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Abstract 
 

Triple Negative Breast cancers (TNBC) are defined by an absence of HER2 

amplification, and a lack of estrogen (ER) and progesterone (PR) expression. They 

are an especially aggressive and poor prognosis subtype of Breast cancer and are 

associated with high incidence of chemoresistance and metastasis. There are 

currently no biomarkers to predict a patient’s prognosis and whether they will 

respond to treatment or develop metastasis, nor is there an effective targeted 

therapy for these patients. Thus, there is a dire unmet clinical need to identify 

oncogenic drivers which could be used to stratify patients or as potential targeted 

stratified therapies. In normal Breast cells TGFβ2-pSMAD2/3 signalling functions 

as a tumour suppressor to prevent uncontrolled proliferation, however in TNBC 

tumours it drives EMT and metastasis. However, the mechanism for this drastic 

switch in function has remained unanswered. In this study we identified that 

TGFβ2, YWHAZ and GLI2 are upregulated in poor outcome TNBC cell lines work 

together with FOXC1 to subvert the growth control effects of TGFβ2-pSMAD2/3 

signalling towards transcriptional activation of EMT and metastasis driving genes. 

Furthermore, we identified this dysregulation occurs at the protein level with GLI2 

requiring to interact with YWHAZ to partner with pSMAD2/3, to translocate to the 

nucleus where it act as a transcriptional coactivator and performs it 

transcriptional activation of genes which are also upregulated in poor outcome 

TNBC tumours and are capable of upregulating metastasis. Furthermore, we 

identified that this TGFβ2-YWHAZ-GLI2-FOXC1 axis is targetable through a GLI2 

inhibitor GANT61 which although did not synergise with FEM treatment, did 

negatively regulate the metastatic phenotype of TNBC cells. Knockdown of TGFβ2 

was sufficient to reduce tumour growth and onset invivo, which holds great 

promise for downstream targeted treatment of the TGFβ2 pathway via GLI2 

inhibitors in the invivo setting. This study holds potential to answer a dire unmet 

clinical need and identifies that TGFβ2, YWHAZ, GLI2 and FOXC1 hold promise for 

the development of biomarkers and targeted therapies for these poor prognosis 

patients.  
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Chapter 1 
1. Introduction 
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1.1 Overview of Cancer 
 

‘Cancer’ - a commonly used term encompassing a wide compilation of abnormal 

growth syndromes (1). The characteristics most commonly associated with cancer 

are abnormal cells proliferating out of control, which then can invade into 

surrounding tissue and vessels, and can metastasise to other sites in the body (2). 

Cancer is thought to be associated with one of the worst disease mortality rates, 

with 8.8 million people worldwide dying of cancer (1 in 6 of all deaths worldwide) in 

2015, and 14 million new cases diagnosed in the same year. Despite the many 

advances made in cancer research and medicine, this incidence rate is expected to 

rise by ~70% by 2035 (3). These truly shocking numbers make it clear that there is a 

lot of work which will need to be done to continue to improve patient survival and 

quality of life.  

 

1.1.1 Hallmarks of Cancer 
 

Cancer pathogenesis involves various complex factors and a number of steps, with 

cells experiencing genomic changes, acquiring numerous genetic aberrations, 

ultimately leading to normal cells transforming into malignant cells, with altered 

behaviour and functional abilities with proliferative and survival advantages (2). In 

2000, Hanahan and Weinberg proposed the ‘Hallmarks of Cancer’ – a framework of 

six biological characteristics which are thought to be acquired by all cells during 

tumorigenesis. They include; self-sufficiency of growth signals (with independency 

on external growth stimuli), limitless replicative potential, insensitivity to anti-

growth signals, capability to sustain angiogenesis, ability of evading apoptosis and 

finally, ability to invade to surrounding tissues, and metastasise to other body areas 

(4).  

In 2011, due to the developments in cancer research, Hanahan and Weinberg 

reviewed these six hallmarks and considered the emergence of two new hallmarks. 

These are; ability of cancer cells to alter their own metabolic processes, and the 

ability to avoid the immune system to evade detection and destruction (2).   
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In this 2011 review, Hanahan and Weinberg also considered three enabling 

characteristics to drive these cancer hallmark processes and contribute to 

tumorigenesis. These include; tumour microenvironment inflammation which is 

involved in tumour promotion, and a rich network of immune and endothelial cells, 

pericytes and stem cells in the tumour microenvironment, and accumulation of DNA 

mutations and genomic instability in the tumour cell. These enabling characteristics 

contribute to the acquisition of Hallmark features by promoting cancer initiation 

and expansion (2).   

 

 

 

 

 

 

 

 

Figure 1. Diagram representing the eight Hallmarks of Cancer acquired by cells during 

tumorigenesis, the 2 enabling factors, and potential therapeutics targeting them (2).  

 

1.1.2 Cancer Susceptibility Genes  

For tumorigenesis to begin, it requires a multistep process of subsequent aberrant 

genomic alterations in DNA repair genes, oncogenes and tumour suppressor genes. 

These can encompass loss of function mutations in DNA repair genes (which drive 

further mutations and genomic alterations), and tumour suppressor genes, 

nullifying their cancer-inhibiting function. Alternatively, gain of function or genomic 

amplification of oncogenes can also drive malignant transformation (5). 

Accumulation of mutations in different classes of genes reflects the multistep 

nature of cancer and together they drive malignant transformation, tumorigenesis 

and overcome the protective mechanisms used to control proliferative ability.      
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1.1.2.1 Tumour Suppressor Genes  

Tumour suppressor genes are defined as genes that function to protect cells from 

uncontrolled cell division and proliferation (6). As mentioned previously, silencing of 

tumour suppressor genes can lead to tumorigenesis and malignant transformation 

(5). Tumour suppressor genes are highly conserved and regulated. As such, aberrant 

cell proliferation and division are only observed when both alleles of a tumour 

suppressor are lost or mutated (6).  This is commonly referred to as the ‘two-hit’ 

hypothesis which was the first suggested cause of cancer predisposition by Knudson 

in 1969, who demonstrated a child with a germline mutation in RB1 had a 90% risk 

of developing retinoblastoma before the age of 6. Knudson demonstrated that 

germline loss of one allele of a tumour suppressor gene results in predisposition to 

a mutation in the second remaining allele (7). 

As mentioned, generally the loss of both tumour suppressor alleles is required for 

malignant transformation. However, in some cases, loss of just one allele 

(haploinsufficiency) where not all protein is lost and there is only a partial reduction 

of translated protein, results in insufficient levels of the required protein product to 

maintain normal function and may be enough to result in malignant transformation 

(8). For example, in the classic ‘guardian of the genome’ tumour suppressor p53, 

mutation of p53 monomers can integrate into tetramers with wild type (WT) p53 

and results in an inactive protein. So despite half of the WT p53 protein being 

translated, there is sufficient dysregulation of p53 function and downstream 

pathways to cause loss of the tumour suppressor function (9).   

Tumour suppressor genes are generally categorised as either ‘caretakers’ or 

‘gatekeepers’. ‘Caretaker’ genes are the subtype which are more frequently 

mutated in cancer, particularly in predisposition tumours. Genes in the ‘caretaker’ 

subtype include BRCA1/2 and ATM which are frequently mutated in hereditary 

Breast cancers (10). ‘Gatekeeper’ genes function by promotion of cell death 

inhibition of growth and division to directly control cell division and proliferation. 

Loss of ‘caretaker’ genes require subsequent mutations in oncogenes to drive 

malignant transformation (10).  
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1.1.2.2 Oncogenes  

Oncogenes are defined as genes that in normal function are involved in cell growth 

or regulation but may drive malignant transformation if mutated (11). The concept 

of oncogenes was first described in 1911, with SRC being found to be the first single 

gene able to drive malignant transformation (12). 

Proto-oncogenes are normal cellular genes that function by stimulating DNA 

synthesis, cell division, growth, apoptosis and differentiation (13). Conversion of a 

proto-oncogene to an oncogene can occur by gain of function mutations, gene 

amplification or gene fusion through enhancer element juxtaposition (11). This can 

result in uncontrolled cell proliferation and malignant alterations (14). Unlike 

tumour suppressor genes, alteration of only one allele of a proto-oncogene is 

required to result in tumorigenesis (13). Similarly, unlike tumour suppressor genes, 

they are not associated with hereditary cancers (14).  

Oncogenes can be localised to any part of the cell and have even been found 

extracellularly. They are also comprised of almost every type of gene in a cell (14). 

Oncogenes are loosely subtyped into six groups; transcription factors, apoptosis 

regulators, signal transducers, chromatin remodelers, growth factors and growth 

factor receptors (11).    

Perhaps the most highly publicised oncogene is the Human Epidermal Growth 

Factor Receptor 2 (HER2), a gene which is amplified or overexpressed in 

approximately 25% of all Breast cancer cases (15).  Identification of this gene, which 

drives an invasive phenotype, facilitated a surge of research into HER2 and allowed 

development of successful targeted treatments, including the anti-HER2 antibody 

trastuzumab and small molecule inhibitors such as lapatinib (6). 

 

1.2 Mammary Gland Development and Morphology 
  

Mammary development begins during the stages of embryogenesis, as such, at 

birth both females and males have the same mammary gland anatomy. Due to 



6 
 

difference in hormonal and biochemical makeup, mammary gland development 

continues in females but not males, and its main function is to facilitate lactation 

(16). As a result of the fluctuation of progesterone and estrogen released from the 

ovaries during puberty, pregnancy and menopause the mammary gland epithelium 

is in a perpetual dynamic state and endures numerous changes in morphology (17).  

Each mammary gland is made up of a network of ~20 lobes of a fibrous stroma 

containing embedded ductal epithelial tissue. The network of ~20 lobes form a 

more extensive network of branched ducts (18). Two layers of epithelial cells line 

each duct. The outer epithelial layer is termed the basal layer and the inner layer of 

epithelia is termed the luminal layer, which is responsible of milk production 

through secretory alveoli and epithelial cells. The milk then drains into the nipple 

through the lactiferous sinuses for lactation (17). 

  

 

 

 

 

 

 

 

 

Figure 2. Schematic of a cross section of Breast anatomy demonstrating the Breast 

morphology. Figure adapted from Pearson Education INC 2011 (19). 

 

 

1.3 Overview of Breast cancer 

 

Breast cancer comprises approximately 12% of all cancer cases and is second only to 

lung cancer in terms of incidence, with the Breast cancer incidence rate rising by 

40% since 1993 (20). Breast cancer is the most commonly diagnosed cancer in 
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females, with approximately 1 million new cases presenting each year, accounting 

for a quarter of cancers diagnosed in females in 2012. Breast cancer is fifth in terms 

of the total number of deaths attributed to cancer with approximately 458, 400 

deaths per year, which makes it the leading cause of death in females (21). A 

woman in Northern Ireland has a 1:11 lifetime risk of developing Breast cancer, 

which is expected to ride to 1:8 by 2025 (22).  

Breast cancers are classically a complex, heterogeneous group of cancers. They 

usually originate from the epithelia and present with a range of clinical, biological 

and morphological characteristics (23). Mammary gland ducts and lobules give rise 

to the majority of Invasive Breast Carcinomas (IBC), which develop from pre-existing 

benign lesions over time. It is important to note that not all benign Breast lesions 

contain the potential to become malignant (24). Ductal Carcinoma In Situ (DCIS) is 

the best characterised premalignant lesion which has lost the control of growth 

regulation, but does not yet have the ability to invade and metastasise. DCIS gives 

rise to ~85% of Breast cancers (25). Other examples of premalignant lesions include; 

Lobular Carcinoma In Situ (LCIS), Atypical Lobular Hyperplasia (ALH) and Atypical 

Ductal Hyperplasia (ADH) (25).  

If a lesion does not invade into surrounding tissue, it is referred to as ‘in situ’, 

however the lesion is then capable of undergoing malignant transformation and 

invading into other Breast tissue (20).  

 

1.3.1 Epidemiology 
 

Due to advancements in treatment and screening, the mortality rate of Breast 

cancer in patients <70 years old has decreased by 40% in the last 20 years (22). 

Despite the reduction of mortality rate, the rate of Breast cancer incidence has 

increased by 60% in the last 2 decades (26). This could be due the introduction of 

more advanced screening and routine mammography for susceptible women, 

allowing more frequent diagnosis (27). Additionally, due to developments and 

improved treatments for many other diseases, patients of these diseases are living 
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longer, and so cancer being a disease of aging will become a more common 

occurrence (22).   

 

 

 

 

 

 

 

Figure 3. Graph demonstrating the decrease in mortality rate and increase in incidence rate 

of Breast cancer in the last 4 decades, pre and post introduction of routine screening (28).  

 

1.3.2 Genetic Predisposition 
 

Another important risk factor associated with Breast cancer is genetic inheritance. 

Previous studies estimate that underlying hereditary genetic factors account for 

10% of all Breast cancer cases, which rises to 30% in the case of familiar Breast 

cancer cases (29). The majority of inherited Breast cancer cases are associated with 

mutations in susceptibility genes BRCA1/2. Women with a BRCA1 mutation have a 

57-90% risk of developing Breast cancer, and women with a BRCA2 mutation confer 

a 41-49% risk  (30).   

Several other hereditary genetic mutations which are associated with a high risk of 

developing Breast cancer, and increasingly more are still being identified. Similar to 

BRCA, mutations in other DNA repair genes, are also associated with an increased 

risk of developing Breast cancer. These genes include RAD50, CHK2 and ATM. 

However, there is limited knowledge of their mechanisms and there is still much 

research still to be done in this area (31),(32). Despite being one of the most 

common cancer mutations, TP53 only accounts for >1% of all hereditary Breast 

cancer cases. Several other rare mutations have been shown to increase risk of 

developing Breast cancer, such as PTEN which is thought to be an important 

mutation which could also affect BRCA interactions (32). There is little known about 
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rare hereditary mutations such as PTEN and TP53, and it is unclear as to what 

frequency they occur in the population. As the diagram below demonstrates, there 

is many more susceptibility genes which are still to be identified and highlights the 

need of further investigation still to be done in this area.  

 

 

 

 

 

 

 

Figure 4. Pie chart schematic demonstrating the most common genetic mutations and 

other unidentified genes contributing to Breast cancer risk, and their relative incidence 

proportion in the population (33).  

 

1.3.3 Age 
 

The association between risk of developing Breast cancer and patient age has long 

been acknowledged. As age increases, so does the rate of incidence of Breast 

cancer, with women >75 years of age most at risk (34). In previous decades, women 

in the bracket of 50-64 years of age were deemed more at risk than women 

between 65-74 years old. However, in the past ten years this statistic has been 

reversed. Rate of incidence for women of age 50-64 has actually fallen quite 

considerably, as shown in the diagram below (35). It is very unusual to develop 

Breast cancer before the age of 49 in women who do not have a familial inheritance 

of Breast cancer, although there are some cases which present (30).  
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Figure 5. Graph demonstrating the incidence rates of Breast cancer in NI, by the age at 

which the patient was diagnosed over a two-decade period (35). 

 

1.3.4 Hormonal Factors and Reproductive History 

  

Previous studies have suggested there is a link between endogenous hormonal 

expression and risk of developing Breast cancer (36). Many of these studies 

investigated the population of post-menopausal women and identified a positive 

correlation between augmented circulatory levels of estrogen and androgen, and 

increased Breast cancer incidence (37). Due to hormonal fluctuation through 

progression of the menstrual cycle every month, it is very difficult to conduct these 

studies in pre-menopausal women (38). As such, there is very limited study of 

hormonal factors and Breast cancer risk in this population of females.  

There are also suggestions that reproductive history may correlate with the risk of 

developing Breast cancer. The two most significant stages of a woman’s 

reproductive cycle are menarche and menopause – defined as the beginning and 

end of ovary production of hormones. Investigation of hormonal factors in Breast 

cancer found that early age of onset of menarche and late onset of menopause 

were both associated with augmented risk of developing Breast cancer (39). Further 

reproductive milestones have also been shown to increase to susceptibility Breast 

cancer. For example, earlier age of first pregnancy has been shown to have a 

protective effect from Breast cancer. Women who have given birth before age 20 

have a decreased risk by 50% of developing Breast cancer (40). Furthermore, high 

parity exerts a protective effect and has been demonstrated to reduce Breast 
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cancer susceptibility by 10% with each birth (40). Reduced risk of Breast cancer for 

women has also been moderately associated with those who have had a longer 

duration of Breast feeding (41). However, women who do not Breast feed with 

more than 3 births have an elevated risk of developing Estrogen Receptor-

α(ER)/Progesterone Receptor (PR) positive Breast cancer (42). The mechanisms of 

how these hormonally influenced processes affect Breast cancer susceptibility is not 

well understood.  

Perhaps the most publicised hormonal factors are exogenous hormones. 

Menopause and osteoporosis symptoms are classically managed by Hormone 

Replacement Therapy (HRT) (43). However, an increased risk of developing Breast 

cancer has now been associated with prolonged use of HRT (44). Again, the 

mechanisms of how increased exogenously introduced hormones relate to Breast 

cancer development is not well understood. 

Finally, there are very divisive results from studies investigating the effects of oral 

contraceptive use and Breast cancer susceptibility. One study found that oral 

contraceptive use correlated with a significant augmentation in the risk of 

developing Triple Negative Breast cancer (TNBC), in particular. Additionally, 

increased risk of developing TNBC was related to a positive correlation of longer 

duration of oral contraceptive administration (45). However, another study found 

no significance between oral contraceptive use and risk of developing any type of 

Breast cancer (46). The majority of studies on this area have agreed that long term 

use of oral contraceptives demonstrates correlation with increased risk of 

developing Breast cancer.  

 

1.3.5 Lifestyle Factors  
 

Lifestyle factors are the only risk factors which the individual themselves can 

influence and change by altering their behaviour and avoiding certain carcinogens. 

As of yet, there has not been a single lifestyle factor directly related to an increased 

risk of developing Breast cancer, however, some lifestyle habits may confer some 

risk.  
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Moderate to high intake of alcohol on a regular basis is thought to increase risk of 

Breast cancer. The risk shows linear correlation with number of alcoholic drinks 

consumed on a regular basis (47). There is no specific alcoholic beverage alone 

associated with Breast cancer risk, which suggests that perhaps it is the ethanol in 

the alcohol which is the compounding risk factor (47).  

Increased (Body Mass Index) BMI has a weak correlation with risk of Breast cancer 

development in post-menopausal women. There is no significant evidence that BMI 

is a risk factor for all Breast cancers in pre-menopausal women (48). However, in 

2014, Kawai et al suggested that BMI over 10kg/m2 in pre-menopausal women is 

associated with a doubled risk of developing specifically Triple Negative Breast 

cancer (TNBC) (49). BMI is a difficult risk factor to measure, as the BMI formula only 

considers height and weight, not quantity of fat and lean tissue. Measurement of 

lean and fat tissue would be more a valuable measure of Breast cancer risk, as it is 

linked to adiposity of tissue (50). Adipose tissue is a rich source of extra-gonadal 

estrogen in post-menopausal women and is thought to increase risk of developing 

Breast cancer (51).  

 

1.4 Molecular Subtypes of Breast cancer 
 

Breast cancer is a highly heterogeneous disease, with tumours vastly differing in 

histology, morphology and clinical characteristics (52). Predicting a patient’s 

response to therapy is limited with only histopathological analysis used. This 

marked heterogeneity proves challenging for clinicians to accurately identify the 

correct course of treatment and to stratify tumours for the most effective targeted 

treatments.  

In 2000, using gene expression and hierarchical clustering methods, Perou et al 

compared the heterogeneity of a cohort of 65 Breast cancers, a process which was 

further refined by the same group (52), (53). These studies resulted in the molecular 

classification of five clinically relevant intrinsic Breast cancer subtypes which 

correspond to differing clinical outcomes; luminal A and B, HER2-overexpressing, 
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normal-like and basal-like Breast cancer. The main characteristic of these subgroups 

is the vast range of expression in a variety of molecular markers. Furthermore, the 

differences observed in gene expression between the subtypes reflects the range of 

biological and clinical differences in terms of predicted response to therapy, relapse 

free and overall survival profiles. Due to this, these molecularly classified intrinsic 

subtypes can almost be considered as separate diseases (53). 

Figure 6. A scaled down version of the cluster analysis of the five intrinsic Breast cancer 

subtypes performed by Perou et al (52). 

Tumours of the luminal A and B subgroups have a high gene expression normally 

found in luminal Breast cells. The HER2 (Human Epidermal Growth Factor 2) 

subgroup tumours were characterised by overexpression of HER2. Tumours 

classified as normal-like subgroup were far more difficult to characterise and 
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classically expressed normal Breast stromal cell markers (53). However, there was 

some debate about this subtype and whether it is due to a high percentage of 

‘contamination’ by normal Breast cells in the tumour sample (54). The final 

subgroup - the basal-like subgroup, is termed due to expression of Breast basal 

epithelial cell markers and genes (53). Luminal A classified tumours had a 

particularly favourable prognosis with approximately 90% of Luminal A patients 

surviving a minimum of 8 years post diagnosis (55). Basal-like and HER2 tumours 

classically have the poorest prognosis, however, since the clinical introduction of 

Herceptin, a HER2 targeted treatment, (and other treatments such as lapatinib 

targeting HER2 dependency), prognosis for HER2 positive patients has drastically 

improved (56).  

 

 

 

 

 

 

 

Figure 7. Kaplan-Meier curves in two patient cohorts of time to metastasis and survival data 

in relation to the intrinsic Breast cancer subtype. (A) Time (months) to distant metastasis of 

97 sporadic Breast tumours from the Van’t Veer et al cohort. (B) Time (months) of overall 

survival time of 72 patients with locally advanced Breast cancer from a Norwegian/Stanford 

collaboration cohort. Normal-like tumour subgroup was not included in both datasets. 

Figure adapted from (53). 

The distinctions between the clinical characteristics of the intrinsic subtypes means 

that parameters which were previously used to estimate patient prognosis and 

outcome (patient age, tumour grade/stage) are of less bearing than cell markers, 

genes, and subtype characteristics (53).  

 

1.4.1 Luminal   
 

The most commonly diagnosed subgroups are Luminal A for ~66% of Breast cancer 

cases (55). As previously mentioned, Luminal A and B tumour cells have a close 
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similarity to Breast lumen epithelial cells, such as high overexpression of ER and PR, 

and high expression of the luminal cytokeratins CK7/8/18/19 (53). In terms of 

features used to distinguish between Luminal A and B – luminal A tumours have 

lower expression of Ki-67 (a proliferation marker), a more amplified expression of 

PR and lack of HER2 amplification, and usually present at a higher stage compared 

to Luminal B subgroup. Luminal B tumours demonstrate higher mitotic indices and 

increased expression of proliferation related genes typified by higher expression of 

Ki-67 (57). This may offer an explanation as to why Luminal B tumours confer an 

increased relapse rate 2 years post treatment, and poorer prognosis than the 

Luminal A subgroup (58). 

Since the majority of Breast cancers show dependence on circulating hormones for 

maintaining proliferation, the development of anti-endocrine therapies has been an 

area of intensive research for a considerable time.  Drugs such as Tamoxifen, 

Faslodex and Aromatase inhibitors have been developed to target estrogen 

dependency of ER+ Breast cancers. Tamoxifen acts by preventing estrogen binding 

to the ER and inhibiting the subsequent signalling cascades, thus inhibiting tumour 

growth. Tamoxifen was first trialled as a contraceptive, however, when found to be 

ineffective, other successful studies found it could be used to treat certain types of 

cancer. Due to the high ER expression in Luminal tumours, Tamoxifen has proven to 

be a very successful treatment (59). Patient trials have reported that of all the 

Breast cancer subtypes, Tamoxifen has the best overall and relapse free survival 

statistics in Luminal tumours, primarily attributed to the high expression of ER. 

Tumours lacking expression of ER demonstrated limited or no response to 

Tamoxifen (60). Survival statistics for patients with luminal tumours have drastically 

improved since the introduction of the 5 year Tamoxifen treatment plan into the 

clinic  (61).  

 

1.4.2 HER2-overexpressing  
 

HER2 overexpressing subgroup is characterised by amplification of HER2 (also 

referred to as ERBB2 or HER2/neu). Currently, there is no identified single HER2 

ligand and its activation is dependent on heterotypic dimerisation with other EGFR 
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receptors extracellularly (in particular HER3). This dimerisation results in 

intracellular HER tyrosine kinase autophosphorylation and results in constitutively 

active growth signalling pathways, for example, the MAPK and PI3K/AKT pathways 

(62).  

The HER2+ subgroup accounts for 15-30% of all Breast cancers. HER2 is a member 

of the Epidermal Growth Factor Receptor (EGFR) family and studies have shown 

that proteins of the EGFR family function to activate cell proliferation, migration 

and invasion (63). Thus, HER2 overexpressing tumours are, in general, more 

aggressive and associated with a poor prognosis, particularly when the appropriate 

treatment is not prescribed (64).  

Furthermore, HER2 overexpression has been linked to resistance to the standard 

chemotoxic chemotherapies. However, due to progression in cancer research, 

survival statistics of HER2 positive tumours have drastically improved. This 

improvement in prognosis of HER+ tumours may be attributed to the routine clinical 

introduction in 1998 of a HER2 targeted therapy, known clinically as Trastuzumab 

and commercially as Herceptin (65).  Trastuzumab is a monoclonal antibody which 

binds to the extracellular domain of HER2 receptor and prevents consequential 

signalling (66). Therefore, this targeted treatment inhibits tumour cell growth, 

proliferation, migration and invasion. This in turn improves patient prognosis for 

HER2 positive patients (67). In recent years, several other HER2 targeted treatments 

have been introduced into the clinic, such as Pertuzumab, Lapatinib (small molecule 

inhibitor) and most recently, the antibody-drug conjugate Ado-Trastuzumab 

emtansine (68).   

 

 

1.4.3 Normal-like 
 

There is much dispute in literature about the Normal-like Breast cancer subtype. 

Many oncologists believe that the features of this subgroup is due to infiltration of a 

high proportion of normal Breast cells within the biopsy taken at diagnosis (69).  
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The Normal-like subgroup is more difficult to classify than the other Breast cancer 

subgroups, and so remains mostly uncharacterised. Breast cancer subtypes are 

characterised on their molecular features. However, the Normal-like tumours 

resemble normal mammary stromal cells with almost identical gene expression of 

normal non-epithelial cells (adipocytes and basal cells) as well as a low gene 

expression of luminal epithelial cells, and so are much more difficult for clinicians to 

characterise (70).  

Due to accumulation of these features, there is belief that Normal-like tumours are 

originally derived from the Basal-like subtype, but do not exhibit the same over 

expression of the proliferation genes and so are very slow growing. Through this 

slow growth process, the tumours lose the Basal-like molecular markers and begin 

to resemble normal mammary cells (69). Due to the similarity between Normal-like 

tumours and normal Breast cells, it is very difficult to develop a therapy which is 

selective for just the tumour cells and does cause damage or toxicity to the normal 

Breast cells. However, patients with Normal-like Breast tumours usually 

demonstrate a higher survival rate compared to those with HER2-positive or Basal-

like Breast cancer (69).  

 

 

1.4.4 Basal-like 
 

The Basal-like subgroup accounts for ~16% of all Breast cancer cases (71). Basal-like 

tumours have striking similarity to myoepithelial and basal cells which are 

characterised by basal markers such as caveolin 1, p-cadherin, N-cadherin and 

cytokeratins 5/ 6/14/17. Further molecular markers also expressed in Basal-like 

tumours such as integrin-β4, osteopontin and VEGF have also been proposed (72). 

Furthermore, Langerod et al discovered that approximately 83% of Basal-like Breast 

tumours have a TP53 mutation (73).  

Over 80% of Basal-like tumours are negative for the three classic markers ER, PR 

and HER2 overexpression. However ~14% of Basal-like tumours overexpress HER2 

or ER (74). As not all Basal-like tumours are negative for the three markers, testing 
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for absence of ER, PR or HER2 overexpression is not the appropriate way to 

categorise a Basal-like tumour. Interestingly, it has been observed that Basal-like 

tumours share transcriptomic characteristics with tumours that have arisen in 

germline BRCA-1 mutation carriers (75). 

It is thought that Basal-like tumours are the easiest for clinicians to characterise, as 

the tumours present morphologically with central necrotic zones and medullary 

features with no similarity to normal mammary tissue. Basal-like tumours usually 

present at a higher grade at diagnosis, show high levels of lymphocytic infiltrate and 

mitosis and exhibit over expression of Ki-67 and other proliferative markers  (76). 

Accumulation of these features means they are very aggressive tumours with 

increased metastatic rates and poorest prognosis of all the Breast cancer 

subgroups. They are associated with high rates of mortality and relapse within 5 

years post treatment. Additionally, chemoresistance occurs in a very high 

proportion of Basal-like tumours (77). As of yet, there is no targeted therapy for this 

subgroup, however, there is currently ongoing research across the world to improve 

this poor prognosis and mortality rates of this aggressive subgroup.  

 

1.4.5 Screening  
 

With the aim of diagnosing Breast cancer at the earliest stage possible to decrease 

Breast cancer related mortality, screening programs were implemented across the 

UK. Women in the UK between 50 and 70 years of age and those considered at a 

high risk of susceptibility to Breast cancer currently receive a mammography every 

3 years. A review in 2013 observed that the screening programme is associated with 

a reduction of 20% in Breast cancer mortality in women between the ages of 50-70 

(78).  

1.4.6 Diagnosis    
 

Patients with potential Breast cancer symptoms will receive a preliminary Breast 

exam by their GP. If there is issue for concern, the patient is referred to the 

appropriate Breast clinic. Breast cancer diagnosis is based on what is known as a 

‘triple assessment’. Firstly, the patient receives an initial clinical assessment, then a 
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scan by mammography or ultrasound, and finally a biopsy by core biopsy or fine 

needle aspiration cytology (79).  

 

1.4.7 Tumour Staging   
 

Breast cancer staging is measured by ‘Tumour-Node-Metastasis’ (TNM) staging 

system. It was first developed in 1959 and is kept as clinically up to date and 

relevant as possible with regular updates to the system. The staging is based on 

three anatomical features; (T) extent and size of primary tumour, (N) any regional 

lymph node involvement at diagnosis, and (M) any metastasis. However, the TNM 

staging system does not consider the molecular differences between Breast cancer 

subtypes, and so there are suggestions that the TNM system is not appropriate for 

predicting patient outcome in TNBC due to the very different molecular drivers 

between TNBC and the non-TNBC tumours (80).   

  

1.4.8 Histological Grading  
 

Histological grading refers to the morphological analysis of Breast tumours to 

identify the degree of differentiation (the percentage of tumour that resembles the 

same morphology of normal epithelial tissue). This is used to determine the growth 

patterns of the Breast tumour. In Breast cancer, compared to the TMN staging, 

histological grading is a much better identifier of prognostic factors and is much 

more economically efficient (81). Tumour sections are stained with haematoxylin 

and eosin and a pathologist examines the slides for degree of tubule formation, 

cellular mitotic count and nuclear pleomorphism (82). The European Union 

recommends that pathologists use the numerical scoring Nottingham Grading 

System to score Breast cancer tumour stage (83). The degree of tubule formation, 

cellular mitotic count and nuclear pleomorphism are assigned a score 1-3 and the 

three accumulated scores denote the tumour grade.  Grade 1 (total score 3-5), 

grade 2 (total score 6-7) and grade 3 (total score 8-9). Histological grading can be 
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used alongside molecular technologies to give a more accurate assessment of 

patient prognosis and identify the best treatment option (84).  

 

 

1.5 Triple-Negative Breast cancer  
 

Triple Negative Breast cancer (TNBC) refers to the absence of Estrogen Receptor 

(ERα) and Progesterone Receptor (PR) expression and contain no amplification of 

HER2. ER and PR are considered as not expressed by tumour cells if <1% of tumour 

nuclei are deemed ER/PR positive by Immunohistochemistry analysis (85). This lack 

of the classically targeted receptors means that TNBC tumours do not respond to 

the most commonly used Breast cancer treatments of endocrine therapies or HER2 

targeted treatments. Thus, TNBC patients have the poorest prognosis of all Breast 

cancer subtypes as there are currently no targeted treatments (86).  

