) Doubling times of native and isogenic taxane resistant cell lines under normal culturing 

conditions (25nM taxane) (B) Doubling times of taxane resistant cell lines in absence or 

presence of 25nM paclitaxel/docetaxel. Cell lines were seeded in 96 well plates with 5000 

cells/well for each cell line. After 24hrs the media was replaced with media containing 25nM 

paclitaxel, 25nM docetaxel or 0.1% DMSO as appropriate. Plates were imaged in an Incucyte® 

Zoom for 72 hours, acquiring phase contrast images every 3 hours. Images were analysed by 

Incucyte® software and results expressed as normalised mean confluence ± SEM of three 

independent experiments performed in triplicate for each cell line. Statistical significance 

comparing to (A) the appropriate native cell line and (B) untreated control was determined 

by two-way ANOVA using the Tukey multiple comparison test (*** p<0.001, **** p<0.0001). 
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Table 3.4: Cell doubling times of native and taxane resistant cell lines 

 Doubling time (hrs ± 

SEM) 

No treatment 

Doubling time 

(hrs ± SEM) + 

Paclitaxel 

Doubling time 

(hrs ± SEM) + 

Docetaxel 

MDA-MB-231 

native 

29.91  ± 2.07 - - 

MDA-MB-231 

25PACR 

30.99 ± 0 .45 32.75 ± 1.55 67.4 ± 2.96 

MDA-MB-231 

25DOCR 

41.89  ± 1.57 42.87 ± 1.47 46.2 ± 2.60 

MCF7 native 36.32 ± 1.01 - - 

MCF7 25PACR 32.83 ± 0 .70 33.87 ± 1.33 49.74 ± 6.02 

 

 

3.2.8 Effects of resistance on the cell cycle 
Taxane treatment leads to profound cell-cycle effects, principally arrest at the G2/M 

phase of the cell cycle due to stabilisation of the microtubules resulting in inhibition 

of the cell cycle and causing cell death. Paclitaxel prevents progression of mitosis and 

activates the mitotic checkpoint, initiating the pathway to apoptosis. To gain an 

insight into the effects of acquired taxane resistance on the cell cycle, the cell cycle 

distribution of each of the isogenic cell lines in the presence of taxane was assessed 

by confocal high content imaging. Briefly, taxane-treated cells were fixed and stained 

with Hoescht 33342 prior to imaging. Images were acquired using an ImageXpress 

Micro XLS widefield microscope and image analysis was performed using the ‘Cell 

Cycle’ module in the MetaXpress software. 
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Treatment of the native, parental cell lines with either paclitaxel or docetaxel resulted 

in arrest in the G2/M phase of the cell cycle and failure to return to the G0/G1 phase, 

along with associated reduction of cells in the G0/G1 and S phases. Upon treatment 

of MDA-MB-231 native cell lines with paclitaxel, 44.5% of cells were found to 

accumulate in the G2/M phase compared to 31.6% of the DMSO control. More 

strikingly, 66% of cells arrested at G2/M upon docetaxel treatment. MCF7 native cells 

also demonstrated a robust cell cycle arrest upon treatment with taxanes. Paclitaxel 

exposure resulted in 63.9% of cells accumulating at G2/M compared to 35% in the 

DMSO control. However, this accumulation in the mitotic phase was not observed in 

the resistant lines after taxane exposure. Exposure of MDA-MB-231 25DOCR to 

docetaxel did not result in a noticeable change in cell cycle profiles when compared 

to the DMSO control. 26.7% of cells were observed in the G2/M phase after docetaxel 

treatment, a level comparable to the 23.7% of the DMSO control cell population in 

the G2/M phase. Similarly paclitaxel treatment of MCF7 25PACR cells resulted in 35% 

of cells accumulating in the G2/M phase of the cell cycle, reflecting a similar 

percentage of 27% in the DMSO control wells. Exposure of MDA-MB-231 25PACR to 

25nM paclitaxel resulted in a decrease of cells in the G2/M phase of the cell cycle and 

a concomitant increase of cells in the G0/G1 phase of the cell cycle, compared to cells 

in the DMSO control population. These results confirm that the taxane resistant 

isogenic cell lines are no longer susceptible to disruption of G2/M phase of the cell 

cycle by either paclitaxel or docetaxel.  
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Figure 3.9: Cell cycle distribution in MDA-MB231 and MCF7 parental and resistant isogenic 
cell lines upon exposure to 25 nM paclitaxel or docetaxel. Cell lines were seeded in optical 
density 96 well plates with 2500 cells/well for each cell line. After 24hrs the media was 
replaced with media containing 25nM paclitaxel, 25nM docetaxel or 0.1% DMSO as 
appropriate and incubated for a further 72hrs. Cells were fixed and stained with Hoescht 
3342 before imaging by the ImageXpress. Images were analysed by the cell cycle module of 
the MetaXpress software.Results are displayed as means (n=3).  

 

3.2.9 Cell death and apoptosis 
Taxanes are cytoskeletal targeting drugs which act by stabilising microtubule 

polymerisation and inducing formation of stable microtubule bundles. The dynamic 

ability of microtubules to polymerise and depolymerise are of critical importance in 

cellular functions, particularly in spindle formation during mitosis. Stabilisation of 

microtubules by taxane binding results in disruption of the mitotic spindle assembly, 

arrest at the G2/M phase of the cell cycle leading to cell death by apoptosis (221). To 

examine whether the reason why the taxane resistant cell lines continue to 

proliferate in the presence of taxanes is due to inhibition of this apoptotic response 

the effects of paclitaxel and docetaxel exposure on the isogenic resistant cell lines 

was examined 

MDA-MB-231 cells were seeded in 96 well plates with Incucyte®Caspase -3/7 green 

apoptosis assay reagent and a six semi-log point concentration range of either 

paclitaxel or docetaxel applied. Staurosporine treated cells were included as a 

positive control for cell death. Four images per well were captured using the Incucyte 
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Zoom in both phase and green channels over a 72 hour period. Images were analysed 

using the inbuilt software to calculate the confluence of fluorescent objects (%) per 

well as a measure of apoptosis. Counts were normalised to the total cell confluency 

(%) of the same area of the image (phase) to generate the apoptotic index. Results 

displayed in Figure 3.10A represent values at the 48hr time point for treatment of the 

MDA-MB-231 taxane resistant isogenic cell line series with paclitaxel and Figure 

3.10B for docetaxel treatment. Figure 3.11 shows the fold change calculated for each 

taxane concentration normalised to the DMSO control for each cell line.  
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Figure 3.10: Taxane resistant MDA-MB-231 isogenic cell lines reduces the apoptotic 
response to (A) paclitaxel and (B) docetaxel. Cell lines were seeded in 96 well plates with 
5000 cells/well for each cell line. After 24hrs the media was replaced with media containing 
25nM paclitaxel, 25nM docetaxel or 0.1% DMSO and 1nM Caspase-3/7 reagent. Plates were 
imaged in an Incucyte® Zoom for 72 hours, acquiring 4 phase contrast and ‘green’ channel 
images per well every 3 hours. Images were analysed by Incucyte® software and results 
expressed as apoptotic index ± SEM of two independent experiments performed in triplicate 
for each cell line. Statistical significance was determined by two-way ANOVA using the Tukey 
multiple comparison test (** p<0.005, **** p<0.0001). 
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Figure 3.11: Fold change induction of apoptosis upon taxane treatment. Fold change values 
were calculated by normalising the mean apoptotic index value for each taxane 
concentration against the mean 0.1% DMSO control of two independent experiments. 

 

Caspase-3/7 activity was found to be consistently increased in the parental MDA-MB-

231 cell line upon exposure to both paclitaxel and docetaxel at statistical significance 

for all tested concentrations. At 3 nM taxane, a concentration comparable to the 

observed IC50 for MDA-MB-231, statistically significant (p<0.001) increases in 

Caspase-3/7 activity was observed after exposure to paclitaxel (22.3-fold) and after 

docetaxel exposure (18-fold). This contrasted with the negligible changes in 

activation with MDA-MB-231 25PACR or MDA-MB-231 25DOCR isogenic cell lines at 

this concentration suggesting that the taxanes did not induce an apoptotic response 

in the taxane resistant cell lines at IC50 of the parental MDA-MB-231 cell line.  

It was observed, however, that taxane treatment of MDA-MB-231 25PACR did result 

in a concentration dependent increase in caspase-3/7 activation although this only 

became  statistically significant at 1000nM paclitaxel (p<0.001) and 10nM docetaxel 

(p<0.05), in keeping with the observed IC50 for each of the compounds. The docetaxel 

resistant isogenic cell line, MDA-MB-231 25DOCR, did not demonstrate activation of 

caspase-3/7 at any of the tested concentrations of paclitaxel. A statistically significant 

increase in caspase-3/7 activation was observed at 300nM and 1000nM docetaxel. 
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3.2.10 MDR does not drive the chemoresistant phenotype of the 
taxane resistant isogenic cell lines 
As all isogenic cell lines had been shown to demonstrate resistance to other 

chemotherapeutics to some level, it was necessary to investigate whether alterations 

in drug transport, particularly the expression of the P-glycoprotein, MDR1, might be 

responsible for the observed chemoresistant phenotype. A common mechanism of 

chemoresistance is alterations in drug transport, particularly drug efflux. 

Overexpression of P-glycoprotein (P-gp), an ATP-binding cassette (ABC) drug efflux 

pump encoded by the MDR1 gene, is one the most well-known causes of multidrug 

resistance in cancers and in particular as a resistance mechanism to taxane and 

doxorubicin treatment (168, 221-223).  

P-gp expression in the taxane sensitive and resistant cell lines was assessed by 

Western blotting (Figure 3.12). Lysates were prepared as described earlier in the 

chapter. The taxane sensitive parental cell lines, MDA-MB-231 and MCF7, did not 

express P-gp as expected. Similarly, absence of expression in the paclitaxel resistant 

MDA-MB-231 isogenic cell lines (MDA-MB-231 25PACR and MDA-MB-231 50PACR) 

confirmed previous studies (220). However the docetaxel resistant MDA-MB-231 

isogenic cell lines and MCF7 paclitaxel resistant isogenic cell lines were found to 

express P-gp at low levels.  
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Figure 3.12: Expression of P-gp in the isogenic taxane resistant cell lines and sensitive native 
parental cell lines. Whole cell lysates and western blotting as described in Materials and 
Methods. The proteins were separated by SDS-PAGE and probed for P-gp and actin. (B) 
Relative expression of MDR1 compared to parental cell line after normalisation to loading 
control (n=1). 

 

The role of P-gp over-expression on the chemoresistance observed in the docetaxel-

resistant MDA-MB-231 and the paclitaxel resistant MCF7 cell lines was explored by 

knockdown of MDR1 and analysing the effects on sensitivity to their respective 

modulating taxanes.  

Transient knockdown of MDR1 was achieved by siRNA reverse transfection using 40 

nM of target siRNA. GAPDH was included as a positive control and scrambled siRNA 

as a negative control as outlined in section 2.2.9 in Materials and Methods. 

Appropriate controls were also included. To assess resensitisation to taxane upon 

target knockdown, the IC50’s were calculated after treatment with an 8 point semi-

log concentration range of either paclitaxel or docetaxel.  All experiments were 

performed in triplicate. Graphs displaying calculated IC50s and confirmation of target 

knockdown by Western blotting of lysates collected 48 hrs after siRNA transfection 

are shown in Figure 3.13.   

Knockdown of MDR1 in MDA-MB-231 25DOCR induced no effect on the proliferation 

and no observable change in the docetaxel IC50 of the cell line upon transient 

transfection of target siRNA. An IC50 of 109 nM was calculated for paclitaxel in the 

MCF7 25PACR cell line after MDR1 transient transfection. This represented a 1.7-fold 
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reduction compared to the observed value for the Optimem media only control and 

was not statistically significant.  It was therefore concluded that MDR1 is not the 

primary driver of taxane resistance in either MDA-MB-231 25DOCR or MCF7 25PACR 

cell lines.  

 

 

Figure 3.13: Half maximum inhibitory concentrations (IC50) for docetaxel and paclitaxel of 
MDA-MB-231 25DOCR and MCF7 25PACR after MDR1 knockdown by siRNA transient 
transfection. siRNA complexes were formed in 96 well plates and seeded with 5000 cells/well 
for each cell line. After 24hrs the cells were treated with increasing doses of paclitaxel or 
docetaxel for 72hrs. CCK-8 assays were then performed and data analysed using GraphPad 
Prism 6 software. Results are expressed as mean IC50 ± SEM of three independent 
experiments performed in triplicate for each cell line. Statistical significance was determined 
by one-way ANOVA using Dunnett’s multiple comparison test. Western blotting of whole cell 
lysates after transient transfection with target siRNA were collected as described previously, 
separated by SDS-PAGE and probed for P-gp and GAPDH. 
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3.3 Discussion 
Breast cancer cells that acquire chemoresistance, or which possess innate resistance, 

present a challenging scenario for treatment options for patients particularly upon 

relapse of disease. Treatment failure in these patients contribute to a bleak prognosis 

due to limited available therapeutic options. The aim of this chapter was to develop 

in vitro breast cancer cell line isogenic models of taxane resistance and characterise 

them fully prior to further studies. These models would provide a means of studying 

the mechanisms which drive taxane resistance in breast cancer patients with a view 

of identifying druggable targets. The cell lines developed as part of this study were 

designed to complement those previously established which included paclitaxel 

resistant MDA-MB-231 isogenic cell lines and ZR-75-1 paclitaxel and docetaxel 

resistant cell lines (220).  Characterisation of those cell lines had revealed that taxane 

resistance observed in paclitaxel- and docetaxel-resistant ZR-75-1 isogenic cell line 

series was driven by overexpression of the multidrug resistance protein, P-gp. These 

cell lines were therefore not included here as part of the chemoresistant cell line 

panel. This chapter describes the development of docetaxel resistant MDA-MB-231 

and paclitaxel resistant MCF7 isogenic cell lines and their characterisation.   

Historically there are two main methods of deriving in vitro models of 

chemoresistance; clinically relevant and high-level laboratory models. Clinically 

relevant models are developed by mimicking chemotherapy regimens where drug is 

delivered in pulses at low doses. Typically these models only achieve a low level of 

resistance and are unstable. High-level laboratory models are derived through 

continual escalation of drug concentrations with the aim of developing models which 

allow the investigation of mechanisms of resistance due to a more stable phenotype. 

Whilst the levels of resistance found in models derived in this way may be higher than 

that seen in clinically relevant models and therefore not mimic doses typically used 

during treatment, the stable phenotype lends itself to experimental investigation. 

Molecular changes associated with chemoresistance levels of this magnitude tend to 

be large and therefore easy to identify. Dose-escalation is limited by the solubility of 

the selecting agent, and consideration should be given to selecting cell lines with a 
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relatively low baseline IC50 to facilitate development of clinically-relevant 

chemoresistance. As the aim of this study was to identify molecular changes 

associated with taxane resistance, and to maintain consistency with previous studies, 

it was decided that the latter method be employed for the establishment of the cell 

lines described in this chapter. 

It was found that the breast cancer cell lines MDA-MB-231, MCF7 and SK-BR-3 were 

all sensitive to both paclitaxel and docetaxel at nanomolar levels. These cell lines 

were chosen to broadly reflect the breast cancer subtypes and to complement 

existing isogenic taxane resistant cell line models already developed by the group. It 

proved impossible to develop a stable docetaxel resistant MCF7 cell line in the time 

frame available, nor to establish taxane resistant SK-BR-3 isogenic cell lines with 

either paclitaxel or docetaxel. Continuous culture of MDA-MB-231 in escalating doses 

of docetaxel resulted in resistant cell lines after a period of some 16 weeks. Similarly, 

paclitaxel resistant MCF7 isogenic cell lines were also developed after continuous 

culture in the presence of taxane. However the establishment of this resistant cell 

lines took a total of 26 weeks to achieve.  

Following the establishment period, resistance to paclitaxel or doctetaxel was 

confirmed by proliferation assays. STR analysis established that the resistant cell lines 

corresponded to the parental cell line profile and Western blotting confirmed that 

there was no alterations in the hormone receptors which define the cells lines. These 

initial experiments confirmed the isogenic cell lines as appropriate models of in vitro 

taxane resistance suitable for further analysis to elucidate mechanisms of acquired 

chemoresistance.   

While resistance was maintained after 4 weeks in continuous culture in the absence 

of taxane, resensitisation occurred after prolonged culture in drug free media with 

the IC50 of both MDA-MB-231 25DOCR and MCF7 25PACR dropping to near parental 

cell line levels. Whilst disappointing that a more stable phenotype wasn’t established, 

for the purposes of the short experiments carried out in this thesis, it was felt that 

they remained valid chemoresistant cell lines. The significant increase in IC50 
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recorded for MCF 25PACR after 20 weeks of continuous culture in paclitaxel is likely 

due to selection over time of cells with a more robust taxane resistant phenotype 

from what is a heterogeneous cell population. Breast cancer is one of the most 

heterogeneous solid tumours with well-defined morphological subtypes with distinct 

molecular signutures (224-227). Intratumour heterogeneity which arises through 

complex genetic, epigenetic and protein modifications contributes to the adaptability 

seen in tumours with consequences for treatment and prognosis (228). This 

heterogeneity is also detected in cancer cell lines (229, 230) and interplay between 

clones have been found to confer malignant potential (230). Whilst the isogenic 

taxane resistant cell lines established in this chapter are heterogeneous in nature, it 

would be possible to clonally select out individual resistant sublines which would 

likely demonstrate a wider spectrum of resistance and long term stability than 

observed here. 