TNBCs account for 10-20% of all Breast cancer cases and 1 million new TNBC cases 

present each year (87).  TNBCs are closely linked to the Basal-like subgroup and 

share a number of common characteristics. For example, both TNBCs and Basal-like 

tumours are very aggressive, present as interval tumours, both associated with poor 

prognosis, and have a higher incidence in younger women and African American 

women (88).  

TNBC and Basal-like tumours also demonstrate an important similar clinical 

characteristic – a high proportion of both groups of tumours have a germ-line 

mutation in BRCA1 (75). As demonstrated in the diagram below, tumours with 

BRCA1 mutations often present as Basal-like, TNBC and often as both.  However, 

the terms ‘TNBC’ and ‘Basal-like’ cannot be synonymously, as only 77% of the Basal-

like population can be deemed Triple Negative and 70% of TNBC are Basal-like. 

Thus, ‘Basal-like’ refers to the molecular classification, whereas ‘TNBC’ denotes the 

pathological classification of the tumour (89).  
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Figure 8. Diagram demonstrating the overlap between cases presenting as TNBC, Basal-like 

and harbouring a BRCA1 mutation. This diagram also shows the terms cannot be 

synonymous, demonstrating the proportion of cases which can only be characterised with 

one of the terms (89). 

Studies such as The Cancer Genome Atlas (TCGA) Research Network using several 

genome analysis methods, demonstrated that most loss of function mutations in 

TNBC occur in DNA damage repair such as BRCA1 pathway, RB1 and TP53, whereas 

most gain of function mutations in TNBC tumours occur in PI3K signalling (90). 

These findings corroborate with the suggestion that TNBC is a very aggressive and 

poor prognostic tumour type. 

In comparison with non-Triple Negative tumours, TNBC tumours are usually of high 

grade, larger in size and function at a higher mitotic rate. They are usually IDCs, of 

not otherwise specified histology and most present at diagnosis with lymph node 

involvement. Thus, as expected TNBC tumours are more aggressive than their non-

Triple Negative counterparts (91). Some rare histotypes such as adenoid cystic, 

apocrine and medullary carcinomas can also lack ER, PR and HER2 expression, so to 

ensure proper characterisation, TNBC tumours are also characterised with marked 

levels of nuclear pleomorphism, central tumour necrosis and a lack of tubule 

formation (92). 

TNBC is thought to be the poorest prognosis subtype, as although TNBC has 

impressive rates of response to neoadjuvant chemotherapy, it still has the highest 
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rate of metastasis and distant recurrence with <30% of patients with metastatic 

TNBC surviving  >5 years post treatment, even despite adjuvant or neoadjuvant 

chemotherapy (93).  

As the diagram below shows, TNBC patients can be divided into two populations in 

terms of their response to treatment. Approximately a third of TNBC patients will 

respond to treatment and will not relapse within 5 years post treatment. However, 

the remaining two thirds of patients either initially do not respond or acquire 

resistance throughout the course of the treatment, and these patients succumb to 

the disease within 5 years post treatment (94).  

 

 

  

 

 

 

 

 

 

Figure 9.  Survival curve demonstrating the overall survival probability following FEC 

treatment. Blue line signifies TNBC patients achieving pCR, who responded favourably to 

FEC and have with good prognosis. Red line signifies TNBC patients who do not achieve pCR 

and maintain a level of RD (residual disease) and have poor prognosis (94).  

Due to high heterogeneity in TNBC immunohistochemical phenotype, Lehmann et al 

used gene expression analysis to identify differing gene ontologies of 7 TNBC 

subtypes. These subtypes are Basal-like 1 and 2 (BL1, BL2), Mesenchymal (M), 

Mesenchymal Stem-like (MSL), Immunomodulatory (IM), Luminal Androgen 

Receptor (LAR), and Unstable (UNS) (95).  

 

1.5.1 Basal-like TNBC 
 

Basal-like TNBC subtype is termed ‘basal’ due to the high expression levels of basal 

and myoepithelial markers, suggesting the tumour originates from the basal or 
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myoepithelial layer. Approximately half of TNBC tumours are classified as Basal-like 

1 (BL1) or Basal-like 2 (BL2) subtype (96).  

BL1 tumours overexpress cell cycle and cell division genes particularly involved in 

G1 to S phase, RNA polymerase and DNA replication reactome. BL1 tumours have 

been shown to exhibit cell-cycle checkpoint loss, increased Ki-67 expression and 

proliferation and upregulated DNA damage response pathways such as ATR/BRCA 

(97). These characteristics all point to an aggressive and highly proliferative 

subtype.   

BL2 tumours have a striking similarity with BL1 tumours. In addition to the BL1 

characteristics, BL2 subtype is uniquely enriched for growth factor signalling 

pathways such as EGF, IGF1R, MET, Wnt/ β-catenin and NGF (98). Coupled with this, 

BL2 tumours overexpress GE growth factor receptor, an integral activator of growth 

factor signalling pathways such as EGFR, EPHA2 and MET (99). BL2 tumours also 

function with elevated levels of metabolic processes such as gluconeogenesis and 

glycolysis, which further contribute to cell growth (100). Similar to BL1, BL2 tumours 

are highly proliferative (98).  

As a consequence of the highly proliferative phenotype and augmentation of cell 

division genes in Basal-like tumours, they preferentially respond to neoadjuvant 

antimitotic taxanes such as paclitaxel or docetaxel. BL1 and BL2 tumours achieve a 

much higher pathological complete response (pCR) (63%) than those of M (31%) 

and LAR (14%) when treated with neoadjuvant antimitotic taxane agents (101).   

 

1.5.2 Immunomodulatory TNBC 
 

The third subtype of TNBC is Immunomodulatory (IM). This subtype exhibits 

elevated immune cell processes; Dendritic and Natural Killer cell pathways, B and T 

cell receptor signalling and TH1/2 pathways. IM tumours are also enriched for 

antigen presentation and processing, cytokine signalling and immune signal 

transduction (102). There is debate in the literature as to whether upregulation of 

these immune cell processes observed in IM TNBCs are unique to IM tumour cells, 

or due to high immune cell infiltrate. However, Bertucci et al demonstrated that the 
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IM tumour elevation of immune signalling genes have a striking overlap with the 

gene ontology of Medullary Breast cancer. This rare form of TNBC is typically of high 

grade but also is of favourable prognosis (97). This suggests that IM tumour 

enrichment of immune cell processes and pathways could be associated with a 

favourable prognosis for patients presenting with IM subtype.  

 

1.5.3 Mesenchymal TNBC and Mesenchymal Stem-like TNBC 

As can be deduced from the nomenclature, Mesenchymal (M) and Mesenchymal 

Stem-like (MSL) subgroups are very characteristically similar. Both subgroups are 

vastly enriched for expression of genes associated with cell motility pathways (Rho 

activation), cell differentiation and growth (WNT, TGFβ and ALK), Epithelial-

Mesenchymal Transition (EMT) associated genes (TWIST1, ZEB1/2, MMP2, ACTA2, 

loss of E-cadherin) and Extracellular Matrix receptor interaction (103). Due to 

upregulation of these migratory pathways and loss of cell-cell adhesion, it is not 

surprising that M and MSL tumours are associated with increased incidence of local 

and distal metastases are highly chemoresistant (104).  

Unlike the M subtype, MSL expresses genes involved in growth factor signalling 

(calcium ion signalling, ERK1/2, EGFR and ABC transporter). Compared to the M 

subtype, MSL tumours are also particularly enriched in TGFβ signalling pathway 

components, which is known to play a significant role in cell growth, differentiation 

and migration (105). A further contrast with other TNBC subgroups, is that MSL 

tumours are enriched in genes upregulating angiogenesis (VEGFR2, EPAS1 and 

TIE1). This elevated angiogenesis delivers important nutrients to facilitate tumour 

growth and increases intravasation and extravasation and again the metastatic 

processes (106). As mentioned before, most TNBC tumours are characterised as 

Basal-like, however ~25% of M or MSL tumours are classified as normal-like 

subgroup (95). Lehmann et al suggested that MSL cell lines may have a favourable 

response to PI3K/mTOR inhibitors, which shows promise for future investigation as 

a possible stratified therapy (95). 
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1.5.4 Luminal Androgen Receptor TNBC 
 

The most heterogenous TNBC subgroup is Luminal Androgen Receptor (LAR) 

subtype. Unsurprisingly, LAR tumours have similar gene expression patterns as 

luminal cells, such as high expression of XBP1, FOXA1, keratins such as KRT18 and 

low expression of basal cytokeratins (107). Compared to any other TNBC subtype, 

Androgen Receptor (AR) coactivators and downstream targets are expressed at an 

almost 10-fold increase in LAR tumours. Even though LAR tumours are ER, PR and 

HER2 negative, hormone regulated pathways, (androgen, estrogen, steroid 

synthesis and porphyrin metabolism) are highly enriched in in this subset of 

tumours (108).  

Tumours of this AR positive phenotype are more prevalent in older patients and 

post-menopausal women. It is yet to be conclusively elucidated if AR positive 

subtype is associated with HRT. LAR subtype accounts for a small percentage of 

TNBC cases, however, as expected, the majority of LAR tumours are classified as 

either Luminal A or B subtypes (109). Due to the LAR AR+ subtype, there have been 

proposals that TNBC can be further categorised into Quadruple Negative Breast 

cancer (QNBC) and AR+TNBC (110). AR targeted therapies are available, however, 

there is much debate over their clinical effectiveness, and due to the very small 

percentage of TNBC that are LAR subtype, the cost effectiveness of AR treatment is 

questioned (111).  

 

1.5.5 Claudin low TNBC 
 

Following on from their own work, in 2007 Pratt et al identified a new subgroup of 

Breast cancer termed Claudin low. They are typically Triple Negative and account for 

7-15% of all Breast cancers. Claudin low tumours are characterised by low expression 

of tight junction and cell-cell adhesion genes (E-cadherin, Claudins 3/4/7 and 

occludins), high expression of EMT associated genes (vimentin, ZEB, SNAIL, SLUG and 

TWIST), IFNγ activation and immune cell infiltration (112). Claudin low tumours are 

also prone to a strikingly high level of genomic instability. Similar to Breast cancer 

stem like cells, Claudin low cells exhibit an increased ratio of CD44+/CD24-/low- (113). 
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Claudin low tumours have been shown to be extremely more resistant to the usual 

standard of care chemotherapies than other TNBC subtypes. Prognosis for Claudin 

low TNBC patients is very poor, with less than a third of patients surviving more than 

5 years post treatment, and eventually nearly all patients will succumb to the disease 

(114).  

  

1.6 Triple Negative Breast Cancer Treatment  
 

Multidisciplinary teams create a specific treatment plan for each TNBC patient. The 

team takes certain factors into account such as tumour grade, stage and molecular 

profile, any lymph node involvement or signs of metastasis, and the age and 

menopausal status of the patient (91). 

 

1.6.1 Surgery  
 

The initial surgical treatment for TNBC patients with an operable tumour is a 

lumpectomy, where (if possible) all the tumour is removed along with margin of 

normal Breast tissue. This margin is taken to ensure all tumour tissue has been 

removed. For patients deemed high risk of reoccurrence or patients with larger 

tumours, a mastectomy or radical mastectomy is performed. Patients are then 

given the option of Breast reconstruction surgery. Patients who presented as lymph 

node positive will also have their affected lymph nodes surgically removed (115).  

Women deemed to have a high susceptibility to developing Breast cancer (germline 

BRCA1/2 mutations or strong family history of Breast cancer) can opt to undergo 

preventative prophylactic mastectomy of either one or both Breasts.  There is 

evidence that removal of both Breasts for preventative reasons in high risk women, 

reduces Breast cancer development by 90% (116).   
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1.6.2 Radiotherapy  
 

Radiotherapy usually follows one month directly after surgery once the patient has 

recovered enough. Radiation can also be given as a neoadjuvant treatment to 

reduce tumour size and allow for a more accurate and successful surgery. Very 

specific doses of radiation are delivered directly to the site of the tumour by high 

energy x-ray beams. Radiotherapy is used to kill any remaining tumour cells 

following surgery by causing double strand DNA breaks and generating free radicals 

to cause DNA damage and ultimately tumour cell death (117). Breast cancer 

patients usually receive 15 fractions of 40 Gray external beam radiotherapy 

following surgery. Patients with >4 axillary lymph nodes involved can receive 

radiation aimed at the lymph nodes.  Breast cancer patients who are deemed to 

have a low risk of relapse may not be given radiotherapy (118).  

 

1.6.3 TNBC Chemotherapy Standard of Care  
 

Chemotherapy is defined as a systemic cytotoxic treatment administered 

intravenously or orally (119). Patients with both early stage and advanced Breast 

cancer are prescribed the most appropriate chemotherapy within six weeks post-

surgery. Patients with large tumours are prescribed neoadjuvant chemotherapy 

prior surgery to achieve the same aim as neoadjuvant radiotherapy to reduce 

tumour size for a more successful surgery. Chemotherapy agents are classed either 

as DNA damaging, anti-microtubule, or anti-metabolic (120).  

Chemotherapy agents are often combined into an optimal synergistic 

chemotherapy cocktail to provide maximal tumour cell death. In TNBC treatment, 

the anthracycline based chemotherapy cocktail FEC (5-Fluorouracil, epirubicin and 

cyclophosphamide) is the current standard of care (94).  

5-Fluorouracil (5-FU) anti-metabolic agent is a pyrimidine analogue of uracil. Once 

taken up by the cell, it is converted into active metabolites which inhibit thymidine 

synthesis and ultimately prevent DNA synthesis (121).  Epirubicin is a DNA damaging 

agent which acts as an anthracycline analogue, inhibiting Topoisomerase II activity. 
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Inhibition of Topoisomerase II prevents replication of DNA and increases the 

accumulation of double stranded DNA breaks, which ultimately leads to tumour cell 

death. Epirubicin also produces free radical intermediates which cause further DNA 

damage by lipid peroxidation (122). Cyclophosphamide is an alkylating DNA 

damaging agent which inhibits DNA replication by forming covalent bonds between 

strands, preventing their separation.  This results in double strand DNA breaks and 

ultimately cell death (121). 

Cyclophosphamide needs to be activated to hydroxycyclophosphamide in the liver 

by hepatic transformation in the liver. As such, for in vitro experiments in this 

thesis, we have substituted Cyclophosphamide to Mitomycin C as it possesses a 

similar mechanism of action as hydroxycyclophosphamide (123).  

 

1.6.4 Current and Potential Treatment of TNBC 
 

Due to the heterogeneity of TNBC tumours, treating TNBC has been very 

challenging, particularly due to lack of the classic Breast cancer targets PR, ER and 

HER2, or any characterised molecular targets.  The heterogeneity of TNBCs is also 

reflected in representative established TNBC cell lines with different mutations in 

oncogenes and tumour suppressors, different expression of cellular components, 

and a wide range of responses to chemotherapy treatments (124).  

Due to the lack of molecular targets, the only current treatment for TNBC patients is 

systemic cytotoxic chemotherapy. Currently, the first line of treatment for TNBC 

patients is 6 cycles of FEC (5-Fluorouracil, Epirubicin and Cyclophosphamide), a 

cytotoxic cocktail. Patients who present with lymph node involvement at diagnosis 

receive Docetaxel alongside the FEC treatment (125). However, this chemotherapy 

regime is associated with an unacceptable deterioration in quality of life. There is 

belief among many oncologists that that the advancements in TNBC survival have 

plateaued and will not be further improved with the current chemotherapy regime 

alone (126). It is now imperative that new chemotherapies or novel targeted 

treatments are identified to improve survival for these poor prognosis patients.  
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As mentioned previously, is clear TNBC patients can be divided into two populations 

in terms of their response to treatment with only ~30% of patients achieving 

complete pathological response, and virtually all patients eventually succumbing to 

the disease (94). The heterogenic nature, and lack of identification of primary 

oncogenic drivers of TNBC also means there are currently no FDA approved 

targeted therapies for these poor prognosis patients. It is clear that correct 

subtyping of tumours is necessary to ensure patients receive the optimal therapy.  

 

1.6.5 TNBC Subtypes and Their Ability to Guide Treatment 
 

1.6.5.1 LAR TNBC 

As mentioned already, the Androgen receptor (AR) likely plays an important role in 

tumorigenesis in LAR TNBC.  AR is also associated with increased resistance to 

traditional chemotherapies (108). As such, anti-AR therapies offer an important 

potential target for this subtype of TNBC. AR antagonist Bicalutamide and AR 

inhibitor Enzalutamide are FDA approved drugs for metastatic prostate cancer, and 

in vitro studies have demonstrated that several LAR TNBC cell lines are sensitive to 

these drugs (127). These drugs have progressed to Phase II trials, which have 

demonstrated promising results in women with AR+ metastatic TNBC. These 

promising results have expanded into further ongoing clinical trials (128). Currently, 

the main investigation in this area is using Enzalutamide in combination with 

Taselisib (PI3K inhibitor) in women with AR+ metastatic TNBC, and the Phase II trial 

is expected to be completed in 2021 (129). Investigation of downstream or 

upstream factors is a very important area of stratified therapy research. An integral 

rate limiting enzyme in Androgen biosynthesis, CYP17, is currently under 

investigation in a phase II clinical trial, again in women with AR+ metastatic TNBC 

using a reversible selective inhibitor of CYP17 (130) .  

 

1.6.5.2 IM TNBC 

Furthermore, immune rich TNBC tumours respond more favourably to FEC than 

their immune low counterparts. However, immune rich TNBC patients may further 
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benefit from addition of inhibitors of immune checkpoints to their standard of care 

(127). These immune rich tumours have high levels PD1 and PD-L1 (immune 

checkpoint regulators) which can be potentially targeted with anti PD-L1 therapy 

(131). Pembrolizumab is an anti PD-1 therapy FDA approved for advanced 

melanoma. Due to successful invitro and Phase II clinical trials, the KEYNOTE-522 

study is currently in a large phase III trial investigating Pembrolizumab as a single 

and combined agent, both as neoadjuvant and adjuvant treatment and is expected 

to be completed in 2025. However, these trials have been limited to nonmetastatic 

TNBCs (132).  

 

1.6.5.3 BRCA1 mutated TNBC 

A very popular area of investigation of potential TNBC targeted therapies is DNA 

damage response. Due to the high proportion of TNBCs which contain a BRCA1/2 

mutation, platinum-based DNA damaging chemotherapies and Poly ADP-Ribose 

Polymerase 1 (PARP) inhibitors, which prevent DNA damage repair, hold a lot of 

potential. Despite very successful in vitro studies and Phase II clinical trial, Phase III 

trial in metastatic TNBC patients with platinum-based carboplatin in combination 

with PARP inhibitor Iniparib conferred no overall or relapse free survival compared 

to the current standard of care (133). However, the emergence of a more improved 

phase of PARP inhibitors such as Olaparib may hold promise for potential TNBC 

targeted therapies (134). 

 

1.6.5.4 M and MSL TNBC 

Finally, the area which this thesis is most centred around, the high metastatic 

potential of TNBC is a very important targetable area. Preventing metastasis will 

prevent further complications and illness for these patients, but will also keep the 

tumour localised with increases the likelihood of a favourable response to the 

standard of care treatments. Additionally, it has been thought for some time that 

metastatic cancer cells possess an intrinsic resistance to chemotherapy, possibly 

due to the fact that they have temporarily withdrawn from the cell cycle and 
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therefore are not targeted in the same way as proliferating counterparts (135), 

(136). This has been postulated in lung and pancreatic cancers. For example, Fischer 

et al demonstrated cells which had undergone EMT and metastasised from the lung 

were resistant to cyclophosphamide treatment due to reduced apoptosis and 

proliferation, and upregulation of chemoresistance-related genes (135). 

Furthermore, Zheng et al identified that that suppression of EMT and metastasis in 

Pancreatic Ductal Adenocarcinomas (PDACs) increased tumour cell proliferation and 

upregulated expression of nucleoside transporters which contributed to enhanced 

Gemcitabine sensitivity (136).  

TNBC cells, particularly of the M and MSL subtypes, demonstrate higher incidence 

of metastasis than other subtypes of Breast cancer (137). The most common areas 

of study for these metastatic subtypes is centred around mTOR inhibitors. mTOR is 

a member of the PI3K family and M and MSL TNBCs demonstrate upregulated 

activity of PI3K signalling pathways, and so mTOR inhibitors may hold a lot of 

promise for these metastatic tumours (138). A recent trial in patients with advanced 

metaplastic TNBC with aberrations in the PI3K pathway, treated with mTOR 

inhibitors Everolimus and Temsirolimus in combination with DNA damaging 

doxorubicin and bevacizumab demonstrated positive results. However, this study 

was limited to patients with a PI3K aberration and needs to be expanded to a larger 

metaplastic TNBC population (139).  

Furthermore, Epithelial to Mesenchymal Transition (EMT) is a very important area 

of potential stratified therapies for these patients. There has been limited 

successful studies in this area, however, inhibiting SRC (which is known to play a 

role in cell invasion) has shown promise in vitro, with M and MSL TNBC cell lines 

becoming more sensitive to Dasatinib when combined with SRC/ABL kinase 

inhibitor (127). This study needs to be furthered into in vivo work, and also 

investigated alongside FEC combination, however it does demonstrate that 

targeting EMT and metastasis may provide an important route for the development 

of TNBC stratified therapies.  

In summary, treatment of TNBC is a complex and heterogenous field and is not 

dependent on any single oncogenic driver or pathway. This highlights the important 
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need for optimal TNBC stratification and robust stratified therapies. As many 

oncologists have suggested, results in cytotoxic chemotherapy alone in TNBC have 

plateaued (126). Targeting EMT and metastasis may now be the way forward in 

identifying possible targeted therapies for these poor prognosis patients.  

 

1.7 TGFβ2 and SMAD signalling 
 

In nature, Transforming Growth Factor β (TGFβ2) has a wide variety of context-

dependent and sometimes opposing functions, such as homeostasis of 

differentiated cells, embryonic stem cell differentiation and renewal, and is also 

implicated in several diseases and stages of tumour progression (140). TGFβ2 is part 

of a large superfamily such as Activins, Bone Morphogenetic Proteins (BMPs) and 

Inhibins. In general, TGFβ2 signals through carboxy-terminal phosphorylation and 

activation of cytoplasmic signalling molecules SMAD2/3. TGFβ2 signals through 

pSMAD2/3, whereas pSMAD1/5/9 are the signalling effectors of the Bone 

Morphogenetic Protein (BMP) pathway which are involved in bone repair and 

maintenance. Activation of any of the SMAD family results in their binding to 

signalling transducer SMAD4, and their subsequent translocation to the nucleus 

(141). Activated pSMADs bind weakly to DNA, and so they must partner with a 

diverse range of transcription factors to regulate a diverse range of cellular 

functions. This results in cell-state dependent transcription modulation (142). 

SMAD6/7 are inhibitory SMADs which reverse the activation of SMAD1/2/3/5/9. 

SMAD6/7 expression is induced by TGFβ2 and BMP signalling to form a negative 

feedback loop (143).  
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Fig. 10 A broad overview schematic of SMAD signalling to demonstrate their wide range of 

signalling partners and effectors to regulate a diverse range of functions (144).  

 

1.8 The TGFβ2-SMAD2/3 Signalling Pathway 
 

TGFβ2 signalling has two very dichotomous functions in normal and TNBC cells. 

TGFβ2 acts as a tumour suppressor in pre-malignant cells but as a metastasis 

promoter in cancer cells (145). These opposing dual functions of TGFβ2 are thought 

to be dictated by different partners of its downstream effectors pSMAD2/3 (146). 

However, the mechanism for changing of SMAD partners and which SMAD partners 

has largely remained undefined. Additionally, which factors triggering this change of 

SMAD partners also remain unidentified.  

In normal Breast cells, TGFβ2 binds to its cognate receptor TGFβR1/2 on the cell 

membrane and phosphorylates transcriptional coactivators SMAD2/3 to induce a 

signalling cascade. TGFβ2 ligand binds to extracellular domain of TGFβR2 (a 

constitutively active serine/threonine kinase receptor) which subsequently recruits 
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and phosphorylates TGFβR1. This results in a receptor tetramer composed of two 

TGFβR2 domains and two TGFβR1 domains. The activated phosphorylated TGFβR1 

recruits and phosphorylates SMAD2/3 on their C terminal residues. Phosphorylated 

SMAD2/3 (pSMAD2/3) detach from the receptor complex and form a complex with 

SMAD4 (145). This pSMAD2/3-SMAD4 complex is heterotrimeric, composed of two 

pSMAD2/3 molecules and one SMAD4 molecule. The SMAD complex then 

translocates from the cytoplasm to the nucleus, where it forms a transcriptional 

complex with p53 to activate the transcription of p21WAF1, p27CIP1 and p57CIP2 which 

control cell cycle and prevent aberrant proliferation (146).  

In their transcription factor function, pSMAD2/3-SMAD4 complex recognize the 

SMAD Binding Element (SBE) DNA sequence of CAGAC, and several GC-rich sequences 

(147). However, on its own, the SMAD complex has a low affinity for binding to DNA. 

To gain higher affinity of DNA binding, the SMAD complex associates with SMAD 

binding partners and cofactors/corepressors which have their own DNA binding 

recognition sites (148). The SMAD-partner complex binds in tandem to their 

respective recognised DNA sequences and regulate transcription of the specific 

TGFβ2 target genes (146).  

There is a large and varied range of SMAD binding partners which is reflected in the 

varied, dichotomous and context-dependent functions of TGFβ2 (149). SMAD binding 

partners are often mutated, overexpressed, lost or hijacked in cancer progression. 

Change of SMAD partners can repress transcription of tumour suppressor genes or 

activate transcription of oncogenes (150).  

In contrast, in Breast cancer, YWHAZ/14-3-3ζ downregulates 14-3-3σ, leading to the 

destabilisation of the SMAD partner p53 and downregulation of the tumour 

suppressor function of TGFβ2 (146). Additionally, as mentioned previously, p53 is 

mutated in ~90% TNBCs (73), and so this furthers the ease of which pSMAD2/3-p53 

can be hijacked. Furthermore, in TNBC, GLI2, (a transcription factor and mediator of 

the Hedgehog pathway) binds to and alters the SMAD2/3 transcriptional program 

(146). YWHAZ/14-3-3ζ, protects GLI2 in the cytoplasm and stabilises GLI2-pSMAD 

binding (146). FOXC1, an EMT transcription factor is overexpressed in a high 

proportion of TNBCs (151). The N-terminal region of FOXC1 binds to an internal 
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region of GLI2 and increases GLI2 affinity for the pSMAD2/3 complex, and its DNA 

binding capacity (152). This YWHAZ-FOXC1-GLI2-pSMAD complex subverts the 

growth control effects of TGFβ2, to transcriptionally activate oncogenes including 

multiple EMT genes such as PTHrP, ZEB1 and SNAIL, coincident with additional GLI2 

and TGFβ2 upregulation, leading to positive feedforward loops (146). This 

feedforward loop results in autocrine release of TGFβ2 which enables constitutive 

activation of this pathway. Thus, upregulation of this oncogenic pathway upregulates 

EMT and metastasis and leads to poor outcome in TNBC. 

 

 

 

 

 

Figure 11.  Schematic of TGFβ2 signalling pathway cascade in Normal Breast and TNBC.  

 

1.9 Non-SMAD2/3 TGFβ2 Signalling Pathways 
 

SMAD signalling is considered the canonical signalling pathway for TGFβ2 target 

gene transcription. However, TGFβ ligands can also activate other intracellular 

signalling cascades, which are termed non-canonical signalling cascades. These non-

canonical cascades are usually stress induced, such as Jun N-terminal Kinase (JNK), 

p38 kinase, Rho GTPase and Mitogen Activated Protein Kinase (MAPK) activation of 

ERK1/2 (153). These non-canonical signalling pathways have also been 

demonstrated to play a role in EMT and invasion, however there is no conclusive 

evidence of their EMT effect being dependent of TGFβ ligand binding, or indeed 

their EMT effect in TNBC setting (154).  
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1.10 TGFβ2 
 

TGFβ was identified just two decades ago when found secreted from cells infected 

with sarcoma virus and was demonstrated to enable fibroblasts to transiently 

acquire the phenotype of transformed cells (155). Since this initial discovery, three 

isoforms (TGFβ1, TGFβ2 and TGFβ3) encoded by three different genes have been 

identified. The sequences of each isoform share 70% homology (141).  

An active TGFβ2 ligand consists of a homodimer of two β strand monomers which 

form a cysteine knot by an interlocking disulfide bond between monomers.  The 

homodimer is strengthened by hydrophobic interactions between monomers. The 

active TGFβ2 homodimer ligand is formed from latent TGFβ2 which is an inactive 

precursor molecule made up of a latency associated peptide (LAP) non-covalently 

bound to a TGFβ2 dimer. The LAP is bound to TGFβ2 after its secretion and keeps 

TGFβ2 in an inactive form when it is stored as a TGFβ2 reservoir in the Extracellular 

matrix (156). Several processes can convert latent TGFβ2 to active TGFβ2, such as 

heat induced proteolysis, cleavage by proteolytic enzymes, acid or alkali proteolysis, 

or by some drug molecules such as retinoic acid and anti-estrogens (157).  

In Breast cancer, elevated TGFβ2 expression has been shown to correlate with 

aggressive biology and advanced tumour stages (158). TGFβ2 released from the 

tumour cell can have autocrine effects stimulating a positive feedback loop on the 

tumour cell, and paracrine effects on the tumour microenvironment such as 

endothelial and immune cells and stromal fibroblast (159). Increased TGFβ2 

secretion causes immunosuppression in the tumour microenvironment, 

angiogenesis, myofibroblast differentiation and EMT and metastasis (160). 

However, in early stage Breast cancer, TGFβ2 exerts tumour suppressive effects 

(146).  

Xu et al previously demonstrated that in the Breast cancer setting, TGFβ2 induced 

expression of p21WAF1 is dependent on p53 partnering with pSMAD2/3. On the 

other hand, they demonstrated metastasis and Parathyroid Hormone related 

Protein (PTHrP) expression is dependent on GLI2 being the decisive pSMAD2/3 

partner.  Additionally, they demonstrated promising evidence that YWHAZ triggers 
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the change of pSMAD2/3 partner from p53 to GLI2 (146). This research was the first 

to identify the specific SMAD partners and factors triggering the change in SMAD 

partners, which determine TGFβ2 tumour suppressor vs EMT driver functions. 

However, it was investigated in the context of Breast cancer as a whole and not just 

in the highly metastatic TNBC setting.  

1.11 YWHAZ/14-3-3ζ 
 

14-3-3ζ is encoded by the YWHAZ gene on chromosome 8. This ubiquitously 

expressed and highly conserved protein is a member or the 14-3-3 chaperone 

protein family, a central protein in several signalling pathways and is thought to 

play a key role in several cancers and neurodegenerative disorders (161). YWHAZ 

gene codes for two transcript variants which differ in their 5’UTR sequence, 

however, they are thought to translate for the same protein. YWHAZ consists of a 

27 kDa long homodimer, with each monomer made up of nine antiparallel alpha 

helices (162). The 14-3-3 family can bind and interact with approximately 200 

proteins and so are involved in a wide variety of cellular processes, such as 

apoptosis, transcription, cell cycle regulation, protein transport and metabolism 

(161). YWHAZ contains an amphipathic groove which acts as a ligand binding site 

which preferentially interacts with phosphorylated serine/threonine residues, 

however, it can also interact with non-phosphorylated proteins. YWHAZ binding to 

its target ligand subsequently alters the stability, cellular localization or enzymatic 

activity of the ligand (163). YWHAZ ability to regulate multiple biological and 

signalling pathways allows for the cellular adaptation to many factors (161).  

YWHAZ acts as a negative regulator for apoptosis, by sequestering BAD and BAX in 

the cytoplasm. Consequently, YWHAZ can protect the cell from chemotherapy 

induced death and environmental stresses (164). YWHAZ also drives proliferation by 

sequestering Cyclin-Dependent Kinases in the cytoplasm and inhibiting their G2-M 

checkpoint activity (165). Since YWHAZ is predominantly found in the cytoplasm, it 

is suggested that it can bind nuclear proteins and either prevent or chaperone and 

enable their localisation to the nucleus (146).  
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It has been demonstrated that 14-3-3ζ/YWHAZ represses transcription of another 

14-3-3 protein, - 14-3-3σ (146). Although both from the 14-3-3 family, YWHAZ and 

14-3-3σ have very opposing cellular functions, including migration and p53 stability. 

14-3-3σ is a tumour suppressor gene which lost in Breast cancer, whereas YWHAZ 

genomic locus is often amplified in cancer and thus YWHAZ is overexpressed in 

several cancers (overexpressed in 40% of Breast cancers overall) and has been 

found to be associated with increased incidence of metastasis, cancer recurrence 

and chemotherapy resistance (166), (167) .   

In normal Breast epithelium, 14-3-3σ blocks MDM2 mediated ubiquitination and 

subsequent degradation of P53 (166). However, in Breast cancer YWHAZ sequesters 

the 14-3-3σ transcriptional co-activator YAP1 to the cytoplasm, subsequently 

downregulating 14-3-3σ transcription and therefore P53 stability (146). This then 

facilitates the changing of SMAD binding partners.  

Finally, YWHAZ protein has been shown to interact with GLI2 protein in a 

phosphoserine-dependent manner (168). Furthermore, Xu et al demonstrated that 

GLI2 binding to YWHAZ prevented GLI2 binding to bTrCP – its E3 ubiquitin ligase – 

and therefore prevented GLI2 degradation (146).  

 
 
Figure 12. Schematic representation of some of the various YWHAZ functions. 

 

1.12 GLI2 
 

GLI2 is a C2H2 zinc finger protein, a transcription factor which binds to DNA through 

conserved H-C linked zinc finger motifs (169). GLI2 gene codes for 5 isoforms – 
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canonical, α, β, γ and δ, all are distinct proteins, however it is unclear if they confer 

different functions. Each isoform consists of a C-terminal activator and N-terminal 

repressor domains, however the β isoform is spliced at the first splicing site which 

contains the N-terminal domain which suggests it lacks the repressor function (170).  

GLI2 is a mediator of Sonic Hedgehog (Shh) signalling. Shh ligand binds to PTCH 

transmembrane receptor, which reverses inhibition of Smoothened. Activated 

smoothened activates nuclear translocation of GLI2 and activation of target genes 

(171). However, TNBC cell lines such as MDA-MB-231 are resistant to Smoothened 

inhibitors, which suggests GLI2 activated transcription of target genes is not Shh 

signalling dependent (152).  

 

 

 

 

 

 

 

 

 

Figure 13. Schematic representation of Sonic Hedgehog Signalling and GLI activated 

transcription of target genes (172).  

GLI2 is a developmental gene which plays a key role during embryonic 

development. It regulates morphogenesis through transcription of WNT genes, 

tissue specification through Brachyury genes and positional regulation through 

Xhox3 genes (173). GLI2 also plays a key role in migratory and differentiation 

pathways for the development of the neural crest, and is very important for the 

development of lung, gastrointestinal and mammary tissue (174). 

 

Recently, aberrant GLI2 signalling has been observed in many cancer types and has 

been shown to drive proliferation of hepatocellular carcinoma, squamous cell lung 

cancer and prostate cancer through cell cycle regulation rather than deregulation of 
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apoptosis (169). Due to its role in embryonic development, it is thought that GLI2 

may play a role in promoting Cancer Stem Cell (CSC) properties (169). GLI2 

overexpression is also associated with a migratory phenotype and increased 

metastasis in several cancers such as melanoma, hepatocellular carcinoma, and 

Breast cancer (175), (176), (177). For example, in vivo work xenografting shGLI2 

osteosarcoma cells resulted in decreased lung metastases (178).  

In Breast cancer, GLI2 is overexpressed in 4% of cases. However, it is suggested that 

dysregulation of GLI2 does not occur at the transcript level, but rather at the 

protein level (145).   

Previously, it has been reported that 2 hours of TGFβ2 treatment induces 

transcription of GLI2 mRNA in MDA-MB-231 cells, with GLI2 protein then 

subsequently stabilised by YWHAZ (179). GLI2 has been demonstrated to activate 

transcription of genes associated with EMT and metastasis, such as SNAIL, ID1 and 

particularly PTHrP (146).  

 

1.13 FOXC1  
 

FOXC1 is a transcription factor and member of the Forkhead family. Proteins of this 

family have a distinctive conserved 110 amino acid fork head domain which binds to 

DNA (152). Similar to GLI2, FOXC1 plays a role in development of many organs, 

particularly ocular development. Mutations in FOXC1 have been shown to result in 

congenital glaucoma and Axenfeld-Rieger syndrome – malformation of the anterior 

segment in the eye (180).  

Previous reports have demonstrated that FOXC1 is overexpressed in a high 

proportion of Breast cancers, particularly TNBCs, and is a key poor prognosis marker 

for Basal-like Breast cancer (181). In Breast cancer, it is thought that FOXC1 

transcription is controlled by methylation of FOXC1 promoter (182). However, 

previous work in the Mullan lab demonstrated that BRCA1 interacts with GATA3 on 

the FOXC1 promoter to co-repress FOXC1 (183). Due to the high incidence of BRCA1 

mutations in TNBC, this could add to the high proportion of aberrant FOXC1 
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observed in TNBC (91). This study also demonstrated that FOXC1 was required for 

survival and proliferation of Basal-like Breast cancers. This investigation also added 

further conclusive evidence that upregulated FOXC1 contributed to 

chemoresistance and EMT (183).  

In addition to driving cell survival, proliferation and EMT, upregulation of FOXC1 

increases the rate of mammosphere formation and CSC properties, induces a 

progenitor phenotype in differentiated epithelial cells and drives malignant 

transformation in Breast cancer (184).   

FOXC1 enhances CSC properties and drives EMT through Smoothened-independent 

GLI2 mediated transcription of target genes (152). Using Fluorescence Resonance 

Energy Transfer (FRET), Han et al identified that N-terminal amino acid sequence 1-

68 of FOXC1 binds directly to internal amino acid sequence 898-1168 of GLI2. This 

binding of FOXC1 allosterically opens the DNA binding domain of GLI2 and enhances 

GLI2 DNA binding capacity (152).   

 

 

 

 
 

Figure 14. Schematic representation of N-terminal domain of FOXC1 binding to internal 

domain of GLI2.  

 

1.14 TGFβR3 function in TNBC 

  
TGFβR3 (also known as Betaglycan) has been identified as overexpressed in TNBC 

tumours of the highly metastatic Mesenchymal Stem-cell like (MSL) TNBC subtype 

(185). As mentioned previously, this TNBC subtype is associated with hyperactive 

EMT pathways and higher incidence of tumour metastasis (104). There has been 

significant research of TGFβR1 and TGFβR2 in Breast cancer with no development of 
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clinically approved stratified therapies. However, research on TGFβR3 has lagged 

behind. Previous studies have demonstrated that TGFβR3 cannot directly induce its 

own signalling pathways, but rather it regulates TGFβ2 signalling by sequestering 

TGFβ2 in the ECM and delivering the ligand to TGFβR2. Alternatively, the 

intracellular domain of TGFβR3 can bind to the cytoplasmic domain of TGFβR2, 

which then in turn forms an active signalling complex with TGFβR1 (186). TGFβR3 

sequestering TGFβ2 or binding to TGFβR2 will activate TGFβ2 signalling pathway of 

phosphorylation and activation of SMAD2/3. Similar to TGFβ2, TGFβR3 has a 

dichotomous function in Breast cancer, in that it has been reported to be both a 

tumour suppressor and oncogenic driver (185).  

 

 

 

 

 

 

 

 

 

 

Fig. 15 Schematic demonstrating one of the modes how TGFβR3 (here shown as 

Betaglycan) influences TGFβ2 signalling by sequestering extracellular TGFβ2 to present to 

TGFβR1/2 to activate pSMAD2/3 signalling cascade (187).  

Previous studies have demonstrated that TGFβR3 is required for tumorigenicity 

maintenance and tumour growth invivo in a subset of Breast cancer cell lines (185). 

However, as TGFβR3 does not have its own signal transduction pathway it is unclear 

how it elicits its oncogenic function. There is suggestion that it may drive this 

aggressive tumour biology by upregulating TGFβ2 signalling, however there is no 
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conclusive evidence for this (188).  Elucidation of how TGFβR3 drives aggressive 

biology in TNBC patients may allow for development of novel treatments.  

 

1.15 Epithelial to Mesenchymal Transition (EMT) and 

Metastasis 
 

As detailed above, aberrant TGFβ2 signalling leads to phenotypic changes such as 

EMT, increased migration and invasion associated with loss of cell adhesion and 

polarity, and chemoattraction to distant tissues (160).  These properties lead to 

metastatic development. EMT is the process of differentiated, tightly connected and 

organized epithelial cell networks transitioning into a less differentiated, motile, 

disorganized, and stem cell like mesenchymal cells (189). EMT is required for 

development and embryogenesis to drive differentiation of epithelial to 

mesenchymal cells to generate the different embryonic tissues. It is particularly 

important for formation of the neural tube, gastrulation and regeneration (190).   

EMT results in loss of epithelial cell polarity by dissolution of basolateral adherens 

junctions and tight junctions, such as loss of Claudins, cytokeratins, occludins, and E-

cadherin. The cells then acquire more classical mesenchymal markers, such as 

vimentin, fibronectin and N-Cadherin. The actin cytoskeleton is also reorganized 

from epithelial-associated cortical adherens junction location into a mesenchymal-

associated actin stress fibres which are anchored to focal adhesion complexes. This 

mesenchymal cytoskeleton contributes to filopodia formation, which in turn 

promotes cell migration (191).  

In terms of cancer, loss of E-cadherin results in release of β-catenin which in turn 

results in upregulation of cyclin D1, c-MYC and MMP7 (192). Additionally, 

upregulation of metalloproteases such as MMP7 increase release of TGFβ2 stored 

in the ECM. These proteins promote an invasive phenotype (157). Furthermore, as a 

result of EMT, there is downregulated expression of ECM proteins, and upregulated 

secretion of extracellular proteases which further exacerbate the cancer cell 

invasive phenotype (191). EMT is controlled by several key transcription factors 



44 
 

which are responsible for upregulating transcription of mesenchymal gene and 

downregulating transcription of epithelial genes (193). These EMT transcription 

factors include TWIST, SNAIL, SLUG and ZEB1 and are all thought to be regulated by 

TGFβ signalling (194).  

Once tumour cells have undergone migration and invaded through the ECM they 

are then capable of undergoing intravasation into surrounding blood vessels which 

have been brought to the tumour environment by tumour driven angiogenesis. 

Circulating tumour cells can then disseminate to distant tissues by exiting the blood 

vessels by extravasation once they have reached a favourable niche (195). This is 

metastasis to secondary sites. TGFβ2 signalling results in secretion of Parathyroid 

Hormone related Protein (PTHrP) and osteolytic cytokines, which promote digestion 

of bone matrix and resorption of tumour cells which contributes to metastasis 

(196).  TGFβ2 signalling also induces expression of COX2, EGFR and ANGPTL4 which 

enhance Breast cancer cell extravasation to lung parenchyma. Elevation of these 

genes have also been associated with Brain metastasis (197).  

However, it is important to note, that although they are usually associated together, 

EMT, migration and invasion are indeed separate phenotypes. For example, in a 

melanoma mouse model, TGFβ2 driven EMT and migration required a functional 

TGFβR2, whereas TGFβ2 driven invasion required downregulated TGFβR2 in the 

tumour epithelium (198).   

 

 

 

 

 

 
Figure 16. Schematic representation of the different stages of metastasis and where EMT 

plays a role (199). 
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1.16 Potential TGFβ2 Signalling Axis Targeted Therapies  
 

Due to the TGFβ2 signalling pathway ability to drive metastasis, it is an area rich in 

potential treatment options for these poor prognosis patients.  Thus, several 

therapeutic approaches to inhibit the TGFβ2 signalling axis have been investigated 

in recent years.  

The first method of inhibiting TGFβ2 signalling is through Blocking Monoclonal 

Antibodies specific to TGFβ2, such as Lerdelimumab or CAT-152. These have both 

been tested in clinical trials, however the results were unsuccessful and since then 

have been discontinued (200).  

Another means to inhibit TGFβ2 signalling is by using antisense oligonucleotides to 

inhibit production of TGFβ2 at the translational level. The most clinically tested 

TGFβ2 inhibitor, Trabedersen, is a phosphorothioate antisense 

oligodeoxynucleotide specific for TGFβ2, with the sequence 

5'CGGCATGTCTATTTTGTA-3'. Trabedersen functions by binding to TGFβ2 mRNA 

which inhibits protein translation and decreases TGFβ2 protein levels. Trabedersen 

has shown efficacy in glioma and pancreatic testing (201), (202). A phase III clinical 

trial observed successful Overall Survival statistics but was not supported by 

promising Relapse Free Survival statistics. The main conclusion was that 

Trabedersen should be used in combination with chemotherapies, but Trabedersen 

should be the primary drug administered (203).  

Treatments such as Trabedersen downregulate excessive TGFβ2 ligands or inhibit 

the entire TGFβ2 signalling cascade. However, one of the main concerns in this 

systemic anti-TGFβ2 therapy is the off-target effects due to the dichotomous role of 

TGFβ2 as a metastatic driver in cancer, but also a tumour suppressor in non-

malignant cells. Anti-TGFβ2 therapy could transform these non-malignant cells to 

become tumorigenic. Additionally, as TGFβ2 plays a role in many physiological 

functions, anti-TGFβ2 is associated with many side effects such as autoimmunity, 

systemic inflammation and cardiovascular problems (204). This is particularly 

unacceptable for TNBC patients whose standard of care is already associated with a 

poor deterioration in quality of life.  
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Therefore, it is important to identify patients in which the metastatic TGFβ2 

signalling pathway is the predominant TGFβ2 pathway and will benefit most from 

this treatment. Additionally, treatments which selectively target downstream of 

TGFβ2, but still prevent the metastatic function of the pathway without 

compromising the homeostatic TGFβ2 functions in normal cells would be superior.  

GLI2 has been demonstrated to be an important SMAD2/3 binding partner in this 

pathway to drive metastasis, however in normal adult cells GLI2 has not been 

shown to have an important function, and so is a desirable targeted therapy (146).  

GANT58 and GANT61 prevent GLI2 from binding to DNA and so inhibit transcription 

of the target genes (205). Studies investigating drug repurposing strategies have 

identified Arsenic Trioxide (ATO) promotes degradation of GLI2 protein (206). 

Similarly, selective HDAC1/2 inhibitors prevent deacetylation of GLI2 which is 

required for its transcriptional activation (207). GLI2 protein is also thought to be 

epigenetically silenced by bromodomain protein 4 (BRD4) inhibitors such as JQ1 and 

I- BET151 as BRD4 is required for GLI2 transcription (208).   

However, of all these options of GLI2 inhibitors, the only drugs which have shown 

the most compelling results in TNBC is GANT58 and GANT61, with GANT61 showing 

the most promise (205). However, despite being the most promising GLI2 inhibitor, 

it is unclear whether GANT61 will be suitable for clinical drug translation due to the 

lack of information of its pharmacokinetics. Additionally, it is important to consider 

the post translational modifications which lead to truncated GLI2 isoforms, which 

could alter the activity or binding affinity of direct GLI2 inhibitors (209). As such, 

more research is needed on these GLI2 inhibitor therapies.  

It is clear there is much need of investigation of the mechanism which is causing this 

drastic switch of TGFβ2 function to become a metastatic driver in TNBC. There is 

also a dire need for further investigation of novel therapies to target downstream of 

this TGFβ2 pathway, to offer these poor prognosis patients an alternative more 

targeted therapy which is not associated with an unacceptable deterioration in 

quality of life.   
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1.15 Aims and Objectives 
 

Hypothesis - TGFβ2 signalling pathway via subversion of SMAD2/3 by YWHAZ, GLI2 

and FOXC1 drives metastasis in poor outcome Triple Negative Breast Cancer.  

Overall Aim - This project hopes to benefit patients by identifying an oncogenic driver 

in poor-outcome TNBC which could stratify TNBC patients as good or poor prognosis, 

enabling poor prognosis patients to either receive more aggressive or alternative 

more targeted stratified therapy, or good prognosis patients could also receive a less 

aggressive therapy regime and improve their quality of life.  

 

Chapter Three - Dysregulation of TGFβ2, YWHAZ, GLI2, SMAD Signalling Drives EMT 

in TNBC.  

1) Identify if this TGFβ2 pathway dysregulation drives aberrant SMAD signalling 

in TNBC by investigating both phosphorylated and non-phosphorylated 

forms of SMAD protein levels when TGFβ2 pathway components are 

knocked down.  

2) Investigate if TGFβ2 pathway dysregulation causes phenotypic and protein 

localisation changes by performing viability, migration, invasion and 

proliferation assays and immunofluorescence investigation with knockdown 

of TGFβ2 pathway components in Claudin low TNBC cell lines.  

3) Identify any differences in TGFβ2 pathway dysregulation in Claudin low and 

Basal-like TNBC cell lines by investigating the RNA and protein levels of 

TGFβ2 pathway components in both Claudin low and Basal like cell lines. 

Additionally, perform the phenotypic assays mentioned in objective 2 above  

with knockdown of TGFβ2 pathway components in Basal like cell lines. 

4) Investigate if TGFβR3 affects the TGFβ2/SMAD signalling pathway and 

phenotype of the cell by knocking down TGFβR3 and investigating its effect 

on RNA and protein levels of TGFβ2 pathway components and (p)SMAD2/3. 

Additionally investigating if TGFβR3 has more of an effect than TGFβ2 on 

phenotypic assays such as migration and invasion. 
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5) Investigate the Invivo effects of knocking out TGFβ2 and TGFβR3 on tumour 

size and latency and any signs of metastasis. 

 

Chapter Four - Identifying Transcriptional Targets and Potential Treatment Options 

for Poor Outcome TNBC.  

6) Identify potential genes transcriptionally affect by the TGFβ2 pathway and 

influencing patient outcome in TNBC and their effect on metastasis by 

performing RNAseq with knockdown of TGFβ2 pathway components and 

validating the effect of the transcriptionally regulated genes on TNBC cell 

phenotypes migration, invasion and proliferation. 

7) Investigation of possible targeted therapies by combining FEM and GLI2 

inhibitor treatment and investigate effect on cell survival, migration and 

viability.  
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Chapter 2 
2. Methods 
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2.1 Cell Culture Techniques 
 

2.1.1 General Materials  
 

Cell culture reagents are detailed in Appendix 1: Buffers & Reagents.  

 

2.1.2 Breast cancer Cell Lines  
 

Key characteristics of cell lines used in this thesis:  

Normal Mammary Epithelium: 

HME1: immortalised with hTERT 

Claudin low Triple-Negative Breast cancer Cell Lines: 

MDA-MB-231: p53 (R280K) mutant p53, wild-type BRCA1;  

Hs578T: p53 (V157F) mutant, wild-type BRCA1, HRas mutation; 

Sum159: p53 (V157F) mutant, PI3CA mutant, wild-type BRCA1, HRas mutation; 

Basal-like Triple-Negative Breast cancer Cell Lines: 

MDA-MB-468: p53 (R273H) mutant p53, PTEN homozygous deletion, wild-type    

BRCA1 (expressed at low levels);  

HCC3153: p53 status unknown, BRCA1 homozygous mutation; 

HCC1937: p53 mutant, PTEN homozygous deletion, BRCA1 homozygous mutation; 

Lentivirus Producer Cell Line  

HEK-293T - transformed human embryonic kidney cell line (able to produce 

envelope protein and gag-pol). 
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2.1.3 Culturing of Human Breast Cell Lines  
 

Cell lines were cultured in Nunc tissue culture flasks and maintained at 37oC in 5% 

CO2 incubators.  Cell culture was carried out in BioMAT Class II Microbiological 

Laminar Downflow Safety Cabinets. 

All cell lines were regularly checked for mycoplasma contamination, using the Lonza 

MycoAlert Mycoplasma Detection Kit. 

Cells were passaged once they reached approximately 80% confluency. Cells were 

cultured in a T-175cm2 flask, media was removed, and cells were washed once with 

8ml 1xPBS (referred to as PBS). PBS was then removed and 4ml of 0.05% Trypsin 

was added to the flask. Cells were incubated at 37oC until the cells detached from 

the flask. Depending on the growth phenotype, cells were split in the ratio of 1:5-

1:10 with fresh media. Fresh media was then added to total volume of 28ml. PBS, 

Trypsin and media volume were accordingly adjusted for T-25cm2 and T-75cm2 

tissue culture flasks.   

  

2.1.4 Cell Counting  
 

Cells were trypsinised in 0.05% Trypsin. Once cells detached from the flask, trypsin 

was neutralised with an equal volume of media. 100μl of cell suspension was 

diluted in 10ml of COULTER® ISOTON® II Diluent solution in a transparent Counter 

Vial. Cells were counted using the COULTER® Z2 particle count and size analyser set 

at 9µm-21µm. Each count was carried out in triplicate and average cell count 

calculated. 

 

2.1.5 Cryopreservation  
 

Cells were cultured in a T-75cm2, once reaching approximately 90% confluency, cells 

were trypsinised as described before, and 5ml of fresh media added. Cell 

suspension was centrifuged at room temperature at 16,100 x g for 5 minutes, and 

cell pellet resuspended in FBS-10% DMSO at approximately 2 x 106 cells/ml. 1ml 

aliquots of this cell suspension was transferred in to 1.8ml CyroTube vials (Nunc, 
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Thermo Fisher Scientific). These Cryovials were placed in a Mr Frosty Freezing 

Container (Thermo Fisher Scientific) in the -80oC freezer overnight and transferred 

the following day to liquid nitrogen storage. 

 

2.1.6 Thawing  
 

10ml of media was prewarmed in a T-25cm2 at 37oC. Cryovials in liquid nitrogen 

storage were quickly thawed at room temperature, and thawed cell suspension was 

added to the prewarmed media. After 24 hours, once cells adhered to the flask, 

cells were washed once with PBS and the media changed, removing any remaining 

DMSO. 

 

2.2 Drug Treatments  
 

Details of all drugs used in this thesis are outlined in Appendix 1: Buffers & 

Reagents. 

2.2.1 Dose-Response Curves  
 

Cells were seeded in 96-well tissue culture plates at a density of 2 x 103 cells per 

well. The drug of interest was serially diluted (i.e. 1:10 dilutions) in appropriate cell 

media between 10-5M and 10-13M. 100μl of each drug concentration or appropriate 

vehicle control was added to cells in six replicate wells.  Cells were incubated with 

treatment for 72 hours at 37oC and 5% CO2. After 72 hours incubation, to measure 

cell viability, an MTT assay (described in Section 2.2.2) was performed. The 

calculated absorbance values were normalised to the vehicle control. Absorbance 

(y-axis) was plotted against the drug concentration (x-axis) to generate a dose 

response curve. 
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2.2.2 MTT Cell Viability Assay   
 

An MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide thiazolyl 

blue) assay is a colorimetric assay which assesses cell viability via the activity of cell 

metabolism. Active metabolism in viable cells converts MTT into a purple formazan 

product. Post 72-hour drug incubation (as described in Section 2.2.1), 10μl of 

5mg/ml solution of MTT (Sigma Aldrich) was pipetted into each well and incubated 

for 2 hours at 37oC and 5% C02.   

Post 2 hour incubation, media containing MTT was pipetted off and dried at room 

temperature overnight. The length of incubation with MTT is variable, dependent 

upon the cell line being examined and the density of cells (particularly in control 

wells). It is therefore advisable to check plates regularly (every 20 minutes) once 1 

hour of incubation has elapsed. The purple formazan crystals were dissolved into 

solution by addition of 100μl of DMSO to each well, and the plate shaken at room 

temperature for 10 minutes. Absorption of the formazan solution at 570nm was 

quantified on a BioTrak II Plate Reader. 

 

 2.3 Nucleic Acid Methods   
 

2.3.1 Small (or Short) Interfering RNA (siRNA) Transfections  
 

The siRNA sequences used in this thesis are detailed in Appendix 2: Primer 

Sequences.  

Cells were seeded at a density of 3 x 105 in a P60 tissue culture dish. Lipofectamine 

RNAiMAX Reagent (Invitrogen) was used according to the manufacturer’s 

instructions for all siRNA transfections. For each transfection of a P60 dish, 600μl of 

OptiMEM (Gibco) serum free media was added to 2.5μl of Lipofectamine RNAiMAX 

and 1.5μl of 40μM siRNA solution. The solution was gently mixed and incubated at 

room temperature for 15 minutes and subsequently added dropwise to the media. 

Cells were incubated 37oC and 5% CO2 for 72 hours and then harvested. 
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2.3.2 DNA Transfections  
 

Cells were seeded at an appropriate density to ensure confluency was 

approximately 70% at time of plasmid DNA transfection. Typically, most cell lines 

were seeded at a density of 1x106 cells in 10mls of culture media, in a P90 culture 

dish. Transfection of cell lines with plasmid DNA was performed with Gene Juice 

Reagent (Novagen) according to the manufacturer’s instructions. In a sterile 1.5ml 

eppendorf tube, 27μl of Gene Juice Reagent and 600μl of OptiMEM were added, 

briefly vortexed, and incubated in the hood at room temperature for 5 minutes. 9μg 

of DNA was then pipetted into the transfection mixture and incubated again at 

room temperature for 15 minutes. The transfection mixture was pipetted dropwise 

to the appropriate P90. Plates were manually rocked from side to side (not swirled) 

to ensure the transfection mix covered the surface of the cells. Cells were incubated 

with the transfection mixture at 37oC and 5% CO2 for 72 hours and then harvested. 

 

2.3.3 RNA Extraction  
 

RNA isolation was performed using the guanidium isothiocyanate-phenol-

chloroform method. In the fume hood, media was aspirated from cell cultures in 

P60 plates and 1ml of RNA STAT-60™ (Roche) was added directly onto the plate and 

left at room temperature for 5 minutes. The cell-STAT-60 mix was pipetted into a 

1.5ml eppendorf. Still in the hood, 200µl of Chloroform was added to each tube and 

vigorously vortexed for 30 seconds. The tubes were then centrifuged at 16,100 x g 

for 20 minutes at 4oC. Following centrifugation, the upper aqueous layer was 

pipetted to a fresh Eppendorf, carefully avoiding the pink/white layers. 500μl of 

isopropanol was added to the aqueous layer, samples were vigorously vortexed for 

45 seconds and subsequently centrifuged for 15 minutes (16,100 x g, 4oC).  Post 

centrifugation, the RNA pellet was resuspended in 1ml of chilled 75% Ethanol, 

vortexed for 30 seconds and centrifuged for 5 minutes (16,100 x g, 4oC), to remove 

impurities. Ethanol was removed, and RNA pellets were air-dried for 10 minutes. 

The RNA pellet was resuspended in 30μl of pre-warmed (50oC) nuclease free water. 

RNA was then stored at -80oC until use. 
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2.3.4 Quantification of RNA and DNA concentration  
 

NanoDrop 1000 spectrophotometer (Thermo Fisher Scientific) was used for 

quantifying the concentration and purity of RNA and DNA samples. The NanoDrop 

was blanked with 2μl of nuclease free water, following which, 2μl of RNA/DNA was 

pipetted onto the NanoDrop reader arm. An optical absorbance was measured at 

260nm and 280nm, and an absorbance between 1.8 and 2.0 was deemed sufficient 

purity and non-contamination of RNA/DNA samples.   

 

2.3.5 cDNA Synthesis  
 

cDNA (complementary DNA) synthesis was performed using the Transcriptor First 

Strand cDNA Synthesis Kit (Roche) according to the manufacturer’s instructions. 1μg 

of RNA and the appropriate volume of nuclease free water added to a total 11μl in a 

0.5ml eppendorf. 2μl of 600pm/μl Random Hexamer Primers were added to each 

tube and incubated for 5 minutes at 65oC to allow annealing of primers.   

Post incubation, the following Transcriptor Kit reagents were added to each tube, 

resulting in a final total tube volume of 20μl:  

• 4μl Reaction Buffer  

• 0.5μl RNase Inhibitor  

• 2μl dNTP  

• 0.5μl Reverse Transcriptase  

The mixture was incubated using the Mastercycler Thermo Cycler (Eppendorf) using 

the following parameters:  

• 25oC for 10 minutes  

• 55oC for 30 minutes  

• 85oC for 5 minutes  

• Reaction maintained at 4oC for 5 minutes. 

cDNA samples were stored at -20oC for further use. 
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2.3.6 Real-Time Quantification PCR (q-PCR)  
 

2.3.6.1 Primer Design and Optimisation  

Real-Time primer sequences are detailed in Appendix 2: Primer Sequences.  

Real Time (RT) primers were designed by searching the gene of interest RefSeq 

accession code from the National Center of Biotechnology Information database. 

This code was input into the Roche Universal Probe Library Assay Design Center and 

ensured that intron spanning PCR products would be selected. Multiple primer sets 

were designed, and those with % of GC content between 30-70%, melting 

temperature of 60oC, amplicon length 75-175bp, low self-complementary score, 

and an optimum primer length of ~ 20bp were selected. 

Real Time PCR (q-PCR) analysis of 4 known concentrations of cDNA (Section 2.3.5) 

was performed to validate the RT primers for efficiency of amplification.  

Standard curves of the q-PCR assay were generated, one melting peak across all 

samples (suggested only one PCR product amplified), and a slope as close to -3.32 

(100% efficiency) were desirable.  Primers with more than one melting peak, and 

efficiency <90% or >110% were disposed of. 

 

2.3.6.2 Real Time-PCR Assay  

Stock of the sample cDNA was diluted 1:10 with nuclease free water.  

q-PCR assay was performed on a white LightCycler® 480 96-well plate (Roche) with 

LightCycler® 480 SYBR Green I Master (Roche). This reagent contains all the PCR 

components necessary for the reaction, only addition of the sample cDNA and 

primers were needed. For each gene of interest, the necessary volume of 

mastermix was prepared in a 1.5ml eppendorf tube. For each single reaction the 

following components were mixed: 

• 5μl 2X LightCycler® 480 SYBR Green I Master Mix 

• 0.5μl 5μM Forward Primer 

• 0.5μl 3μM Reverse Primer 

• 1μl Nuclease Free Water  
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To each well of the Roche plate, 8.5μl of the aforementioned Mastermix and 1.5μl 

of the appropriate cDNA was added. The plate was securely sealed and each 

individual well uniformly sealed and separated. The plate was briefly centrifuged at 

16,100 x g for 20 seconds at room temperature and q-PCR subsequently performed 

using the LightCycler® 480 real-time PCR system (Roche) with the program cycles 

detailed below in Table 1.  

Table 1: qPCR cycle parameters  

Step no. No. cycles Temperature Time 

Step 1 1 cycle 95oC 5 minutes  

Step 2 45 cycles 95oC  

55oC  

72oC  

 

10 seconds  

10 seconds  

20 seconds  

 

Step 3 1 cycle Melt Curve  

Conditions: 65-97oC, ramp rate of  

2.2oC/second, 5 acquisitions per oC. 

 

Step 4 1 cycle 40oC 30 seconds  

 

Step 5 1 cycle 4oC Hold  

 

 

 

2.3.6.3 Calculation of Relative Gene Expression Levels  

As described in 2.3.6.1, 5 known concentrations of cDNA were used to generate 

standard curves. Using the LightCycler 480 software version 1.5.1 (Roche), from this 
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standard curve, relative gene expression values were generated for each gene of 

interest. Relative gene expression values were also generated for at least two 

housekeeping genes to ensure normalisation of cDNA quantity in samples. For each 

sample, the gene of interest concentrations were normalised to the housekeeper 

concentration. The control samples were also normalised with the same 

housekeeper, and these normalised control values were then averaged. The gene of 

interest concentrations in the variable samples were then divided by the average 

control sample value, thus giving the relative transcript level fold change.  

 

2.4 Recombinant DNA Techniques:  
 

Primer sequences are detailed in Appendix 2: Primer Sequences.  

 

2.4.1 PCR Amplification  
 

Amplification of DNA fragments of interest were performed by PCR with KOD 

Xtreme Hot Start DNA Polymerase Kit (Novagen) in 0.2ml PCR tubes. The following 

reagents were mixed together.  