Alterations in cell cycle progression and apoptosis due to the microtubule modulating 

action of taxanes is a well-documented effect (160, 231, 232). Taxanes act by 

stabilising microtubules (161), causing G2/M arrest followed by apoptosis (148). 

Although they bind poorly to soluble tubulin, taxanes instead bind directly to β-

tubulin along the inside length of the microtubule, increasing microtubule 

polymerisation.  Docetaxel, with a greater affinity to β-tubulin, also exerts an effect 

on the S phase of the cell cycle (233). Results from this study confirm cell cycle arrest 

and accumulation in the G2/M phase in the native parental cell lines whilst the 

resistant cell lines treated with the same concentration of taxane appeared to be able 

to overcome this effect and continued to cycle as normal. The taxane sensitive MDA-

MB-231 parental cell line was also found to have a higher rate of apoptosis compared 

to either of the taxane resistant isogenic cell lines when challenged with paclitaxel or 

docetaxel, with statistically significant levels observed even at low nanomolar 

concentrations. This result agreed with the literature where low concentrations of 

taxanes were found to be sufficient to induce mitotic block and cell death by 

apoptosis in HeLa cells (234, 235).  Challenging MDA-MB-231 25PACR with paclitaxel 

resulted in a concentration dependent increase in apoptosis although this only 
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reached a significant level at 1000 nM, a concentration above the observed IC50 for 

this cell line. A significant increase in apoptotic index was not observed for MDA-MB-

231 25DOCR even when exposed to the highest concentration of 1000 nM paclitaxel. 

However, the apoptotic index did increase commensurate with taxane dose and it 

was anticipated that future experiments to assess expansion of the concentration 

range of paclitaxel in this cell line would demonstrate an increase in apoptosis. 

Exposure to docetaxel resulted in a concentration dependent increase in the 

apoptotic index for MDA-MB-231 25PACR with statistical significant changes noted 

at concentrations around that of the observed IC50 of 18 nM. Similarly, a significant 

increase in apoptotic index was only observed in MDA-MB-231 25DOCR at a 

docetaxel concentration of 300 nM. These results further served to confirm the 

conferring of taxane resistance in the MDA-MB-231 isogenic cell line in vitro models.  

One of the most commonly cited mechanisms of taxane resistance in vitro is the over-

expression of ATP-binding cassette transport proteins and, in particular, P-

gycoprotein (P-gp) which is encoded by the MDR1 gene. These proteins function as 

drug efflux pumps, removing drug from the intracellular compartment. Paclitaxel is a 

known substrate of P-gp, causing a conformational change and increasing drug efflux  

(170). Studies in mammalian cancer cell lines confirmed that there was a correlation 

between resistance to docetaxel and expression of the P-gp protein (236) and further 

that MDR1 expression in the NCI-60 drug screening panel correlates with resistance 

to a wide range of compounds (237). Cross-resistance to the non-selecting taxane 

was observed in all of the taxane-resistant cell lines. To assess whether the cell lines 

had developed a multi-drug resistant phenotype, the response to other 

chemotherapeutic agents was also assessed. While low level resistance was observed 

for MDA-MB-231 25DOCR and MCF7 25PACR against the anthracyclines, the IC50s for 

carboplatin and 5-FU were not significantly different to the values reported for the 

parental cell lines. Over expression of P-gyp was observed in both of these cell lines 

gave weight to the suggestion that the observed resistance to taxanes was driven by 

MDR1. However, transient knockdown of the MDR1 gene by siRNA transfection 

revealed that reversal to a taxane-sensitive phenotype was not observed in either 
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MDA-MB-231 25DOCR or in MCF7 25PACR. This suggests that the taxane resistant 

cell line models derived for this thesis are driven by mechanisms of resistance 

independent of MDR1. Further exploratory studies are therefore merited to identify 

these mechanisms and assess their clinical relevance as actionable pathways.    

This chapter has described the development and characterisation of novel taxane 

resistant models. Full characterisation of the isogenic cell lines suggests that these 

are robust models of acquired taxane resistance with significant increases in IC50 for 

taxanes, continued passage through the cell cycle and an absence of apoptosis under 

conditions which would cause cell death in the parental cell line. Even though some 

cross-resistance to some chemotherapeutics was observed along with an elevation 

of P-gp expression, the taxane resistant phenotype was not found to be solely driven 

by MDR1 with no restoration of sensitivity upon knockdown. The development of 

isogenic taxane resistant cell lines allowed the comparison with the parental taxane 

sensitive cell line and provides a robust internal control for subsequent experiments. 

Establishment of a docetaxel resistant MDA-MB-231 isogenic cell line allows for 

direct comparison with the paclitaxel resistant MDA-MB-231 25PACR previously 

characterised, and therefore the potential of identifying whether mechanisms of 

resistance is specific to either taxane. Further, by developing the MCF7 25PACR cell 

line, there is the opportunity to assess whether there are differences in the 

mechanisms of acquired taxane resistance between molecular breast cancer 

subtypes.  
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 THE EFFECT OF TAXANE RESISTANCE UPON 
DOWNSTREAM SIGNALLING IN BREAST CANCER 
CELL LINES 

 

4.1 Introduction 
In the previous chapter it was demonstrated that the isogenic cell lines developed through 

continual exposure to either paclitaxel or docetaxel had resulted in a chemoresistant 

phenotype. The cell lines were no longer sensitive to taxanes and continued to progress 

through the cell cycle and proliferate.  Although an increase in the expression of MDR1 was 

observed, knockdown of the gene by siRNA did not result in a complete recovery of sensitivity 

to taxanes. I therefore speculated taxane resistance was driven by mechanisms other than 

PgP glycoproteins and it was appropriate to identify targetable pathways which are 

differentially expressed between the parental cell line and resistant isogenic daughter cell 

line.  

Currently breast cancer patients who relapse and become resistant to taxanes have limited 

treatment options, with the majority dying within 5 years of disease progression (238).  As 

discussed previously multiple factors are associated with the acquisition of taxane resistance, 

including dysregulation of signalling pathways, altered DNA damage repair mechanisms and 

the evasion of apoptosis. With the development of in vitro isogenic models of taxane 

resistance it is possible to investigate multiple proteomic and transcriptomic pathways and 

provide an overview of the processes involved in the development of acquired 

chemoresistance. The aim of this chapter was therefore to identify those genes and proteins 

differentially expressed between the taxane sensitive parental cell line and the resistant 

isogenic derivatives and to identify pathways commonly dysregulated in all taxane resistant 

cell lines. A multi-omic analysis was performed through transcriptomic analysis utilising 

Nanostring technology, targeted sequencing through MSK-IMPAKT and the application of 

reverse phase protein array (RPPA) analysis to identify dysregulated proteins. Together these 

results were analysed to identify targetable pathways involved in the evolution of taxane 

resistance in breast cancer cell lines. By identifying those pathways involved, the opportunity 

to specifically target those pathways or to develop a biomarker based diagnostic test which 

could inform treatment options might be possible. 
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4.2 Results 
 

4.2.1 Proteomic analysis by Reverse Phase Protein Array (RPPA) 
The development of taxane resistance is multi-faceted, involving multiple pathways 

involved in proliferation, apoptosis, up-regulation of pro-survival pathways and 

activation of drug export transporters.  To further understand the pathways involved 

in the mechanisms driving chemoresistance in the isogenic cell lines, RPPA was 

performed on the parental MDA-MB-231 cell line and its paclitaxel resistant 

derivative, MDA-MB-231 25PACR. This study was limited to this pair of cell lines as it 

was performed at the outset of my studies and preceded the stable establishment of 

the other isogenic taxane resistant cell lines.   

 

RPPA is a highly sensitive and quantitative immunoassay where the cell lysate is 

immobilised on to a solid phase, in this case nitrocellulose, and then probed with 

antibodies towards specific targets (239). This high throughput proteomic technique 

allows the simultaneous quantification of multiple total or phospho-proteins in 

multiple cell lysates. As a result, RPPA has increasingly become viewed as an efficient 

method of accurately and efficiently assessing a large number of proteins in a time 

and cost-effective manner (240). The assay is based on a dot-blot performed in 

microscale with minute quantities of protein immobilised to a nitrocellulose surface, 

which are then visualised in a way similar to Western blotting with incubation of 

primary and fluorescently labelled secondary antibodies, allowing the high-

throughput analysis of a multiple proteins at one time.   

Denatured protein lysates from the parental MDA-MB-231 cell line and the paclitaxel 

resistant MDA-MB-231 25PACR cell lines were spotted on to nitrocellulose-coated 

glass slides. The 150 candidate antibodies chosen for this study were directed 

towards key cancer associated signalling pathways and their targets, such as cell 
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cycle, kinase cascades and canonical signalling pathways. The samples were 

examined in a process outlined in the method section.  

The relative fluorescent intensity (RFI) for each target were normalised by global 

sample mean normalisation, standardised as z scores and then subjected to 

hierarchical clustering analysis. The heat map in Figure 4.1 display the relative 

enrichment of proteins and phosphoproteins (red, up-regulated; blue, down-

regulated).   

Relative expression of each target in the taxane resistant MDA-MB-231 25PACR 

compared to the native parental cell line were calculated as log2 ratio.  Differentially 

regulated proteins and phosphoproteins were compared using a Student’s t-test with 

Holm-Sidak correction, and a cut off of p≤0.05 applied. Of the 150 antibodies tested, 

97 showed a statistically significant change in expression when comparing the taxane 

resistant MDA-MB-231 25PACR with its parental MDA-MB-231 cell line. Overall, the 

fold changes observed in the paclitaxel resistant cell line were modest. The triple 

negative MDA-MB-231 cell line and the isogenic paclitaxel-resistant cell line MDA-

MB-231 25PACR exhibited characteristic lack of HER2 expression as expected.   

Due to the large number of antibodies included in the proteomic analysis by RPPA, 

differential expression of proteins can be interpreted as an indicator of alterations 

within pathways, rather than simply the identification of changes in specific proteins. 

Visualisation of the functional interaction and gene enrichment was therefore 

performed using Cytoscape 3.8.2 and the Reactome FIViz app, clustering the 

differentially regulated proteins into modules. The analysis is based on 

overrepresentation analysis where a hypergeometric distribution test was employed 

to identify which curated KEGG pathways are enriched in the protein list submitted. 

The Reactome FIViz app was also used to retrieve associated gene ontology (GO) 

biological processes annotations and independently verified by using DAVID online 

resource (Database for Annotation, Visualisation and Integration Discovery)(241). 

Linker genes were applied to facilitate FI network visualisation. However, these were 
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excluded in the subsequent enrichment analysis, with analysis performed only on 

those proteins identified as being dysregulated in the taxane resistant cell lines.  

The analysis of the statistically dysregulated proteins revealed four interconnected 

modules associated with distinct pathways and biological processes (Figure 4.2A & 

B). The modules were primarily associated with cell signalling pathways including 

mTOR, PI3K-Akt and ErbB. GO biological pathway analysis indicated alterations in 

response to DNA damage and cell cycle, which could also rationally be linked with a 

drug response phenotype.   
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Figure 4.1: 
Hierarchical 
clustering analysis 
of changes in 
protein and 
phosphoprotein 
levels upon 
acquirement of 
taxane resistance. 

Levels of proteins 
and 
phosphoproteins in 
whole cell lysates 
were determined by 
RPPA. Normalized 
intensity values 
were standardized 
as Z-scores and 
subjected to 
hierarchical 
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Figure 4.2: Functional annotation analysis of differentially expressed proteins identified via 
comparison of MDA-MB-231 25PACR and parental MDA-MB-231 (A) Functional interaction 
(FI) networks for 97 target antigens was visualised using Cytoscape Reactome FIViz. Four 
interconnecting modules were identified. Interconnecting lines show direction attribute 
values: --> activating/catalysing; --| inhibition; solid line for complexes or inputs; --- for 
predicted FIs. (B) Functionally enriched KEGG pathways and GO Biological Processes were 
identified and the top 10 statistically significant pathways (p<0.05) selected.  

 

Nineteen of the statistically changed antigens also exhibited a log2 fold change of ≥ 

± 0.58 (Figure 4.3). Twelve antigens (SQSTM1, β-actin, PKM2, β-tubulin, Bid, 

Hexokinase II, β-catenin, EGFR, Puma, Iκβ-α, β-Tuberin (pThr1462) and E-cadherin) 

were upregulated (red bars on graph). Downregulated antigens included MAPKAPK2 

(pThr344), STAT1 (pS727), Caspase 3, p53 (pS15), ERK1/2 (pThr202), Rb (pS780), p21 

CIP/WAP and cdc25a (blue bars on graph).  
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Figure 4.3: Reverse Protein Phase Array (RPPA) analysis results. The graphs present the fold-
change in expression between parental MDA-MB-231 and taxane resistant MDA-MB-231 
25PACR cells. Each bar shows the log2 of the relative fold change. Red bars signify 
significantly upregulated antigens, blue bars significantly downregulated antigens (log2 fold 
change ≥ ± 0.58, p≤ 0.05). 
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Functional interaction analysis of the significantly differentially expressed proteins 

revealed enrichment of the apoptotic response. Overexpression of β-tubulin 

(log2FC=1.13; p=1.12E-5) was observed in the paclitaxel resistant cell line, MDA-MB-

231 25PACR, compared to the parental cell line, a documented mechanism of 

resistance to taxanes. The overexpression of the βIII-tubulin in particular has been 

associated with taxane resistance in breast cancer.  Significant downregulation of 

Caspase 3 (log2FC=-0.96773; p=1.59E-10) was noted in the paclitaxel-resistant MDA-

MB-231 25PACR cell line compared to the parental cell line, suggesting inhibition of 

the apoptotic process. Significant down-regulation of the phosphorylated forms of 

RB1 (log2FC=-0.629; p=3.44E-5) and TP53 (log2FC=-0.579; p=0.0002), key proteins in 

the cell cycle, were also observed in the resistant cell line.  Additionally,  hexokinase-

2 (HK2), a key enzyme in glucose metabolism and considered to play a role in the 

regulation of the apoptotic cascade by preventing induction of Bax and Bad, was 

found to be significantly overexpressed (log2FC=1.067; p=1.06E-5) in the paclitaxel 

resistant cell line. However, neither of these pro-apoptotic proteins demonstrated 

significant change in the MDA-MB-231 25PACR cell line relative to the parental line.  

Furthermore, expression of the pro-apoptotic proteins BID (log2FC=1.108; p=0.001) 

and PUMA (log2FC=1.716; p=0.002) were found to be significantly upregulated in the 

resistant cell line.  

SQSTM1/p62 was identified as being the most overexpressed antigen in the taxane 

resistant MDA-MB-231 25PACR cell line (log2FC=1.467; p=0.00022) by RPPA. This 

multifunctional protein, first identified as an adaptor of autophagy, is also involved 

in mitotic transit through CDK1, and signalling through MAPK and NF-κB. Total and 

activated CDK1 were found to be statistically significantly downregulated in MDA-

MB-231 25PACR (p=0.0005 and p=0.0003 respectively) but, with log2 FC values of -

0.454 and -0.337, did not achieve the fold cut off of log2 ± 0.58 which had been 

applied to this analysis. NF-κB p105 differential expression reached significance of 

p=0.0002 but also did not reach log2 FC cut off.  PKM2 acts in concert with EGFR and 

β-catenin promoting expression of target genes such as cyclin D1 (CCND1). Both EGFR 

(p=0.0006) and β-catenin (p=2.86E-6) were significantly overexpressed in MDA-MB-
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231 25PACR cells by RPPA. The expression of p21CIP/WAF, a cell cycle inhibitory 

protein, was downregulated in MDA-MB-231 25PACR cells (p=6.84E-5). It was 

anticipated that a reduction in expression of this protein would translate in to an 

upregulation of the cyclin kinases, CDK1 and CDK2. However both antigens were 

found to be downregulated although again not reaching the log2FC limit set for the 

analysis.  