• 25μl 2X Xtreme Buffer  

• 1μl KOD Xtreme Polymerase  

• 1.5μl Forward Primer  

• 1.5μl Reverse Primer  

• 10μl dNTP Mixture (2mM each)  

• 50 ng Plasmid DNA (or 1μl of cDNA generated from a cell line expressing the 

gene of interest) 

•  DEPC-Treated Water to 50μl total  

PCR amplification was performed on the LightCycler® 480 (Roche) with the PCR 

program cycles as detailed below in Table 2:   

 



59 
 

Table 2: PCR amplification cycle parameters  

Step no. No. cycles Temperature Time 

Step 1 1 cycle 94oC 2 minutes  

Step 2 40 cycles 98oC  

55oC  

68oC  

 

10 seconds  

30 seconds  

1 minute/kb  

 

Step 3 1 cycle Melt Curve  

Conditions: 65-97oC, ramp rate of  

2.2oC/second, 5 acquisitions per oC. 

 

Step 4 1 cycle 68oC 10 minutes 

 

Step 5 1 cycle 4oC Hold  

 

 

 

2.4.2 Agarose Gel Electrophoresis  
 

A 1% agarose gel was prepared in a plastic conical flask by dissolving 1g of UltraPure 

Agarose (Invitrogen) in 100ml of 1X TAE buffer. The conical flask was heated in the 

microwave for increments of 20 seconds with periodic stirring until the agarose 

powder was completely dissolved. Once the mixture was cooled to a safe level, 5μl 

SYBR™ Safe DNA Gel Stain (Invitrogen) was added to the mixture. The appropriate 

multi well comb was placed into a gel casting tray, the gel solution was poured the 
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tray and allowed to set at room temperature for approximately 30 minutes. Once 

the gel was set, the comb was removed, and the gel carefully placed inside an 

electrophoresis tank. The tank was filled with 1X TAE buffer, ensuring all the wells in 

the gel were filled with buffer. The appropriate molecular weight marker (Gel Pilot 

100bp or 1kb ladders, Qiagen) was added to the first well of the gel. 5X Orange G 

loading dye was added to the DNA samples and pipetted into the appropriate wells. 

The gel was electrophoresed at 50-100V for approximately 50 minutes and imaged 

under UV light using a Chemi Genius transilluminator (Syngene) and Gene Snap 

software (Syngene).    

 

2.4.3 Purification of DNA from Agarose Gels   
 

The area of agarose gel containing DNA fragments of interest were excised with a 

clean scalpel and transferred to a 1.5ml eppendorf tube. Extraction of DNA from the 

agarose gel and DNA purification was performed with QIAquick Gel Extraction Kit 

(Qiagen) according to the manufacturer’s instructions. DNA samples were stored at 

-20oC for further use. 

 

2.4.4 Restriction Enzyme Digestion  
 

The appropriate Miniprep plasmid DNA (Section 2.4.8) was subject to restriction 

digest to confirm the insert DNA has been successfully cloned into the vector. 

Restriction Enzyme Digestion was performed with NEB restriction endonucleases 

according to the manufacturer’s instructions.  For a 10μl reaction the following 

components were used: 

• 1μg of DNA 

• 0.5μl restriction enzyme 1 

• 0.5μl restriction enzyme 2 

• 1μl 10x restriction buffer 

• Sterile-deionised water to total reaction volume of 10μl  
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The restriction digest mixture was incubated in a water bath for 2 hours at 37oC. 

The digested DNA fragments were imaged by gel electrophoresis (as described in 

Section 2.4.2).   

 

2.4.5 Alkaline Phosphatase Treatment  
 

Alkaline phosphatase treatment is performed to prevent self-ligation of the 

linearized vector by removing phosphatase groups from the 5’ end of the vector. 

Following restriction digest (section 2.4.4) of the vector, 1μl of Calf Intestinal 

Alkaline Phosphatase (CIP) was added to the vector digestion tube and incubated in 

a water bath for 1 hour at 37oC. CIP enzyme activity is compatible with 1x CutSmart 

Buffer, so no additional buffers were required. 

 

2.4.6 Ligation of DNA Fragments  
 

Following alkaline phosphatase treatment (Section 2.4.5), gel purification (Section 

2.4.3) was performed on the vector and DNA insert. Subsequently, ligation of the 

DNA insert and restriction enzyme digested vector was performed at 1:1 molar and 

1:4 (See Equation 1) using T4 DNA Ligase (NEB), with final vector concentrations at 

1-10 ng/μl. 1μl of 10X T4 DNA Ligase Reaction Buffer, 1μl of T4 DNA Ligase and the 

plasmid DNA were mixed, and Nuclease-Free Water was added to bring the final 

reaction volume to 10μl. To ensure reliable ligation, two negative controls were 

used. In one negative control, no insert was added, in the other, no insert and no 

ligase was added. Ligation mixtures were incubated overnight (>16 hours) at 4oC.  

Equation 1: Calculation of molar ratio of insert to vector   

Insert mass (ng) = (
(𝐼𝑛𝑠𝑒𝑟𝑡 𝑙𝑒𝑛𝑔𝑡ℎ (𝑏𝑝) 𝑥 𝑉𝑒𝑐𝑡𝑜𝑟 𝑚𝑎𝑠𝑠 (𝑛𝑔))

𝑉𝑒𝑐𝑡𝑜𝑟 𝑙𝑒𝑛𝑔𝑡ℎ (𝑏𝑝)
) x Molar Ratio of insert:vector 
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2.4.7 Transformation of competent cells  
 

Following ligation, the DNA was then transformed into competent bacterial cells. 

Competent E.coli DH5α cells (Invitrogen) were thawed on ice. 50μl of these 

competent cells and ligated DNA were added to a 1.5ml eppendorf, and gently 

mixed by careful pipetting. The tubes were subsequently incubated on ice for 15 

minutes. Following this incubation, the competent cells were heat shocked for 1 

minute at 42oC in a water bath, and immediately placed back on the ice for a further 

5 minute incubation. 

200μl of RT Lysogeny Broth (LB) (Sigma) was added to the competent cell mix and 

this was incubated, while shaking, at 37oC for 1hour. The competent cell-LB mix was 

spread on LB agar plates, which had been pre-poured, containing the appropriate 

concentration of antibiotic. To ensure bacterial expansion, the plates were 

incubated at 37oC overnight (16-18 hours).   

 

 2.4.8 Mini-Prep  
 

Before adding the appropriate concentration of antibiotic, LB was prepared and 

autoclaved. An individual colony was picked with a sterile pipette tip from the 

selective LB agar plate as described in section 2.4.7 and placed in 2mls of LB broth in 

a 13ml push-top tube. This colony-LB mixture was incubated in the orbital incubator 

overnight at 37oC at 16,100 x g. The reSource Plasmid Mini Kit (BioScience) was 

used according to the manufacturer’s instruction manual to perform extraction of 

plasmid DNA from 1ml of the bacterial culture. Plasmid DNA was quantified as 

described in section 2.3.4 using the NanoDrop 1000 Spectrophotometer.  

 

2.4.9 Maxi-Prep   
 

250ml of LB was prepared in a conical flask and autoclaved, and the appropriate 

concentration of selection antibiotic was added. 100μl of glycerol stock (as 

described in section 2.4.10), or 1.5ml of bacterial culture was added to the LB broth 
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and incubated in orbital shaker at 37oC at 16,100 x g. The GenoPure Plasmid Maxi 

Kit (Roche) was used according to the manufacturer’s instructions to isolate plasmid 

DNA. 

 

2.4.10 Preparation of Bacterial Stocks  
 

Glycerol stocks were created to allow long-term storage of the bacterial colonies. In 

a 1.5ml Eppendorf, 500μl of the bacterial suspension was added to 500μl of 50% 

glycerol:50% LB and mixed well. The glycerol stocks were stored at -80oC for further 

use. 

 

2.4.11 DNA Sequencing  
 

DNA sequencing was performed with The BigDye® Terminator v3.1 Cycle 

Sequencing Kit (Applied Biosystems™) and used according to manufacture’s 

instructions.  

The following reagents were used for each sequencing reaction: 

• 1μl (100ng/μl) Template DNA   

• 2μl Sequencing Primer (1μM) 

• 2μl 5X Big Dye Reaction Buffer 

• 0.14μl Big Dye Terminator V3.1 

• 4.86μl Nuclease Free H20 

Sequencing samples underwent the following cycles on the LightCycler® 480 

(Roche) as detailed below in Table 3:   
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Table 3: PCR amplification cycle parameters for DNA sequencing 

Step no. No. cycles Temperature Time 

Step 1 1 cycle 96oC 20 seconds 

Step 2 25 cycles 96oC  

50oC  

60oC  

 

10 seconds  

5 seconds  

4 minutes  

 

Step 3 1 cycle 4oC Hold  

 

Sequencing samples were stored in the fridge at 40C until sent for sequencing (as 

soon as possible). The Genomics Core Technology Unit in CCRCB performed the 

sequencing reactions. They initially performed an PCR clean-up, followed by 

capillary electrophoresis on the ABI 3730 DNA Analyser. The results were generated 

into FASTA files and analysed on EMBL-EBI Clustal Omega Multiple Sequence 

Alignment. 

 

2.4.12 Stable transduction of cell lines with lentivirus.  
 

HEK-293T cell were seeded into p90 culture dishes in 10mls of media and incubated 

overnight at 37oC and 5% CO2. 

The following day, 9μl of the desired DNA was combined with 27μl of Gene Juice 

transfection reagent and incubated at 5 minutes at room temperature. Following 

this incubation, 3μg of appropriate lentiviral vector (e.g. pLenti CMV Puro) 

containing the gene of interest, 1.5μg VSVG envelope and 4.5μg DVPR packaging 

vectors were all added to the Gene Juice mix, mixed well and incubated in the hood 

at room temperature for 10 minutes. The mix was then added drop wise to the 

HEK-293T cells and incubated overnight at 37oC and 5% CO2. 
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The subsequent day, the media was removed from the cells and replaced with 6mls 

of fresh media and incubated overnight at 37oC and 5% CO2. 

The next day, the desired cell line was seeded out at a density of 50% confluency. 

Viral media was collected off the HEK-293T cells and stored in the fridge overnight. 

6mls of fresh media was added to the HEK-293T cells.  

The following day the media was collected from the HEK-293T cells and combined 

with the 48 hour collection. The viral media was filtered-sterilised (0.45μM filters) 

and 2ml was added with 1:1000 polybrene onto the desired cells and incubated 

overnight at 37oC and 5% CO2. 

The next day, viral media was removed, and cells were washed twice with PBS, 

fresh media was added. 6 hours later, the appropriate selection antibiotic was 

added onto the cells.  

Cells were cultured until all cells in the matching (non-transduced) kill plates were 

dead, then transduced cells were trypsinised and grown in Nunc tissue culture flasks 

and maintained at 37oC in 5% CO2 incubators.  

 

2.5 Western Blot Techniques  
 

Details of extraction buffers and antibodies are detailed in Appendix 1: Buffers & 

Reagents. 

2.5.1 Extraction of Total Protein  
 

Media was aspirated from a P90 tissue culture dish, cells were washed once with 

5ml of PBS and detached using a cell scraper. The cells were transferred to a 15ml 

conical tube and centrifuged for 5 minutes at 5000 x g and 4oC. The cell pellet was 

resuspended in 500μl Erythrocyte Lysis Buffer (ELB) with addition of 1:1000 

Protease Inhibitor Cocktail (PIC) (Roche) and transferred to a 1.5ml eppendorf. To 

ensure lysis of the cells, the cell suspension was passed 10 times through a 21 

Gauge needle and incubated on ice for 20 minutes. To pellet the cell debris, the cell 

suspension was centrifuged for 10 minutes at 16,100 x g and 4oC, and the 
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supernatant which contains the protein was transferred to a new 1.5ml Eppendorf. 

The protein was subsequently quantified and stored at -20oC until quantification 

and further use.  

 

2.5.2 Phospho-Protein Extraction  
 

Media was aspirated from a P90 tissue culture dish and 5ml ice-cold PBS/1mM 

sodium orthovanadate (Na3VO4) was added to the plate. The cells were detached 

using a cell scraper and the cell suspension transferred to a 15ml conical tube and 

centrifuged for 5 minutes at 1000 x g and 4oC. The cell pellet was resuspended in 

100μl of RIPA Lysis Buffer with addition of 1:1000 PIC and 1:100 1mM Na3VO4 

(Phosphatase Inhibitor).  The cell suspension was transferred to a new 1.5ml 

eppendorf and passed 10 times through a 21 Gauge needle. The tubes were 

incubated for 45 minutes on ice. To pellet the cell debris, the samples were then 

centrifuged for 10 minutes at 16,100 x g and 4oC. The supernatant was retained 

(contained the phospho-protein) and transferred to a new Eppendorf. The protein 

was then snap frozen in liquid nitrogen and stored at -80oC prior to quantification 

and use. 

 

2.5.3 Nuclear and Cytoplasmic Protein Extraction  
 

All cell lines were seeded at a density of 1 x 105 cells in a P90 and harvested when 

approximately 80% confluent. Cells were then washed with PBS and scraped using a 

cell scraper and transferred into a 15ml conical tube and centrifuged for 5 minutes 

at 1000 x g and 4oC. The supernatant was removed, and the cell pellet was 

resuspended in 350μl of Nuclear/Cytoplasmic Buffer A and transferred into a 1.5ml 

eppendorf.  This cell suspension was passed 10 times through a 21 Gauge needle 

and incubated for 20 minutes on ice, and then centrifugated for 2 minutes at 16,100 

x g and 4oC. The cell pellet and supernatant were both retained. 

The supernatant was transferred into a fresh 1.5ml eppendorf tube and centrifuged 

for 2 minutes at 16,100 x g and 4oC, the supernatant from this was then transferred 
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into a fresh 1.5ml eppendorf tube, quantified and stored at -20oC. This is the 

cytoplasmic fraction of the protein. 

The cell pellet mentioned above was washed in 500μl of Nuclear/Cytoplasmic Buffer 

A, vortexed for 15 seconds and centrifuged for 2 minutes at 16,100 x g and 4oC, and 

the supernatant was discarded This process was repeated 3 times. The cell pellet 

was resuspended in 350μl of Nuclear/Cytoplasmic Buffer C and lysed on ice for 20 

minutes. Following this, the Bandelin Sonopuls HD2070 (Berlin, Germany) probe-

based ultrasonic homogenizer was used to sonicate the cell suspension twice for 30 

seconds at 40% power. The cell suspension was then centrifugated for 5 minutes at 

16,100 x g and 4oC. The resulting supernatant was transferred to a fresh 1.5ml 

eppendorf, quantified and stored at -20oC. This is the nuclear fraction of the 

protein. 

2.5.4 Protein Quantification  
 

Protein quantification was performed using the Bio-Rad Protein Assay Dye Reagent. 

Bio-Rad reagent was diluted 1:5 with deionised water and mixed to create a 

homogenous suspension. 998μl of Bio-Rad mix was added to a transparent cuvette, 

followed by 2μl of protein sample. The cuvette was then mixed well. Bradford 

absorbance was read at 570nm on Eppendorf Biophotometer (Eppendorf). The 

Machine was blanked with a cuvette containing only Bio-Rad Protein Assay Dye 

Reagent. Samples absorbance was read at 570 nm and appropriate concentration 

was calculated. Samples were then prepared as detailed in section 2.5.6. 

 

2.5.5 Preparation of SDS-Polyacrylamide Gels   
 

Due to the range in size (kDa) of proteins of interest, Bolt 4-12% Bis-Tris Plus pre-

cast gels (Invitrogen) were used for Protein Gel Electrophoresis, and set up as per 

manufacturer’s instructions.  
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2.5.6 Protein Gel Electrophoresis  
 

Generally, 30ug of protein extract per sample was used. All samples were made up 

to the same volume with addition of the appropriate volume of extraction buffer. 

1X protein loading buffer (diluted 1:4 in the total volume of protein sample from 4X 

Bolt LSD Sample Buffer (Novavex Life Technologies)) and 100mM DTT were added 

to each sample, which were subsequently denatured for 5 minutes at 95oC. Samples 

were then cooled and pipetted into the appropriate wells of an SDS-Polyacrylamide 

gel. 5μl of prestained molecular weight protein ladder (PageRuler Plus) was added 

to a separate well. The gel was electrophoresed with 500ml 1X running buffer at 

120 volts (V) for approximately 1 hours 30 minutes, or until the dye front had ran 

through the bottom of the gel. 

 
 

2.5.7 Transfer to Membrane  
 

Following electrophoresis of the gel, a Bio-Rad electrophoresis tank was used to 

transfer the proteins onto an Immobilon-P Transfer Membrane (Merck Millipore). 

1X transfer Buffer was prepared with 15% methanol and pre-chilled. The membrane 

was cut to appropriate size, activated by soaking in 100% methanol for 30 seconds, 

and immersed in 1X transfer buffer with 15% methanol. Sponge pads and filter 

paper (cut to size of the sponge pads) were also immersed in the 1X transfer buffer 

with 15% methanol. The components for the transfer process were set up in the 

following order on the black side of the transfer cassette; 2x sponge pad, 3x filter 

paper, gel, transfer membrane, 3x filter paper, and 1x sponge pad. Each component 

was rolled and smoothed to ensure removal of all air bubbles. The cassette was slid 

shut, being careful not to move any of the components. The cassette was placed 

inside an electrode module tank which was pre-filled with 800ml of 1X transfer 

buffer with 15% methanol. A frozen cool pack was placed inside the tank. Proteins 

were transferred at 80V for 2 hours at room temperature and periodically checked 

to ensure the tank was kept cool. Efficient transfer was evaluated by 5 minute 

incubation of the membranes in 15ml of Ponceau S solution (Sigma-Aldrich) at room 

temperature with shaking. The Ponceau S was staining removed by several vigorous 
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washes in Tris-Buffered Saline with Tween (TBST) until no residual pink staining was 

removed into the solution. 

 

2.5.8 Immunoblotting   
 

Following transfer, membranes were incubated for 1 hour at room temperature in 

the appropriate blocking solution; TBST with 5% Marvel dry milk (Chivers, Ireland) 

or 5% Bovine Serum Albumin (Santa Cruz Biotechnology, Dallas). An optimised 

concentration (detailed in Appendix 1: Buffers & Reagents) of primary antibody 

specific to the protein of interest was added to 1ml of appropriate blocking 

solution. Following incubation with blocking solution, membranes were incubated 

in primary antibody overnight at 4oC. The following day, membranes were washed 

in TBST for 5 minutes. This wash step was repeat 5 times. Subsequently, 

membranes were incubated for 1 hour, with rotation, in 12ml of the same blocking 

solution that the membranes were initially blocked in, with addition of 1:2000 

dilution of the appropriate HRP-conjugated secondary antibody. The membrane 

was washed again 5 times in TBST for 5 minutes each. The chemiluminescent 

substrate Luminata Crescendo (Millipore) was pipetted onto the whole membrane 

and incubated for 5 minutes at room temperature. The HRP activity was visualized 

by placing the membrane into the visualisation chamber of the Syngene G-Box 

(Syngene) and imaged using GeneSys software (Syngene).   

 

2.5.9 Co-Immunoprecipitation 
 

Phosphoprotein was extracted as described in section 2.5.2. 50μl of DynaBeads 

(Invitrogen) per pull down were washed 3 times in 1ml ELB buffer + 1:1000 Protease 

Inhibitor Cocktail (PIC). Each reaction requires 4 pulldowns (Antibody, IgG control 

and two protein preclears). All ELB wash buffer was removed and the DynaBeads 

were resuspended in 100μl per pull down of ELB + 1:1000 PIC.  

3μg of Antibody of interest was added to 100μl of the resuspended Dynabeads. 

0.3μg of the appropriate IgG control (Dakocytomation) was added to another 100μl 
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of the resuspended Dynabeads. Subsequently, 1mg of the protein lysate was added 

to two aliquots of 100μl each of the resuspended Dynabeads.  The volume in all 4 

pull down eppendorfs was made to 500μl with ELB. Eppendorfs were then rotated 

for at least 4 hours at 4oC.  

Following the incubation at 4oC, the antibody and IgG conjugated DynaBeads were 

washed 3 times in 1ml ELB buffer + 1:1000 PIC. All liquid was removed, and 1mg of 

the precleared lysate was added to the appropriate conjugated DynaBeads. Pull 

downs were then rotated overnight at 4oC.  

The subsequent day, the beads were washed 5 times in 1ml ELB buffer + 1:1000 PIC. 

All liquid was removed (interacting proteins should be conjugated to the antibody 

on the beads). 20μl of Protein Sample Buffer (5μl Bolt Dye, 2μl 100μM DTT, 13μl 

ddH20) was added to each pulldown and boiled at 95oC for 10 minutes, with brief 

vortexing every 2 minutes. The supernatant (containing interacting proteins) was 

removed from the beads. 

Antibody and IgG pull downs were loaded alongside 15μg input control onto an 

SDS-Polyacrylamide gel (as described in section 2.5.5). Samples were 

immunoblotted (as described in sections 2.5.6 – 2.5.8).  

 

2.6 Immunofluorescence  
 

2.6.1 Fixation of cells  
 

A 13mm round glass coverslip (VWR) was placed into an individual well of a 6-well 

plate. 80,000 cells were seeded onto each coverslip and incubated at room 

temperature for 15 minutes to allow adherence to the coverslip. 2ml media was 

then carefully added to the well. Cells were incubated overnight at 37oC and 5% 

CO2. The following day, cells were incubated for 15 minutes at room temperature in 

4% paraformaldehyde in PBS. Following this fixation process, cells were washed 

twice with PBS and stored at 4oC prior to immunostaining.  
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2.6.2 Immunostaining   
 

The appropriate volume of blocking solution was made up with 2% FBS, 0.5% Triton 

X100 in PBS. Coverslips were carefully transferred in duplicate to single wells of a 

24-well tissue culture plate and incubated for 30 minutes at room temperature in 

400μl of the blocking solution. Blocking solution was pipetted off and replaced with 

400μl of blocking solution with addition of appropriate concentration of primary 

antibody of interest and incubated overnight at 4oC.  

The following day, primary antibody solution was removed, and coverslips were 

incubated in 400μl of fresh blocking solution for 5 minutes at room temperature 

with gentle rocking. The blocking solution was removed and again replaced with 

fresh blocking solution, incubated for 5 minutes and repeated 3 times.  Following 

these blocking wash steps, coverslips were incubated in 400μl of blocking solution 

with addition of 1:500 FITC-conjugated secondary antibody. The 24 well plate was 

subsequently covered in aluminium foil and incubated for 1 hour at room 

temperature. As before, the cells were washed in 400μl blocking solution 4 times. 1 

drop ProLong Gold Antifade (Invitrogen) containing DAPI (diamidino-2-

phenylindole) was pipetted onto a glass Superfrost Microscope Slide (Thermo Fisher 

Scientific). The addition of DAPI is used to detect nuclear immunostaining. 

Coverslips are quickly mounted (the side covered in cells facing towards the slide) 

onto the drop of ProLong Gold.  Slides are placed in a rack and covered in 

aluminium foil, kept at room temperature overnight and can be stored at -20oC for 

up to 2 months before imaging.   

 

2.6.3 Fluorescent Microscopy  
 

The Axio Vision software (Carl Zeiss Microscopy) on the Axiovert 200M microscope 

(Zeiss) were used image and visualise the immunostained cells. 
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2.7 Phenotypic Assays 
 

2.7.1 Clonogenic & Crystal Violet Staining   
 

Following siRNA treatment (as described in section 2.3.1), cells were seeded at a 

density of 4 x 103 cells per well in triplicate wells of a 6-well plate.  Cells were 

incubated at 37oC and 5% CO2 for 14 days. Media was replaced in all wells once a 

week. Following the 14 days incubation, media was removed from the wells and 

1ml 0.5% crystal violet solution (Appendix 1: Buffers & Reagents) and rocked at 

room temperature for 20 minutes.  Residual crystal violet was removed by gently 

immersing the plate in water, and then airdried at room temperature overnight.  

The following day 300μl of 0.2M Sodium Citrate solution (Appendix 1: Buffers & 

Reagents) was added to each well and rocked at room temperature for 30 minutes. 

200μl of each well was pipetted into a 96 well plate and absorbance was quantified 

at 570nm on a BioTrak II Plate Reader. Each sample was normalised to the control. 

 

2.7.2 Migration Assay 
 

Cells were seeded in triplicate in 24 well plates at a density of 50,000 cells per well. 

1ml media was then carefully added to the well. Cells were treated with appropriate 

siRNA (as described in section 2.3.1) and incubated for 72 hours at 37oC and 5% 

CO2. Post 72 hours, media was removed from the wells. Using a p1000 pipette tip, a 

uniform scratch was made, by scratching the tip from the top to the bottom of the 

cell monolayer. Cells were washed once in PBS and 1ml of fresh media was returned 

to the well. A line was drawn on the bottom of the well perpendicular to the 

scratch. Cells were imaged on EVOSXL Core (Invitrogen) microscope at 10X 

magnification at timepoints of 0 hours, 16 hours, 18 hours and 24 hours.  

Scratches were imaged with ImageJ software and the surface area of the wound 

was measured.  
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% closure was calculated by the below equation: 

Equation 2: Calculation of % wound scratch closure   

100%  -  (
𝑤𝑜𝑢𝑛𝑑 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎

𝑤𝑜𝑢𝑛𝑑 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒 𝑎𝑡 0ℎ𝑟
) 

The three replicates were then averaged and normalised to the Scrambled siRNA 

control.  

Results were plotted on Prism5 software.  

 

2.7.3 Invasion Assay 
 

Cells were seeded in p90 cell culture dishes. Cells were treated with appropriate 

siRNA (as described in section 2.3.1) and incubated for 72 hours at 37oC and 5% 

CO2.  

On the day prior to the 72 hour timepoint, the Matrigel plate was prepared. The 

appropriate number of Boyden chambers (Greinerbio-one) were placed in a 24 well 

plate. Enough Boyden chambers were used for each sample to be seeded in 

triplicate and two cell free controls per experiment.  

Care was taken to keep all Matrigel and tips cold on ice (Matrigel solidifies at room 

temperature). Matrigel (Corning) was thawed and diluted in OptiMEM to a 

physiologically relevant concentration of 0.222 mg/ml. 150μl of Matrigel/SFM 

solution was added to the top of each Boyden Chamber. Each plate was wrapped in 

clingfilm (to ensure sterility) and placed in the cold room (4oC) overnight.  

On the subsequent day, cells were trypisinsed, spun out of trypsin (12,000 x g) for 5 

minutes at room temperature) and the cell pellet was washed in 5mls OptiMEM to 

remove all extracts of media and trypsin (12,000 x g) for 5 minutes at room 

temperature). The cell pellet was then resuspended in 2mls of SFM. Cells were 

counted (as described in section 2.1.4), and each cell suspension was diluted as 

appropriate to a concentration of 1 million cells per millilitre. 250μl of this diluted 

cell suspension was plated in triplicate on top of the appropriate Matrigel coated 

Boyden chambers (250,000 cells per chamber). 250μl of OptiMEM was added to the 
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top of the control chambers. 500μl of appropriate media (containing serum) was 

added to the bottom of all chambers. Invasion assay was incubated for 24 hours at 

37oC and 5% CO2. 

 

 

 

 

Fig 17. Schematic demonstrating the set up of the Boyden Chamber for Invasion Assay. 

Post 24 hours incubation, chambers were removed from the invasion assay plate 

and the inside of the chamber was carefully wiped with cotton wool, with special 

care taken not to touch the bottom of the membrane.  

Cells were fixed in 1ml 100% Methanol for 10 minutes at room temperature. 

Subsequently, chambers were placed into 1ml of Crystal Violet for 30 minutes at 

room temperature. Chambers were then washed in beakers of running tap water, 

until the water ran clear. The chambers were dried for several hours. Once fully 

dried, the membranes were cut out of the chamber and placed into clean wells. 

Membranes were destained in 300μl of 0.2M Sodium Citrate solution (detailed in 

Appendix 1: Buffers & Reagents) for 30 minutes at room temperature. 200μl of this 

destained crystal violet solution was pipetted into the appropriate well of a 96 well 

plate. The plate was read on a FLUostar Omega Plate Reader (BMG Labtech) at a 

wavelength of 570nm.  

Invasion was calculated with the below equation; 

Equation 3: Calculation of % cell invasion   

(Average of 3 triplicates) – (Average cell free controls) 

Each Sample was then normalised to the Scrambled siRNA control. Results were 

graphed on Prims5 software.  

 

150μl Matrigel 

(Simulates ECM)  

250μl Cells 
(at a concentration of 1mil/ml) 

500μl Serum Supplemented Media 
(creates Chemotactic Gradient) 
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2.8 RNAseq 
 

Cells were seeded in p90 cell culture dishes. Cells were treated with appropriate 

siRNA (as described in section 2.3.1) and incubated for 72 hours at 37oC and 5% 

CO2. This was repeated for 3 biological replicates.  

NanoDrop 1000 spectrophotometer (Thermo Fisher Scientific) was used for 

quantifying the concentration and purity of RNA samples (as described in section 

2.3.4).  

The Core Technology Unit in CCRCB performed the library preparation, quality 

control and RNA sequencing.  

Dr Buckley (School of Pharmacy, Queen’s University Belfast) analysed the FASTA 

files using the lima pipeline on R software, using a matrix to account for possible 

batch effect.  

Genes that were differential between the scrambled siRNA and the various siRNA 

treatments were filtered to only include those with a significant p value of <0.05 

and a fold change of more than +/-1.  

2.9 Invivo Animal Experimentation   
 

This experiment used female SCID mice kindly gifted by Dr Karl Butterworth (Centre 

for Cancer Research and Cell Biology, Queen’s University Belfast).  

Mice were housed in the Biological Services Unit (BSU), Queen’s University Belfast. 

Staff at the BSU were responsible for animal feeding and bedding. 36 mice were 

used in total, 6 mice per sample group.  

Hs578T and MDA-MB-231 stable shorthairpin SCR, TGFβ2 and TGFβR3 were 

cultured as detailed in Section 2.1.3 and passaged for at least 3 passages. Cells were 

tested for mycoplasma presence using Hoechst 33258 kit as per manufacturer’s 

instructions.  
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Cells were trypsinised and counted as detailed in section 2.1.4. 5 million cells per 

mouse were required, with enough extra for four more mice. Volume of cells 

required was calculated and 50 million cells were spun out of trypsin and media for 

5 minutes at 13,000 x g. Cells were then resuspended in 1ml (100µl per mouse and 

four extra) of 50:50 Matrigel (Corning Life Science) : 1xPBS. The cell mix was 

immediately transported on ice to the BSU.    

Animals were weighed and anesthetised using Isoflourane as per University and 

Licence regulations. Once anesthetised, animals were subcutaneously injected in 

one flank with 100µl of the appropriate cell mix. Animals were monitored for the 

subsequent hour to ensure no adverse effects to the anaesthetic or injection.  

Animals were subsequently weighed and tumour length and breadth measured with 

callipers three times a week for eight weeks post engraftment. Tumour size was 

calculated as a weekly average for each mouse.  

Animals were culled by increasing the CO2 concentration as per University and 

Schedule 1 regulations. Mice were dissected and organs visually inspected for signs 

of metastasis. Lungs were collected and snap frozen to use as protein samples in 

the future. Tumours were excised and placed in 1ml RNAlater (Thermofisher). 

Tumour samples in RNAlater were kept in the fridge at 4oC overnight and then 

subsequently placed in -80oC until further use.  