 

Functional interaction analysis also identified the dysregulation of the ErB2 and PI3K-

Akt pathways in the MDA-MB-231 25PACR cell line. Although overexpression of total 

EGFR was demonstrated in the taxane resistant cell line there was no significant 

change in its activated phosphorylated form.  Total p38 MAPK (p=4.04E-7) and its 

downstream target phospho-MAPKAPK2 T334 (p=6.54E-7) were both also 

significantly downregulated. A trend towards upregulation of total Akt was observed 

but with no change in either of the phospho-Akt antigens. Total FAK (p=1.21E-6) and 

phospho-FAK Y397 (p=0.001) were also found to be significantly upregulated in MDA-

MB-231 25PACR cells although not reaching the threshold of fold change applied. A 

schematic diagram summarising the observed protein changes and their interactions 

are shown in Figure 4.4.  
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Figure 4.4: Schematic representation of pathway changes identified by RPPA. Proteins 
identified as dysregulated in MDA-MB-231 25PACR are shown in orange, other pathway 
members in green.  Blue arrows represent positive regulation and headed-arrows represent 
negative regulation.  

 

4.2.2 Targeted exome sequencing of the isogenic taxane-resistant 
cell lines  
The parental and taxane resistant isogenic cell lines were first screened for genomic 

alterations which could potentially be associated with the resistant phenotype using 

MSK-IMPACT™ (Memorial Sloan Kettering-Integrated Mutation Profiling of 

Actionable Cancer Targets) panel assay. This was performed in collaboration with Dr 

Melanie Spears (OICR, Toronto, Canada). DNA from the parental and resistant 

isogenic cell lines was sequenced using the MSK-IMPACT™ platform, a capture based 

next generation sequencing (NGS) assay which is capable of identifying copy number 

alterations (CNA), protein-coding mutations and selected promoter mutations in 468 

cancer-associated genes. Predictions for pathogenicity was also performed as part of 

the analysis.  

Copy number alterations profiled differences between the parental and resistant cell 

lines, but also clearly demonstrated the differences between the MDA-MB-231 and 

MCF7 cell lines (Figure 4.5). Amplification of RECQL4 was the only common copy 
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number alteration observed in all cell lines. Several copy number gains associated 

with resistance in the MDA-MB-231 25PACR cell line resided on chromosome 5, 

which included genes associated with the PI3K-Akt pathway such as FGFR1, PIK3R1, 

IL7R and FLT4. This cell line also had an area of loss on chromosome 22 which 

included MAPK1, CHEK2, NF2 and EP300. The copy number profile of the docetaxel 

resistant MDA-MB-231 25DOCR was very similar to the parental cell line, with only 

one areas of CNA which could be attributed to docetaxel resistance.  Copy number 

loss on chromosome X, which included AR, ATRX, BTK and STAG2, was detected in 

MDA-MB-231 25DOCR only. The isogenic cell line MCF7 25PACR demonstrated 

several copy number alterations acquired during exposure to paclitaxel. Areas of loss 

were found on chromosomes 6 and 9, and areas of gain at chromosomes 12, 14 and 

16. Genes mapped to the areas of loss at chromosome 6 included ESR1, IFNGR1 and 

LATS2, down-regulation of which have been associated with acquired taxane 

resistance.  

Using the latest version of the human genome as reference, somatic mutations were 

identified in the isogenic cell lines (Figure 4.6). Seventeen mutations were identified 

in the resistant cell line MDA-MB-231 25PACR and 18 mutations in the docetaxel-

resistant MDA-MB-231 25DOCR cell line (Table 4.1). These mutations were all also 

observed in the parental cell line with the exception of the following identified in both 

resistant cell lines: the missense mutation, STK19 (p.S145W) and a splice site 

mutation in NOTCH4 (p.X1380*). A missense mutation in SETD2 (D324Y) was also 

identified in MDA-MB-231 25PACR cells. Similarly, the majority of the twelve 

mutations identified in the paclitaxel resistant MCF7 25 PACR cell line were also 

observed in the MCF7 parental cell line (Table 4.2). It was noted that the activating 

PIK3CA mutation, pE545K, was carried by both the parental and resistant isogenic 

MCF7 cell line. Four mutations were observed in MCF7 25PACR cells alone; a 

missense mutation in MAP3K13 (p.D380N), a silent mutation in PLCG2 (p.T378T) and 

nonsense mutations in MET (p.S470*) and FLT1 (p.S195*). The functional impact of 

mutations unique to the resistant cell lines were further investigated through 

interrogation of the COSMIC (Catalogue of Somatic Mutations in Cancer) database 
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(www.cancer.sanger.co.uk/cancer) and TCGA dataset via www.cbioportal.org. It is 

predicted that the nonsense mutations identified in MET and FLT1 are likely to be 

pathogenic in nature. The somatic mutation in MET occurs in the conserved SEMA 

domain of the extracellular portion of the receptor. The SEMA domain is necessary 

for the dimerisation and activation of the receptor, which leads to initiation of 

downstream signalling via PI3K-Akt and Ras/MAPK signalling. The impact of 

mutations on the SEMA domain and their role in cancer is not well defined, however 

it is likely that the mutation would affect the binding dynamics of the receptor.  FLT1, 

the gene which encodes VEGFR1, also carried a nonsense mutation in the ligand 

binding site of the receptor. Two isoforms of VEGFR1 are encoded by FLT1; a 

membrane bound form and a soluble form.  Again, there is little in the curated 

databases or literature about the effect of FLT1 mutation. However, VEGFR1 plays a 

critical role in physiological and pathogenic angiogenesis, with loss of VEGFR1 

expression associated with poor prognosis in breast cancer (242, 243). It is plausible 

that mutation of the immunoglobulin domain may result in reduced expression of 

VEGFR, suggesting a role in taxane resistance. However, as none of the identified 

mutations had been previously described, it seemed unlikely that the genomic 

changes observed in the isogenic cell lines could be directly associated with the 

chemoresistant phenotype observed.  
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Figure 4.5: Copy number alterations in taxane resistant 
isogenic cell lines. 

Summary of the genes that showed copy number alteration in 
resistant cells compared to parental cell lines by targeted 
exome sequencing. Each row represents an individual gene, 
arranged in chromosomal order. Columns represent each cell 
line. Green = gain; red = loss; grey = no change observed. 
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Figure 4.6: Summary of observed gene mutations in the taxane resistant isogenic cell line 
series. Brick plot of somatic mutations of frequently mutated genes identified by MSK-
IMPACT targeted exome sequencing. Each column represents an individual gene, rows are 
per cell line. Red=somatic mutation; grey=no observed change 

 

To understand the function of all mutated genes identified, gene ontology (GO) 

functional enrichment analysis was conducted using the online bioinformatics 

resource, DAVID (Database for Annotation, Visualisation and Integration Discovery) 

(241). The knowledgebase behind this tool serves to agglomerate gene/protein 

identifiers with their annotations from public resources, such as NCBI, Ensembl, Gene 

Ontology and KEGG, to identify statistically significant enriched terms.  GO Biological 

Processes enriched in the mutated genes included the following terms: regulation of 

transcription (GO:0006351), MAPK cascade (GO:0000165); regulation of cell 

proliferation (GO:0008285 and GO:0008284); negative regulation of apoptotic 

process (GO:0043066); positive regulation of RNA polymerase II promoter 

(GO:0045944) and positive regulation of phosphatidylinositol 3-kinase activity 

(GO:0045944).  Functional interaction of the pathways were visualised using the 

Cytoscape STRING module. The identified genes were not members of a single 

pathway, instead mapping via TP53 to a number of inter-linking signalling pathways 

such as MAPK, Wnt, Hippo and Notch (Figure 4.7).  
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Figure 4.7: Functional interaction network of mutated genes identified by MSK-IMPACT 
analysis of MDA-MB-231 and MCF7 taxane resistant cell line models. Interactions were 
visualised using Cytoscape STRING network module.   
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Table 4.1: MSK-Impact™ assay for human cancer genes for MDA-MB-231 parental and 
isogenic taxane resistant cell lines 

Sample Chr Pos. Ref Var Gene ID 

Mutation Type; 

effect  

AA 

change 

MDA-MB-

231 parent 1 40363463 C T MYCL 

Missense 

Mutation; 

Passenger p.E256K 

MDA-MB-

231 parent 1 72400838 T G NEGR1 Silent; Passenger p.T111T 

MDA-MB-

231 parent 3 49939843 G T MST1R 

Missense 

Mutation;  

Passenger p.F400L 

MDA-MB-

231 parent 3 52685790 T C PBRM1 

Missense 

Mutation;  

Passenger p.I228V 

MDA-MB-

231 parent 4 57797845 G C REST 

Missense 

Mutation; 

Passenger 

p.D941

H 

MDA-MB-

231 parent 5 31526458 G A DROSHA Silent; Passenger p.P194P 

MDA-MB-

231 parent 5 80109433 G A MSH3 

Missense 

Mutation; Likely 

pathogenic p.G896R 

MDA-MB-

231 parent 7 95709774 C A 

DYNC1I

1 

Missense 

Mutation; 

Passenger p.R601S 
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MDA-MB-

231 parent 7 

12882903

9 G 

GG

CT SMO 

In Frame Ins; 

Potentially 

pathogenic 

p.L23du

p 

MDA-MB-

231 parent 7 

14048141

7 C A BRAF 

Missense 

Mutation; Likely 

pathogenic p.G464V 

MDA-MB-

231 parent 9 27197430 G C TEK 

Missense 

Mutation; 

Passenger p.R581T 

MDA-MB-

231 parent 9 97897664 C T FANCC Silent; Passenger p.L269L 

MDA-MB-

231 parent 12 25398281 C T KRAS 

Missense 

Mutation; Likely 

pathogenic p.G13D 

MDA-MB-

231 parent 16 71318544 C CA CMTR2 

Frame Shift Ins; 

Likely pathogenic 

p.C427L

fs*2 

MDA-MB-

231 parent 17 7577099 C T TP53 

Missense 

Mutation; Likely 

pathogenic p.R280K 

MDA-MB-

231 parent 17 29541474 T TC NF1 

Frame Shift_ Ins; 

Likely pathogenic 

p.T467H

fs*3 

MDA-MB-

231 parent 17 63533189 G A AXIN2 

Splice Region; 

Passenger 

 

MDA-MB-

231 parent 19 15300174 T A NOTCH3 

Missense 

Mutation; Likely 

pathogenic p.T368S 
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MDA-MB-

231 parent 19 42383297 G A CD79A 

Missense 

Mutation; Likely 

pathogenic p.C106Y 

MDA-MB-

231 parent 19 47425394 G A 

ARHGAP

35 Silent; Passenger 

p.K1154

K 

MDA-MB-

231 parent 22 30057209 G T NF2 

Nonsense 

Mutation; Likely 

pathogenic p.E231* 

MDA-MB-

231 25PACR 3 47165156 C A SETD2 

Missense 

Mutation; 

Passenger p.D324Y 

MDA-MB-

231 25PACR 3 49939843 G T MST1R 

Missense 

Mutation; 

Passenger p.F400L 

MDA-MB-

231 25PACR 3 52685790 T C PBRM1 

Missense 

Mutation; 

Passenger p.I228V 

MDA-MB-

231 25PACR 5 31526458 G A DROSHA Silent; Passenger p.P194P 

MDA-MB-

231 25PACR 5 80109433 G A MSH3 

Missense 

Mutation; Likely 

pathogenic p.G896R 

MDA-MB-

231 25PACR 6 31940401 C G STK19 

Missense 

Mutation; 

Passenger 

p.S145

W 

MDA-MB-

231 25PACR 6 32168893 C A NOTCH4 

Splice Site; 

Passenger 

p.X1380

_splice 
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MDA-MB-

231 25PACR 7 95709774 C A 

DYNC1I

1 

Missense 

Mutation; 

Passenger p.R601S 

MDA-MB-

231 25PACR 7 

14048141

7 C A BRAF 

Missense 

Mutation; Likely 

pathogenic p.G464V 

MDA-MB-

231 25PACR 12 25398281 C T KRAS 

Missense 

Mutation; Likely 

pathogenic p.G13D 

MDA-MB-

231 25PACR 16 71318544 C CA CMTR2 

Frame Shift Ins; 

Likely pathogenic 

p.C427L

fs*2 

MDA-MB-

231 25PACR 17 7577099 C T TP53 

Missense 

Mutation; Likely 

pathogenic p.R280K 

MDA-MB-

231 25PACR 17 29541474 T TC NF1 

Frame_ Shift Ins; 

Likely pathogenic 

p.T467H

fs*3 

MDA-MB-

231 25PACR 19 15300174 T A NOTCH3 

Missense 

Mutation; Likely 

pathogenic p.T368S 

MDA-MB-

231 25PACR 19 42383297 G A CD79A 

Missense 

Mutation; Likely 

pathogenic p.C106Y 

MDA-MB-

231 25PACR 19 47425394 G A 

ARHGAP

35 Silent; Passenger 

p.K1154

K 

MDA-MB-

231 25DOCR 1 40363463 C T MYCL 

Missense 

Mutation; 

Passenger p.E256K 
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MDA-MB-

231 25DOCR 4 57797845 G C REST 

Missense 

Mutation; 

Passenger 

p.D941

H 

MDA-MB-

231 25DOCR 5 31526458 G A DROSHA Silent; Passenger p.P194P 

MDA-MB-

231 25DOCR 5 80109433 G A MSH3 

Missense 

Mutation; Likely 

pathogenic p.G896R 

MDA-MB-

231 25DOCR 6 31940401 C G STK19 

Missense 

Mutation; 

Passenger 

p.S145

W 

MDA-MB-

231 25DOCR 6 32168893 C A NOTCH4 

Splice Site; 

Passenger 

p.X1380

_splice 

MDA-MB-

231 25DOCR 7 95709774 C A 

DYNC1I

1 

Missense 

Mutation; 

Passenger p.R601S 

MDA-MB-

231 25DOCR 7 

12882903

9 G 

GG

CT SMO 

In Frame Ins; 

Potentially 

pathogenic 

p.L23du

p 

MDA-MB-

231 25DOCR 7 

14048141

7 C A BRAF 

Missense 

Mutation; Likely 

pathogenic p.G464V 

MDA-MB-

231 25DOCR 9 27197430 G C TEK 

Missense 

Mutation; 

Passenger p.R581T 

MDA-MB-

231 25DOCR 9 97897664 C T FANCC Silent; Passenger p.L269L 
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MDA-MB-

231 25DOCR 12 25398281 C T KRAS 

Missense 

Mutation; Likely 

pathogenic p.G13D 

MDA-MB-

231 25DOCR 16 71318544 C CA CMTR2 

Frame Shift Ins; 

Likely pathogenic; 

Likely pathogenic 

p.C427L

fs*2 

MDA-MB-

231 25DOCR 17 7577099 C T TP53 

Missense 

Mutation; Likely 

pathogenic p.R280K 

MDA-MB-

231 25DOCR 17 29541474 T TC NF1 

Frame Shift Ins; 

Likely pathogenic 

p.T467H

fs*3 

MDA-MB-

231 25DOCR 17 63533189 G A AXIN2 

Splice Region; 

Passenger 

 

MDA-MB-

231 25DOCR 19 15300174 T A NOTCH3 

Missense 

Mutation; Likely 

pathogenic p.T368S 

MDA-MB-

231 25DOCR 22 30057209 G T NF2 

Nonsense 

Mutation; Likely 

pathogenic p.E231* 

 

Highlighted in red are the mutations shared by MDA-MB-231 and the isogenic taxane-
resistant cell lines MDA-MB-231 25PACR and MDA-MB-231 25DOCR cell lines compared to 
the reference genome; in black are the mutations unique to either. The impact of the mutation 
on each protein are shown in column titled ‘AA change’ where: Alanine(A); Arginine(R); 
Asparagine(N); Aspartic Acid(D); Cysteine(C); Glutamic Acid(E); Glutamine(Q); Glycine(G); 
Histidine(H); Isoleucine(I); Leucine(L); Lysine(K); Methionine(M); Phenylalanine(F); Proline(P); 
Serine(S); Threonine(T); Tryptophan(W); Tyrosine(Y); Valine(V) 

  



130 
 

Table 4.2: MSK-Impact™ assay for human cancer genes for MCF7 parental and MCF7 
25PACR taxane resistant cell lines 

Sample Chr Pos. Ref. Var.  Gene ID Mutation Type AA 

change 

MCF7 

parent 

1 230459353 G A PGBD5 Missense 

Mutation; 

Passenger 

p.H396Y 

MCF7 

parent 

1 241661129 C T FH Silent; Passenger p.*511* 

MCF7 

parent 

2 277002 C T ACP1 Nonsense 

Mutation; 

Passenger 

p.Q106* 

MCF7 

parent 

2 212248542 T C ERBB4 Missense 

Mutation; 

Passenger 

p.Y1242C 

MCF7 

parent 

2 227660008 C T IRS1 Silent; Passenger p.V1149V 

MCF7 

parent 

2 227662476 G A IRS1 Missense 

Mutation; 

Passenger 

p.R327C 

MCF7 

parent 

3 178936091 G A PIK3CA Missense 

Mutation; Likely 

pathogenic 

p.E545K 

MCF7 

parent 

7 13975527 C A ETV1 Splice Region; 

Passenger 
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MCF7 

parent 

7 140507806 A G BRAF Missense 

Mutation; 

Passenger 

p.L222S 

MCF7 

parent 

7 151879490 T C KMT2C Missense 

Mutation; 

Passenger 

p.M1819V 

MCF7 

parent 

8 56911984 G A LYN Silent; Passenger p.K404K 

MCF7 

parent 

8 90976658 G T NBN Missense 

Mutation; 

Passenger 

p.P325H 

MCF7 

parent 

8 90994994 G A NBN Nonsense 

Mutation; Likely 

pathogenic 

p.R43* 

MCF7 

parent 

11 69589541 G A FGF4 Silent; Passenger p.I104I 

MCF7 

parent 

16 14041636 G C ERCC4 Missense 

Mutation; 

Passenger 

p.S728T 

MCF7 

parent 

19 10602447 C T KEAP1 Silent; Passenger p.V377V 

MCF7 

parent 

X 47426492 C T ARAF Missense 

Mutation; 

Passenger 

p.R279C 

MCF7 

25PACR 

2 277002 C T ACP1 Nonsense 

Mutation; 

Passenger 

p.Q106* 
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MCF7 

25PACR 

2 212248542 T C ERBB4 Missense 

Mutation; 

Passenger 

p.Y1242C 

MCF7 

25PACR 

3 178936091 G A PIK3CA Missense 

Mutation; Likely 

pathogenic 

p.E545K 

MCF7 

25PACR 

3 185167815 G A MAP3K13 Missense 

Mutation; 

Passenger 

p.D380N 

MCF7 

25PACR 

7 116380020 C G MET Nonsense 

Mutation; Likely 

pathogenic 

p.S470* 

MCF7 

25PACR 

8 56911984 G A LYN Silent; Passenger p.K404K 

MCF7 

25PACR 

8 90976658 G T NBN Missense 

Mutation; 

Passenger 

p.P325H 

MCF7 

25PACR 

8 90994994 G A NBN Nonsense 

Mutation; Likely 

pathogenic 

p.R43* 

MCF7 

25PACR 

13 29008287 G T FLT1 Nonsense 

Mutation; Likely 

pathogenic 

p.S195* 

MCF7 

25PACR 

16 14041636 G C ERCC4 Missense 

Mutation; 

Passenger 

p.S728T 
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MCF7 

25PACR 

16 81929473 C A PLCG2 Silent; Passenger p.T378T 

MCF7 

25PACR 

19 10602447 C T KEAP1 Silent; Passenger p.V377V 

 

Highlighted in red are the mutations shared by both MCF7 and MCF7 25PACR cell lines 
compared to the reference genome, while in black are the mutations unique to either. The 
impact of the mutation on each protein are shown in column titled ‘AA change’ where: 
Alanine(A); Arginine(R); Asparagine(N); Aspartic Acid(D); Cysteine(C); Glutamic Acid(E); 
Glutamine(Q); Glycine(G); Histidine(H); Isoleucine(I); Leucine(L); Lysine(K); Methionine(M); 
Phenylalanine(F); Proline(P); Serine(S); Threonine(T); Tryptophan(W); Tyrosine(Y); Valine(V) 
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4.2.3 Transcriptomic profiling of taxane resistant cell lines using 
Nanostring® technology 
To expand and complement the results from the RPPA, transcriptomic profiles of all 

paired isogenic taxane resistant cell lines were characterised by gene expression 

analysis utilising the Nanostring platform. The PanCancer Pathway panel was 

selected for its broad coverage of signalling pathways but also as it encompassed half 

of the targets analysed with the reverse phase protein array.  Paired analyses was 

performed between parental and resistant cell lines to quantify differentially 

expressed genes (DEGs) after taxane resistance had been established. All resistant 

cell lines were assessed with three replicates for each group prepared. 

Preliminary analysis investigated the similarity between the taxane sensitive parental 

cell line and the derived taxane resistant isogenic cell line. Unsupervised bidirectional 

hierarchical clustering of the log2 normalised data revealed sample repeat clustering 

at the first level of the dendogram, and cell line clustering above that, with the triple 

negative MDA-MB-231 cell lines clustered separately from the ER+ MCF7 cell lines 

(Figure 4.8). It was noted that the paclitaxel resistant MDA-MB-231 25PACR cell line 

demonstrated less similarity to the parental cell line, MDA-MB-231, than the 

docetaxel resistant cell line MDA-MB-231 25DOCR. This suggested that the two 

taxanes (paclitaxel and docetaxel) may confer chemoresistance by inducing changes 

in different genes.  
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Figure 4.8: Expression of cancer associated pathway mRNAs are altered in taxane resistant 
cell lines compared to native parental lines. Unsupervised hierarchical clustering of 730 
mRNAs which feature on the PanCancer Pathway Nanostring panel from taxane resistant 
MDA-MB-231 and MCF7 isogenic cell lines and their respective parental control cell lines. Log 
2 mean centred heatmap of all genes for each code set are depicted. Columns represent 
individual biological samples, rows represent individual mRNA transcripts. Red represents 
higher relative expression and blue lower relative expression. Unit variance scaling is applied 
to rows. Both rows and columns are clustered using Pearson correlation distance, average 
linkage performed and the heatmap drawn in Clustvis (244).  

 

Differential expression analysis was performed using the nSolver v 4.0 advance 

analysis software and comparisons between all taxane resistant isogenic cell lines 

with their parental cell line were made.  The nSolver software was used to calculate 

log2 ratios to describe the fold change observed with associated p-values for each 

mRNA.  Differentially expressed genes (DEGs) were identified by applying cut-off 

thresholds of ± 0.58 log2-ratio and a p-value ≤ 0.05. 

Analysis of the PanCancer Pathway code set for each isogenic/parental cell line 

comparison showed that the acquisition of taxane resistance resulted in a change in 
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expression levels of between 20% - 30% of the total mRNA of the PanCancer Pathway 

code set for each isogenic cell line comparison. The expression of 198 genes in the 

PanCancer pathway panel were significantly differentially regulated (p≤0.05, log2 

ratio ≥ ± 0.58) between the paclitaxel resistant isogenic cell line MDA-MB-231 

25PACR and the parental MDA-MB-231 cell line (Table 4.3). The majority of these 

were found to be upregulated (118; 60%) upon acquisition of paclitaxel resistance, 

whereas 80 (40%) were down-regulated. The comparison of the docetaxel resistant 

MDA-MB-231 25DOCR cell lines with the parental cell line revealed a total of 141 

differentially expressed genes across the same panel. This comparison revealed a 

similar division with 57% (80) of the genes being upregulated and 43% (61) 

downregulated. Finally analysis of MCF7 25PACR compared with its parental 

counterpart, MCF7, revealed 161 differentially expressed genes.   Of these 

differentially expressed genes, 76 were upregulated (47%) in the taxane resistant 

isogenic cell line compared to the parental MCF7 cell line, whereas 85 genes (53%) 

were downregulated.  

  



137 
 

Table 4.3: Differentially expressed genes from PanCancer Pathway codeset in taxane 
resistant cell lines 

 MDA-MB-231 

25PACR 

MDA-MB-231 

25DOCR 

MCF7 25PACR 

Upregulated 118 80 76 

Down-

regulated 

80 61 85 

Comparison of native parental cell lines and taxane resistant isogenic cell lines. A threshold 
of 0.58 log2 fold change, p≤0.05 was applied to the normalised values.  

 

The distribution of calculated fold change (log 2 resistant/parental) and the results 

for each individual differential expression analysis are shown in volcano plots with 

the fold change (log2 ratio) and the p value displayed on the x and y axes respectively 

(Figure 4.9A-C). The mRNAs that fell below the threshold were excluded from further 

analyses. To identify those genes which were commonly dysregulated in the taxane 

resistant cell lines, Venn diagrams were employed to visualise the overlap between 

the cell lines (Figure 4.9D). Of these, 74 mRNA were commonly altered in MDA-MB-

231 25PACR and MDA-MB-231 25DOCR cell lines, 63 mRNA between MDA-MB-231 

25PACR and MCF7 25PACR and 41 mRNA between MDA-MB-231 25DOCR and MCF7 

25PACR.  
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Figure 4.9: Differential gene expression associated with taxane resistance. The volcano 
plots display each mRNA log10 (p-value) and log2 fold change for resistant vs. parental cells: 
(A) MDA-MB-231 25PACR, (B) MDA-MB-231 25DOCR and (C) MCF7 25PACR. Ascending 
vertical dotted lines represent p<0.05, p<0.01 and p<0.001 respectively.  Those mRNA with a 
log2 fold change of ± 0.58 and statistically significant are coloured blue. Volcano plots were 
created using GraphPad Prism (D) Venn diagram showing overlapping differentially 
expressed genes between MDA-MB-231 25PACR, MDA-MB-231 25DOCR and MCF7 25PACR 
taxane resistant cell lines. Venn diagrams were created using the online tool Venny 2.1 (245)  

 

 

Supervised hierarchical clustering of the differentially expressed mRNA confirmed 

consistent expression across the cell line replicates (Figure 4.10). However, clustering 

highlighted clear differences between the MDA-MB-231 and MCF7 cell lines, 

emphasising the diversity was greater between cell lines than between paclitaxel 

resistant and parental cell lines.  
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Figure 4.10: Supervised hierarchical clustering of genes from the Nanostring PanCancer 
Pathway codeset in taxane resistant isogenic cell lines. Log 2 mean centred supervised 
hierarchical clustered heatmap of all differentially expressed genes (log 2 FC ≥ ±0.58; p value 
≤0.05) of the PanCancer Pathway panel. Columns represent individual biological samples, 
rows represent individual mRNA transcripts. Red represents higher relative expression and 
blue lower relative expression. Unit variance scaling is applied to rows. Both rows and 
columns are clustered using Pearson correlation distance, average linkage performed and 
the heatmap drawn in Clustvis (244) 

 

Of the 74 genes identified as being differentially expressed in the two MDA-MB-231 

taxane resistance models, 63 mRNA shared directionality of change. Of these, 49 

mRNA were overexpressed and 14 mRNA downregulated in the MDA-MB-231 

resistant cell lines. An FI network was created of interconnecting genes and clustering 

modules were filtered for clusters with nodes ≥ 10, and four modules were obtained 

(Figure 4.11). GO enrichment analysis revealed that the FI network were statistically 

significantly enriched for biological processes including: regulation of transcription 

from RNA polymerase II, regulation of apoptotic process and regulation of signalling 

receptor activity. Enriched pathways included cytokine-cytokine receptor interaction 
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and PI3K-Akt signalling (module 1; Figure 4.11A), transcriptional misregulation of 

cancer (module 2; Figure 4.11B), MAPK signalling (module 3; Figure 4.11C) and PI3K-

Akt signalling (module 4; Figure 4.11D).  
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Figure 4.11; Enrichment analysis of DEGs from both MDA-MB-231 taxane resistant cell line 
models. Functional interaction (FI) networks for 65 target genes was visualised using 
Cytosape Reacomte FIViz. Four modules were identified of ≥ 10 nodes: (A) Module 1 the most 
significant cluster with 17 nodes (B) module 2 (C) module 3 and (D) module 4. Linker genes 
are shown in red. Interconnecting lines show direction attribute values: --> 
activating/catalysing; --| inhibition; solid line for complexes or inputs; --- for predicted FIs. 
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Due to the inability to produce a stable docetaxel resistant MCF7 cell line, analysis 

was limited to enrichment analysis for those 161 DEGs identified in the paclitaxel 

resistant MCF7 25PACR cell line. Again an FI network of an interconnecting set of 

modules was created in Cytoscape, eight of which were composed of ≥ 10 nodes.  GO 

enrichment of the FI network identified significant association to regulation of cell 

proliferation, regulation of transcription and MAPK cascade. Pathway enrichment 

analysis of the most significant module consisting of 51 nodes, identified associations 

with transcriptional misregulation of cancer, cell cycle and Notch signalling pathway 

(Figure 4.12A). The second most significant module of 35 nodes was enriched for Ras 

signalling, Rap signalling and PI3-Akt signalling pathways (Figure 4.12B). Module 3 

was associated with the cell cycle and apoptosis (Figure 4.12C) and module 4 with the 

MAPK signalling pathway (Figure 4.12D). The remaining modules were associated 

with focal adhesion (Figure 4.12E) and the TGFβ signalling pathway (Figure 4.12F). 
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Figure 4.12: Enrichment analysis of DEGs from MCF7 25PACR taxane resistant cell line 
model. Functional interaction (FI) networks for 161 target genes was visualised using 
Cytosape Reacomte FIViz. Six interconnecting modules were identified of ≥ 10 nodes: (A) 
Module 1 the most significant cluster with 51 nodes; (B) module 2 contained 35 nodes; (C) 
25 nodes were visualised in module 3; (D) module 4 with 17 nodes; (E) module 5 with 11 
nodes and (F) module 6 with 10 nodes. Linker genes are shown in red. Interconnecting lines 
show direction attribute values: --> activating/catalysing; --| inhibition; solid line for 
complexes or inputs; --- for predicted FIs. 
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Despite all three chemoresistant cell lines demonstrating similar in vitro profiles with 

regard to proliferation, cell cycle and apoptosis it was evident that only a small 

number of genes were commonly dysregulated across all isogenic cell lines (Figure 

4.9C). Of the 23 mRNAs dysregulated in all three resistant cell lines, 15 were found to 

share directionality in change.  Nine mRNAs were shown to have consistent 

upregulation across all three chemoresistant cell lines: (NUPR1, PBX1, HES1, CDH1, 

ITGB4, NR4A1, BMPR1B, WNT7B, and INHBB) and 6 mRNAs consistently 

downregulated (CCNA1, BCL2, TNFSF10, HIST1H3H, HMGA1 and NGFR) (Table 4.4).  
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Table 4.4: List of the common statistically significant differentially expressed genes derived 
from the Nanostring PanCancer Pathway codeset in the taxane resistant cell lines. 

Probe 

name 

MDA-MB-231 

25PACR 

MDA-MB-231 

25DOCR MCF7 25PACR 

Pathway Log2FC Pvalue Log2FC Pvalue Log2FC Pvalue 

CDH1 3.36 0.0007 3.92 4.81 E-

6 

0.89 0.0008 Driver gene 

NUPR1 2.84 0.0036 2.42 0.0019 0.79 0.0197 Transcriptional 

misregulation 

PBX1 2.25 0.0002 0.95 0.0011 1.23 0.0012 Transcriptional 

misregulation; 

positive 

regulation of  

transcription 

from RNA Pol II 

promoter 

HES1 1.84 0.006 2.06 0.0031 1.99 0.0004 Notch 

signalling; 

positive 

regulation of  

transcription 

from RNA Pol II 

promoter 

JAG2 1.72 0.0115 1.76 0.0182 0.58 0.0071 Notch 

signalling 

ITGB4 1.4 0.0004 0.73 0.0024 0.72 0.0007 PI3K-Akt 

signalling 
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NR4A3 1.37 0.0018 0.96 0.0369 1.32 0.0194 PI3K-Akt 

signalling; 

MAPK 

signalling; 

positive 

regulation of  

transcription 

from RNA Pol II 

promoter 

BMPR1B 1.34 0.0018 1.57 0.0002 2.27 0.0015 TGFβ 

signalling; 

positive 

regulation of  

transcription 

from RNA Pol II 

promoter 

WNT7B 1.31 0.0064 0.87 0.0101 0.62 0.0374 Hippo 

Hedgehog; 

WNT signalling 

INHBB 0.96 0.0019 1.41 0.0015 3.18 8.11 E-5 TGFβ signalling 

BCL2 -1.0 0.0034 -0.6 0.0443 -3.18 3.94 E-5 Driver gene; 

Cell cycle and 

apoptosis; 

PI3K- Akt 

pathway    

TNFSF10 -1.2 0.0022 -0.93 0.0018 -3.28 0.008 Cell cycle; 

apoptosis 
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HIST1H3H -1.46 1 E-6 -0.74 2.25 E-

6 

-1 1.11 E-5 Driver gene; 

Transcriptional 

misregulation 

HMGA1 -1.61 1.4 E-5 -1.02 0.0003 -0.93 0.0059 Chromatin 

modification; 

positive 

regulation of  

transcription 

from RNA Pol II 

promoter 

NGFR -7.4 0.0038 -5.82 0.0009 -1.8 0.0388 Transcriptional 

misregulation; 

PI3K- Akt 

pathway; RAS 

signalling   

FC = fold change 

 

An FI network of those 23 mRNA was created in Cytoscape (Figure 4.13A) and 

enrichment analysis for KEGG pathways and GO biological processes associated with 

the mRNA performed. Due to the small number of mRNA identified as being 

commonly changed in all three resistant cell lines, linker genes were included in the 

enrichment analysis. KEGG pathway enrichment analyses included pathways in 

cancer (p=4.74E-11), TGF-β signalling (p=4.18E-7) and PI3-Akt signalling (p=4.96E-6) 

(Figure 4.13B) with GO biological processes highlighting changes in regulation of 

transcription by RNA polymerase II promoter and regulation of apoptosis (Figure 

4.13C).  
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Figure 4.13: Enrichment analysis of commonly dysregulated taxane resistance associated 
DEGs from Nanostring PanCancer pathway code set.  (A) Functional interaction (FI) network 
constructed for 23 target mRNA clustered in to four modules (shown in different colours). 
Linker genes are shown in red. Overrepresentation analysis of (B) KEGG pathways and (C) 
Gene Ontology Biological Processes. Bars indicate p values shown as – log10. 
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4.2.4 Validation of the dysregulated pathways as identified by 
RPPA and Nanostring 
Cytoscape analysis of both proteomic and transcriptomic data indicated 

dysregulation of the MAPK and PI3K-Akt signalling pathways, amongst others. To 

understand the role of these pathways in taxane resistance, the expression of some 

key proteins involved were quantified by Western blotting. Included in the panels are 

lysates for the later derivations of the resistant cell lines (Figure 4.14).  