Following appropriate incubation in RNAlater, tumours were placed in a cold 2ml 

microcentrifuge eppendorf containing two stainless steel beads 5mm in diameter 

(Qiagen) and incubated on dry ice for 5 minutes. Tumours were homogenised using 

TissueLyser LT (Qiagen) at 30 Hz for 2 minute intervals until tumours were 

completely homogenised. RNA was then extracted as detailed in section 2.3.3, 

quantified as detailed in section 2.3.4, cDNA synthesised as detailed in section 2.3.5 

and Real Time PCR performed and analysed as detailed in section 2.3.6.  
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2.10 Statistical Analysis   
 

Unless otherwise stated, statistical analysis tests were performed using GraphPad 

Prism Software. The statistical analysis test used for each experiment is provided in 

the relevant figure legend. 
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Chapter 3 Results 
3. Dysregulation of TGFβ2, YWHAZ, GLI2, SMAD 

Signalling Drives EMT in TNBC.  
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3.1 Chapter Rationale 
 

Despite significant treatment advances for other Breast cancer subtypes, the 

standard of care chemotherapy for TNBC patients in the UK remains as the DNA 

damaging cocktail, FEC (5-Fluorouracil, Epirubicin, Cyclophosphamide), which is 

associated with a very poor deterioration in quality of life. TNBC and inflammatory 

Breast cancers are more likely to be treated before surgery (Neo-adjuvant 

chemotherapy) and this has been shown to give better Overall survival rates (210). 

Of all the Breast cancer subtypes, TNBCs are associated with the highest rate of 

chemoresistance and rate of relapse, with only one third of TNBC patients surviving 

past 5 years post treatment (94).  

The most common cause for this high rate of relapse is due to the aggressive 

biology of TNBCs and their intrinsic high rate of Epithelial to Mesenchymal 

Transition (EMT) and metastasis to secondary tissues (211). Once cancer cells have 

spread to a secondary site, it becomes a lot harder to treat and is associated with a 

wide variety of complications. Understanding the mechanisms and cellular 

processes TNBCs undergo to become so migratory and metastatic has the potential 

to aid the development of new stratified therapies to prevent TNBC metastasis and 

spread to secondary tissues, and keep the tumour localised and easier to treat with 

the standard of care treatment (and thus reducing chemoresistance and relapse).  

TGFβ2 signalling has previously been identified to function as a tumour suppressor 

in normal Breast epithelium, but to drive EMT and metastasis in TNBC tumours 

(146). This chapter investigates the mechanism(s) driving this drastic switch in 

function of TGFβ2 signalling, its effect on cell phenotype and differences using 

representative poor outcome (Claudin low) and good outcome (Basal-like) TNBC cell 

lines.  
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3.2 Investigation of TGFβ2 pathway component expression levels in 

Claudin low versus Basal-like TNBC cell lines 
 

Although descriptive, Claudin Low cell lines have previously been described as ‘poor 

outcome’, due to hyperactive chemoresistance and upregulated EMT pathways. 

Basal-like cell lines have been designated as ‘good outcome’ cell lines as they are 

more responsive to chemotherapy treatment, and they are less prone to migratory 

phenotypes (112). For these reasons, we propose that there is rationale for 

investigating if the TGFβ2 pathway is playing roles in driving metastasis in the poor 

outcome setting and if the pathway components demonstrate difference in 

expression levels between the two groups. This thesis has taken Pratt et al TNBC 

classifications, thus Hs578T, MDA-MB-231 and SUM159 cell lines are Claudin low, 

and HCC3153, HCC1937 and MDA-MB-468 cell lines are Basal-like (112). Although it 

is well described that Claudin low cell lines are more chemoresistant than Basal like 

cell lines, it has not been investigated whether they also display a more migratory 

phenotype and whether this may play a role in their poor outcome characterisation. 

For this reason, there is rationale to investigate the migratory phenotype of Claudin 

low and Basal like cell lines to establish if Claudin low cell lines are indeed more 

migratory and prone to metastasis. To investigate this, we performed a wound 

scratch assay on 3 Claudin low and 3 Basal like parental cell lines.  

Cells were seeded in triplicate at a density of 50,000 cells per 24-well dish (25,000 

cells/cm2) and incubated for 72 hours. Intact monolayers were wounded via pipette 

tip scraping 72 hours later and the wound size closure was measured 16, 18 and 24 

hours post wounding. At all 3 time points all 3 Basal-like cell lines had a lower rate 

of migration compared to the Claudin low cell lines (Fig.18 A).  
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Figure 18. Claudin Low cell lines are more migratory than Basal like cell lines. Bar graph of 

migration assay of a panel of parental Claudin low and Basal-like TNBC cell lines seeded at a 

density of 50,000 cells per well, scratched and imaged 72 hours later and further imaged at 

16 hours, 18 hours and 22 hours post wound and normalised to appropriate the scratch at 

0hr. Scratch surface area was calculated using ImageJ software. Error bars represent mean 

+/- SEM of three independent experiments. 

 

As Claudin low and Basal-like cell lines are associated with poor prognosis and good 

prognosis respectively, we investigated whether the TGFβ2 pathway components of 

interest; TGFβ2, YWHAZ, GLI2 and FOXC1 are upregulated in the Claudin low (poor 

outcome) cell lines to elucidate whether upregulation of any of the pathway 

components could be contributing to TNBC poor prognosis. This was firstly 

investigated at the mRNA level. One normal Breast epithelium cell line (HME1) was 

also measured alongside the Claudin low and Basal-like cell lines, as a control to 

determine whether the pathway components were upregulated in the general 

TNBC setting (Fig. 19).  

TGFβ2 mRNA was upregulated by 8-fold in the Hs578T cells, and 3-fold in MDA-MB-

231 cell line compared to normal Breast epithelium and Basal-like cell lines. In the 

MDA-MB-468 cell line, TGFβ2 mRNA was upregulated by 2-fold compared to normal 

HME1 Breast epithelium cell line (Fig. 19 A (i)). YWHAZ was again highly upregulated 

in Hs578T cells, by 1.75-fold and was also upregulated in HCC1937 cell line by 1.5-

fold compared to the normal Breast epithelium HME1 cell line (Fig. 19 A (ii)).  
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GLI2 was upregulated by 8-fold in the Hs578T cell line and was also upregulated by 

3-fold in the MDA-MB-231 and 2-fold in the HCC1937 cell lines compared to the 

normal Breast epithelium cell line (Fig. 19 A (iii)). 

FOXC1 was marginally upregulated in the Claudin low cell lines Hs578T, SUM159 

and MDA-MB-231 by 1.5 to 2-fold compared to the normal Breast epithelium cell 

line. FOXC1 was highly upregulated in the Basal-like cell lines MDA-MB-468 and 

HCC1937 by 4-fold and 3-fold respectively compared to the normal like Breast 

epithelium and the Claudin low cell lines (Fig. 19 A (iv)).  

At the protein level, GLI2 and FOXC1 appeared highly expressed in the Claudin low 

cell lines compared to the Basal-like cell lines, with levels at least 3-fold higher 

overall. Total SMAD2/3 appeared highly expressed in the Claudin low cell lines, 

particularly in the Hs578T cell line. pSMAD2/3 also appeared highly expressed in the 

Hs578T cell line but was not consistently higher in Claudin low lines compared to 

Basal-like lines. YWHAZ appeared highly expressed in the Claudin low cell lines 

compared to the Basal-like cell lines overall (at least 2-fold upregulated), however 

YWHAZ was also highly expressed in the MDA-MB-468 Basal-like cell line (Fig. 19 B).  
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Figure 19. T-Y-G-F pathway components elevated in Claudin low cell lines. (A) Bar graph of 

qPCR values for (i) TGFβ2, (ii) YWHAZ, (iii) GLI2 and (iv) FOXC1 mRNA levels in a panel of 

parental TNBC cell lines (3 Claudin low and 3 Basal-like, as indicated) and a normal 

epithelial Breast line (HME1), with SDHA mRNA used as a housekeeping control. Error bars 

represent mean +/- SEM of three independent experiments. (B). Immunoblotting of GLI2, 

phosphoSMAD2/3, total SMAD2/3 and YWHAZ protein levels in a panel of parental Claudin 

low and Basal-like TNBC cell lines.  Vinculin protein expression levels were used as a loading 

control.  
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Figure 19 C. T-Y-G-F pathway components elevated in Claudin low cell lines. Bar graph of 

optical densitometry corresponding to Fig.19 B western blot for (i) GLI2, (ii) pSMAD2/3, (iii) 

SMAD2/3, (iv) FOXC1 and (v) YWHAZ protein levels in a panel of parental TNBC cell lines (3 

Claudin low and 3 Basal-like, as indicated) and the averaged values of both groups of cell 

lines. Optical densitometry values were normalised to those of the vinculin loading control.  

 

As only testing 3 Claudin low and 3 Basal-like cell lines is such a small sample 

number, bioinformatic analysis was essential to further test gene expression levels 

of the TGFβ2 pathway components in the Claudin low vs Basal-like setting with a 

larger sample size. For this purpose, I investigated the E-TABM-783 dataset, which is 

comprised of 7 Claudin low and 10 Basal-like cell lines.  
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In this dataset, there were 4 probesets for TGFβ2, YWHAZ, and GLI2, and just a 

single probeset for FOXC1. For demonstration purposes, I selected two probesets 

for TGFβ2, YWHAZ and GLI2 gene expression levels (Fig. 20 (ii), (iv) and (vi)). To 

demonstrate the gene expression in the dataset as a whole, I took the gene 

expression values for all 4 probesets and combined them into one graph (Fig. 20 (i), 

(iii), (v). As FOXC1 had only one probeset, there is only one graph of gene 

expression for this gene (Fig. 20 (vii)).  

In both representations of 2 probesets and all 4 probesets combined, the mean of 

TGFβ2, YWHAZ and GLI2 gene expression was elevated in the Claudin low cell lines 

compared to the Basal-like cell lines (Fig. 20 (i), (ii), (iii), (iv), (v) and (vi)). Conversely, 

FOXC1 mean gene expression levels was upregulated in the Basal-like cell lines 

compared to the Claudin low cell lines (Fig. 20 (vii)).  
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Figure 20. TGFβ2, YWHAZ and GLI2 overexpressed in Claudin low cell lines in an external 

dataset. Box and whiskers plot of gene expression data from E-TABM-783 (Garnet et al.,) of 

(i+ii) TGFβ2, (iii+iv) YWHAZ, (v+vi) GLI2 and (vii) FOXC1. The dataset comprised 4 probesets 

each for TGFβ2, YWHAZ, GLI2 and one probeset for FOXC1. Parts (ii), (iv) and (vi) 

demonstrate the differential of gene expression between Claudin low cell lines and Basal-

like cell lines for two of the four probsets. Parts (i), (iii), (v) and (vii) demonstrate the 

differential of gene expression between Claudin low and Basal-like cell lines with all the 

probeset hits for each gene taken together. In this dataset Claudin low group is comprised 

of 7 cell lines and Basal-like group is comprised of 10 cell lines.  Each point on the graph 

represents the relative gene expression of one probeset of one cell line. Error bars 

represent mean +/- SEM of three independent experiments. Mann Whitney statistical 

analysis; * (p=<0.05). 
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3.3 Investigation of TGFβ2 pathway components and phospho-SMAD2/3 

protein levels 
 

It has previously been described that TGFβ2 signals through SMAD2/3 activation to 

pSMAD2/3 to activate transcription of target genes. This TGFβ2-pSMAD2/3 

signalling cascade occurs in both normal Breast epithelium and TNBC cells (146). 

Therefore, it was necessary to investigate whether all pathway components were 

playing a role in SMAD2/3 activation and therefore affecting transcription of target 

genes, and potentially representing possible targets for novel treatments 

downstream of TGFβ2-pSMAD2/3. We analysed SMAD2/3 activation by monitoring 

if phosphoSMAD2/3 (the active form) protein levels changed when T-Y-G-F 

components were knocked down.  

To investigate this we knocked down the T-Y-G-F pathway components by siRNA 

and investigated at the RNA and protein level whether any of the components 

affect the transcription or translation of each other as it is thought that GLI2 

signalling results in a feed forward loop of GLI2 and TGFβ2 transcription, however 

this has never been shown in TNBC cells. Furthermore, we investigated the levels of 

pSMAD2/3 and SMAD2/3 with knockdown of the T-Y-G-F pathway components to 

examine the pathway component roles in pSMAD2/3 activation and if there is a 

‘main driver’ of SMAD activation in this pathway.  

siRNA treatment was chosen to knock down the T-Y-G-F genes as knockout of GLI2 

is lethal to breast cells, so CRISPR knockout would kill all cells with GLI2 knockdown 

and would not be an appropriate method to conduce GLI2 investigation.  

Fig. 21 demonstrates that each siRNA significantly knocked down the target gene, 

while none of the other TGFβ2 pathway components were significantly affected 

(Fig. 21 (i)-(iv)).  At the protein level, GLI2 protein levels were reduced by YWHAZsi, 

GLI2si and FOXC1si in both Hs578T and MDA-MB-231 cell lines (Fig. 22 A and B). 

TGFβ2si also reduced GLI2 protein levels in MDA-MB-231 cells (Fig. 22 B). 

pSMAD2/3 protein levels were reduced by GLI2si and FOXC1si in the Hs578T cell 

line (Fig. 22 A), while YWHAZsi and FOXC1si reduced pSMAD2/3 levels in MDA-MB-

231 cells (Fig. 22 B). Total SMAD2/3 protein levels remained unchanged with 
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knockdown of any of the TGFβ2-YWHAZ-GLI2-FOXC1 (T-Y-G-F) pathway components 

in MDA-MB-231 cells (Fig. 22 B), however, TGFβ2si and YWHAZsi reduced SMAD2/3 

protein expression in Hs578T cells (Fig. 22 A). YWHAZ protein levels remained 

unchanged in MDA-MB-231 cells (although reduced with YWHAZsi) (Fig. 22 B), 

however GLI2si and FOXC1si slightly upregulated YWHAZ protein levels in Hs578T 

cell lines (again YWHAZsi downregulated YWHAZ protein) (Fig. 22 A).  

Figure 21. T-Y-G-F pathway components do not affect transcription of each other. Bar 

graph of (i) TGFβ2, (ii) YWHAZ, (iii) GLI2 and (iv) FOXC1 mRNA levels after 72 hour 

treatment with scrambled (scr), TGFβ2, YWHAZ, GLI2 and FOXC1 siRNAs in Hs578T cells. 

mRNA levels were determined by qPCR using SDHA as a housekeeper and normalised to 

scrambled (scr) control. Error bars represent mean +/- SEM of three independent 

experiments. Paired T test statistical analysis; * (p=<0.05), ** (p=<0.01) and *** (p=<0.001). 
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Figure 22. Immunoblotting of GLI2, phosphoSMAD2/3, total SMAD2/3 and YWHAZ protein 

levels  after 72 hour treatment with Scrambled (SCR), TGFβ2, YWHAZ, GLI2 and FOXC1 

siRNAs in (A) Hs578T and (B) MDA-MB-231 cells, using Vinculin expression levels as loading 

control.  

 

3.4 Investigation of the effects of altering TGFβ2 pathway components 

on cell viability in Claudin low and Basal-like cell lines 
 

As previously described, the TGFβ2 signalling pathway has been shown to 

upregulate genes associated with cell survival and proliferation, however, it is not 

known what mechanisms and particular genes are driving this essential tumour 

process. In order to investigate cell survival, the best model is to use a clonigenic 

assay with siRNA knockdown of each gene of the pathway. Cells were incubated for 

14 days with siRNA to measure which genes had the most prominent effect on cell 

viability. Like previously, this was carried out in 3 Claudin low and 3 Basal-like cell 

lines to investigate the effect of altering TGFβ2 signalling pathway on TNBC cell 

survival.  

Knockdown of TGFβ2, YWHAZ, GLI2 by siRNA demonstrated a trend of reduced cell 

viability by crystal violet staining (Fig. 23 A) and subsequent Sodium Citrate 

absorption (Fig. 23 B) in Claudin low Hs578T, MDA-MB-231 and SUM159 cell lines. 

FOXC1si demonstrated no effect on cell viability in all 3 cell lines (Fig. 23 B (i), (ii) 

and (iii)). Only GLI2si significantly reduced cell viability by 55% and 75% in MDA-MB-

231 (Fig. 23 B (ii)) and SUM159 (Fig.23 B (iii)) cell lines respectively.   
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In Basal-like cell lines, crystal violet staining (Fig. 24 A) and subsequent Sodium 

Citrate absorption (Fig. 24 B), showed that YWHAZsi and GLI2si demonstrated a 

non-significant trend of reduced cell viability in HCC3153, HCC1937 and MDA-MB-

468 cell lines. Again, GLI2 was the only gene to demonstrate statistically significant 

effects, reducing cell viability by 55%, 50% and 75% in HCC3153 (Fig. 24 B (i)), 

HCC1937 (Fig. 24 B (ii)) and MDA-MB-468 (Fig. 24 B (iii)) cell lines, respectively.  

Figure 23. Claudin low cell line viability reduced by knockdown of YWHAZ and GLI2. 

Clonogenic Assays in Claudin Low TNBC Cell Lines following treatment with scrambled 

(SCR), TGFβ2, YWHAZ, GLI2 and FOXC1 siRNAs for 48 hours. Cells were seeded at a density 

of 200 cells per cm2 and crystal violet stained. Scanned images (A) 10 days later showing i) 

Hs578T ii) MDA-MB-231 and iii) SUM159 TNBC cell lines, respectively. (B) Bar graphs 

showing quantified crystal violet absorption values normalised to SCR-treated controls in 

the i) Hs578T ii) MDA-MB-231 and iii) SUM159 cell lines, respectively. Error bars represent 

mean +/- SEM of three independent experiments. Paired T test statistical analysis; * 

(p=<0.05), ** (p=<0.01). 
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Figure 24. Basal like cell line viability reduced by knockdown of YWHAZ and GLI2. 

Clonogenic Assays in Basal-like TNBC Cell Lines following treatment with scrambled (SCR) , 

TGFβ2, YWHAZ, GLI2 and FOXC1 siRNAs for 48 hours. Cells were seeded at a density of 200 

cells per cm2 and crystal violet stained. Scanned images (A) 10 days later showing i) 

HCC3153 ii) HCC1937 and iii) MDA-MB-468 TNBC cell lines, respectively. (B) Bar graphs 

showing quantified crystal violet absorption values normalised to SCR-treated controls in 

the i) HCC3153 ii) HCC1937 and iii) MDA-MB-468 cell lines, respectively. Error bars 

represent mean +/- SEM of three independent experiments. Paired T test statistical 

analysis; * (p=<0.05), ** (p=<0.01). 
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3.5 Effect of TGFβ2 pathway components on cell migration and invasion 

in Claudin low and Basal-like cell lines 
 

As described by Xu et al, the phenotypes most prominently regulated in TNBC by 

the TGFβ2 pathway, is migration and invasion (146). However, again it is not known 

which mechanism(s) or cellular process(es) are operating downstream to drive 

these metastatic phenotypes. As eluded to already, TGFβ (and in particular for this 

thesis, TGFβ2) has a well described tumour suppressor role in normal Breast 

epithelium. This raises the question of why the role of the TGFβ pathway appears to 

promote such aggressive invasion phenotypes in a significant number of different 

cancer types. Xu et al (and more latterly a commentary by Ten Dike et al.,) proposed 

that the T-Y-G-F signalling axis could explain some of the phenotypes observed in 

Breast cancer, with respect to why TGFβ2 function is switched so dramatically ‘to 

the dark side’ in Breast cancer compared to normal Breast homeostasis (146), (212). 

Specifically within the TNBC subtype, there are clearly tumours which are 

predisposed to invade early and are associated with particularly poor clinical 

outcomes (96). So from an in vitro perspective, we were therefore interested in 

investigating the T-Y-G-F role in the Claudin low vs Basal-like setting, with respect to 

phenotypes such as migration and invasion to investigate whether T-Y-G-F 

components are driving these poor prognosis phenotypes in the poor outcome 

setting.  

 

To investigate T-Y-G-F migration effects, cells seeded in triplicate in 24 well plates at 

a density of 25,000/cm2, then subsequently treated with siRNA for 72 hours. Cell 

monolayers were then wounded using a pipette tip and wound size was measured 

16, 18 and 22 hours post wounding. Rate of migration was normalised to the 

appropriate scrambled siRNA treated control.  

In Claudin low cell lines (Fig.25) Hs578T, MDA-MB-231 and SUM159, knockdown of 

all 4 T-Y-G-F genes at each of the three timepoints demonstrated a trend of 

downregulated migration. In the Hs578T cell line, TGFβ2si significantly reduced 

migration by 30% at all 3 timepoints. YWHAZsi significantly reduced migration by 
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35% 18 hours post wound. YWHAZsi also reduced migration by 35% 16 and 22 hours 

post wounding, however they were not deemed significant. GLI2si reduced 

migration significantly by 40% and 30% at 16 hours and 18 hours post wounding, 

respectively. FOXC1si significantly reduced migration by 25% 16 hours post 

wounding (Fig. 25 A). In the MDA-MB-231 cell line, TGFβ2si significantly 

downregulated migration by 45% and 50% by 16 hours and 22 hours post 

wounding, respectively. YWHAZsi significantly reduced migration by 35% at both 16 

hours and 18 hours post wounding. GLI2si significantly reduced migration by 40% in 

both 16 and 18 hours post wounding, and by 50% at 22 hours post wound. FOXC1si 

demonstrated a trend of downregulated migration but these reductions were not 

deemed to be significant (Fig. 25 B). In SUM159 cells, TGFβ2si and YWHAZsi 

demonstrated negligible effects on migration. However, GLI2si demonstrated 

significant reduction of migration by 50% in all 3 timepoints. FOXC1si significantly 

downregulated migration by 10% and 20% at 18 and 22 hours post wounding, 

respectively (Fig. 25 C).  

 

In Basal-like cell lines (Fig. 26) only HCC3153 cells demonstrated a trend of 

downregulation of migration with all gene (T-Y-G-F) knockdowns (Fig. 26 A). In 

HCC3153 cells, TGFβ2si significantly reduced migration by 35% at all 3 timepoints. 

YWHAZsi significantly reduced migration by 40% at all 3 timepoints. GLI2si 

significantly downregulated migration by 55% at 16 hours post wounding, and by 

40% at both 18 and 22 hours post wounding. FOXC1 demonstrated a trend of 

downregulated migration by 30% at all timepoints, but was only statistically 

significant 22 hours post wounding (Fig. 26 A). In HCC1937 cell line, knockdown of 

all genes demonstrated negligible effect on migration. The only statistically 

significant effects were observed 18 hours post wounding, when migration was 

reduced by 15% with YWHAZsi, and 20% by GLI2si (Fig. 26 B). In the MDA-MB-468 

cell line, TGFβ2si, YWHAZsi and GLI2si demonstrated a slight trend of upregulation 

of migration at each of the three timepoints, however, they were not deemed 

statistically significant. FOXC1si significantly reduced migration by 25%, 40% and 

30% at 16, 18 and 22 hours post wounding, respectively (Fig. 26 C).  
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Figure 25. Migration rate reduced by knockdown of T-Y-G-F pathway components in 

Claudin low cell lines. Bar graphs showing Migration Assay values for Claudin Low TNBC 

Cell Lines following treatment with scrambled control (SCR), TGFβ2, YWHAZ, GLI2 or FOXC1 

siRNAs. Cells were seeded at a density of 25,000 cells/cm2, scratched and imaged 72 hours 

later and then imaged again at 16 hours, 18 hours and 22 hours post wound. Scratch 

surface areas were calculated using ImageJ software and normalised to SCR treated 

controls. (A) Hs578T, (B) MDA-MB-231 and (C) SUM159 TNBC cell lines, respectively. Error 

bars represent mean +/- SEM of three independent experiments. Paired T test statistical 

analysis; *(p=<0.05),**(p=<0.01),***(p=<0.001). 
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Figure 26. Migration rate reduced by knockdown of T-Y-G-F pathway components in Basal 

like cell lines at a lesser extent than in Claudin low cell lines. Bar graphs showing Migration 

Assay values for Basal-like TNBC Cell Lines following treatment with scrambled control 

(SCR), TGFβ2, YWHAZ, GLI2 or FOXC1 siRNAs. Cells were seeded at a density of 25,000 

cells/cm2, scratched and imaged 72 hours later and then imaged again at 16 hours, 18 

hours and 22 hours post wound. Scratch surface areas were calculated using ImageJ 

software and normalised to SCR treated controls. (A) HCC3153, (B) HCC1937 and (C) MDA-

MB-468 TNBC cell lines, respectively. Error bars represent mean +/- SEM of three 

independent experiments. Paired T test statistical analysis; 

*(p=<0.05),**(p=<0.01),***(p=<0.001). 
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To investigate T-Y-G-F invasion effects, cells were treated with 72 hours with either 

scrambled, TGFβ2si, YWHAZsi, GLI2si or FOXC1si. Cells were then reseeded at a 

density of 250,000 cells in 250µl Serum Free Media onto Matrigel coated Boyden 

chamber. Matrigel is a gelatinous protein mixture which cells must invade through 

in a chemotactic manner, in order to invade into the media below which contains 

nutrients and growth factors as chemoattractants. However, any cells which have 

migrated through the Matrigel are caught in the Boyden chamber membrane and 

can then be fixed and stained with crystal violet solution which allows 

measurement of the percentage of cells which have invaded in relation to the 

control treatment. Cells were seeded onto Matrigel, incubated for 24 hours and 

then subsequently fixed and stained.  

In terms of Claudin low cell lines, there was no similar trend between cell lines (Fig. 

27 A). In the Hs578T cell line, there was a trend of downregulated invasion, 

however, invasion was only statistically significantly downregulated by YWHAZsi 

and FOXC1si by 45% and 25% respectively (Fig. 27 A (i)). In the MDA-MB-231 cell 

line, TGFβ2si, YWHAZsi and GLI2si elicited a negligible effect on invasion. FOXC1si 

reduced migration by 50%, however, this was deemed marginally non-significant 

(Fig. 27 A (ii)). In the SUM159 cell line, I observed significantly upregulated invasion 

by 50% when treated with TGFβ2si. YWHAZsi and FOXC1si demonstrated a non-

significant upregulation of invasion, while GLI2si elicited a negligible effect (Fig. 27 A 

(iii)).  

Again, Basal-like cell lines also demonstrated no real similar trend between cell lines 

(Fig. 27 B). The HCC3153 cell line demonstrated a trend of downregulation with 

TGFβ2si, YWHAZsi, GLI2si and FOXC1si, however, they were deemed non-significant 

(Fig. 27 B (i)). In the HCC1937 cell line, there was a slight trend of downregulated 

invasion with TGFβ2si, GLI2si and FOXC1si, however, again they were non-

significant. YWHAZsi significantly reduced invasion by 20% in HCC1937 cells (Fig. 27 

B (ii)). In the MDA-MB-468 cell line, TGFβ2si, YWHAZsi and FOXC1si did not elicit any 

effect on the invasion phenotype. GLI2si slightly increased invasion, however, again 

this was deemed non-significant (Fig. 27 B (iii)).  
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Figure 27. Minimal effect on rate of cell invasion by knockdown of T-Y-G-F pathway 

components in Claudin low and Basal like cell lines. Bar graphs of cell Invasion Assays in 

TNBC Cell Lines following treatment with scrambled (SCR) control, TGFβ2, YWHAZ, GLI2 or 

FOXC1 siRNA for 72 hours. Cells were reseeded at a density of 250,000 cells per Boyden 

chamber onto 150µl of Matrigel and incubated for 24 hours. Invading cells were stained 

with crystal violet and the quantified absorption values were normalised to SCR siRNA -

treated controls for (A) Claudin low cell lines i) Hs578T ii) MDA-MB-231 and iii) SUM159 and 

(B) Basal-like cell lines i) HCC3153, ii) HCC1937 and iii) MDA-MB-468 cell lines, respectively. 

Error bars represent mean +/- SEM of three independent experiments. Paired T test 

statistical analysis; * (p=<0.05), ** (p=<0.01). 
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In order to ensure the observed migration and invasion phenotypes were due to 

alteration of their respective pathways and not a consequence of altered cell 

proliferation, proliferation assays were performed. Cells were subjected to the 

same siRNA treatment conditions as in migration and invasion assays, reseeded in 

six replicate wells at a density of 10,000 cells per well in a 96 well plate (50,000 

cells/cm2) and incubated for 24 hours. Cells were subsequently treated with MTT to 

stain for metabolically active and proliferating cells and calculated relative to the 

appropriate scrambled siRNA treated control values.  

In Claudin low cell lines, there was negligible non-significant effects on proliferation 

with knockdown of any of the genes in either Hs578T (Fig. 28 A (i)), MDA-MB-231 

(Fig. 28 A (ii)) and SUM159 (Fig. 28 A (iii)) cell lines.   

In Basal-like cell lines, again there was a variation in trend of proliferation with 

knockdown of the pathway components between cell lines (Fig. 28 B). HCC3153 

cells demonstrated a trend of upregulation of proliferation with knockdown of 

TGFβ2si, YWHAZsi, GLI2si and FOXC1si, however, they were all deemed non-

significant (Fig. 28 B (i)). HCC1937 cells had negibile non-significant effect on 

proliferation with TGFβ2si, YWHAZsi and GLI2si. FOXC1si downregulated 

proliferation by 50%, however, it was deemed marginally non-significant (Fig. 28 B 

(ii)). In MDA-MB-468 cells, TGFβ2si and YWHAZsi had no effect on proliferation. 

GLI2si significantly (p<0.05) upregulated proliferation by 10%. FOXC1si also 

significantly (p<0.05) upregulated proliferation by 100% (Fig. 28 B (iii)).  
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Figure 28. Rate of proliferation is not affected by T-Y-G-F pathway components in Claudin 

low and Basal like cell lines. Bar graphs showing Proliferation Assays in TNBC Cell Lines 

following treatment with scrambled control (SCR), TGFβ2, YWHAZ, GLI2 or FOXC1 siRNA for 

72 hours, then cells were reseeded at a density of 10,000 cells per well. 24 hours later, an 

MTT assay was performed, absorption measured at 570nm and quantified absorption 

values were normalised to scrambled siRNA treated controls for (A) Claudin low cell lines i) 

Hs578T, ii) MDA-MB-231 and iii) SUM159 cell lines, and (B) Basal-like cell lines i) HCC3153, 

ii) HCC1937 and iii) MDA-MB-468 cell lines, respectively. Error bars represent mean +/- SEM 

of three independent experiments. Paired T test statistical analysis; * (p=<0.05), ** 

(p=<0.01). 
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It is important to also investigate the phenotypic effects of TGFβ2si, YWHAZsi, 

GLI2si and FOXC1si on normal Breast epithelial cells, as this provides information as 

to whether these genes would be suitable targets for novel therapies.  

Investigating cell viability by clonogenic assay, normal Breast epithelial HME1 cells 

were seeded in triplicate at a density of 10,000 cells per well in a 6 well plate (1,000 

cells/cm2) and treated with appropriate siRNA for 10 days. Cells were subsequently 

stained with crystal violet solution and absorbance values were normalised to 

scrambled siRNA treated control values. TGFβ2si and YWHAZsi demonstrated no 

effect on cell viability. Cell viability was reduced by 70% and 85% by GLI2si and 

FOXC1si, respectively (Fig. 29 A).  

To investigate potential tumorigenic effects of knocking down the TGFβ2 pathway 

component genes (T-Y-G-F), a migration assay was performed on HME1 cells. Cells 

were treated as per the Claudin low and Basal-like cell migration assays. TGFβ2si 

and YWHAZsi elicited negligible effects on normal cell migration, whereas GLI2si 

and FOXC1si reduced migration by around 50% each at each timepoint, however, 

these results were deemed non-significant (Fig. 29 B).  
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Figure 29. Viability and migration of normal breast HME1 cells reduced by knockdown of 

GLI2 and FOXC1. Clonogenic Assays in HME1 normal Breast Epithelium cell line following 

treatment with scrambled (SCR), TGFβ2, YWHAZ, GLI2 and FOXC1 siRNAs for 48 hours. Cells 

were seeded at a density of 200 cells per cm2 and crystal violet stained. (A) Bar graphs 

showing quantified crystal violet absorption values normalised to SCR-treated controls in 

HME1 cell line. (B) Bar graphs showing Migration Assay values for HME1 normal Breast 

Epithelium cell line following treatment with scrambled control (SCR), TGFβ2, YWHAZ, GLI2 

or FOXC1 siRNAs. Cells were seeded at a density of 25,000 cells/cm2, scratched and imaged 

72 hours later and then imaged again at 16 hours, 18 hours and 22 hours post wound. 

Scratch surface areas were calculated using ImageJ software and normalised to SCR treated 

controls. Error bars represent mean +/- SEM of three independent experiments. Paired T 

test statistical analysis; *(p=<0.05),**(p=<0.01),***(p=<0.001). 