Upregulation of EGFR had been observed in the paclitaxel resistant cell line, MDA-

MB-231 25PACR, while performing the initial characterisation of the taxane resistant 

cell lines. However the anticipated activation of the PI3K-Akt pathway via Akt1 

phosphorylation was not observed in any of the resistant cell lines. Upregulation of 

total FAK and the activated form was noted in the both the resistant MDA-MB-231 

cell lines, although it appeared down-regulated in the MCF7 25PACR cell line. 

Activation of p44/42 MAPK was absent in both of the MDA-MB231 docetaxel 

resistant isogenic cell lines, as well as the MDA-MB-231 50PACR resistant cell line. In 

all of these lines, an increase in total p44/42 MAPK could be seen. This pattern was 

mimicked in the MCF7 paclitaxel resistant series. Finally, a reduction in p38 MAPK 

protein was seen in all resistant cell lines.  
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Figure 4.14: EGFR and PI3K-Akt signalling pathway proteins in MCF7 and MDA-MB-231 
parental and taxane resistant isogenic cell lines. (A) Whole cell lysates were separated by 
SDS-PAGE (B) Expression of proteins relative to parental cell line after normalisation to 
loading control (n=1) 
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4.3 Discussion 
Acquired or innate taxane resistance represents a major clinical challenge in the 

treatment of breast cancer. For these patients, treatment options are limited and the 

outcome is poor. Identification of pathways involved in the development of taxane 

resistance may, therefore, lead to the development of novel therapeutic approaches. 

The aim of this chapter was to further characterise the taxane-resistant cell line 

models derived for this thesis through a multi-omic approach, with focus on the 

mutational, transcriptomic and proteomic profiles in order to hypothesise 

mechanisms of chemoresistance. Together the results from each analysis pointed to 

dysregulation of cell cycle associated processes, and of the PI3K-Akt and MAPK 

pathways.  

Cancer associated signalling pathways were profiled by RPPA with a panel of 150 

validated target-specific antibodies.  The capacity of RPPA technology to profile 

changes in expression and activation of proteins at this scale has provided a viable 

means of analysing the proteome. RPPA has become a powerful tool for the 

investigation of disease mechanism and increasingly to determine deregulated 

signalling networks in cancer (239, 240) and has been utilised by the Cancer Genome 

Atlas group to characterise a broad range of cancers (246).  

Hierarchical clustering and functional interaction analysis of the differentially 

expressed antigens revealed enrichment of the PI3K-Akt signalling and ErbB2 

signalling pathways. An absence of HER2 and an increase in expression of EGFR was 

observed in the paclitaxel resistant cell line when compared to the parental cell line, 

an observation that agreed with results from Chapter 3 which gave confidence in the 

RPPA process. Downstream from EGFR, FAK and its activated form were also both 

found to be statistically significantly upregulated. FAK overexpression is significantly 

associated with the development of malignancy in various cancers, including breast 

cancer and is often found to be upregulated in triple negative breast cancer (247-

249).  FAK is a cytosolic tyrosine kinase canonically activated by matrix and integrin 

receptors controlling cell motility(250). Phosphorylation at Tyrosine 397 is an 
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indicator of activation and has also been associated with poor prognosis and outcome 

in breast cancer patients (251). However the molecular mechanisms responsible for 

this overexpression have not been elucidated. Although the usefulness of FAK as a 

prognostic biomarker has yet to be evaluated, it has gained interest as a novel 

druggable target for the treatment of a variety of cancers. A recent study by 

Osterman et al indicated FAK activation sustained intrinsic and acquired cisplatin 

resistance in ovarian cancer via a Wnt/β-catenin/myc ‘stemness’ pathway. 

Hyperactivation of β-catenin-dependent Wnt signalling has been associated with 

poor prognosis in breast cancer patients(252), with Wnt signalling playing a crucial 

role in tumorogenesis and chemoresistance(253). β-catenin was also found to 

overexpressed in the MDA-MB-231 25PACR cell line along with SQSTM1/p62 and 

PKM2. SQSTM1/p62 was the most upregulated antigen in the panel analysed by 

RPPA. First identified as an autophagy adaptor and regulated by β-catenin, this 

multifunctional protein also plays an important role as a signalling hub. Over 

expression of SQSTM1 has been found to significantly correlate with increased risk of 

distant metastasis and poor outcome in patients with triple negative breast cancer 

(254). Additionally a study by Yan et al (255) suggested a role for elevated SQSTM1 

expression in cisplatin-resistance in ovarian cells.   SQSTM1/p62 has also been found 

to be a regulator of p38 MAP kinase (p38MAPK) (256). However the associated 

activation of p38MAPK and AKT was not observed by RPPA, an observation which was 

subsequently confirmed by Western blotting. Its role as a mediator of cell cycle 

mitotic transition through CDK1 is also of interest, given the ability of the resistant 

cell lines to overcome G2/M arrest that is typical of the effects of taxanes. PKM2 has 

also been implicated in the activation of the MAPK, Akt and FAK pathways. This 

protein was identified as being critical for cancer-specific aerobic glycolysis known as 

the Warburg effect (257) with a role in transcriptional regulation leading to EMT 

(258). Overexpression of β-tubulin was unsurprising given the microtubule binding 

mechanism of paclitaxel (234). Studies have shown that overexpression of β-tubulin 

promotes cancer development and induces EMT (186) and is postulated to be a 

marker of resistance (183, 259).  
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Analysis by RPPA was limited to the comparison of the paclitaxel resistant MDA-MB-

231 25PACR cell line and the parental MDA-MB-231 cell line and, as it was not 

possible to repeat this experiment further in to my studies, the results must be 

viewed as potentially only attributable to the triple negative breast cancer cell line. 

Overall the changes found were modest, with only a small subset of statistically 

significant alterations identified with associated fold change above a threshold of 1.5. 

Despite the success of RPPA as a method for sensitive, high-throughput screening of 

a multitude of targets, its limitations lie with the specificity and sensitivity of the 

antibodies used, in particular for the identification of proteins with post-translational 

modifications, such as phosphorylation(260). In this study, it was clear that there was 

a skew towards downregulation of the phosphorylated proteins and those changes 

which were identified as being significantly changed, were judged with caution. To 

achieve a comprehensive evaluation of the taxane resistant proteome, mass 

spectrometry based proteomic profiling and expansion of the sample set to include 

all of the resistant cell lines may offer a more encompassing view. 

Large scale genomic sequencing projects, curated by sites such as COSMIC (261), have 

led to the identification of thousands of mutations in cancer cells, delivering great 

insight in to the mutational landscape of cancer development and progression. With 

concurrent development of targeted antibody and small molecule therapies, the 

combination of both aspects have helped the drive towards precision medicine in the 

treatment of cancer (262, 263). This technology has also been employed to aid the 

discovery of mechanisms which underlie acquired resistance, primarily through the 

ability to perform paired sequencing of pre- and post-treatment samples to identify 

novel mutations of acquired resistance.  A study by Juric et al identified that PTEN 

mutations were responsible for acquired resistant to apelisisb through comparison 

of pre- and post-treatment biopsies from a PI3KCA-mutated breast cancer patient 

(264). To enable precision medicine in cancer patients, targeted exome sequencing 

panels have been developed which focus on actionable targets.  With the aim of this 

thesis being the identification of mechanisms of acquired taxane resistance in breast 

cancer, exome sequencing by MSK-IMPACT™ was then employed to characterise the 
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genomic landscape of the panel of the isogenic taxane resistant cell lines. This paired 

analysis highlighted the high degree of similarity between the parental and resistant 

cell lines in terms of the shared number and type of mutations (Figures 4.4 and 4.5). 

This study unveiled very few resistance-phenotype specific mutations, none of which 

were shared by the taxane-resistant MDA-MB-231 and MCF7 cell lines.    

A total of 17 mutations were found in the MDA-MB-231 25PACR cell line, 18 in the 

MDA-MB-231 25DOCR. All but five were also found in the parental cell line. Both 

isogenic taxane resistant MDA-MB-231 cell lines carried missense mutations in STK19 

and a splice site mutation in NOTCH4, both of which were classed as passenger 

mutations. STK19 is a serine/threonine kinase which has been found to act as a 

regulator of NRAS activity and has been associated with melanoma (265). The role of 

STK19 in breast cancer or chemoresistance has not been evaluated. NOTCH4 is a 

member of the highly conserved Notch signalling pathway which plays a role in the 

regulation of tissue homeostasis (266). Its dysfunction has been implicated in cancer 

progression(267) and mutation of NOTCH4 has also been implicated in 

chemoresistance of triple negative breast cancer (268). MDA-MB-231 25PACR also 

carried a further passenger missense mutation in SETD2. SETD2 encodes a 

methyltransferease known to be responsible for histone H3 methylation (269) and is 

involved in a number of cellular processes including transcriptional regulation and 

DNA damage repair (270, 271).  

The cell line, MCF7 25PACR, was found to carry four mutations not seen in the 

parental cell line. Two of these were classed as passenger mutations. A missense 

mutation was found in the oncogene MAP3K13, which encodes a kinase that 

phosphorylates and activates MAP2K7 and subsequently the JNK signalling pathway 

(207).  The second passenger mutation was a silent mutation found in PLCG2, which 

encodes phospholipase C, a protein with a regulatory role in cancer. Two nonsense 

mutations with likely pathogenic consequences were identified in MCF7 25PACR 

cells. The first of these was identified in the proto-oncogene MET and a second in 

FLT1, which encodes VEGFR. Ontology analysis of the observed mutated genes 
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revealed their association with regulation of transcription, regulation of cell 

proliferation and negative regulation of the apoptotic process. Further work is 

required to understand the functional impact of these mutations in taxane-resistant 

breast cancer cells.  

Gene expression analysis was performed using Nanostring® technology using the 

Pancancer Pathway panel which focused on canonical cancer pathways and offered 

a degree of overlap with the targets of the RPPA assay. Unsupervised hierarchical 

clustering of the isogenic cell lines demonstrated clear delineation of the cell line 

subtypes, with the parental and resistant cell line samples for each cell line clustering 

at the primary level of the dendogram. Functional interaction analysis of the 

differentially expressed genes revealed a number of enriched pathways and 

biological processes. Among these, transcriptional regulation of cancer pathway was 

enriched for all paired comparisons between parental and resistant cell lines, which 

had also been identified as enriched from the RPPA and targeted exome sequencing 

analyses. Six of the 23 mRNA consistently differentially expressed between all three 

of the taxane resistant cell lines were related to this pathway: NUPR1, BAIAP3, PBX1, 

HIST1H3H, CCNA1 and NGFR. Of these genes, two in particular are of interest in the 

context of biomarkers of taxane resistance. NUPR1, a transcriptional regulator, has 

been observed to be overexpressed in a number of malignancies, and also to be 

associated with chemoresistance(272-274). Recent studies have suggested that 

NUPR1 plays a diverse role in the cell, and is implicated in migration, invasion and 

regulation of autophagy (275). A study in MDA-MB-231 cells also demonstrated a 

complex interplay forming a NUPR1-PI3K/Akt-p21 axis that serves to enhance 

chemoresistance in breast cancer (272). It is therefore believed that NUPR1 regulates 

chemotherapeutic resistance by mediating anti-apoptotic activity and autophagy 

(276). PBX1, consistently upregulated in the taxane resistant breast cancer cell lines, 

is over-expressed in a variety of solid tumours including ovarian, oesophageal and 

breast cancer (277-279). Overexpression in breast cancer has been found to correlate 

with poor prognosis (280). A study in platinum-resistant ovarian cancer cells found 

that silencing of PBX1 resensitised the cells to treatment (277). Together these results 
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suggest that NUPR1 and PBX1 are possible candidates as markers of response to 

taxanes. Future work to investigate whether NUPR1 or PBX1 siRNA knockdown would 

result in a return to taxane sensitivity in the isogenic cell lines is required. Oncogenic 

transcription factors such as PBX1 are not viable as direct druggable targets as their 

action is mediated by protein-DNA binding interaction, rather than enzymatic 

activity. Instead disruption of the binding interaction or of the target genes 

themselves might offer a means of targeting these genes. As PBX1 modulates CDK 

inhibitors such as p21 and p27, it is reasonable to suggest that use of these 

compounds in the context of reversal of taxane resistance would offer a successful 

treatment option to chemoresistance. Further investigation in to druggable binding 

partners for NUPR1 and PBX1 would also be merited.   

In summary this chapter aimed to investigate the pathways influenced by the 

acquisition of taxane resistance in the isogenic breast cancer cell line models using a 

multi-omic data-driven approach. A limitation of the platforms used in this thesis was 

that, due to their focussed nature, attempts to deduce direct correlations proved 

difficult. A broader approach to both proteomic and transcriptomic analysis may have 

provided more robust associations and a wider view of changes induced in response 

to acquired taxane resistance. However, functional interaction analysis of the 

observed differential changes indicated a high degree of commonality across 

methods, suggesting that this multi-omic approach had been successful in identifying 

pathway changes which could be associated with resistance.  

Due to time constraints, further investigation of all differentially expressed pathways 

was not possible within the time-frame of this thesis and the decision to focus on 

pathways consistently identified by all –omics platforms was made. However, further 

investigation of other key signalling pathways with associations to chemoresistance, 

such as those of the JAK/STAT or TGF-β pathway which play critical roles in tumour 

growth and migration, remain of interest for future analysis (281) (282).   

The observation that deregulation of the PI3K-Akt signalling pathway was associated 

with taxane resistance in the isogenic cell lines was an attractive option for further 
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investigation. The PI3K-Akt pathway, which is frequently dysregulated in cancer, is 

recognised as being a key link to chemoresistance through its association with 

upstream and downstream partners which induce a pro-survival signal. The pathway 

is highly complex and exerts its effects through synergy with other cellular 

mechanisms resulting in modulation of cell proliferation, the cell cycle and apoptosis. 

These biological processes were also observed to be altered in the isogenic cell lines, 

and may therefore suggest a potential route for the treatment of taxane resistance 

in breast cancer. The development of inhibitors of the PI3K-Akt pathway and of 

kinases regulating the cell cycle has increased in recent years, with treatments 

reaching clinical trial. An investigation of PI3K-Akt and cyclin dependent kinases as 

therapeutic targets for the treatment of taxane resistant breast cancer is discussed 

in Chapter 5.  
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 IDENTIFICATION OF SMALL MOLECULE 
KINASE INHIBITORS TARGETING 
DYSREGULATED TAXANE RESISTANCE 
ASSOCIATED PATHWAYS 

 

5.1 Introduction 
Standard of care treatment for breast cancer includes surgery, radiotherapy, 

endocrine and targeted therapy, chemotherapy, or a combination of these (136). 

Chemotherapy may be offered in both the adjuvant and neoadjuvant setting. 

Anthracyclines and taxanes are the most effective and widely used chemotherapeutic 

agents for treating invasive breast cancer (283-285). However, their use as first-line 

therapies for early breast cancer has led to an increase in resistance and subsequent 

treatment options are limited. The identification and development of novel 

treatment regimens for those patients is therefore of paramount importance. The 

drive to identify novel clinical strategies has been aided by efforts to identify 

mechanisms which drive chemoresistance, but a definitive approach has not yet been 

successfully identified and the development of novel anti-cancer drugs targeted to 

treatment of these chemoresistant tumours remains an unmet need.  

Strategies for rational drug discovery in recent years have tended to be centred on 

high-throughput screening of compound libraries. Targeting of mechanistic 

compound libraries has been a successful approach in identifying candidate therapies 

for the treatment of a range of diseases, particularly when combined with well-

defined preclinical models. The results of chapter 4 indicated that deregulation of the 

PI3K-Akt pathway and the cell cycle are associated with the development of the 

taxane resistant phenotype. Targeted inhibition of protein kinases which play an 

integral part as regulators of these pathways has gained increasing interest as a 

promising strategy in the development of novel chemotherapeutics with several 

inhibitors already reaching clinical trial (112, 286).   
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The PI3K pathway plays a key role in many cellular processes including cell 

proliferation, survival, migration and apoptosis (287) and is dysregulated in cancer 

(288). Activation of the PI3K pathway is observed in approximately 70% of all breast 

cancer cases with the PI3KCA gene frequently mutated (226, 289). Consequently, the 

development of inhibitors of the PI3K pathway as a treatment for cancer has gained 

momentum in recent years, many of which are now in clinical trial (112, 113). 

Progression of the cell cycle is controlled by serine/threonine cyclin-dependent 

kinases (CDKs), which are critical players in the control of cell cycle progression and 

transcription. The CDK family, which encompasses 21 kinases, have diverse cellular 

functions.  CDK1, CDK2, CDK4 and CDK6 play key roles in the regulation of the cell 

cycle, complexing with cyclins to tightly synchronise the cell cycle (290), whereas 

CDK7, CDK8 and CDK9 have been identified as playing key roles in gene transcription 

(291). Due to the dysregulation of the CDK family in cancer (4, 127, 127), targeting of 

CDKs has emerged as a promising strategy in the treatment of many cancer types and 

great efforts have been made in the development of pan-CDK and CDK-specific 

inhibitors (292). The development of CDK-specific inhibitors against the CDK4/CDK6 

axis, targeting cell proliferation, has been particularly successful with palbociclib 

approved for use in the treatment of advanced ER+ breast cancer (134). However, its 

use in the treatment of triple negative breast cancer has been unsuccessful with 

resistance to single-agent CDK4/6 inhibition (135). Triple negative breast cancer is a 

complex, heterogeneous disease, suggesting that combination therapies which 

target more than one pathway, might offer a more sustained and effective response. 

This chapter describes a mechanistic approach to identifying novel inhibitors of 

taxane resistant breast cancer. Here I discuss the screening of a small molecule kinase 

library centred on compounds which target the deregulated PI3K pathway and cell 

cycle of the taxane resistant isogenic cell lines.  The activity and mechanism of action 

of a select group of compounds were explored, along with an assessment of drug 

combinations to identify potentially synergistic co-therapy regimens.  The results 

indicate the potential for use of PI3K and CDK inhibitors in the treatment of 

chemorefractory breast cancer. 
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5.2 Results 
 

5.2.1 OICR Small Molecule Kinase Screen 
To identify potential novel small molecule kinase inhibitors with activity against 

taxane resistance, a pharmacological screen of 89 compounds active against kinases 

directed against deregulated pathways identified in chapter 4 was performed. 

Compounds were selected from the OICR Tool Kit library, a Mechanism of Action 

collection of 560 kinases with known biological targets which have reached the 

clinical stage of development or are marketed therapeutics.  The inhibitors were 

chosen to broadly target the PI3K/Akt/mTOR pathway and the cell cycle (Figure 5.1), 

with particular focus on the cyclin kinases which act as regulators of the cell cycle and 

transcription via RNA polymerase II. 

 

 

Figure 5.1: Small molecule kinase inhibitors of the PI3K-Akt pathway and cell cycle selected 
for screen 
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To assess the in vitro anti-proliferative effects of the selected kinases on the MDA-

MB-231 isogenic taxane resistant cell lines, MDA-MB-231 25PACR and MDA-MB-231 

25DOCR, and the parental MDA-MB-231 cells, high-throughput screens were 

performed. The cells were incubated for 72 hrs with a 12-point concentration curve 

over a range of 0.026 µM - 10 µM before cell viability was assessed. A single data 

point was collected for each treatment. Positive hits were defined as those 

compounds achieving 50% cell death at a kinase inhibitor concentration of < 5µM in 

at least one of the taxane resistant cell lines (Figure 5.2). Twenty eight of the 89 

compounds screened fulfilled this criteria, all of which were directed towards PI3K, 

CDK and Chk family members (Table 5.1). A literature search identified 18 of these 

inhibitors as being clinically relevant and already approved for testing in clinical trials. 

The inhibitors directed against GSK3β and FAK in this screen did not inhibit taxane 

resistance in the MDA-MB-231 isogenic cell lines, even at the highest dose of the 

drugs tested. Similarly, the ATM/ATR inhibitors did not achieve 50% cell kill in the 

tested cell lines, and were discounted from further investigation. Of the 10 Chk 

inhibitors tested, half of the compounds were observed to reach the criteria set out 

for defining screen ‘hits’. Of these inhibitors, only MK-8766 has been approved for 

use in clinical trials.   

The most potent inhibitors of the taxane resistant cell lines were those that targeted 

the PI3K and CDK pathways. Overall, pan-CDK inhibitors had a greater anti-

proliferative effect on the chemoresistant cell lines than specific inhibitors such as 

palbociclib and abemaciclib, inhibitors of CDK4/6, which did not reach 50% kill at the 

highest concentration tested.  
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Figure 5.2: Dose response curves for small molecule kinase screen compounds with potency 
of <5 µM in MDA-MB-231 taxane resistant cells. Cells were plated at 1000-1200 cells per 
well in a 384 well plate and exposed to a 12-point concentration curve ranging from 0.026 
µM - 10 µM. Cell viability was determined 72hr later by CellTitre-Go™ assay. Each data point 
represents a single value for each treatment condition, normalised to vehicle and positive 
controls.  
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Table 5.1: Small molecule kinase inhibitors with activity against MDA-MB-231 taxane 
resistant isogenic cell line series of <5 µM. 

Compound MDA-

MB-231 

Native 

IC50 

(µM) 

MDA-

MB-

231 

25PAC

R IC50 

(µM) 

MDA-MB-

231 

25DOCR 

IC50 (µM) 

Target Development 

Alvocidib/Flavopiri

dol 

0.086 0.127 0.158 CDK1,CDK2,C

DK4,CDK6, 

CDK9; GSK3β 

Phase III 

Dinaciclib/SCH-

727965 

0.012 0.013 0.016 CDK1, CDK2, 

CDK5, CDK9 

Phase III 

Buparlisib/BKM120 4.889 0.455 1.589 PI3K Phase II/III 

Riviciclib/P276-00 0.997 0.466 0.999 CDK1, CDK2, 

CDK4, CDK6, 

CDK9 

Phase II 

AT-7519 

hydrochloride 

0.1998 0.174 5.973 CDK1, CDK2, 

CDK4, CDK6, 

CDK9 

Phase II 

BGT-226/NVP-

BGT226 

0.521 0.693 0.327 PI3K, mTOR Phase II 

Pictilisib/ GDC-0941 3.582 0.232 0.385 PI3K Phase II 

Dactolisib/NVP-

BEZ235  

0.218 0.134 0.304 PI3K, mTOR Phase II 
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Milciclib/PHA-

848125 

0.424 0.679 0.314 CDK2, CDK1, 

CDK4, CDK5, 

CDK7 

Phase II 

MK-

8776/SCH900776 

1.628 0.394 1.458 CHK1, Chk2  Phase II 

SNS-032 0.135 0.097 3.73 CDK2, CDK7, 

CDK9 

Phase I/II 

PF-04691502 0.215 0.12 0.25 PI3K, mTOR Discontinued - 

Phase I 

PHA690509 0.603 1.134 0.228 CDK2 Phase I 

PHA-767491/CAY-

10572 

4.001 3.979 N/A CDC7, CDK9 Phase I 

PI-103 0.16 0.159 0.188 PI3K, mTOR Phase I 

AZD7762 0.174 0.311 0.313 CHK1, CHK2 Discontinued - 

Phase I 

AZD5438 1.284 1.764 2.706 CDK1, CDK2, 

CDK9 

Discontinued - 

Phase I 

GSK-1059615/GSK-

615 

0.117 0.212 0.47 PI3K, mTOR Discontinued - 

Phase I 

WYE-125132/WYE-

132 

0.032 0.032 0.167 mTORC1, 

mTORC2, PI3K 

Preclinical 

Cdk1/2 Inhibitor III 0.609 1.743 3.184 CDK1, CDK2 Tool 

compound 

CGP-74514A 

hydrochloride 

1.988 2.703 2.736 CDK1 Tool 

compound 
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PD-407824 2.996 2.288 2.225 CHK1, WEE1 Tool 

compound 

PI3-Kinaseα 

Inhibitor 2 

0.781 0.403 0.942 PI3K Tool 

compound 

PIK-75 

hydrochloride 

0.166 0.142 0.303 PI3K Tool 

compound 

PIK-90 3.214 0.946 0.751 PI3Ka Tool 

compound 

Ryuvidine 0.777 1.047 0.495 CDK4/Cyclin 

D1 

Tool 

compound 

TCS 2312 

dihydrochloride 

0.743 0.35 3.439 CHK1 Tool 

compound 

Alsterpaullone 2.35 1.238 2.299 CDK1, CDK2, 

CDK5, GSK3β 

No 

development 

reported 

 

 

5.2.2 Validation of small molecule kinase hits 
The small molecule kinase inhibitor screen was performed as a high-throughput 

assessment of compound activity and, as such, was limited to a single point per 

concentration for each inhibitor. To validate the results from the screen, a secondary 

screen was performed which included the taxane resistant MCF7 isogenic cell lines. 

Three PI3K inhibitors were included: BYL719 (alpelisib), BKM120 (buparlisib) and a 

tool compound, PIK75. Although PIK75 did not pass the selection criteria from the 

high-throughput screen, a preliminary experiment had identified its activity at 

nanomolar concentrations.  Three cyclin kinase inhibitors were selected for testing: 
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dinaciclib, alvocidib and SNS-032. All compounds with the exception of PIK75 have 

been approved for testing in clinical trials. 

 

5.2.2.1 PI3K inhibitors  
To determine if all of the taxane resistant cell lines models had similar levels of 

sensitivity to the PI3K inhibitors, an assessment of the IC50 for each compound was 

performed. Cells were exposed to an 8 point semi-log concentration curve ranging 

from 0.3 nM to 1µM for 72hrs before proliferation was assessed using a CCK8 assay. 

All experiments were performed in triplicate. The IC50 for each cell line was calculated 

using GraphPad and statistical significance of response of isogenic resistant cell line 

compared to its parental cell line assessed (Figure 5.3). The IC50 values for all tested 

cell lines were found to be in accordance with the preliminary high-throughput 

screen (Table 5.2). Overall, the MCF7 cell line and the paclitaxel-resistant MCF7 

25PACR cell line were more sensitive to the three PI3K inhibitors tested in the sub-

study.  

 



172 
 

 

Figure 5.3: Half maximum inhibitory concentrations (IC50) for selected PI3K inhibitors. 96 
well plates were seeded with 5000 cells/well for each cell line and after 24hrs treated with 
increasing doses of (A) BKM120, (B) PIK75 or (C) BYL719/Alpelisib for 72hrs. CCK-8 assays 
were then performed and data analysed using GraphPad Prism 6 software. Results are 
expressed as mean IC50 ± SEM of three independent experiments performed in triplicate for 
each cell line. Statistical significance was determined by one-way ANOVA using the Tukey 
multiple comparison test. ** p<0.01, ns – non significant. 
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Table 5.2: Half-maximal inhibitory concentration (IC50) values of selected PI3K inhibitors 

 BKM-120 (µM ± 

SEM) 

PIK-75 (µM ± SEM) BYL719/Alpelisib 

(µM ± SEM) 

MDA-MB-231 

Native 

1.726 ± 0.088 0.026 ± 0.009 1.591 ± 0.123 

MDA-MB-231 

25PACR 

1.198 ± 0.02 (0.69) 0.065 ± 0.009 (2.5) 1.198 ± 0.09 (0.75) 

MDA-MB-231 

25DOCR 

1.681 ± 0.149 

(0.97) 

0.052 ± 0.003 (2) 1.191 ± 0.193 

(0.75) 

MCF7 Native 0.220 ± 0.035 0.029 ± 0.003 0.177 ± 0.026 

MCF 25PACR 0.161 ± 0.028 

(0.73) 

0.018 ± 0.002 

(0.62) 

0.164 ± 0.032 

(0.92) 

Cells were plated at 5000 cells per well in a 96 well plate and exposed to drug concentrations 
ranging from 0.3 to 3000nM. Cell viability was determined 72hr later by Cell Counting Kit-8 
(CCK-8) assay. Results show the mean of biological replicate experiments (n=3, with 3 
technical replicates for each treatment condition) in micromolar concentrations. Resistance 
factors are shown in parentheses and represents resistant IC50/parental IC50. 

 

To assess BKM120-induced effects in downstream signalling pathways, and to 

evaluate predictive biomarkers of response to treatment, protein lysates from 

parental MDA-MB-231 cell line and paclitaxel-resistant MDA-MB-231 25PACR treated 

with BKM120 and analysed by RPPA. Raw fluorescence intensity values were 

normalised and standardised by Z-score transformation. The heat map in Figure 5.4 

displays the unsupervised hierarchical clustering analysis of the relative enrichment 

of 150 proteins and phosphoproteins (red, up-regulated; blue, down-regulated).  

Down regulation of key elements of the PI3K-Akt pathway were observed in both 

MDA-MB-231 and MDA-MB-231 25PACR after treatment with 1 µM BKM120 for 48 
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hrs, including PI3K p110α. These proteins included total and pAkt S473, pS6 S240, 

p4EPB1 S65 and p70S6K. Reduced expression of pAkt S473 and pS6 S240 was 

confirmed by western blotting (Figure 5.5). The expression of the MAPK pathway 

proteins MEK1/2 and ERK1/2 were also downregulated, when it was anticipated that 

compensatory upregulation might have been observed. However, although 

downregulation of expression of pERK1/2 in a concentration dependent manner was 

confirmed by western blotting in the MDA-MB-231 cell line, a similar effect was not 

observed in the paclitaxel resistant MDA-MB-231 25PACR cells.  
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Figure 5.4: Unsupervised hierarchical 
clustering of changes in protein and 
phosphoproteins associated with BKM120 
treatment. MDA-MB-231 and MDA-MB-231 
25PACR cells were treated with 1µM BKM120 
for 48 hrs, lysed and analysed by reverse phase 
protein array. Normalized intensity values were 
standardized as Z-scores and subjected to 
hierarchical clustering analysis. Heat maps 
display the relative enrichment of proteins or 
phosphoproteins (red, up-regulated; blue, 
down-regulated).   
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Figure 5.5: Western blot analysis of PI3-Akt pathway associated proteins and 
phoshoproteins in MDA-MB-231 and MDA-MB-231 25PACR cells treated with BKM120. 
Whole cell lysates of parental and taxane-resistant MDA-MB-231PACR were collected under 
the indicated conditions. The proteins were separated by SDS-PAGE and probed for pS6 S240, 
pAkt (S473), total Akt, pERK1/2 (T202/Y204) and total ERK1/2. Quantitative analysis of the 
relative intensity of phosphoprotein to total protein was performed (n=1)  
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5.2.2.1 Validation of CDK Inhibitors   
The potency of the selected cyclin-dependent kinase inhibitors identified in the small 

molecule kinase screen were confirmed in proliferation assays of all isogenic cell lines 

(Figure 5.6). The cyclin-dependent kinase inhibitors alvoicidib and dinaciclib had 

potent activity against all tested cell lines with observed IC50s in the range of 0.012 

µM – 0.225 µM and 0.006 µM – 0.052 µM respectively (Table 5.3). SNS-032 also 

inhibited the proliferation of MDA-MB-231 and MDA-MB-231 25PACR cells at a 

similar level. However, the IC50 for MDA-MB-231 25DOCR cell line at 6.185 µM was 

22-fold greater than the IC50 of the parental cell line (0.272 µM), suggesting that the 

docetaxel-resistant MDA-MB-231 cell line was cross-resistant to this compound.  

Given the overlapping targets for each of the selected inhibitors, it was therefore 

interesting to note the apparent resistance of MDA-MB-231 25DOCR to SNS-032, 

which has potency to CDK2, CDK7 and CDK9, which was not seen with the other 

selected cyclin inhibitors.   
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Figure 5.6: Half maximum inhibitory concentrations (IC50) for selected CDK inhibitors. 96 
well plates were seeded with 5000 cells/well for each cell line and after 24hrs treated with 
increasing doses of (A) Dinaciclib, (B) Alvocidib or (C) SNS-032 for 72hrs. CCK-8 assays were 
then performed and data analysed using GraphPad Prism 6 software. Results are expressed 
as mean IC50 ± SEM of three independent experiments performed in triplicate for each cell 
line. Statistical significance was determined by one-way ANOVA using the Tukey multiple 
comparison test. * p<0.05, ** p<0.01, ns – non significant. 
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Table 5.3: Half-maximal inhibitory concentration (IC50) values of selected CDK inhibitors 

 Alvocidib (µM ± 

SEM) 

Dinaciclib (µM ± 

SEM) 

SNS-032 (µM ± 

SEM) 

MDA-MB-231 

Native 

0.112 ± 0.009 0.006 ± 0.001 0.272 ± 0.016 

MDA-MB-231 

25PACR 

0.225 ± 0.011 

(0.49) 

0.008 ± 0.001 

(1.33) 

0.139 ± 0.015 

(0.51) 

MDA-MB-231 

25DOCR 

0.098 ± 0.009 

(0.875) 

0.052 ± 0.0004 

(8.67) 

6.185 ± 1.132 

(22.7) 

MCF7 Native 0.039  ± 0.004 0.009 ± 0.002 0.123 ± 0.065 

MCF 25PACR 0.012 ± 0.001 

(0.31) 

0.025 ± 0.009 

(2.78) 

0.524 ± 0.078 

(4.26) 

Cells were plated at 5000 cells per well in a 96 well plate and exposed to drug concentrations 
ranging from 0.3 to 3000nM. Cell viability was determined 72hr later by Cell Counting Kit-8 
(CCK-8) assay. Results show the mean of biological replicate experiments (n=3, with 3 
technical replicates for each treatment condition) in micromolar concentrations. Resistance 
factors are shown in parentheses and represents resistant IC50/parental IC50. 