 

 

3.6 Investigating the effects of shGLI2 on TNBC cell phenotypes 
 

Using GLI2 siRNA in Section 3.4, GLI2 appears to be the main driver of TGFβ2 

signalling pathway effect on viability, migration and invasion in TNBC cells. siRNA 

molecules use a post-transcriptional gene regulatory mechanism which couple with 

RNA Induced Silencing Complex (RISC), which in turn targets the intended mRNA for 

inhibition of translation or facilitates degradation. siRNA is usually delivered to the 
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cell by RNAimax cationic lipids which can alter off target gene expression profiles.  

Additionally, particular siRNA sequences can induce cell type specific activation of 

interferon response pathway, particularly if the siRNA concentration is too high or 

siRNA duplex oligonucleotides are too long (213). Therefore, it was necessary 

ensure the phenotypic effects observed with GLI2si were due to silencing GLI2 gene 

and not due to off target effects of the siRNA. As CRISPR knockout of GLI2 is lethal 

to cells, in order to investigate this, we generated stable shorthairpin (sh), 

tetracycline (TET)-inducible GLI2 cell lines.  

ShGLI2 was cloned into a TET-pLKO plasmid as shown below. The shGLI2 was cloned 

downstream of TET Response Element.  

Figure 30. Representation of TET-pLKO plasmid and the appropriate restriction enzyme 
cutsites.  

A TET Response Element (TRE) is composed of 7 repeats of 19 nucleotide long 

sequence of Tetracycline Operator (TETO), which is recognized by Tetracycline 

Repressor (TETR). If tetracycline (TET) is added TETR binds to the tetracycline 
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molecules and not to the TRE which permits transcription of shGLI2. TRE is placed 

upstream of a minimal promoter to form a TET-dependent promoter.  

Therefore, transcription of shGLI2 in the presence of TET actually prevents the 

transcription of GLI2 and allows investigation of GLI2 effects on TNBC cell 

phenotype without the cytotoxic side effects of siRNA and RNAimax. 

Gel Electrophoresis and subsequent DNA sequencing confirmed successful cloning 

of shGLI2 into TET-pLKO plasmid. Following transfection of this plasmid into HEK293 

cells, alongside accessory lentiviral plasmids (DVPR, VSVG), media containing viral 

particles was collected, filtered and aliquotted as described in Section 2.4.12 (Stable 

transduction of cell lines with lentivirus). TET inducible shGLI2 was then lentivirally 

transduced into Hs578T and MDA-MB-231 cells, creating stable inducible shGLI2 

models.  

 

As TET treatment should reduce GLI2 mRNA expression levels, it was necessary to 

examine the time course needed for effective TET-induced GLI2 silencing. Hs578T 

shGLI2 and MDA-MB-231 shGLI2 cells were treated with TET for 1, 5 and 7 days. 

Their RNA was subsequently extracted, GLI2 mRNA levels analysed by qPCR and 

normalised to the appropriate non-TET treated control. In both cell lines 7 day TET 

treatment was the optimal treatment time, reducing GLI2 mRNA levels by 35% (Fig. 

31 A (i) and (ii)).  

Due to the reduced cell viabilities observed with GLI2si, we investigated this with 

TET induced shGLI2. ShGLI2 Hs578T and MDA-MB-231 cells were seeded in 

triplicate at a density of 2000 cells per well in a 6 well plate (200 cells/cm2), either 

treated with TET or non-TET treated media and incubated for 14 days. Cells were 

subsequently stained with crystal violet solution (Fig. 31 B) and absorbance was 

normalised to the non-TET treated control. TET induction of shGLI2 significantly 

reduced cell viability by 25% in Hs578T cells (Fig. 31 C (i)). TET induced shGLI2 MDA-

MB-231 cells demonstrated a similar 25% decrease in cell viability, however, this 

was deemed non-significant (Fig. 31 C (ii)).  
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Figure 31 A. 7 day treatment of TET reduces expression of GLI2. Bar graph of GLI2 mRNA 

levels after a time course (days of treatment) with tetracycline (TET) in GLI2sh TET inducible 

(i) Hs578T and (ii) MDA-MB-231 cell lines. mRNA levels were determined by qPCR using 

SDHA as a housekeeper and normalised to non-TET treated control.  

 

 

Figure 31 B&C. Cell viability reduced with TET induced knockdown of GLI2. Growth Assays 

for shGLI2 TET inducible TNBC cell lines following treatment either with or without TET, 

cells seeded at a density of 2000 cells per well (200 cells/cm2). (B) Scanned images of crystal 

violet stained cells 14 days later, showing i) Hs578T shGLI2 and ii) MDA-MB-231 shGLI2 

TNBC cell lines, respectively. C. Bar graphs showing quantification of crystal violet 

absorption, normalised to non TET treated control in the i) Hs578T shGLI2 and ii) MDA-MB-

231 shGLI2 cell lines, respectively. Error bars represent mean +/- SEM of three independent 

experiments. Paired T test statistical analysis; * (p=<0.05).  
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Again, due to the observed effects of GLI2si on migration and invasion, these 

phenotypes were also investigated with TET induced shGLI2. In migration assays, 

cells were treated similarly to that of the siRNA migration assay experiments. 

Hs578T shGLI2 and MDA-MB-231 shGLI2 were seeded in triplicate at a density of 

50,000 cells (25,000 cells/cm2) and incubated for 7 days in either TET or non-TET 

treated media. Seven days later, cells were wounded by scratching with a pipette 

tip and wounds were measured 16, 18 and 24 hours post wound. Migration values 

were normalised to the non-TET treated control well values (Fig. 32 A).  

Hs578T TET induced shGLI2 reduced migration by 20% at all 3 timepoints, however, 

with 16 and 24 hours post wound timepoints showing statistical significance (Fig. 32 

A (i)). MDA-MB-231 TET induced shGLI2 reduced migration by 25% at all 3 

timepoints, with 16 and 18 hours post wound timepoints showing statistical 

significance (Fig. 32 A (ii)).  

 

Again, for the invasion assays, GLI2 shRNA cells were treated the same as the siRNA 

invasion assay protocol. The only difference that cells were treated with TET or non-

TET treated media for 7 days prior to reseeding, instead of 72 hour siRNA 

incubation. TET or non-TET treated media was added to the bottom of the 

appropriate Boyden chamber wells.  

Hs578T TET induced shGLI2 significantly reduced invasion by 40% (Fig. 32 B (i)). 

However, whilst MDA-MB-231 TET induced shGLI2 cells showed approximately 20% 

reduced invasion, this was not deemed statistically significant (Fig. 32 B (ii)).  
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Figure 32. Migration and invasion rates reduced with TET induced knockdown of GLI2. (A) 

Bar graphs showing Migration Assays in shGLI2 TET inducible TNBC cell lines following 

treatment either with or without TET for 7 days. Cells were then seeded at a density of 

50,000 cells per well (25,000 cells/cm2) allowed to reach monolayer confluence, scratched 

and imaged and then imaged at 16 hours, 18 hours and 24 hours post wound. Scratch 

surface area was calculated using ImageJ software and normalised to non TET treated 

control cell values. i) Hs578T shGLI2 and ii) MDA-MB-231 shGLI2 TNBC cell lines, 

respectively. (B) Bar graphs showing Invasion Assays in shGLI2 TET inducible TNBC cell lines 

following treatment either with or without TET for 7 days. Cells were then reseeded at a 

density of 250,000 cells per Boyden chamber onto 150µl of Matrigel and incubated for 24 

hours. Invading cells stained with crystal violet and quantified absorption was normalised to 

non TET treated control cell values in i) Hs578T shGLI2 and ii) MDA-MB-231 shGLI2 cell 

lines, respectively. Error bars represent mean +/- SEM of three independent experiments. 

Paired T test statistical analysis; *(p=<0.05.  
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3.7 Effect of TGFβ2 signalling pathway on EMT and Cell cycle genes.  
 

In normal Breast epithelium TGFβ2 signalling results in upregulation of transcription 

of cell cycle checkpoint genes such as P21WAF1, P27KIP1 and P57KIP2. Transcription of 

these genes prevent uncontrolled proliferation and thus, malignant transformation 

(212). However, in TNBC, these cell cycle genes are known to be consistently 

downregulated. In the TNBC setting aberrant TGFβ2 signalling is thought to 

upregulate transcription of EMT associated genes, such as ZEB1, SNAIL and PTHrP 

(177). Despite recent advancements in TGFβ2 research findings, it remains unclear 

why TGFβ2 signalling can activate transcription of genes with such opposing 

functions. For this reason, it is interesting to investigate whether YWHAZ, GLI2 or 

FOXC1 are affecting cell cycle or EMT gene transcription and may be the oncogenic 

drivers in this malignant pathway.  

To investigate this TNBC cell lines Hs578T and MDA-MB-231 cells were treated with 

appropriate siRNA for 72 hours and mRNA expression levels of cell cycle genes 

P21WAF1, P27KIP1 and P57KIP2 and EMT driving genes PTHrP, SNAIL and ZEB1 were 

subsequently quantified. PTHrP is not a ‘classic’ EMT marker, however, it has been 

shown to upregulate EMT in a in TGFβ2-dependent manner in several other cancer 

types.  

P21WAF1 mRNA expression levels were significantly downregulated by 10% by 

FOXC1si in Hs578T cells, with no change when TGFβ2, YWHAZ and GLI2 knockdowns 

(Fig. 33 A). In MDA-MB-231 cells, TGFβ2si and GLI2si also significantly 

downregulated P21 WAF1 mRNA expression levels by 10% (Fig. 33 A).  

P57KIP2 mRNA expression levels were not affected by TGFβ2si, YWHAZsi, GLI2si and 

FOXC1si in MDA-MB-231 and Hs578T cells (Fig. 33 B).  

Knockdown of TGFβ2 pathway components conferred no change on P27KIP1 

transcription in Hs578T and MDA-MB-231 cells, except TGFβ2si in MDA-MB-231 

cells, which downregulated P27KIP1 mRNA expression levels by 20% (Fig. 33 C).  

PTHrP mRNA expression levels were not changed by knockdown of all TGFβ2 

pathway components in Hs578T and MDA-MB-231 cells (Fig. 33 D). 
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SNAIL mRNA expression levels were significantly downregulated by 50% following 

TGFβ2 knockdown in Hs578T cells (Fig. 33 E). However, SNAIL transcription 

demonstrated a trend of upregulation with knockdown of TGFβ2 pathway 

components in MDA-MB-231 cells, GLI2si significantly upregulated SNAIL mRNA 

expression levels by 50% in these cells (Fig. 33 E). There were negligible effects on 

ZEB1 transcription with knock down of the TGFβ2 pathway components in MDA-

MB-231 cells (Fig. 33 F).    
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Figure 33. No effect on transcription of cell cycle and EMT genes with knockdown of T-Y-

G-F pathway components in Claudin low cell lines. Bar graphs of (A) P21WAF1, (B) P57KIP2, 

(C) P27KIP1, (D) PTHrP, (E) SNAIL and (F) ZEB1 mRNA levels  after 72 hour treatment with 

scrambled (SCR) control, TGFβ2, YWHAZ, GLI2 or FOXC1 in Hs578T and MDA-MB-231 cells, 

determined by qPCR using SDHA as a housekeeper and normalised to scrambled (SCR) 

control. Error bars represent mean +/- SEM of three independent experiments. Paired T 

test statistical analysis; * (p=<0.05), ** (p=<0.01).  
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3.8 Localisation and interaction of TGFβ2 signalling pathway 

components. 
 

As previously mentioned, Xu et al suggested that YWHAZ stabilised GLI2 protein, 

and protected it in the cytoplasm (146). I was interested to investigate whether 

YWHAZ facilitates GLI2 translocation from the cytoplasm to the nucleus where GLI2 

can elicit its transcriptional effects. Additionally, as FOXC1 enhances GLI2 binding to 

DNA (152), I was also interested to investigate whether downregulation of FOXC1 

would upregulate the rate of GLI2 being shuttled out of the nucleus and into the 

cytoplasm, where it cannot be effective. As GLI2 and pSMAD2/3 are in a 

transcriptional complex, and pSMAD2/3 is thought to be the transcriptional effector 

of the TGFβ2 pathway, investigation of how these genes effect pSMAD2/3 

localisation is also an interesting area of investigation.  

In order to investigate pathway component localisation, an Immunofluorescence 

study was performed by knocking down the target genes by 72 hour incubation of 

the appropriate siRNA, cells were subsequently seeded onto coverslips, fixed and 

stained with the appropriate antibodies. DAPI was used to stain the cell nucleus. A 

non-primary antibody control (not pictured) and a siRNA control were used to 

ensure staining was accurate and reliable.  

In Hs578T cells, TGFβ2, YWHAZ and SMAD2/3 appear localised to the cytoplasm. 

FOXC1 and pSMAD2/3 are also localised to the cytoplasm, however, they are 

localised to the cytoplasm surrounding the nucleus, or ‘perinuclear’. GLI2 was 

localised in the nucleus (Fig. 34 A and B).  

TGFβ2 and YWHAZ were localised to the cytoplasm and their localisation was 

unaffected by knockdown of any of the T-Y-G-F pathway components (Fig. 34 A and 

B).  

GLI2 was localised to the nucleus, however with knockdown of YWHAZ and FOXC1, 

GLI2 became localised to the cytoplasm (Fig. 34 A and B).  

FOXC1 was localised to the perinucleus and became localised to the cytoplasm with 

YWHAZsi (Fig. 34 A and B). 
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pSMAD2/3 was also predominantly localised to the perinucleus, however it became 

localised to the cytoplasm with TGFβ2si and YWHAZsi (Fig. 34 A). There was also 

increased staining of pSMAD2/3 in the cytoplasm with GLI2si and FOXC1si (Fig. 34 

B), however this translocation of pSMAD2/3 was not to the same extent observed 

with knockdown of TGFβ2 and YWHAZ (Fig. 34 A and B).   

SMAD2/3 was localised to the cytoplasm, however, it became localised to the 

nucleus with FOXC1si (Fig. 34 B). With YWHAZsi SMAD2/3 became disseminated 

through the cytoplasm and localised further from the nucleus (Fig. 34 A).   

Cells with knockdown of YWHAZsi, GLI2si and FOXC1si did not exhibit staining with 

their respective antibodies. However, there was still some staining detected of 

TGFβ2 in the TGFβ2si control in both cell lines (Fig. 34 A and B).  

The Table below is a graphical representation of the immunofluorescence results of 

T-Y-G-F pathway localisation.  

Table 4. Tabular representation of TGFβ2, YWHAZ, GLI2, FOXC1, pSMAD2/3 and 
SMAD2/3 localisation in Hs578T cells after TGFβ2, YWHAZ, GLI2 and FOXC1 siRNA 
treatment.  

 siRNA 

Antibody SCR TGFβ2si YWHAZsi GLI2si FOXC1si 

TGFβ2 Cytoplasm N/A Cytoplasm Cytoplasm Cytoplasm 

YWHAZ Cytoplasm Cytoplasm N/A Cytoplasm Cytoplasm 

GLI2 Nucleus Nucleus Cytoplasm N/A Cytoplasm 

FOXC1 Perinucleus Perinucleus Cytoplasm Perinucleus N/A 

pSMAD2/3 Perinucleus ↑↑Cytoplasm ↑↑Cytoplasm ↑Cytoplasm ↑Cytoplasm 

SMAD2/3 Cytoplasm Cytoplasm ↑↑Cytoplasm Cytoplasm Nucleus 

 

Due to the small volume of cytoplasm in MDA-MB-231 cells, no distinct differences 

could be observed and no conclusive evidence could be drawn from this cell lines. 

However, the immunofluorescence staining results for MDA-MB-231 cells are 

included in Appendix 3.  
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Figure 34 A. Localisation changes of T-Y-G-F pathway components caused by knockdown 

of T-Y-G-F genes. Immunofluorescence images of cellular localisation of TGFβ2, YWHAZ, 

GLI2, FOXC1, pSMAD2/3 and SMAD2/3 after 72 hour treatment of either scr siRNA, TGFβ2si 

and YWHAZsi in Hs578T cells. Cells were subsequently fixed, blocked, incubated in 

appropriate primary antibody overnight, subsequently incubated in appropriate secondary 

antibody and mounted with DAPI Goldseal. Images were taken on AXIOVISION microscope. 

3 individual images were taken per siRNA and antibody, representative image is presented 

in this figure.  
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Figure 34 B. Localisation changes of T-Y-G-F pathway components caused by knockdown 

of T-Y-G-F genes. Immunofluorescence images of cellular localisation of TGFβ2, YWHAZ, 

GLI2, FOXC1, pSMAD2/3 and SMAD2/3 after 72 hour treatment of either SCR siRNA, GLI2si 

and FOXC1si in Hs578T cells. Cells were subsequently fixed, blocked, incubated in 

appropriate primary antibody overnight, subsequently incubated in appropriate secondary 

antibody and mounted with DAPI Goldseal. Images were taken on AXIOVISION microscope. 

3 individual images were taken per siRNA and antibody, representative image is presented 

in this image. 
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In order to investigate whether the T-Y-G-F pathway components are interacting 

with each other as suggested by previous studies, we performed a Co-

Immunoprecipitation assay. 

The Co-Immunoprecipitation assay was performed as described in Section 2.5.9. 

The agarose Dynabeads were incubated with 3μg of GLI2 antibody or 0.3μg of the 

appropriate IgG control for at least 4 hours at 4oC. 1mg of precleared protein lysate 

was added to the appropriate conjugated Dynabeads and rotated overnight at 4oC.  

GLI2 antibody binds to the Dynabeads and in turn GLI2 protein binds to its 

respective antibody. Proteins which are interacting with GLI2 remain bound to GLI2 

and therefore also to the Dynabeads. Proteins conjugated to the Dynabeads are 

eluted off and proteins of interest can be immunoblotted by Western blot.  

An IgG control was used to ensure that immunoblotting signal was not due to non-

specific proteins bound to the Dynabeads and not the GLI2 antibody. An input 

control was also used to ensure the immunoblotting signal was the same as that 

observed in a protein sample which has not been incubated with GLI2 antibody or 

Dynabeads.  

We used GLI2 antibody to pull down interacting proteins in Hs578T and MDA-MB-

231 cells. In both cell lines pSMAD2/3 protein preferentially interacts with GLI2, 

whereas SMAD2/3 protein does not interact with GLI2 (Fig. 35). Also in both cell 

lines, YWHAZ protein interacts with GLI2. However, the YWHAZ protein observed to 

interact with GLI2 is a slightly smaller size (in kDa) than the YWHAZ protein 

observed in the input sample (Fig, 35). YWHAZ has 5 transcript variants which code 

for 2 distinct proteins with 1c variant being the most efficiently translated and 

accounting for 80% of YWHAZ protein. To ensure the smaller YWHAZ band was not 

an non-specific artefact we also performed GLI2 IP on a protein sample that had 

been treated with YWHAZsi, in this result we saw no YWHAZ protein bands on the 

GLI2 pulldown, demonstrating that the two YWHAZ bands observed in this assay 

(Fig, 35) are both YWHAZ proteins. There has been no previous observation of GLI2 

preferentially interacting with YWHAZ variants and it is clear more work is needed 

to further investigate this preliminary result. 
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Figure 35. GLI2 protein preferentially interacts with pSMAD2/3 and YWHAZ. 

Immunoblotting of Co-Immunoprecipitation assay pull down with agarose beads 

conjugated overnight to either GLI2 antibody or IgG control and blotted for GLI2, 

pSMAD2/3, SMAD2/3 and YWHAZ.  

 

3.9 Investigating the role of TGFβR3 on the TGFβ2 signalling pathway.  
 

TGFβR3 has previously been shown to facilitate TGFβ2 signalling, while not 

activating any signalling cascade itself directly due to the absence of a functioning 

kinase domain. TGFβR3, a transmembrane receptor, can facilitate TGFβ2 signalling 

by binding and sequestering extracellular TGFβ2 ligand and presenting it to 

TGFβR1/2, which in turn activates pSMAD2/3 signalling cascade. Furthermore, the 

cytoplasmic domain of TGFβR3 can bind to the cytoplasmic domain of TGFβR2 and 

can cause perpetually active pSMAD2/3 activation (186).  

TGFβR3 has previously been shown to be upregulated in TNBC, particularly in MSL 

subtype. The MSL TNBC subtype is particularly associated with upregulated EMT 

pathways and metastasis (185). As a result of these previous findings, I was 

interested to investigate if downregulation of TGFβR3 expression would have 

comparable or augmented effects on TNBC cell phenotypes, to that of 

downregulating TGFβ2.  
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Shorthairpin TGFβ2 and TGFβR3 were cloned, analysed by gel electrophoresis and 

DNA sequenced to ensure successful insertion of shTGFβ2 and shTGFβR3. Once 

successful cloning was confirmed, shTGFβ2 and shTGFβR3 were stably virally 

transduced into Hs578T and MDA-MB-231 cell lines. Successful knockdown of target 

genes was confirmed by qPCR which demonstrated TGFβ2 mRNA expression was 

significantly reduced by 50% in both Hs578T and MDA-MB-231 cell lines with 

shTGFβ2 transfection (Fig. 36 A (i)). In Hs578T cells, both shTGFβ2 and shTGFβR3 

significantly reduced their respective mRNA levels by 50% (Fig. 36 A (ii)). However, 

in MDA-MB-231 cells, TGFβR3 mRNA levels were non-significantly increased by 

shTGFβ2, and reduced by 75% by shTGFβR3 (Fig. 36 A (ii)).  

At the protein level, shTGFβ2 and shTGFβR3 reduced pSMAD2/3 protein levels in 

Hs578T cell line (Fig. 36 B (i)), while they also increased pSMAD2/3 protein 

expression in MDA-MB-231 cells (Fig. 36 B (ii)). Total SMAD2/3 protein levels 

remained relatively unchanged in Hs578T cells lines, slightly reduced by shTGFβR3 

(Fig. 36 B (i)), while shTGFβ2 and shTGFβR3 reduced SMAD2/3 protein in MDA-MB-

231 cells (Fig. 36 B (ii)).  
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Figure 36. (A) Bar graphs of (i) TGFβ2 and (ii) TGFβR3 mRNA levels after transduction of 

stable shorthairpin TGFβ2 and TGFβR3 in Hs578T and MDA-MB-231 cells, determined by 

qPCR using SDHA as a housekeeper and normalised to scrambled shorthairpin (shSCR) 

control. Error bars represent mean +/- SEM of three independent experiments. Paired T 

test statistical analysis; * (p=<0.05), ** (p=<0.01). (B) Western Blot of phosphoSMAD2/3 

and total SMAD2/3 protein levels after transduction of stable shorthairpin TGFβ2 and 

TGFβR3 in (i) Hs578T and (ii) MDA-MB-231 cells, using Vinculin as loading control. (C) Bar 

graph of relative optical densitometry corresponding to Fig.35 B western blot for (i) 

pSMAD2/3 and (ii) SMAD2/3 protein. Relative optical densitometry values were normalised 

to those of the vinculin loading control and the scrambled shorthairpin (shSCR) control.  
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It was also interesting to investigate whether shTGFβ2 or shTGFβR3 have any effect 

on the downstream TGFβ2 pathway components. mRNA expression levels of 

YWHAZ, GLI2 and FOXC1 in shTGFβ2 or shTGFβR3 Hs578T and MDA-MB-231 cells 

were analysed by qPCR and normalised to the appropriate (shSCR) control. shTGFβ2 

or shTGFβR3 elicited no effect on YWHAZ mRNA expression levels (Fig. 37 A). 

shTGFβ2 slightly reduced and shTGFβR3 slightly increased GLI2 mRNA expression 

levels in both cell lines, however, these results were non-significant (Fig. 37 B). Both 

shTGFβ2 and shTGFβR3 increased FOXC1 mRNA expression levels in both cell lines, 

however, again these results were non-significant (Fig. 37 C).  

 

Figure 37. YWHAZ, GLI2 and FOXC1 transcription is not affected by TGFβR3. Bar graph of 

(A) YWHAZ, (B) GLI2 and (C) FOXC1 mRNA levels after transduction of stable shorthairpin 

TGFβ2 and TGFβR3 in Hs578T and MDA-MB-231 cells, determined by qPCR using SDHA as a 

housekeeper and normalised to scrambled shorthairpin (shSCR) control. Error bars 

represent mean +/- SEM of three independent experiments.  

 

The effect of shTGFβ2 and shTGFβR3 on functional phenotypes such as cell 

migration and invasion was also investigated. To investigate their effect on cell 

migration, the stable shTGFβ2 and shTGFβR3 cells and matched control (SCR) 

shRNA lines were seeded in triplicate at a density of 50,000 cells per well in a 24 

well plate (25,000 cells/cm2) and incubated for 72 hours. Post 72 hour incubation, 
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cell monolayers were wounded by scratching with a pipette tip and wound size was 

measured 16, 18 and 22 hours post wounding. The rate of migration was 

normalised to the scrambled (shSCR) control.  

Both shTGFβ2 and shTGFβR3 demonstrated non-significant, negligible effects on 

migration in Hs578T cells (Fig. 38 A). shTGFβ2 reduced migration by 10% at all 3 

timepoints in MDA-MB-231 cells, with the 16 and 22 hour post wound results were 

significant (Fig. 38 B). shTGFβR3 increased migration in MDA-MB-231 cell lines, 

however, this was considered non-significant (Fig. 38 B).  

The shRNA invasion assay was performed the same as the siRNA invasion assay, 

with shTGFβ2 and shTGFβR3 cell lines were seeded onto the Matrigel, incubated for 

24 hours, then invading cells were subsequently crystal violet stained and analysed 

relative to the appropriate (shSCR) control. Both shTGFβ2 and shTGFβR3 

significantly reduced invasion by 35% in Hs578T cells (Fig. 38 C). In MDA-MB-231 

cells shTGFβ2 significantly reduced migration by 35%, however, the reduction of 

invasion by shTGFβR3 was considered non-significant (Fig. 38 C).  
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Figure 38. A&B Invasion but not migration reduced by knockdown of TGFβ2 and TGFβR3. 

Bar graphs of Migration Assays after transduction of stable shorthairpin TGFβ2 and TGFβR3. 

Cells were seeded at a density of 50,000 cells per well (25,000 cells/cm2), wound 

scratched,imaged 24  hours later and then imaged at 16 hours, 18 hours and 22 hours post 

wound. Scratch surface area calculated using ImageJ software and normalised to shSCR 

treated control lines. Bar graphs shown for (A). Hs578T and (B) MDA-MB-231 cell lines, 

respectively. (C) Bar graphs showing Invasion Assays after transduction of stable 

shorthairpin TGFβ2 and TGFβR3 in the two Claudin low lines indicated. Cells were seeded at 

a density of 250,000 cells per Boyden chamber onto 150µl of Matrigel and incubated for 24 

hours. Invading cells were stained with crystal violet and quantified absorption values were 

normalised to shSCR control values. Error bars represent mean +/- SEM of three 

independent experiments. Paired T test statistical analysis; * (p=<0.05), ** (p=<0.01). 
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3.10 Investigating the effect of TGFβ2 and TGFβR3 on cell growth invivo.  
 

Knockdown of TGFβ2 and TGFβR3 signalling has shown promising results in vitro, 

reducing pSMAD2/3 activation, migration and invasion. Additionally, TGFβ2 and 

TGFβR3 signalling is influenced by interaction between cells and the Extracellular 

Matrix (159). Thus, to translate these successful in vitro results into a more 

appropriate tumour setting, it was necessary to investigate TGFβ2 and TGFβR3 

effect on tumour growth and metastasis in vivo.  

We therefore subcutaneously xenografted shTGFβ2 and shTGFβR3 Hs578T and 

MDA-MB-231 TNBC cells, alongside shSCR control variants, into SCID mice. Tumour 

size (Geometric Mean Diameter - GMD) and mouse weight was measured for 8 

weeks post engraftment. The 8-week endpoint was chosen due to a previous study 

by Jovanović et al established that this was a suitable timepoint for MDA-MB-231 

shTGFβR3 cells in vivo (185). Xenograftment was chosen in preference to 

allograftment to align the study as close to the human setting as possible due to the 

differences in TGFβ2 signalling between human and murine cell lines. Subcutaneous 

route of engraftment was used as this would allow for easy measurement of 

tumour size.  

Post-mortem, organs were inspected for visible signs of metastasis, however, none 

were found. Tumours were collected for homogenisation and RNA extracted to 

validate the tumour cells had maintained their shorthairpin genotype.  

ShSCR tumours became measurable 2 weeks post engraftment in both Hs578T and 

MDA-MB-231 cell lines (Fig 39 A and B). ShTGFβR3 tumours became measurable 3 

weeks and 2 weeks post engraftment for Hs578T and MDA-MB-231 cell lines, 

respectively (Fig. 39 A and B). ShTGFβ2 tumours only became measurable 5 weeks 

and 2 weeks post engraftment for Hs578T and MDA-MB-231 cell lines, respectively 

(Fig. 39 A and B).  

Tumour growth increased each week in a linear fashion, with mean final tumour 

volume at 8 weeks post engraftment of Hs578T shSCR reaching approximately 

6mm3, shTGFβR3 reached approximately 4mm3 and shTGFβ2 reached 
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approximately 2mm3. shTGFβ2 tumour volume was significantly lower than that of 

the shSCR group at 5, 6, 7 and 8 weeks post engraftment (Fig. 39 A).In MDA-MB-231 

derived engrafted tumours, the volume of shTGFβR3 tumours initially increased 

faster than that of the shSCR tumours, however, the shTGFβR3 tumour growth 

plateaued and final mean tumour volume of both the shSCR and shTGFβR3 groups 

was 5mm3. The final mean tumour volume of shTGFβ2 tumours was 3mm3.Again, as 

with the HS578T xenografts, shTGFβ2 tumour volume was significantly lower than 

that of the shSCR group at 5, 6, 7 and 8 weeks post engraftment (Fig. 39 B).  

 

Animal weight was measured 3 times a week, each animal maintained a health body 

weight, weight increased appropriately over the course of the 8 weeks, and no 

animal lost weight that was deemed excessive, or in two subsequent recordings 

(Fig. 40 A and B).  

Tumours were excised post mortem, RNA was extracted and quantified by Real 

Time PCR. As previously mentioned, to ensure the engrafted tumours had kept the 

knockout of their respective gene (shTGFβ2 or shTGFβR3), tumours were tested for 

relative mRNA levels of these two genes. TGFβ2 mean mRNA levels were almost 0 in 

the shTGFβ2 Hs578T derived tumours (Fig. 41 A (i)), and approximately a fifth in 

shTGFβ2 MDA-MB-231 derived tumours compared to the shSCR controls (Fig. 41 A 

(ii)). ShTGFβR3 tumours had a mean increase of almost 5 times the TGFβ2 mRNA 

expression levels compared to the shSCR controls in Hs578T derived tumours (Fig. 

41 A (i)). However, MDA-MB-231 shTGFβR3 tumours displayed a similar decrease of 

TGFβ2 mRNA levels as their shTGFβ2 counterparts (a fifth of the shSCR controls) 

(Fig. 41 A (ii)).   

Mean TGFβR3 mRNA expression levels were increased by approximately double and 

6 times the levels of shSCR control tumours in Hs578T shTGFβ2 and shTGFβR3 

tumours respectively (Fig. 41 B (i)). In MDA-MB-231 derived tumours, mean TGFβR3 

mRNA expression levels were increased by 50% and decreased by 50% compared to 

the shSCR control tumours in shTGFβ2 and shTGFβR3 tumours respectively (Fig. 41 

B (ii)).  
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Figure 39. Tumour volume and growth invivo reduced by knockdown of TGFβ2 but not  

TGFβR3. Tumour volume (Geometric Mean Diameter) of stable shorthairpin SCR, TGFβ2 

and TGFβR3, subcutaneously xenografted into SCID mice. 5 million cells in 50% Matrigel 

50% PBS were subcutaneously xenografted into one flank of female SCID mice and 

measured three times a week for 8 weeks post engraftment. Tumour volumes were 

calculated as a weekly average for each mouse. Each sample group consisted of six mice 

each. Bar graphs show (A) Hs578T and (B) MDA-MB-231 shorthairpin cell lines, respectively. 

Error bars represent mean +/- SEM of six independent animals. Unpaired T test statistical 

analysis; * (p=<0.05), ** (p=<0.01), *** (p=<0.001).  
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Figure 40. Mouse weight unaffected by knockdown of TGFβ2 and TGFβR3. Mouse weight 

(grams) of animals subcutaneously xenografted with stable shorthairpin SCR, TGFβ2 and 

TGFβR3. Graphs show (A) Hs578T and (B) MDA-MB-231 shorthairpin cell lines, respectively. 

Female SCID mice weighed three times a week, at the same time as their tumour volume 

was measured, for 8 weeks post engraftment. Each sample group consisted of six mice 

each. Error bars represent mean +/- SEM of six independent animals. 
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Figure 41. Tumours retained knockdown of their respective genes invivo, except 

shTGFβR3 in engrafted Hs578Ts. Bar graphs of qPCR values of (A) TGFβ2 and (B) TGFβR3 

mRNA levels after generation of stable shorthairpin TGFβ2 and TGFβR3 expression in (i) 

Hs578T and (ii) MDA-MB-231 cells. 5 million cells were then subcutaneously xenografted 

into one flank of a female SCID mouse and monitored for 8 weeks. 8 weeks post 

engraftment, the mice were culled, tumours excised, homogenised and mRNA levels 

determined by qPCR using SDHA as a housekeeper. Error bars represent mean +/- SEM of 

six individual mice.  
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3.11 Chapter Summary  
 

To summarise, I have successfully identified that Claudin low (representative of 

poor outcome TNBC) cell lines demonstrate a phenotype more prone to metastasis 

that Basal-like (representative of good outcome TNBC) cell lines. I have also 

successfully achieved aim 1 (pg 47) and identified that TGFβ2 pathway 

dysregulation drives aberrant SMAD signalling in TNBC. This was achieved by 

demonstrating the T-Y-G-F pathway components are upregulated either at the 

mRNA or protein levels in the poor outcome cell lines, T-Y-G-F pathway signals 

through the pSMAD2/3 cascade and GLI2 and FOXC1 signalling results in activation 

of SMAD2/3. This suggests that there is potential for these T-Y-G-F components to 

be used as possible prognostic biomarkers in poor prognosis patients.  

We successfully achieved aim 2 (pg 47) of investigating if TGFβ2 pathway 

dysregulation causes phenotypic changes as knockdown of the T-Y-G-F signalling 

axis successfully reduces cell viability, migration and invasion. On investigation of 

aim 3 (pg47) by analysing any differences in TGFβ2 pathway dysregulation in 

Claudin low and Basal-like TNBC cell lines there were variations in expression levels 

and functional effects of T-Y-G-F components, even within Claudin low lines. 

Knockdown of the T-Y-G-F pathway demonstrated no differential between Claudin 

low and Basal-like cell lines in terms of its effect on cell viability. However, it was 

clear that the T-Y-G-F has a more prominent effect on migration in the poor 

outcome cell lines compared to the good outcome lines. I observed GLI2 to be the 

pathway component which has the most prominent effect on these poor prognostic 

phenotypes, and potentially the key driver of this oncogenic pathway. Knockdown 

of GLI2 by siRNA and shRNA elicited similar effects on TNBC cell phenotypes, this is 

promising that GLI2 is causing the phenotypic change, and not off target effects 

from the siRNA. This suggests there is promise in the T-Y-G-F pathway components 

as biomarkers of TNBC patients more prone to metastasis, or a druggable target for 

these patients. However, knockdown of GLI2 and FOXC1 did reduce cell viability of 

normal Breast epithelium cells.  
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T-Y-G-F pathway components demonstrated differential results between cell lines 

of transcription of the classical cell cycle and EMT genes. This suggests that perhaps 

the T-Y-G-F pathway is regulating transcription of other oncogenic genes, which 

needs more investigation.  

Additionally, we successfully demonstrated our hypothesis and aim 2 (pg 47) 

investigating if TGFβ2 pathway dysregulation causes protein localisation changes. 

This chapter demonstrated that YWHAZ protects GLI2 and facilitates its 

translocation to the nucleus, as knockdown of YWHAZ maintained GLI2 staining in 

the cytoplasm, compared to the predominantly nuclear staining of GLI2 observed in 

the control cells.  

We also achieved aim 4 (pg 47) by investigating if TGFβR3 affects the TGFβ2/SMAD 

signalling pathway and phenotype of the cell. We elucidated that TGFβR3 may play 

a role in TNBC cell invasion, but not migration. On investigation of aim 5 (pg 48) 

analysing TGFβ2 and TGFβR3 invivo influence on TNBC tumour cell growth, we 

demonstrated that shRNA knockout of TGFβ2 but not TGFβR3 is successful to 

reduce tumour growth in poor outcome TNBC cells.  

These results are promising in demonstrating the T-Y-G-F pathway may be driving 

metastasis in poor outcome TNBC patients. These pathway components 

(particularly GLI2) hold potential as prognostic biomarkers for patients prone to 

metastasis to distant sites. Additionally, targeting of this pathway holds promise as 

potential stratified therapy for these poor prognosis patients.  

 

 

 

 

 

 

 

 

 



128 
 

Chapter 4 Results 
4. Identification of Transcriptional Targets and 

Potential Treatment Options for Poor Outcome 

TNBC 
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4.1 Chapter Rationale 
 

Due to the dual function of TGFβ2 in normal cellular growth control, hypothetically 

it would not be appropriate to design a targeted therapy for TGFβ2 itself. This could 

suppress the tumour suppressor function of TGFβ2 in normal epithelial cells and 

theoretically drive malignant transformation. Therefore, it was necessary to 

investigate possible therapies targeted downstream of TGFβ2. The identification of 

downstream genes transcriptionally regulated by TGFβ2 pathway, genes associated 

with poorer patient prognosis and driving tumour metastasis may facilitate design 

of novel stratified therapies for TNBC patients.  

As shown in chapter 3, GLI2 is the main driver of altered TGFβ2 signalling in TNBCs. 

Therefore, inhibition of the GLI2 ability to transcriptionally regulate target genes 

may be favourable for TNBC patients. For this reason, this chapter aims to identify 

downstream TGFβ2 pathway target genes which are impacting patient survival and 

investigation of a GLI2 inhibitor (GANT61) on TNBC cell phenotype.  

 

4.2 Identification of downstream targets of the TGFβ2 pathway which 

are influencing patient outcome 
 

In order to identify genes transcriptionally regulated by the TGFβ2 pathway 

components, I decided to employ an approach involving RNA sequencing (RNA-seq) 

following siRNA knockdown of each component gene. To ensure reliable results, 3 

biological replicates were collected, RNA samples extracted and reviewed to ensure 

appropriate mRNA quality and concentration. The Genomics Core Technology Unit 

(CTU) at Centre for Cancer Research and Cell Biology at Queen’s University Belfast 

performed the RNA-seq run (QC, Fragment analysis, library preparation, sequencing 

and alignment). The diagram below demonstrates the RNA-seq work flow 

performed by the CTU.  
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Figure 42. Schematic demonstrating the work flow for a RNA-seq run (214).  

Using the lima pipeline in R software with a built-in matrix allowing for batch effect, 

genes identified by RNA-seq were filtered for significant genes with a p value <0.05 

and with a log10 fold change +/- 1 compared to the scrambled siRNA control 

samples. These genes were then overlapped with an in-house microarray dataset of 

60 TNBC tumour samples which were treated with FEC and patients, which were 

matched to their clinical outcomes. Good outcome was defined as ‘no relapse 

within 5 years post treatment’ and poor outcome was considered as ‘relapse within 

5 years post treatment’. I will refer to this differential genelist as the ‘TNBC 

Microarray genelist’. 

As shown in Fig. 43 B, there were 12 genes which were differentially regulated in 

the TNBC Microarray genelist and upregulated with knockdown of the 

TGFβ2/YWHAZ/GLI2/FOXC1 signalling axis (which for convenience I will refer to T-Y-

G-F). GLI2 showed the greatest overlap with 9 genes in common with GLI2si, 1 with 

FOXC1si, 1 with both YWHAZsi and GLI2si, and 1 with both GLI2si and FOXC1si (Fig. 

43 B).  Of these 12 genes, 7 were taken forward for validation by qPCR (Fig. 44). This 

validation was to ensure the RNA-seq readouts were accurate and reliable and so 3 

cDNA biological replicates, with one replicate set derived from the RNA sample set 

used in the RNA-seq were used for the qPCR validation. Of the 7 genes taken for 

validation, the only significantly upregulated gene was RCAN2 with YWHAZsi (Fig. 44 
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C). Contrary to the RNA-seq results RCAN2 and SLAMF7 were downregulated with 

GLI2si (Fig. 44 C and F). Although SYNPO2, DUSP5, ADAMTS2, SPP2 and ANKRD44 

were not significantly upregulated with T-Y-G-F knockdown in the Real Time PCR 

results, there was a general trend of upregulation, which corroborates with the 

RNA-seq results (Fig 44 A, B, D, E, and G).  

In contrast there were 24 genes in common with the TNBC Microarray gene list and 

genes downregulated with knockdown of T-Y-G-F. As with the previous comparison, 

GLI2 makes the biggest contribution with 20 genes overlapping with GLI2si, 1 with 

FOXC1si, 1 with both YWHAZsi and GLI2si, and 2 with both GLI2si and FOXC1si (Fig. 

45 A).  Of these 24 genes, 7 were taken forward for validation by qPCR (Fig. 46). Of 

these 7 genes taken for validation, the only significantly downregulated genes were 

PBX1 with TGFβ2si and GLI2si, and ZNF704 with YWAHZsi (Fig. 46 A and F).  

I hypothesised that validated genes positively regulated by T-Y-G-F and upregulated 

in poor outcome patients would be the best candidates for the development of 

targeted therapies, particularly candidates which would be predicted to have some 

element of ‘tractibility’ (enzymes, receptors, etc). For this reason, genes 

downregulated following T-Y-G-F knockdowns were taken forward for phenotypic 

validation. In addition to cell viability, cell migration and invasion would be key 

readouts as high rates of metastases and EMT are well known characteristics of 

poor outcome TNBCs.  

 

 

 

 

Figure 43 A. Confirmation of successful knockdown of T-Y-G-F pathway components 

across the 3 replicates used for the RNAseq experiment. Bar graph showing qPCR 

validation of respective ‘T-Y-G-F’ mRNA levels after 72 hour siRNA treatment with TGFβ2, 

YWHAZ, GLI2 or FOXC1 in Hs578T cells. QPCR values shown as expression relative to SDHA 

as a housekeeper and normalised to scrambled (scr) control siRNA treatment. Error bars 

represent mean +/- SEM of three independent experiments. Paired T test statistical 

analysis; * (p=<0.05), ** (p=<0.01).  
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Gene Name Transcriptionally regulated by Taken forward for qPCR 

SYNPO2 GLI2si & FOXC1si Yes 

DUSP5 GLI2si Yes 

RCAN2 GLI2si Yes 

ADAMTS2 GLI2si Yes 

SPP1 GLI2si Yes 

ANKRD44 GLI2si Yes 

SLAMF7 FOXC1si Yes 

ALDH3A2 GLI2si No 

SEMA3C GLI2si No 

PTX3 GLI2si No 

NEDD4L GLI2si No 

CDS1 YWHAZsi & GLI2si No 

 

Figure 43 B. Overlap of genes transcriptionally downregulated in poor outcome patients 

and also by T-Y-G-F axis. Venn diagram showing the number of genes identified by RNA-

seq, genes upregulated after 72 hour siRNA treatment with TGFβ2, YWHAZ, GLI2 or FOXC1 

in Hs578T cells (‘T-Y-G-F’ genes). T-Y-G-F genes were also overlapped with genes identified 

as being downregulated in poor outcome patients (identified by microarray analysis of an 

in-house microarray dataset of 60 TNBC patients). Patients who had relapsed within 5 years 

post treatment were deemed ‘poor outcome’. The 12 genes transcriptionally regulated by 

the T-Y-G-F axis and differential between good and poor outcome patients in the 

microarray analysis are listed in the table.   
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Figure 44. Validation of genes identified as transcriptionally upregulated by knockdown of 

T-Y-G-F axis and downregulated in poor outcome patients. Bar graph of qPCR values for 

(A) SYNPO2, (B) DUSP5, (C) RCAN2, (D) ADAMTS2, (E) SPP1, (F) SLAMF7 and (G) ANKRD44 

mRNA levels after 72 hour siRNA treatment of TGFβ2, YWHAZ, GLI2 or FOXC1 in Hs578T 

cells. SDHA was used as a housekeeper gene and qPCR values were normalised to 

scrambled (SCR) control. Error bars represent mean +/- SEM of three independent 

experiments. Paired T test statistical analysis; * (p=<0.05), ** (p=<0.01), ***(p=<0.001). 
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Figure 45. Overlap of genes transcriptionally upregulated in poor outcome patients and 

also by T-Y-G-F axis. Venn diagram showing the number of genes identified by RNA-seq, 

genes downregulated after 72 hour siRNA treatment with TGFβ2, YWHAZ, GLI2 or FOXC1 in 

Hs578T cells (‘T-Y-G-F’ genes). T-Y-G-F genes were also overlapped with genes identified as 

being upregulated in poor outcome patients (identified by microarray analysis of an in-

house microarray dataset of 60 TNBC patients). Patients who had relapsed within 5 years 

post treatment were deemed ‘poor outcome’.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



135 
 

               

Figure 46. Validation of genes identified as transcriptionally downregulated by 

knockdown of T-Y-G-F axis and upregulated in poor outcome patients. Bar graph of qPCR 

values for (A) PBX1, (B) PCTP, (C) PPM1L, (D) TPD52, (E) CNTNAP3B, (F) ZNF704 and (G) 

SORBS2 mRNA levels after 72-hour siRNA treatment of TGFβ2, YWHAZ, GLI2 or FOXC1 in 

Hs578T cells. SDHA was used as a housekeeper gene and qPCR values were normalised to 

scrambled (SCR) control. Error bars represent mean +/- SEM of three independent 

experiments. Paired T test statistical analysis; * (p=<0.05), ** (p=<0.01). 
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The 7 validated genes positively regulated by T-Y-G-F and upregulated in poor 

outcome TNBC patients were taken forward for investigation of their effect on 

TNBC phenotype. Two siRNAs were designed against each gene to facilitate more 

accurate and reliable results and ensure the phenotypic effect observed was not 

due to off target effects from any individual siRNA sequence. Their effect on 

migration and invasion in Claudin low TNBC cell lines was investigated to observe if 

any of these genes could be driving the highly metastatic phenotype, characteristic 

of poor prognosis TNBC cells.  

In the migration assay, cells were treated identical to those of the siRNA migration 

assays in chapter 3 (section 3.5). There was variation in significance of reduced 

migration between time points and cell lines with particular genes. However, in 

both Hs578T and MDA-MB-231 cells, all target gene siRNAs had a trend of 

downregulated migration at the three time points of 16 hours, 18 hours and 24 

hours post wound (Fig. 47 and Fig. 48).  

In Hs578T cells, at 16 hours post wound both siRNA sequences for PBX1 and PCTP 

and the #1 siRNA sequence for PPM1L and TPD52 significantly downregulated 

migration (Fig. 47 A). At 18 hours post wound, both siRNA sequences for PBX1, 

PPM1L and TPD52 and the #2 siRNA sequence for PCTP and ZNF704 significantly 

reduced migration (Fig. 47 B). 24 hours post wound the #1 sequence for PBX1, 

PCTP, TPD52 and #2 siRNA sequence for PPM1L were the only ones to significantly 

downregulate migration in Hs578T cells (Fig. 47 C).  

In MDA-MB-231 cells, more genes significantly downregulated migration compared 

to Hs578T cells. In MDA-MB-231 cells, 16 hours post wound, both siRNA sequences 

for PCTP, PPM1L, CNTNAP3B and ZNF704, and #1 siRNA sequence for PBX1 and 

TPD52 significantly reduced migration (Fig. 48 A). 18 hours post wound, both siRNA 

sequences for PPM1L and #1 siRNA sequence for PBX1 and TPD52, and #2 siRNA 

sequence for ZNF704 significantly downregulated migration (Fig. 48 B). 24 hours 

post wound, both siRNA sequences for PCTP, PPM1L, CNTNAP3B and ZNF704, and 

#1 siRNA sequence for PBX1 and TPD52 significantly reduced migration in MDA-MB-

231 cells (Fig. 48 C).  
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Figure 47. Migration of Hs578T cells reduced by knockdown of 7 genes transcriptionally 

upregulated by T-Y-G-F axis and in poor outcome patients. Bar graphs showing migration 

assay values for Hs578T cells following siRNA knockdown using scrambled (SCR) siRNA or 

two independent siRNA sequences each targeting PBX1, PCTP, PPM1L, TPD52, CNTNAP3B, 

ZNF704 or SORBS2. Cells were seeded at a density of 50,000 cells per well, siRNAs 

transfected for 72 hours, monolayers were scratched and imaged at (A) 16 hours, (B) 18 

hours and (C) 22 hours post wound. Scratch surface area calculated using ImageJ software 

and normalised to scrambled (SCR) treated control siRNA. Error bars represent mean +/- 

SEM of three independent experiments. Paired T test statistical analysis; *(p=<0.05), 

**(p=<0.01), ***(p=<0.001). 
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Figure 48. Migration of MDA-MB-231 cells reduced by knockdown of 7 genes 

transcriptionally upregulated by T-Y-G-F axis and in poor outcome patients. Bar graphs 

showing migration assay values for MDA-MB-231 cells following siRNA knockdown using 

scrambled (SCR) siRNA or two independent siRNA sequences each targeting of PBX1, PCTP, 

PPM1L, TPD52, CNTNAP3B, ZNF704 or SORBS2 siRNA. Cells were seeded at a density of 

50,000 cells per well, siRNAs transfected for 72 hours, monolayers were scratched and 

imaged at (A) 16 hours, (B) 18 hours and (C) 22 hours post wound. Scratch surface area 

calculated using ImageJ software and normalised to scrambled (SCR) treated control siRNA. 

Error bars represent mean +/- SEM of three independent experiments. Paired T test 

statistical analysis; *(p=<0.05), **(p=<0.01). 
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Following migration assays the next logical step was to investigate the effect of the 

knockdown of these T-Y-G-F genes on TNBC cell invasion. Again, this was to 

investigate their potential effect on driving TNBC poor prognosis phenotype. Again, 

for this invasion assay, cells were processed identically to the siRNA invasion assay 

in Chapter 3 (section 3.5).  Contrary to the migration results, knock down of most 

genes had either a negligible effect on invasion, or a non-significant trend of slight 

increase in invasion (Fig. 49). Knockdown of PPM1L with #1 siRNA in Hs578T cells 

(Fig. 49 A), and CNTNAP3B with #1 siRNA in MDA-MB-231 cells (Fig. 49 B) slightly 

decreased invasion, however, these results were not significant. Knockdown of 

SORBS2 with #2 siRNA sequence significantly slightly increased the rate of invasion 

in both Hs578T and MDA-MB-231 cells (Fig. 49 A and B).  
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Figure 49. Invasion rate unaffected by knockdown of 7 genes transcriptionally 

upregulated by T-Y-G-F axis and in poor outcome patients. Bar graphs showing invasion 

assays following siRNA knockdown of (A) Hs578T and (B) MDA-MB-231 cells using 

scrambled (SCR) control siRNA or two independent siRNA sequences each targeting PBX1, 

PCTP, PPM1L, TPD52, CNTNAP3B, ZNF704 or SORBS2. Cells were treated with siRNA for 72 

hours and then reseeded at a density of 250,000 cells per Boyden chamber onto 150µl of 

Matrigel and incubated for 24 hours. Invading cells were stained with crystal violet and 

quantified absorption values were normalised to scrambled (SCR) control siRNA in A) 

Hs578T and B) MDA-MB-231 cell lines, respectively. Error bars represent mean +/- SEM of 

three independent experiments. Paired T test statistical analysis; * (p=<0.05), **(p=<0.01). 

 

In order to assess whether the observed reduction of migration was due to these 

genes affecting migratory pathways and not due to decreased cell proliferation, a 

proliferation assay was performed. Cells were subjected to the same conditions as 

that of migration and invasion assay, in that cells were treated with siRNA for 72 

hours, subsequently reseeded and then incubated for 24 hours. Cells were reseeded 

into six replicate wells of a 96 well plate and 24 hours later subsequently stained 

with MTT to measure cell metabolic activity and proliferating cells. MTT absorbance 

was normalised to that of the scrambled (SCR) siRNA control.  
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In both Hs578T and MDA-MB-231 cells there were negligible effects, and slight 

trend of upregulation of proliferation with all the siRNAs (Fig. 50). CNTNAP3B #2 

siRNA sequence slightly reduced proliferation in Hs578T cells. However, these 

results were not significant (Fig. 50 A).  

Figure 50. Proliferation rate unaffected by knockdown of 7 genes transcriptionally 

upregulated by T-Y-G-F axis and in poor outcome patients. Bar graphs showing 

proliferation assays following siRNA knockdown of (A) Hs578T and (B) MDA-MB-231 cells 

using scrambled (SCR) control siRNA or two independent siRNA sequences each targeting 

PBX1, PCTP, PPM1L, TPD52, CNTNAP3B, ZNF704 or SORBS2. Cells were treated with siRNA 

for 72 hours and reseeded at a density of 10,000 cells per well. 24 hours later, an MTT assay 

was performed and absorption measured at 570nm and quantified absorption normalised 

to SCR-treated control in A) Hs578T and B) MDA-MB-231 cell lines respectively. Error bars 

represent mean +/- SEM of three independent experiments. Paired T test statistical 

analysis; * (p=<0.05), **(p=<0.01). 
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4.3 GANT61 GLI2 inhibitor as a potential targeted treatment 
 

Due to the tumour suppressive effects of TGFβ2 in normal Breast epithelium it was 

imperative to target this pathway downstream of TGFβ2 to prevent tumour 

metastasis. Previous results have demonstrated that GLI2 may be the main 

transcriptional and phenotypic driver of this metastatic pathway, thus it would be 

the logical component to target. Furthermore, there is currently no commercially 

available inhibitor of YWHAZ or FOXC1. Despite GLI2 being a transcription factor, 

there is a commercially available GLI2 inhibitor named GANT61 which functions by 

inhibiting the binding of GLI2 to DNA. 

Phenotypic assays will investigate if GANT61 can elicit any effect, both in 

combination with standard of care (FEC), or as a single agent, and so hold potential 

for a stratified therapy for TNBC patients. Investigation of GANT61 effects in the 

Claudin low vs Basal-like setting is a good means to examine if GLI2 inhibition holds 

potential for poor outcome patients, and so may be a potential targeted therapy to 

improve prognosis of these poor outcome patients.   

There has been little investigation of GANT61 in TNBC, and so it was necessary to 

perform a dose response assay to elucidate which dose of GANT61 would be 

appropriate for further phenotypic investigation. It would also be interesting to 

combine GANT61 and FEM treatment to investigate whether GANT61 could elicit 

any additive effect.  

In both Hs578T and MDA-MB-231 cell lines, GANT61 as a single agent conferred no 

effect on cell survival (Fig. 51). In Hs578T cells, GANT61 as a combination treatment 

with FEM produced no additive effect, as IC50 of FEM alone was log10-6.377 molar 

compared to FEM and GANT61 combination IC50 was log10-6.401 molar (Fig. 51 A (i) 

and (iii)). Similarly, in MDA-MB-231 cells, GANT61 conferred no additive effect, as 

IC50 of FEM alone was log10-6.473 molar compared to FEM and GANT61 combination 

IC50 of log10-6.321 molar (Fig. 51 A (ii) and (iii)).   

0.1µM (log10-7 molar) GANT61 in combination with FEM was taken forward as this 

was the concentration which produced initial reductions in cell viability of Hs578T 
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and MDA-MB-231 cells. Again 0.1µM GANT61 in combination with FEM 

demonstrated no additive effect on reducing cell viability, as in Hs578T cells, IC50 of 

FEM alone was log10-5.897 molar and 0.1µM GANT61 in combination with FEM 

elicited an IC50 of log10-5.857 molar (Fig. 51 B (i) and (iii)). Again, similarly in         

MDA-MB-231 cells, IC50 of FEM alone was log10-5.977 molar and IC50 of combination 

treatment was log10-5.400 molar (Fig. 51 B (ii) and (iii)).  

Figure 51 A. Addition of GANT61 dose response to FEM dose response has no additional 

effect on cell survival. Bar graphs showing dose response assays in two TNBC cell lines 

seeded into 96 well plates and each well given a dose of either FEM, GANT61 or FEM + 

GANT61 combination (log10-13 to -5) in six replicate wells. 72 hours later, an MTT assay was 

performed and absorption measured at 570nm. (A) Dose-response curves were calculated 

and plotted for (i) Hs578T and (ii) MDA-MB-231, with all values plotted relative to DMSO 

control. (iii) Table of transformed IC50 values corresponding to each cell line and each 

treatment. Error bars represent mean +/- SEM of three independent experiments. 
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Figure 51 B. Addition of 0.1µM GANT61 to FEM dose response has no additional effect on 

cell survival. Bar graphs showing dose response assays in two TNBC cell lines seeded into 

96 well plates and each well given a dose of log10-13 to -5 FEM as a single agent, or in 

combination with 0.1µM GANT61, in six replicate wells. 72 hours later, an MTT assay was 

performed and absorption measured at 570nm. (B) Dose-response curves were calculated 

and plotted for (i) Hs578T and (ii) MDA-MB-231, with all values plotted relative to DMSO 

control. (iii) Table of transformed IC50 values corresponding to each cell line and each 

treatment. Error bars represent mean +/- SEM of three independent experiments. 

 

Due to the minimal effects of GANT61 as a single agent on cell viability, 10µM and 

5µM of GANT61 was taken forward for phenotypic investigation. Hs578T and MDA-

MB-231 cells were treated with either 10µM and 5µM for 24 hours (1 day) or 120 

hours (5 days) and wounded after the appropriate time point. Wound size was 

measured 16, 18 and 22 hours post wounding, and normalised to the appropriate 

DMSO treated control.  

In Hs578T cells, 5 day treatment of both 10µM and 5µM GANT61 conferred no 

effect on migration (Fig. 52 A). 1 day treatment of both 10µM and 5µM decreased 

migration by ~25%, with 10µM having the most statistically significant reduction 

(Fig.52 A).  

In MDA-MB-231 cells, both 1 day and 5 day treatments of both 10µM and 5µM 

GANT61 demonstrated a trend of downregulated migration (Fig. 52 B). 16 hours 

post wound 5µM 1 day treatment of GANT61 significantly reduced migration by 

40% (Fig. 52 B). 18 hours post migration 5 day treatment of 10µM GANT61 

significantly reduced migration by 40%, and 1 day treatment of 5µM GANT61 

significantly reduced migration by 30% (Fig. 52 B). Finally, 22 hours post wounding, 
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1 day treatment of 10µM GANT61 significantly reduced migration by 30% in MDA-

MB-231 cells (Fig. 52 B).  

 

Figure 52. Migration rate of Hs578T and MDA-MB-231 reduced by GANT61 treatment. Bar 

graph of migration assay values in (A) Hs578T and (B) MDA-MB-231 cells following 1 day 

and 5 day treatment of DMSO control, 5µM and 10µM of GANT61. Cells were seeded at a 

density of 50,000 cells per well, scratched and imaged after corresponding timepoint (1 day 

or 5 days) and imaged at 16 hours, 18 hours and 22 hours post wound. Scratch surface area 

calculated using ImageJ software and normalised to DMSO treated control. Error bars 

represent mean +/- SEM of three independent experiments. Paired T test statistical 

analysis; *(p=<0.05), **(p=<0.01).  

 

Finally, due to the notable effect of GLI2si and shGLI2 on cell viability, I believed it 

would be interesting to investigate the effect GANT61 treatment would have on this 

cell phenotype. I believed it would also be interesting to investigate viability effects 

in the Claudin low vs Basal-like setting to explore whether GANT61 effects are 

Claudin low specific.  

TNBC cells were seeded in triplicate at 2,000 cells per well and incubated in either 

1µM, 2µM, 4µM, 6µM or 10µM GANT61 for 14 days. Cells were stained with crystal 

violet and absorbance was normalised to the appropriate DMSO treated control.  
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Excluding SUM159, all cell lines demonstrated a general trend of reduced cell 

viability when treated with GANT61. Increasing GANT61 concentration correlated 

with a further decrease of cell viability (Fig. 53). In Claudin low cell lines, Hs578T 

demonstrated a trend of downregulated cell viability with GANT61 treatment, but 

with no significance (Fig. 53 A (i)). MDA-MB-231 cell line demonstrated significantly 

downregulated cell viability by ~50% with 4µM, 6µM and 10µM GANT61 treatment 

(Fig. 53 A (ii)). The SUM159 cell line demonstrated a trend of upregulated cell 

viability with GANT61 treatment, but with no significance (Fig. 53 A (iii)).  

In Basal-like cell lines, HCC3153 demonstrated a trend of downregulated cell 

viability with GANT61 treatment, but with no significance (Fig. 53 B (i)). The 

HCC1937 cell line demonstrated significantly upregulated cell viability by 10% with 

1µM GANT61 treatment. However, HCC1937 cells also demonstrated significantly 

downregulated cell viability by 15% with 4µM and 60% with 10µM GANT61 

treatment (Fig. 53 B (ii)). MDA-MB-468 cell line demonstrated no effect with 

GANT61 treatment, except for a non-significant 50% downregulation of cell viability 

with 10µM GANT61 treatment (Fig. 53 B (iii)).  
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Figure 53. Cell viability of Claudin low and Basal like cell lines unaffected by a range of 

GANT61 concentrations. Bar graphs of cell viability values in (A) Claudin low and (B) Basal-

like TNBC cell lines following of treatment DMSO control and GANT61 at concentrations of 

1µM, 2µM, 4µM, 6µM and 10µM and seeded at a density of 2000 cells per well and crystal 

violet stained 10 days later. Quantified crystal violet absorption values were normalised to 

DMSO treated control in (A) Claudin low cell lines (i) Hs578T (ii) MDA-MB-231 and (iii) 

SUM159 and (B) Basal-like cell lines (i) HCC3153, (ii) HCC1937 and (iii) MDA-MB-468 cell 

lines respectively. Error bars represent mean +/- SEM of three independent experiments. 

Paired T test statistical analysis; * (p=<0.05), ** (p=<0.01). 
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4.4 Chapter Summary  
 

To summarise, I have successfully achieved aim 6 (pg48) to by identifying potential 

genes transcriptionally affect by the TGFβ2 pathway and influencing patient 

outcome in TNBC and elucidating their effect on metastasis. By RNAseq, we 

identified genes transcriptionally regulated by the TGFβ2-YWHAZ-GLI2-FOXC1 

pathway (T-Y-G-F) which I believe is an important pathway negatively impacting 

patient survival in TNBC. From this list of genes, 7 were taken forward for further 

investigation and some were shown to significantly increase TNBC cell migration. 

This information could help pave the way for design of novel targeted therapies in 

the future. However, negligible differentials were observed through invasion and 

proliferation assays.  

GLI2 has been identified as a major driver in this TGFβ2 pathway and so despite 

being a transcription factor, it is still a very attractive targeted for stratified 

therapies. By investigating inhibition of GLI2, we achieved aim 7 (pg 48) of 

identification of possible targeted therapies. By proliferation (dose response), no 

effect was observed with GLI2 inhibitor GANT61. Additionally, no synergistic effect 

was shown when combined with TNBC standard of care treatment FEM. Clonogenic 

assays demonstrated varying results with GANT61 treatment in both Claudin low 

and Basal-like cell lines. However, GANT61 treatment exhibited migration inhibitory 

effects at both 1 and 5 day treatment, which may be a promising indication that 

targeting GLI2 has potential to inhibit the highly metastatic phenotypes associated 

with TNBC.  
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Chapter 5 
5. Discussion 
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5.1 Upregulation of TGFβ2 pathway components in poor outcome TNBC 

compared to good outcome TNBC 
 

As previously described, two thirds of TNBC patients become resistant to the 

current standard of care regime and will succumb to the disease within 5 years post 

treatment (94). There is currently no way to predict a TNBC patient prognosis and it 

is still not understood why some patients are so resistant to chemotherapy, 

whether intrinsically resistant or acquiring resistance as treatment proceeds. 