 

5.2.3 Dinaciclib induces deregulation of the cell cycle  
To better define the underlying mechanism by which dinaciclib caused a decrease in 

cell proliferation, an assessment of apoptosis and the effects on the cell cycle were 

determined. Induction of apoptosis was observed in the isogenic MDA-MB-231 cell 

lines by assessment of caspase 3/7 activity (Figure 5.7). This confirmed caspase 

activation in the MDA-MB-231 isogenic cell lines with a concentration dependent 

increase in the relative apoptotic index for all three MDA-MB-231 cell lines in the 

series. However, a statistically significant increase (p<0.05) was only observed with 

the parental MDA-MB-231 cell line and the docetaxel resistant line, MDA-MB-231 
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25DOCR, at two of the tested concentrations; 100 and 300 nM dinaciclib.  The 

observed increase in apoptosis in MDA-MB-231 25PACR cells was not found to be 

statistically significant at any of the tested concentrations.   

 

Figure 5.7: Dinaciclib induces caspase 3/7 activity in the MDA-MB-231 isogenic cell lines. 
Cell lines were seeded in 96 well plates with 5000 cells/well for each cell line. After 24hrs the 
media was replaced with media containing a six-point dose range of dinaciclib or 0.1% DMSO 
and 1nM Caspase-3/7 reagent. Plates were imaged in an Incucyte® Zoom for 72 hours, 
acquiring 4 phase contrast and ‘green’ channel images per well every 3 hours. Images were 
analysed by Incucyte® software and results expressed as apoptotic index ± SEM of two 
independent experiments performed in triplicate for each cell line. Statistical significance 
was determined by two-way ANOVA using the Tukey multiple comparison test (* p<0.05). 

 

Analysis of the effects of dinaciclib inferred it had the ability to alter cancer cell 

progression through the cell cycle although consistency of effect was not observed 

across the cell line models. Accumulation of cells in the G2/M phase of the cell cycle 

was observed at dinaciclib concentrations of 100 nM and above in the native parental 

MDA-MB-231 cell line (Figure 5.8A). This was accompanied with a corresponding 

increase in the S-phase population. Results for both of the MDA-MB-231 isogenic 

taxane resistant cell lines were less clear. Exposure of MDA-MB-231 25PACR cells to 

dinaciclib revealed an increase in the percentage of cells in the S phase of the cell 

cycle, with a corresponding decrease in cells in G2/M (Figure 5.8B). Dinaciclib did not 

appear to exert an overt effect on the cell cycle of MDA-MB-231 25DOCR, with a slight 

increase in the G0/G1 phase and accompanying reduced S phase population (Figure 
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5.8C). Dinaciclib treatment was found to block the cell cycle at the G2/M phase 

resulting in a reduced S-phase population in the MCF7 native and taxane resistant 

MCF7 cell lines (Figure 5.8D & E). Significant increase in MCF7 native parental cells at 

the G2/M phase was observed after 24 hr treatment with 10 nM dinaciclib with 54% 

of the cell population arresting at this phase compared to 17% of cells treated with 

0.1% DMSO vehicle control. This was maintained in all of the higher concentrations 

tested.  

 

 

Figure 5.8: Cell cycle distribution in (A) MDA-MB-231 parental, (B) MDA-MB-231 25PACR 
(C) MDA-MB-231 25DOCR (D) MCF7 parental and (E) MCF7 25PACR upon exposure to 
dinaciclib. Asynchronously growing cell lines were seeded in 96 well optical bottom plates 
with 2500 cells/well for each cell line. After 24 hrs the media was replaced with media 
containing an eight-point dilution series of dinaciclib or 0.1% DMSO as appropriate. After a 
further 24 hrs cells were fixed with 4% paraformaldehyde before staining with Hoescht 
33342. Six images per well were acquired using an ImageXpress Micro XLS widefield 
microscope. Images were quantified using the Cell Cycle application for MetaXpress 
software. Results expressed as normalised mean confluence ± SEM of three independent 
experiments performed in triplicate for each cell line. 
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Next I aimed to understand the molecular mediators of cell growth inhibition and 

apoptotic effects induced by dinaciclib. To achieve this the taxane resistant cell lines 

and the parental cell lines were treated with two concentrations of dinaciclib for 4, 

8, 12 and 24 hrs before their lysates were assessed by western blotting (Figure 5.9).  

The phosphorylation levels of pRB S807/S811, a protein with a central role in the cell 

cycle and apoptosis and a downstream target of CDK2, was significantly decreased in 

all of the cell lines in a concentration and time dependent manner. This effect was 

also observed with cyclin B1 expression in all cell lines except MDA-MB-231 25DOCR 

cells. Cyclin B1 plays an important role in the activation of CDK1, a driver of G2/M 

transition in the cell cycle and its consistent expression in MDA-MB-231 25DOCR 

correlates with the seemingly unchanged cell cycle observed in Figure 5.8C. PLK1, 

another modulator of CDK1, was downregulated in a time dependent manner in the 

parental and MDA-MB-231 25PACR cell line, but not to the same degree in MDA-MB-

231 25DOCR.  
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Figure 5.9: Assessment of downstream targets of dinaciclib. Whole cell lysates of (A) 
parental and taxane-resistant MDA-MB-231PACR and MDA-MB-231 25DOCR and (B) 
parental MCF7 and paclitaxel-resistant MCF7 25PACR were collected under the indicated 
conditions. The proteins were separated by SDS-PAGE and probed for CCNB1, PLK1, pRB 
S807/811 and actin (n=1) and quantitative analysis of their relative intensity to time 0 after 
normalisation to loading controls performed.  
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5.2.4 Assessment of combinatorial effect of dinaciclib with select 
chemotherapy agents  
In an effort to overcome resistance sometimes associated with monotherapy leading 

to treatment failure, the combination of two or more therapeutic treatments to 

increase treatment efficacy has increasingly become a standard in cancer treatment 

(293). As dinaciclib had resulted in a reduction in CDK1 expression in MDA-MB-231 

25PACR and MCF7 25PACR cell lines and induction of G2/M arrest, I considered 

whether resensitisation to paclitaxel would occur. Secondly, as sensitivity to 

anthracyclines had been observed in MDA-MB-231 25PACR and MCF7 25PACR (Table 

3.4), dinaciclib in combination with epirubicin was also evaluated.  

To achieve this, cells were seeded in 96-well plates and a drug matrix of compounds 

applied. The drugs were added in semi-log concentration ranges; dinaciclib at 1, 3, 

10, 30 and 100 nM and an eight-point concentration range for both taxanes and 

epirubicin from 0.3 – 1000 nM. Each drug matrix was performed in triplicate. After 

72 hrs treatment, cell survival was assessed by CCK-8 assays. The viability for each 

combination was expressed as the ratio to the DMSO control and Synergyfinder® 

software (214) employed to identify the relationship between each combination 

using the Bliss independence reference model, which compares the observed versus 

predicted inhibition response.  

The simultaneous addition of taxanes with dinaciclib resulted in a decrease in cell 

proliferation for all taxane-resistant cell lines (Figure 5.10A). The average Bliss δ 

scores of cell line response to the combination of the two drugs were -6.377 for MDA-

MB-231 25PACR, -4.895 for MDA-MB-231 25DOCR and 0.762 for MCF7 25PACR 

indicating an additive effect for all cell lines (Figure 5.10B). However, these effects 

were modest and there was no apparent reversal in sensitivity to taxane.  
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Figure 5.10: Combination of taxanes and dinaciclib induce an additive effect which reduces 
cell viability. MDA-MB-231 25PACR, MDA-MB-231 25DOCR and MCF7 25PACR cells were 
treated for 72 hrs with the indicated concentrations of dinaciclib in combination with either 
paclitaxel or docetaxel and cell viability assessed. The synergy score for each combination 
was calculated using Synergyfinder® software. Red and green areas represent synergy 
(synergy score greater than 10 and antagonsim less than -10). White rectangles indicate the 
maximum synergy area. (n=3)  

 

The combination of dinaciclib and epirubicin was next compared. Again, an additive 

effect was observed for MDA-MB-231 25PACR with an average (and maximum) 

Synergyfinder® Bliss δ scores of -5.363 (8.42). Interestingly, given the observed 

resistance to epirubicin as assessed in chapter 3 (Table 3.4), a Bliss δ score of 5.508 

(9.62) for MDA-MB-231 25DOCR was calculated, suggesting a trend towards synergy. 

Low levels of synergy were observed in the combination of 30nM dinaciclib with 

20nM epirubicin. Similarly, MCF7 25PACR demonstrated an average Bliss δ score of 

9.95 (21.84) which suggests a synergistic effect when dinaciclib was combined with 

epirubicin. A combination of 10nM dinaciclib and 10-100 nM epirubicin induced the 

optimum cell growth inhibition.  
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Figure 5.11: Combination of epirubicin and dinaciclib induce an additive effect in MDA-MB-
231 taxane resistant cell lines and synergy in MCF7 25PACR. MDA-MB-231 25PACR, MDA-
MB-231 25DOCR and MCF7 25PACR cells were treated for 72 hrs with the indicated 
concentrations of dinaciclib in combination with epirubicin and cell viability assessed. The 
average synergy score for each combination was calculated using Synergyfinder® software. 
Red areas represent synergy, antagonsim in green and white additive effects. White 
rectangles indicate the maximum synergy area. (n=3) 
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5.3 Discussion 
Breast cancer patients with chemoresistant disease face an uncertain future, with 

few options available to them upon relapse. Despite significant advances in the 

diagnosis and treatment of the disease, drug resistance remains a major obstacle to 

effective therapy. It is therefore essential that novel treatments for chemoresistant 

disease are identified. Informed by the multi-omics results of the chapter 4, which 

identified deregulation of the PI3K/Akt pathway and the cell cycle, a conventional 

target-based approach to drug identification was taken with the screen focused on 

inhibitors of these pathways. Both pathways are integral to a number of hallmarks of 

cancer such as inhibition of apoptosis, uncontrolled cellular proliferation and survival 

(4). Pharmacological modulation of the PI3K pathway and cell cycle may therefore 

offer an important approach for the treatment of taxane resistant breast cancer.  

The PI3K/Akt pathway controls many critical cellular roles including metabolism, 

growth, survival and proliferation through a signalling cascade via PI3K (294, 294). 

PI3Ks are divided into three classes, of which class I in particular has been implicated 

in the development of cancer, tumour growth and chemoresistance (100, 295). 

Activating mutations of the PI3KCA gene, which encodes the p110α catalytic subunit 

of class IA, is the second most frequently mutated in cancer (296) and, as such, has 

become an important target for drug discovery over the last two decades. BYL719 

(alpelisib), a PIK3CA specific inhibitor (297) was approved for breast cancer treatment 

by the FDA in May 2019. Results from a phase I/II trial of alpelisib plus paclitaxel in 

locally recurrent or metastatic HER2 negative breast cancer indicated robust efficacy 

in patients with a mutation in PIK3CA (298). Its use in triple negative anthracycline-

resistant breast cancer is currently being assessed in combination with paclitaxel 

(NCT04216472). Similarly, cell cycle deregulation where loss of Rb expression, 

amplification of CDKs and overexpression of cyclins in cancer are frequently observed 

(299) also offers an attractive option as potential druggable targets. The critical role 

of CDKs in regulating the cell cycle and transcription has led to the development of 

small molecule kinase inhibitors including pan-CDKi and CDK-specific compounds. 

Palbociclib, a specific CDK4/6 inhibitor, was the first CDK inhibitor approved by the 
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FDA for treatment of advanced hormone receptor positive breast cancer (300).  

Although reports of poor tolerability and resistance have been reported, targeting of 

these pathways remains of clinical interest and are still being actively pursued as 

viable therapeutic targets.  

In this chapter I have shown that the taxane resistant isogenic cell line models can be 

effectively used to identify small molecule kinase inhibitors with activity in 

chemoresistant disease. Dose dependent survival changes were observed across the 

panel of small molecule kinase inhibitors using the MDA-MB-231 taxane resistant 

isogenic cell line, with approximately one third of the tested kinases reaching 50% 

cell death at clinically relevant concentrations. Inhibitors which targeted FAK, GSK3β 

and ATM/ATR were discounted from further study due to their lack of potency 

against the taxane resistant cell lines. However, their activity against taxane resistant 

disease cannot be fully discounted given the relatively small number of compounds 

screened and the single-pass aspect of the high-throughput screen. Overall, there 

was a strong bias to inhibitors which specifically targeted the class I PI3K family and 

those which targeted pan-CDK family members.  A review of the results of the screen 

focused on those inhibitors which had already been approved for clinical trial. Of 

these, the most effective inhibitor of the MDA-MB-231 cell line series was dinaciclib, 

a CDK1, CDK2, CDK5 and CDK9 inhibitor (301) which had potency at nanomolar 

concentrations. Alvocidib, a pan class I inhibitor targeting CDK1, CDK2, CDK4 and 

CDK7 (302) was also highly effective against the taxane resistant cell lines.  Of those 

inhibitors targeting the PI3K family, BKM120 (buparlisib) was the most potent 

clinically relevant of the inhibitors with use in over 80 clinical trials. BKM120 was first 

developed to treat head and neck carcinoma (303, 304) but has confirmed efficacy in 

a number of solid tumours and haematological malignancies (305).  

The potency of these and other inhibitors were confirmed by extension to include 

MCF7 and the isogenic MCF7 25PACR cell line, again inducing strong dose dependent 

responses. As anticipated, the MCF7 parental and MCF7 25PACR cell lines were more 

sensitive to the effects to the PI3K inhibitors tested. These cell lines had been found 
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to be carriers of the activating PI3KCA mutation pE454K (Table 4.1), a mutation which 

enhances cellular proliferation, transformation and survival (306, 307). The increased 

sensitivity of the PI3KCA- mutated MCF7 cell lines to BKM120 was in agreement with 

published data from a phase 1b clinical trial of BKM120 with letrozole in ER+ HER2- 

breast cancer. Here they observed that those patients harbouring PI3KCA mutations, 

including pE545K, clinically benefited from PI3K inhibition (308). MDA-MB-231 

25PACR was significantly more sensitive to BKM120 than the parental MDA-MB-231 

cell line. Although targeted exome-sequencing of MDA-MB-231 25PACR did not 

reveal mutation in any of the assessed ‘hot-spots’, this does not exclude the 

possibility that a novel mutation has occurred which also renders this cell line more 

sensitive to the effects of BKM120. This finding suggests that whole-genome 

sequencing of the cell lines may be advantageous in this context.  

Taking a proteomic approach to characterising the effects of BKM120 on the 

paclitaxel-resistant MDA-MB-231 cell line, attenuation of signal transduction 

downstream of PI3K was evident in both the parental and resistant cell lines, with 

downregulation of pAkt S473, pS6 S240 and p70S6K.  Modulation of mTORC signalling 

and the reduction of S6 phosphorylation has been reported as being a key component 

of BKM120 treatment (309) an observation also confirmed in a RPPA analysis of 

samples from a recent phase II trial of BKM120 in metastatic breast cancer patients 

(310).  

Although preclinical and clinical trial studies have indicated that the PI3K pathway is 

a viable drug target, poor drug tolerance and resistance have limited their 

development. Clinical trials with BKM120 have been hampered by the serious 

psychiatric side-effects reported by some patients (311) with the mood disorders 

attributed to the ability of BKM120 to cross the blood-brain barrier (312). The study 

by Garrido-Castro et al added to the evidence that BKM120 had no single-agent 

activity in unselected triple negative breast cancer (313).  Whilst BKM120 may not be 

viable as an option for future clinical use, the screen identified other PI3K inhibitors 

with efficacy against the taxane resistant breast cancer cell lines which deserve 
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further investigation. BYL719 was also found to inhibit the proliferation of the taxane 

resistant cell lines with potent efficacy, again with greatest effect in the PI3KCA- 

mutated MCF7 isogenic cell lines. The SOLAR-1 and BYlieve trials have both reported 

improved progression free survival in PI3KCA -mutant hormone positive breast 

cancer patients with the PI3K inhibitor BYL719 (alpelisib) in combination with 

fulvestrant (116, 314) and highlights the clinical utility of this class of inhibitor. 

Further studies to investigate the mechanism of action of BYL719 in the taxane 

resistant cell lines are planned. 

The final part of this chapter focused on the effects of the CDK inhibitor, dinaciclib, 

on the taxane resistant cell line models. With nanomolar potency across all cell lines, 

treatment with dinaciclib was found to induce apoptosis in a concentration 

dependent manner in the MDA-MB-231 taxane resistant isogenic cell lines. Cell cycle 

deregulation was observed in the MCF7 parental and paclitaxel-resistant derivate, 

MCF7 25PACR, with dinaciclib exposure resulting in accumulation in the G2/M phase. 

This effect was also demonstrated in the MDA-MB-231 parental cell line, agreeing 

with previously published observations (315). However, cell cycle effects were not 

consistent across the resistant cell lines with MDA-MB-231 25DOCR cells appearing 

to accumulate in the G0/G1 phase while the MDA-MB-231 25PACR cells accumulated 

in the S phase. A decrease in pRb S807/811 expression levels in all cell lines, as 

assessed by western blotting, suggested that CDK2 activity had been suppressed by 

dinaciclib. As mitosis is initiated by the activation of the cyclin B1-CDK1 complex 

(316), the downregulation of CCNB1 expression in response to dinancilb infers that 

CDK1 was also inactivated, which would result in the arrest of the taxane resistant 

cell lines in the G2/M phase of the cell cycle.  Expression levels of PLK1, a modulator 

of the cylinB1-CDK1 complex, was downregulated in the isogenic MCF series, MDA-

MB-231 parental and paclitaxel-resistant MDA-MB-231 25PACR cell lines. Expression 

changes of these CDK1 and CDK2 modulators in MDA-MB-231 25DOCR was 

considerably less marked and further experiments to define expression of other cell 

cycle checkpoint proteins are required to fully define the mechanism of action of 

dinaciclib in this cell line.  
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Overall dinaciclib, with potency for RB phosphorylation and nanomolar efficacy, is a 

promising pan-CDK inhibitor for further investigation in taxane resistant breast 

cancer. To further potentiate its activity, I considered whether a synergistic partner 

for combination therapy could be identified. Combinatorial targeting of multiple 

pathways is advantageous to the patient, with synergistic drug activity reducing the 

drug dose given resulting in less side-effects and an increase in treatment tolerability 

(293). Dinaciclib and taxane induced only additive effects, with no obvious return to 

a taxane-sensitive phenotype. A trend towards synergy did emerge with higher doses 

of paclitaxel in the examination of MCF7 25PACR which raises the possibility that the 

correct concentration range had not been explored. This cell line also showed 

promising synergy in combination with epirubicin with low nanomolar 

concentrations producing the greatest effect. However, while dinaciclib was 

generally well tolerated as a monotherapy (317, 318) its use in the clinic in 

combination has been less successful with a phase 1 clinical trial of dinaciclib with 

epirubicin in the treatment of metastatic triple negative breast cancer reporting no 

clinical benefit due to associated toxicities (319).  

In conclusion, a rational mechanism of action approach to drug screening was 

successfully employed to identify inhibitors of taxane resistance in breast cancer and 

demonstrated their mechanisms of action. Few treatment options are available to 

those with taxane resistant disease, particularly those with triple negative disease, 

compounded further by inter- and intra-tumour heterogeneity. The results of this 

chapter suggests that the integration of transcriptomic and proteomic data with 

phenotypic response to small molecule kinases is a strategy which could be further 

exploited in this context.  As the isogenic taxane-resistant cell line models have 

proved to be robust models for chemoresistant disease, their use in a screen of larger 

target-annotated reference compound libraries is merited, particularly with a view to 

devising combinatorial approaches which might offer patient benefit.  
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 DISCUSSION AND CONCLUSION 

 

6.1 Introduction 
Breast cancer is the most commonly diagnosed cancer and leading cause of cancer-

related death among women globally (9). Treatment of breast cancer is typically 

tailored according to the histopathological grade and stage and, increasingly, the 

molecular subtype of the tumour. Molecularly, breast cancer is a highly 

heterogeneous disease broadly divided into hormone/estrogen receptor positive 

(HR+/ER+), human epidermal receptor 2 positive (HER2+) or triple negative (ER-/PR-

/HER2-) subtypes with treatments offered accordingly. Options for patients may 

include a combination of surgery, radiotherapy and systemic therapy, which includes 

hormone therapy, targeted therapy and chemotherapy. Taxanes are among the most 

active and widely used chemotherapy agents employed in the treatment of breast 

cancer, used either alone or in combination with other systemic therapies (218). The 

taxanes exert their effect by destabilising microtubules resulting in cell cycle arrest 

and cell death (221, 232). As with other cytotoxic cancer drugs, inherent or acquired 

resistance is frequently observed, leading to lack of efficacy or shorter responses to 

treatment (320). Taxane resistance therefore represents a major clinical challenge 

due to its contribution to therapeutic failure. Current treatment options for those 

with acquired taxane resistance are limited and the prognosis for patients is poor. 

Despite concerted efforts, the key molecular events driving chemoresistance remain 

unclear (321), and is further complicated by the clinical and cellular heterogeneity 

observed in breast cancer (41, 42).  Multiple but independent mechanisms of 

acquired taxane resistance have been postulated, and include activation of signalling 

pathways, inhibition of apoptosis, increase in drug efflux and modification of cell 

cycle checkpoints (156, 219). However, an increased understanding of the 

mechanisms driving resistance to taxanes has the potential to improve therapeutic 

strategies benefiting patient management.  The ability to identify molecular changes 

at transcriptomic and proteomic levels has been enhanced by the development of 
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high-throughput technologies accelerating tumour stratification, biomarker 

identification and the development of directed therapeutic strategies. Whilst the 

ideal sample cohort for studying the mechanisms of taxane resistance in breast 

cancer would be to compare patient samples taken before and after recurrence, the 

difficulty in attaining a specimen collection in sufficient quantities mean that other 

avenues must be pursued. One of the most common and successful in vitro 

approaches is the development of isogenic cell lines allowing the direct comparison 

of daughter to parental cell line, providing a controlled experimental system thus, 

reserving patient-derived material for subsequent validation of putative biomarkers 

of resistance.  

The central aim of this thesis was therefore to identify mechanisms driving acquired 

taxane-resistance in breast cancer through the development and characterisation of 

isogenic preclinical cell line models, and to identify novel therapeutic strategies via a 

mechanism of action approach. Comprehensive transcriptomic and proteomic 

analyses revealed deregulation of cell cycle-associated pathways and the PI3K-Akt 

pathway in the taxane-resistant isogenic cell lines when compared to their respective 

parent cell lines. Additionally, a small molecule kinase screen revealed that inhibitors 

of these pathways demonstrated potent anti-proliferative activity in the isogenic cell 

lines, suggesting a potential novel chemotherapeutic approach for the treatment of 

taxane resistant breast cancer.   

 

6.2 Summary of findings  
Chapter 3 described the establishment isogenic cell line models of taxane-resistance 

in breast cancer by incremental exposure to either paclitaxel or docetaxel, and their 

subsequent characterisation.  This work built on previous studies performed by our 

group where taxane-resistant ZR-75-1 and paclitaxel-resistant MDA-MB-231 (MDA-

MB-231 25PACR) were developed through continuous exposure to incremental 

increases in dosage of taxane (220). To extend and complement this panel, a 

docetaxel-resistant cell line (MDA-MB-231 25DOCR) was derived from the master 
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stocks of parental MDA-MB-231 cells used in the initial study to ensure that any new 

cell line was truly isogenic in nature and could be used in comparative analyses. A 

paclitaxel-resistant MCF7 isogenic cell line was also established (MCF7 25PACR) 

although the ability to derive a stable docetaxel-resistant cell line proved impossible, 

despite repeated efforts. Similarly, I was unable to induce stable models of taxane-

resistance in SK-BR-3 with either of the taxanes. Other groups have successfully 

established taxane-resistant cell line models for both MCF7 and SK-BR-3 (322-325) 

although it would appear that alternative methods such as pulse-treatment of drug 

or clonal selection were employed. To ensure consistency across all isogenic cell line 

models, these methods were not pursued in this thesis but may offer a means of 

establishing stable resistance in these cell lines, and should be considered for future 

work. Significant increases in IC50s to taxanes were observed in the established 

isogenic cell lines confirming resistance had been established. Upregulation of P-

glycoprotein at the protein level, and the observation that the taxane-resistant cell 

lines were cross-resistant to other chemotherapeutic agents, suggested that the 

resistance phenotype could be attributed to the upregulation of the MDR family of 

proteins. P-glycoprotein is a member of the ATP-binding cassette (ABC) transporter 

superfamily which acts to efflux a number of natural and cationic compounds, as well 

as chemotherapy drugs such as anthracyclines and taxanes (170). Overexpression of 

this family of proteins have been identified as a common mechanism of resistance in 

in vitro studies but has not been observed at the same level in the clinical setting 

(237, 326, 327). However, resensitisation to taxanes after siRNA knockdown of MDR1 

did not occur and it was considered likely that alternative mechanisms of resistance 

were responsible for the chemoresistant phenotype observed in the established cell 

line models. Together with evidence that the taxanes did not induce cell cycle arrest 

or apoptosis in the taxane-resistant cell lines, it was concluded that robust models of 

chemoresistance had been established which were appropriate for further use in this 

study.   

A comprehensive multi-omics analysis of the taxane-resistant cell lines and their 

parental cell lines to gain insight in to the drivers of taxane resistance was then 
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performed and described in chapter 4. Increasingly, this approach is taken to provide 

an accurate genomic and proteomic picture of cancer subtypes, with the aim of 

driving biomarker discovery and improving treatment selection for patients. A 

relatively small number of differential transcriptomic and proteomic changes were 

observed between the parental cell line and the daughter taxane-resistant cell lines, 

which was unsurprising given the isogenic nature of the cell line models. Functional 

interaction analysis of the significant differential changes observed in the 

transcriptome and proteome highlighted commonality in dysregulation of a select 

number of pathways across methodologies. Differential gene expression analysis of 

the MDA-MB-231 isogenic series and the MCF7 resistant cell line highlighted up-

regulation of the PI3K-Akt pathway, JAK-STAT pathway and cytokine-cytokine 

receptor interaction, along with control of apoptosis and transcriptional regulation. 

Similarly, functional interaction analysis of differentially expressed proteins identified 

by RPPA also reinforced modulation of these pathways and biological processes. The 

combined analyses strongly indicated that deregulation of the PI3K-Akt signalling 

pathway and cell cycle, and of transcriptional regulation from RNA Polymerase II were 

central to the mechanisms of resistance in the isogenic cell lines derived for this 

study. These results are in accordance with previous reports of deregulation of these 

pathways in response to chemotherapy (221) and emphasises that resistance to 

taxanes is a result of complex interplay between multiple pathways.  

Finally, a ‘mechanism of action’ kinase screen, informed by the results of chapter 4, 

resulted in identification of clinically relevant PI3K and cyclin-dependent kinase (CDK) 

inhibitors with nanomolar activity against the taxane resistant cell lines. The PI3K-Akt 

pathway has emerged as novel target for overcoming drug resistance (328)  with 

dysregulation associated with breast cancer progression due to chemoresistance 

(329, 330). PI3KCA gene mutations are among the most frequently identified in 

cancer and are detected in 20-40% of breast tumours (100, 331). Three major hotspot 

mutations account for approximately 90% of all PI3KCA mutations, namely E542K and 

E545K which disrupt the helical domain and H1047R which affects the kinase domain 

of the p110α subunit (289, 332). The E545K activating mutation was observed in the 
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MCF7 parental and paclitaxel-resistant isogenic line by targeted-exome sequencing, 

which proved to be more susceptible to PI3K inhibition than the MDA-MB-231 

isogenic series.  The targeting of the cell cycle via inhibition of CDK has also gained 

clinical interest due to the critical role they play in cell cycle progression and 

transcription (290, 291), and a number of clinical trials exploring their impact in 

breast cancer have already taken place (134, 319). Functional assessment of the 

effects of dinaciclib demonstrated deregulation of the cell cycle and an increase in 

apoptosis, with deregulation of CDK1 activity suggested through inhibition of cyclin-

B1 and PLK1. Finally, dinaciclib was shown to exert synergistic activity in the taxane-

resistant cell lines when combined with epirubicin,  

 

6.3 Future studies 
The preclinical investigations explored in this thesis focused on in vitro 

characterisation of the taxane-resistant isogenic cell line and subsequent potency 

and selectivity of the PI3K and CDK inhibitors identified as part to the small molecule 

kinase screen. 

Differential transcriptomic and proteomic expression analyses demonstrated clear 

differences between the parental and taxane-resistant cell lines, which deserve 

further investigation in to their potential as predictive markers of response to 

treatment. Due to the lack of publicly available breast cancer datasets with follow up 

data which include taxane treated only arms, it has proven difficult to ascertain their 

expression in resistant populations. Investigation of their expression in relation to 

recurrence and survival is merited, and it is hoped that access to a clinical dataset or 

to clinical material to assess expression to substantiate these findings can be 

achieved.  A number of individual over-expressed genes identified by other studies 

as being of interest in the chemoresistance setting also deserve further examination, 

in particular NUPR1 and PBX1.  Experiments to define the effects of selective gene 

knockdown in the isogenic cell lines should be explored, in particular the impact on 

proliferation and potential resensitisation to taxanes.   
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One of the major limitations in drug development is the difficulty in translating the 

results of preclinical studies, typically performed in high-throughput two dimensional 

(2D) culture, to the clinic. Such cultures lack the heterogeneity seen in malignancy 

and do not account for the effects of the tumour microenvironment, both of which 

have a major impact on cancer development (333)  To further the development of 

the candidate compounds, it is important to assess their efficacy in a three-

dimensional (3D) setting, either in vitro or as xenografts. Preliminary studies 

establishing whether the taxane resistant cell lines have the ability to migrate and 

invade in vitro are necessary prior to establishment as xenografts. These 

characteristics may be investigated via simple scratch wound assays, and assessment 

of random migration of the taxane-resistant cell lines by invasion in to 3D 

extracellular matrices using basement membrane or collagen. 

Murine models of cancer have historically dominated clinical research due to ease of 

breeding, and the availability of identical genetic strains of mice.  Such models allow 

in vivo monitoring of tumour growth and drug toxicity, bridging the gap between 2D 

cell lines and living organs by taking in to account the interactions between cells and 

extracellular supporting matrix, which is lacking in 2D cell culture. Traditionally 

xenograft models are established by subcutaneous injection in to the flank of a mouse 

but a more clinically relevant model can be achieved through orthoptic injection, in 

the case of breast cancer to the mammary fat pad of the mouse. Future plans are to 

include both models to assess PI3K and CDK inhibitor efficacy in vivo, alone or in 

combination with other compounds, as potential therapeutic strategies for the 

treatment of chemoresistant disease.   

Consideration must also be given to the possibility that establishment of the 

chemoresistant cell lines as xenografts may not be possible. Concurrent experiments 

to establish the taxane resistant cell lines as multicellular tumour spheroids and 

organoids as 3D co-culture systems are therefore also planned. High-throughput 96 

well assays have been developed where cells are cultured along with cancer-

associated fibroblasts, critical components of the breast stroma (334), in a non-



198 
 

adherent environment allowing spheroids to form. Assays such as these are 

compatible with all of the technologies described in this thesis, allowing future 

investigation of the interplay of the microenvironment with the chemoresistant cell 

lines. Of particular interest is to establish whether the small molecule kinases 

identified retain their efficacy in a 3D-spheroid setting.  

The ideal approach to studying chemoresistance is to utilise patient derived material, 

but the availability of paired tissue, before and after recurrence is limited. To extend 

this investigation of taxane resistance, the employment of patient-derived xenografts 

(PDX) models should also be explored. PDX models initially retain the architecture 

and stromal components of the primary tumour and are therefore considered to 

offer a more accurate representation of the tumour environment (335). Public 

availability of taxane resistant PDX models are limited but establishment of resistance 

through long-term exposure to taxanes in vivo should be possible. By employing this 

technique with a number of PDX models derived from chemo-naïve tumours, a panel 

of taxane resistant counterparts could be developed providing a rich resource of 

paired samples for further investigation.    

The characterisation of the taxane-resistant cell line models via a multi-omics 

approach identified a number of differentially expressed druggable pathways, which 

could not be pursued in the time-frame of this thesis. The small molecule kinase 

screen performed as part of this thesis followed a mechanism of action approach and 

was thus limited to a selection of compounds targeting the PI3K-Akt and cell cycle via 

CDK inhibition. Further work where a more comprehensive approach to target 

screening is taken therefore has the potential to identify further inhibitors with 

selectivity for taxane resistance. 
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6.4 Conclusion 
In this thesis I have successfully developed and characterised preclinical two novel 

isogenic models of taxane-resistant breast cancer cell lines. Through a combined 

transcriptomic and proteomic approach, I identified a number of deregulated 

pathways with the potential as therapeutic targets. It was clear that acquired taxane 

resistance is a result of a complex interplay of multiple molecular events, which 

requires further interrogation if the mechanisms driving resistance are to be defined. 

A focussed small molecule kinase screen identified inhibitors of PI3K and CDK as 

having potent activity against taxane resistance which merit further investigation as 

a strategy for treating patients with resistant disease.  
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