Increased metastasis is known to confer a poorer patient prognosis as cancer 

spread to distant sites introduces new complications, leading to the deterioration of 

patient health and so reduces the concentration of chemotherapy a patient can 

receive, and its effectiveness (215). Therefore, identifying metastatic drivers will 

facilitate development of biomarkers which can stratify which patients will benefit 

from a more aggressive therapy regime, or it may open the possibility for novel 

targeted therapies for these poor prognosis patients.  

TGFβ2 signalling is known to drive EMT and metastasis in Breast cancer patients, 

with studies (using IHC) demonstrating the majority of Breast tumours metastases 

exhibit upregulated TGFβ2 and pSMAD2/3 staining, suggesting this pathway is 

hyperactivated in the metastases (216). Furthermore, in a mouse model which 

formed skin tumours in the epithelial layer by chemical carcinogenesis, highly 

aggressive spindle carcinomas formed which had undergone a high extent of EMT 

and did not exhibit any epithelial cell molecular markers. This study demonstrated 

the EMT of these tumours was driven by TGFβ2-pSMAD2/3 activation of SNAIL 

transcription (217). However, it has not been elucidated whether this TGFβ2 driven 

EMT and metastasis is true in the TNBC setting. Furthermore, due to the tumour 

suppressive function of TGFβ2 in normal Breast epithelium, it is not known what 

mechanisms are responsible for causing this drastic switch in function of TGFβ2 

signalling. Furthermore, identifying the mechanisms driving the switch in TGFβ2 

function, and therefore driving metastasis, would facilitate stratification of patients 

more prone to metastasis and poor prognosis, and may serve as a targeted therapy 

downstream of TGFβ2, minimising systemic toxicities or tumorigenesis of normal 

tissues.  
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Xu et al previously described that YWHAZ protects GLI2 in the cytoplasm, which 

then binds to the TGFβ2 downstream effectors pSMAD2/3. GLI2 binding to 

pSMAD2/3 is stabilised by YWHAZ and FOXC1 (146). It is thought that GLI2 subverts 

the growth control effects of TGFβ2 signalling by acting as a transcriptional cofactor 

to guide the pSMAD2/3 complex to upregulate transcription of genes associated 

with EMT and metastasis. This GLI2-pSMAD2/3 complex is also thought to activate 

transcription of GLI2 and TGFβ2 themselves which forms a positive feedback loop 

and perpetually continues the cycle (177). For convenience, this TGFβ2-YWHAZ-

GLI2-FOXC1 pathway is referred in this thesis as the ‘T-Y-G-F pathway’. This thesis 

focuses on investigating whether the T-Y-G-F pathway is driving EMT and metastasis 

in TNBC patients, particularly poor prognosis TNBC, and which component(s) are 

the main oncogenic drivers. Ultimately the purpose of this study is to identify a poor 

prognosis biomarker, or indeed a novel targeted therapy which would assist 

clinicians in the management of these highly metastatic, aggressive Breast cancers.  

Again, for comparisons and modelling purposes, this thesis has taken the Pratt et al 

classification of TNBC cell lines, where Claudin low cell lines were designated as 

‘poor outcome’ and Basal-like cell lines were classified ‘good outcome’. There has 

been much investigation as to the chemosensitivity of these two groups of cell lines 

and it is well established that Basal-like cell lines are much more responsive to 

chemotherapies than Claudin low lines (112). However, there has been little 

investigation of the migratory properties of these two TNBC groups. Here, we 

demonstrated that all 3 Claudin low cell lines chosen (Hs578T, MDA-MB-231 and 

SUM159) had a more migratory phenotype than all 3 of the Basal-like cell lines 

chosen (HCC3153, HCC1937 and MDA-MB-468). This corroborates with previous 

findings by Prat et al, that Claudin low cell lines demonstrate higher expression of 

EMT associated genes (such as vimentin and integrins) and cancer stem cell 

properties, and lower expression of cell-cell adhesion genes than their Basal-like 

counterparts (112).  

In order to investigate whether the T-Y-G-F may be driving this poor prognosis 

phenotype, we investigated whether any of the pathway components are 

upregulated in 3 Claudin low (poor outcome) lines compared to 3 Basal-like (good 
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outcome) lines, and a normal Breast epithelium cell line. QPCR analyses 

demonstrated that TGFβ2, YWHAZ, GLI2 and FOXC1 mRNA expression are all 

upregulated in the TNBC cell lines compared to normal Breast epithelium. There 

was variation of expression of each of the T-Y-G-F components between cell lines in 

each group, which can be explained by the well characterised vast heterogeneity of 

TNBC. This heterogeneity of TNBC is one of the main reasons why TNBC patients do 

not yet have a stratified therapy, as it proves very difficult to identify and design 

biomarkers and druggable targets which are reliable and impact a sufficient 

population of TNBC patients for them to be deemed cost effective enough for 

clinical use. Additionally, due to the aggressiveness of TNBC and deterioration of 

health associated with FEC therapy, it is difficult for clinical trials to gain statistical 

power and continue for a sufficient time frame, and so many potential targets fail at 

this hurdle (218).  

In this study, we identified that TGFβ2 and GLI2 mRNA expression were generally 

upregulated in the Claudin low cell lines compared to the Basal-like cell lines. 

However, when we compared the mRNA expression and protein expression results, 

there were some discrepancies. TGFβ2 is not investigated at the protein level in this 

thesis, as it has been well established in the literature, that current commercially 

available TGFβ2 antibodies are not specific for TGFβ2 using Western blot protocols 

and can bind to various nonspecific proteins, including other TGFβ ligands TGFβ1 

and TGFβ3. For this reason, TGFβ2 western blots were not thought to be reliable 

and conclusions cannot be drawn from them until there are TGFβ2 specific 

antibodies. In contrast to the mRNA results, FOXC1 and YWHAZ protein expression 

was upregulated in the Claudin low cell lines compared to the Basal-like cell lines. 

However, GLI2 is upregulated at both the mRNA and protein level in the Claudin low 

cell lines.  

Considering the discrepancies between mRNA and protein results, it was thought 

that investigation of 3 Claudin low and 3 Basal-like cell lines did not hold enough 

power at the mRNA level. For this reason, we investigated the gene expression data 

from the Garnet et al dataset (E-TABM-783) which was comprised of 7 Claudin low 

cell lines and 10 Basal-like cell lines. Using this method, we observed that the mean 
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gene expression of TGFβ2, YWHAZ and GLI2 were upregulated in the Claudin low 

cell lines. However, FOXC1 mean gene expression was upregulated in Basal-like cell 

lines.  

The discrepancies between RNA and protein results again highlights the 

heterogeneity of TNBC, even within the same TNBC cells. However, as a result of 

previous findings by Xu et al, we hypothesise that T-Y-G-F pathway dysregulation 

may be driven through aberrant protein-protein interactions or protein stability 

rather than aberrant gene expression levels. Xu et al found that both invitro and 

invivo silencing of YWHAZ reduced GLI2 protein levels, but not GLI2 mRNA levels 

and were not affected by exogenously introduced TGFβ2 (146). Together these data 

suggest that T-Y-G-F pathway dysregulation may be driven through aberrant protein 

interactions. 

PhosphoSMAD2/3 (pSMAD2/3) and total SMAD2/3 also appear to be upregulated in 

the Claudin low cell lines. pSMAD2/3 is thought to be the main signalling effector of 

the T-Y-G-F pathway, and this result suggests that T-Y-G-F signalling cascade may be 

upregulated in the Claudin low (poor outcome) setting. Additionally, due to 

upregulation of all pathway components in Claudin low cell lines, either at the 

mRNA, protein or gene expression level, this also suggests that the T-Y-G-F pathway 

may be constitutively upregulated in poor prognosis patients.  

The data generated in this thesis corroborates with previous findings from the 

Mullan and Buckley labs, which using an in-house microarray dataset and clinical 

follow up of 60 TNBC patients, identified that TGFβ2 was upregulated in a high 

proportion of poor outcome TNBC tumours. TGFβ2 has also been observed to be 

upregulated in the tumours of poor outcome and metastatic patients in several 

other cancer types, such as oesophageal, pancreatic and glioblastoma cancers 

(219), (220), (221). High YWHAZ expression has also demonstrated to confer a high 

incidence of chemoresistance to paclitaxel in Breast and Ovarian cancers (222). 

Additionally, YWHAZ amplification has been associated with poor prognosis in 

adenocarcinoma and bladder cancer patients (223), (165). Upregulation of GLI2 has 

previously been suggested to confer poor prognosis in osteosarcoma, glioma and 

melanoma patients (178), (224), (225). However, as previously described, it may be 
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GLI2 protein stability and interactions, rather than gene expression levels, that 

ultimately drive metastases (146). FOXC1 overexpression has been associated with 

melanoma and cervical cancer poor prognosis (226), (227). However, more 

importantly, FOXC1 has been extensively investigated in Breast cancer, and many 

researchers consider FOXC1 overexpression as an important poor prognosis marker 

in Basal-like Breast cancer (151).  The Mullan group has previously published on the 

role of FOXC1 as a driver of poor biology, specifically in Basal-like Breast cancers 

(183). 

 

5.2 Knockdown of TGFβ2 pathway components reduce 

phosphoSMAD2/3 protein levels 
 

Previous studies have suggested that GLI2 subversion of TGFβ2 signalling activates 

transcription of GLI2 and TGFβ2 themselves, forming a positive feedback loop (212). 

However, we did not observe any of the T-Y-G-F pathway components affecting 

transcription of each other. However, as mentioned in the previous section, it may 

be dysregulation at the protein level driving aberration of this pathway. At the 

protein level, we observed that GLI2 protein levels were downregulated with 

YWHAZ and FOXC1si in both Hs578T and MDA-MB-231 cell lines, TGFβ2si also 

reduced GLI2 protein in MDA-MB-231 cell line. However, YWHAZ protein levels 

were not affected by knockdown of the other T-Y-G-F pathway components.  

It is also known that TGFβ2 regulates it target gene transcription by alteration of 

SMAD2/3 binding partners (146). SMAD2/3 signalling is activated by 

phosphorylation, and this phosphorylation and activation of SMAD2/3 signalling is 

thought to be hyperactivated by the T-Y-G-F pathway in TNBC (212). Knockdown of 

GLI2 and FOXC1 in both Hs578T and MDA-MB-231 cell lines, and YWHAZ in MDA-

MB-231 cells reduced pSMAD2/3 protein levels, while total SMAD2/3 levels 

remained unchanged. This suggests that knockdown of these components reduces 

phosphorylation and activation of this signalling cascade. It also suggests that these 

pathway components are the main drivers of metastatic T-Y-G-F signalling, rather 

than TGFβ2, as TGFβ2 had no effect on pSMAD2/3 levels (the active SMAD2/3 form) 
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which suggests it is not the main activator or driver of the pSMAD2/3 signalling to 

drive metastasis. The SMAD2-SMAD3-SMAD4 trimeric complex is a relatively weak 

DNA binding complex and relies on a range of accessory coactivators and repressors 

in order to facilitate transcription (142). As mentioned in Section 1.8 in normal 

Breast epithelial cells, pSMAD2/3 requires partnering with P53 to activate 

transcription of cell cycle control genes (146). Furthermore, pSMAD2/3 is degraded 

by E3 ubiquitin ligase SMURF2 (228). SMURF2 gene expression is negatively 

regulated in poor outcome TNBC, which enables further dysregulation and 

hyperactivation of TGFβ2-pSMAD2/3 signalling pathway (229). It is still unknown 

how SMURF1 is negatively regulated in TNBC.     

These results are in accordance with previous findings, such as Javelaud et al where 

both invitro and invivo silencing of YWHAZ reduced GLI2 protein levels, while not 

altering SMAD2/3 phosphorylation or total SMAD2/3 protein expression. 

Additionally, they observed overexpression of YWHAZ in normal Breast epithelium 

cells simultaneously upregulated GLI2 protein levels, which subsequently 

upregulated TGFβ2 target gene PTHrP (associated with bone metastasis), and 

downregulated transcription of TGFβ2 tumour suppressor target gene P21WAF (145). 

Similar to our observations, Xu et al did not observe changes in GLI2 mRNA levels 

following YWHAZ knockdowns (Breast cancer) or overexpression (control cells). GLI2 

mRNA levels were also not affected by exogenous introduction of TGFβ2. They 

found that YWHAZ did not affect GLI2 translation, but rather in response to TGFβ2, 

YWHAZ increased GLI2 protein stability by preventing GLI2 binding to its E3 ligase β-

TrCP, thus preventing GLI2 ubiquitination and subsequent proteasome-mediated 

degradation (146). This is in accordance with our results as we clearly see (through 

co-immunoprecipitation) that whilst GLI2 is a predominantly nuclear protein and 

YWHAZ cytoplasmic, they clearly associate with one another and with activated 

(phospho-) SMAD2/3. The stabilisation of GLI2 protein without upregulation of GLI2 

mRNA was also enough to subvert the TGFβ2 signalling to drive EMT gene 

transcription. Additionally, when we knocked down YWHAZ, GLI2 protein levels 

were reduced, however GLI2 mRNA levels remained unchanged. Furthermore, we 

observed through Immunofluorescence that knockdown of YWHAZ caused GLI2 to 
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be retained in the cytoplasm (rather than its normal nuclear localisation). These 

results demonstrate that YWHAZ regulates GLI2 stability rather than transcription to 

enable aberration of the TGFβ2/SMAD2/3 signalling pathway.  

These results taken together support our hypothesis that the T-Y-G-F pathway is 

dysregulated at the protein level. However, these data do contradict previous 

reports that TGFβ2/SMAD2/3 signalling upregulates GLI2 transcription.  

 

5.3 Effect of TGFβ2 pathway components on cell phenotype in Claudin 

low and Basal-like cell lines 
 

It is well documented that TGFβ2 signalling can drive cell survival, EMT and 

metastasis in many cancer types, including TNBC (230). However, it is still not 

known what mechanism causes this drastic change in TGFβ2 function. We 

hypothesise that the aberrant T-Y-G-F axis may drive these metastatic and cell 

growth phenotypes in TNBC. It was not clear which components of the T-Y-G-F axis 

were the drivers of these oncogenic phenotypes, so we first investigated TNBC cell 

line growth following individual knockdown of the pathway components. We also 

explored how knockdown of each T-Y-G-F pathway component affected metastatic 

and growth phenotypes in the Claudin low vs Basal-like setting. The purpose of this 

was to investigate whether any of the T-Y-G-F components conferred a greater 

effect in the poor outcome setting and could serve as a prognostic biomarker or 

therapeutic target for TNBC patients.  

 

5.3.1 The T-Y-G-F pathway and cell growth 

Both Claudin low and Basal-like cell lines demonstrated very similar results in terms 

of cell growth following knockdown of T-Y-G-F pathway components. TGFβ2si 

demonstrated a trend of very slight downregulation of cell growth, with more 

pronounced reductions observed following YWHAZsi treatments, however, these 

results were not significant. Furthermore, FOXC1si conferred no effect of cell 

growth in any of the 3 Claudin low cell lines and actually demonstrated a trend of 

slight upregulation of cell growth in all 3 Basal-like cell lines. However, GLI2si 



157 
 

demonstrated the most prominent effect on cell growth, reducing cell viability by at 

least 50% in all 3 of the Claudin low cell lines and all 3 of the Basal-like cell lines. 

This suggests that within the T-Y-G-F pathway, GLI2 is the main driver of TNBC cell 

growth, and this effect is not specific to Claudin low cell lines.  

The T-Y-G-F pathway is thought to be more commonly associated with metastatic 

phenotypes such as migration and invasion than cell growth and proliferation, as 

the aberrant TGFβ2 signalling in TNBC is thought to upregulate transcription of EMT 

associated genes, rather than anti-apoptotic and cell growth genes (187). 

Additionally, in studies which have investigated the T-Y-G-F components separately, 

they have found that TGFβ2, GLI2 and FOXC1 preferentially upregulated EMT and 

metastasis phenotypes, while YWHAZ has been associated with chemoresistance 

(231), (232), (233). This finding of no distinction between the cell growth of Claudin 

low and Basal-like cell lines (despite the differences of migratory profiles between 

the two groups) adds to our hypothesis that this T-Y-G-F pathway principally drives 

EMT and metastasis, rather than survival or proliferation in TNBC. Therefore, 

migration and invasion assays were deemed more appropriate readouts of the 

metastatic phenotypes observed in TNBC patients.  

 

5.3.2 The T-Y-G-F pathway and cell migration 

Knockdown of all T-Y-G-F pathway components reduced migration in all 3 Claudin 

low cell lines. Similar to the cell growth results, FOXC1si had the least effect out of 

the 4 pathway components, while TGFβ2si and YWHAZsi elicited similar reduction 

on migration as each other. However, again GLI2si had the most prominent effect 

on reducing migration, again reducing migration by around 50% in each of the 3 

Claudin low cell lines and at each of the 3 timepoints 16, 18 and 22 hours post 

wounding.  

Negative regulation of migration by knockdown of each of the T-Y-G-F pathway 

components is not surprising as previous research has demonstrated that the T-Y-G-

F axis upregulates transcription of EMT genes and genes associated with cell 

motility, particularly PTHrP in Breast cancer (146). T-Y-G-F transcription of these 

genes helps to drive TNBC migration and ultimately metastasis.  
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However, the role of GLI2 driving migration in TNBC is more novel than the other T-

Y-G-F components. It was previously thought that GLI2 was dependent on 

Hedgehog (Hh) signalling cascade to be able to drive migration (234). However, 

MDA-MB-231 cells do not express Smoothened, so these results demonstrate that 

GLI2 can drive migration and metastasis independently of Hh signalling. 

Furthermore, Nagao‐Kitamoto et al demonstrated that knockdown of GLI2 reduced 

migration in osteosarcoma cells (which demonstrate high expression of TGFβ2), and 

when this was translated to an invivo model, GLI2 knockdown prevented cell 

migration and lung metastasis, however, Hh signalling remained unchanged (178). 

This suggests that GLI2 acts as an oncogenic driver independent of the Hh signalling, 

regulating the T-Y-G-F pathway instead.  

When these results in the Claudin low cell lines were compared to the results 

observed in the Basal-like cell lines as a whole, it was evident that knockdown of the 

T-Y-G-F pathway had a more prominent negative regulation of migration in Claudin 

low cells. In contrast to the Claudin low cell lines, knockdown of T-Y-G-F 

components conferred negligible effects in the HCC1937 and MDA-MB-468 cell 

lines.  

Again, contrasting to the Claudin low results, FOXC1si had the most prominent 

effect on migration in the MDA-MB-468 and HCC3153 cell lines. This suggests that 

FOXC1 effect on migration may be cell context dependent, or as previous reports 

have suggested, FOXC1 is known to upregulate EMT, and is considered an important 

poor prognosis marker in Basal-like Breast cancer (181). This finding corroborates 

with these studies and suggests that FOXC1 effect on EMT and metastasis in Basal-

like Breast cancers may be independent of the TGFβ2 signalling axis or may be cell 

context dependent. The HCC3153 Basal-like cell line demonstrated a similar 

reduction of migration with TGFβ2si and YWHAZsi as was observed in the Claudin 

low cell lines. However, at the later timepoints GLI2si treatment had less 

pronounced effects. This suggests that T-Y-G-F effect on migration is not exclusive 

to Claudin low TNBC lines, however, it does play a more prominent role in driving 

EMT features in a triple negative background setting.  

 

https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Nagao-Kitamoto%2C+Hiroko
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5.3.3 The T-Y-G-F pathway and cell invasion 

Unfortunately invasion assays demonstrated varying results between cell lines in 

both the Claudin low and Basal-like group. Despite promising migration results, in 

both Claudin low and Basal-like cell lines there is negligible effects on the invasive 

phenotype in response to knockdown of the T-Y-G-F pathway.  

In TNBC cell lines which had previously demonstrated low mRNA expression of 

TGFβ2 and GLI2, knockdown of TGFβ2 actually increased invasion in these cell lines 

(SUM159 and MDA-MB-468). However, cell lines which had demonstrated highest 

levels of TGFβ2 and GLI2 exhibited a reduction in invasion when T-Y-G-F pathway 

components were knocked down (Hs578T, HCC1937 and HCC3153). There were no 

differences in invasion observed between the ‘poor outcome’ and ‘good outcome’ 

cell lines and these results taken together highlight the heterogeneity of TNBC, the 

need for correct stratification and identification of patients who will benefit most 

from targeting this T-Y-G-F pathway and the potential oncogenic effects if the 

patient is not correctly identified. However, it does demonstrate promise in 

negatively regulating the metastatic phenotype in patients presenting with 

hyperactive T-Y-G-F- pathway. This is surprising as TGFβ2 knockdown has previously 

demonstrated reduced invasion of Breast cancer cells invivo, however this has not 

been investigated in the TNBC setting and so may be cell context dependent (145). 

Furthermore, although T-Y-G-F pathway components are known to upregulate EMT 

gene transcription, only their ability to regulate the migratory phenotype and not 

invasion has previously been investigated.  Therefore, further investigation of this 

area is needed.  

In order to explain the discord between migration and invasion results, it is 

important to remember, as mentioned earlier, although commonly classified 

together, migration and invasion are two distinct phenotypes regulated by different 

pathways and cellular processes. Firstly, migration is a process which also occurs in 

normal cells and is required for gastrulation, wound repair and maintaining a 

functional immune system. On the other hand, invasion is a malignant process 

which is involved in a many pathologies. Migration is regulated by three main 

modalities, actin cytoskeleton regulation, spatial polarization of several signalling 
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pathways, and focal adhesion dynamics, and requires very little remodelling of the 

ECM (235). On the other hand, invasion requires cells to migrate through the ECM 

and penetrate tissues and blood vessels.  Invasion requires the action of proteolytic 

enzymes to degrade and remodel the ECM and blood vessel walls to allow the cell 

to invade into the circulatory system (236). Additionally, as previously mentioned, in 

a melanoma mouse model, a fully functional TGFβR2 was required for TGFβ2 driven 

migration, however, depletion of TGFβR2 was required for TGFβ2 driven invasion 

(198). These considerations suggest that migration and invasion are two distinct 

phenotypes, which can be driven by different genes and pathways, and may actually 

require opposing functionality from the same genes. Further work is clearly needed 

to investigate the differences and driving factors between migration and invasion in 

TNBC, and to elucidate which migratory and invasive pathways are regulated by the 

T-Y-G-F axis.  

 

5.3.4 The T-Y-G-F pathway and cell proliferation 

In order to ensure that the phenotypic results observed in the previous sections 

were not due to altered cell proliferation, a proliferation assay was performed on 

cells subjected to the exact same conditions as those of the migration and invasion 

assay. Proliferating cells are actively respiring, and only actively respiring cells 

convert MTT to insoluble purple coloured formazan which can then be measured by 

optical density. The optical density of the formazan equates back to how actively 

respiring and therefore actively proliferating the cells are (237).  

Knockdown of the T-Y-G-F components had negligible effects on the proliferation of 

Claudin low cell lines and a trend of upregulated cell proliferation in Basal-like cell 

lines. This demonstrates that T-Y-G-F pathway preferentially regulates metastatic 

pathways rather than proliferative pathways in the poor outcome cell lines. This 

corroborates with previous findings which demonstrated that knockout of TGFβ2 in 

mouse cardiac cushion cells prevented invivo EMT but had no effect on cell 

proliferation. This effect was also specific to TGFβ2 as TGFβ1 and TGFβ3 had no 

effect on the EMT or proliferative phenotype of the cushion cells (238).  

Furthermore, these results also demonstrate that the T-Y-G-F regulation of 
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migration in we observed in this study is not just attributed to the cells proliferating 

at a reduced rate, but rather due to the T-Y-G-F regulation of migratory pathways.  

Due to the upregulated trend of proliferation in Basal-like cell lines, this suggests 

there is actually a more prominent difference in the effects of the T-Y-G-F pathway 

on migration between the two TNBC groups. Again, this highlights the need for 

proper stratification of patients who would benefit from a T-Y-G-F targeting 

therapy.  

 

5.4 Effect of TGFβ2 pathway components on cell phenotype in normal 

Breast epithelium 
 

It has been known for some time that aberrant TGFβ2 signalling drives metastasis in 

TNBC and many other cancer types. However, this has not translated into clinically 

used TGFβ2 targeted therapies due to the tumour suppressive functions of TGFβ2 in 

normal cells. The effect of the T-Y-G-F pathway on metastasis has demonstrated 

that targeting this signalling axis downstream of TGFβ2 may be a potential novel 

treatment strategy for poor prognosis TNBC patients. In order to investigate 

whether T-Y-G-F pathway components also affect normal Breast epithelium, we 

investigated what effects knockdown of T-Y-G-F pathway components had on cell 

viability or cell migration abilities of normal Breast cells.  

Knockdown of YWHAZ had no effect on cell viability or migration, perhaps reflecting 

the tumour specificity of this transport protein whose genomic locus is heavily 

amplified in Breast cancers (166). Knockdown of TGFβ2 had no effect on cell 

viability, however, it did slightly increase migration of the normal Breast cells. This is 

perhaps not too surprising, as knockdown of TGFβ2 reduces its tumour suppressive 

function in normal Breast cells, potentially allowing them to escape growth control 

mechanisms and undergo malignant transformation. Malignant transformation of 

normal cells after loss of TGFβ2 has been observed both invitro and invivo in many 

cancer types (239).  

GLI2 and FOXC1 dramatically reduced cell viability and demonstrated a trend of 

downregulation of migration in normal Breast epithelium. Normal Breast cells 
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should not undergo migration, so reduction of this phenotype should not be an 

issue in these cells. However, reduction of cell viability could be an important 

problem, as this could lead to unwanted toxicities and side effects if GLI2 or FOXC1 

were to be targeted as a novel therapy. GLI2 and FOXC1 have both been shown to 

contribute to mammary gland development, however it is unclear if GLI2 or FOXC1 

are functional after puberty (240), (241). As of yet, no studies have investigated the 

effect of knocking GLI2 and FOXC1 out in normal cells, however studies with FOXC1 

null embryonic mice demonstrated lethality to the embryos (242). 

However, as GLI2 does not affect FOXC1 gene or protein levels, targeting GLI2 may 

still be a viable option. The GANT61 GLI2 inhibitor has not exhibited toxic effects on 

normal cells both invitro and invivo and did not result in malignant transformation 

(243). This suggests that targeted inhibition of GLI2 may still be effective to target 

the T-Y-G-F driven metastasis without causing toxicity to normal cells, however, 

more investigation is clearly needed. This additionally highlights the importance of 

patient stratification to identify the patients who would benefit most from this 

targeted therapy.  

5.5 Effect of shGLI2 on TNBC cell phenotypes  
 

In order to ensure the promising results observed of GLI2si negatively regulating the 

TNBC metastatic phenotype and the potential as a very promising druggable target 

for poor prognosis patients are due specifically to GLI2 and not off-target or toxic 

siRNA effects, we generated Hs578T and MDA-MB-231 TET inducible shGLI2 cell 

lines. We then investigated the effects of the inducible shGLI2on TNBC cell 

phenotype.   

ShGLI2 reduced cell viability, migration and invasion in both Hs578T and MDA-MB-

231 cell lines, however in relation to the control, the reduction of cell viability was 

not as impressive as that observed with GLI2 siRNA. However, shGLI2 demonstrated 

superior results over GLI2si in the invasion assays.  

The less significant reductions observed with shGLI2 may be explained by the ability 

of TET treatment to reduce GLI2 expression, GLI2 mRNA levels were only reduced 
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by 50% compared to non-TET treated cells. The shGLI2 lines generated were mixed 

populations containing cells with highly variable knockdown efficiencies so it was 

likely that there were still many cells with functional GLI2 in these shorthairpin cell 

populations. Additionally, some studies suggest that knocking out GLI2 is lethal for 

cancer cells (244), so as these phenotypic assays required cells to be reseeded, this 

could select for cells which had not lost GLI2 expression, or only had partial GLI2 

knockdown.  However, as we did observe statistically significant reduction of 

viability, migration and invasion in both cell lines and with both siRNA and shRNA 

modalities, this reassures the reader that GLI2 is eliciting these phenotypic effects 

and they are not due to not off-target effects of the delivery modality.  

 

5.6 Effect of T-Y-G-F pathway on EMT and Cell Cycle gene transcription  
 

It is known that P21WAF1 transcription is dependent on TGFβ2 signalling in normal 

Breast epithelium (245). P57KIP2 and P27KIP1 are also thought to be transcriptionally 

regulated by TGFβ2 signalling, however, there are suggestions that they are not 

dependent on TGFβ2 (246). P21WAF1, P57KIP2 and P27KIP1 are Cyclin Dependent 

Kinase inhibitors which are transcriptionally upregulated following activation of 

DNA damage response pathways and their roles are to prevent cell cycle 

progression, restricting the likelihood of uncontrolled proliferation and mutation 

accumulation (247). Expression of these tumour suppressor genes are frequently 

lost during Breast cancer progression. A key mechanism through which this occurs 

may involve the T-Y-G-F axis subverting the transcriptional activity of TGFβ2-SMAD 

from tumour suppressor gene promoters to upregulation of EMT and metastasis 

associated gene promoters (212). Xu et al previously demonstrated that T-Y-G 

pathway upregulated PTHrP transcription in Breast cancer cells (146). Additionally, 

aberrant TGFβ2 signalling has previously been associated with upregulation of EMT 

associated genes SNAIL and ZEB1 in Breast cancer (248). However, investigation of 

the T-Y-G-F pathway effect on transcription of cell cycle and EMT genes has not 

been investigated in the TNBC setting.  
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In terms of the cell cycle control gene transcription, there was varying responses 

between genes and cell lines in response to knockdown of the T-Y-G-F components. 

TGFβ2-pSMAD2/3 signalling is known to activate transcription of P21WAF1, P27KIP1 

and P57KIP2 in normal Breast cells to inhibit aberrant cell cycle progression (249). We 

hypothesised that knockdown of YWHAZ, GLI2 and FOXC1 in TNBC cell lines should 

prevent the TGFβ2-pSMAD2/3 signalling transcription activation of EMT associated 

genes, and subvert the TGFβ2-pSMAD2/3 driven transcription back to the cell cycle 

control genes. In line with our hypothesis, knockdown of the T-Y-G-F components 

increased transcription of P57KIP2 in MDA-MB-231 cell lines, however, there were 

negligible effects on P27KIP1, and knockdown of TGFβ2 and GLI2 in MDA-MB-231 

cells and FOXC1 in Hs578T cells reduced P21WAF1 expression.  

El-Deiry et al. previously demonstrated that P21WAF1 expression is present in cells 

expressing WT p53, but is absent in p53 mutant cells (250). Over 90% of TNBC cells 

are p53 mutant or null, and so P21WAF1 expression may not be exclusively TGFβ2 

dependent, but may require functional TGFβ2 and P53 for correct transcription.  

Additionally, recent developments have suggested that TGFβ2 does not actually 

affect P27KIP1 transcription in Breast cancer cells, but rather prevents 

phosphorylation of P27KIP1, which in turn inhibits its nuclear export to elicit its 

antiproliferative functions (251). Thus, this could explain why we observed no 

transcriptional regulation of P27KIP1, as it is rather regulated at the post translational 

level.  

Furthermore, recent studies have disagreed with the previous accepted theories 

that P21WAF1 and P27KIP1 are exclusively tumour suppressors, and their expression is 

lost in advanced cancers. Only one study, which was published in 2019 has observed 

this effect for P27KIP1. PI3K is known to be activated in a high proportion of TNBC 

tumours. They observed that PI3K activated kinases stimulates corecruitment of 

p27KIP1 and cJun to DNA to activate transcription of TGFB2 and EMT associated 

genes in Breast cancer (251). This previously unknown oncogenic action of p27KIP1 

suggests P27KIP1 dysregulation is independent of aberrant TGFB2 signalling.  
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Furthermore, cytoplasmic localisation of P21WAF1 has been associated with anti-

apoptotic pathways and results in oncogenic activity of P21WAF1 (252). The Mullan 

lab group has previously shown that cytoplasmic localisation of P21WAF1 may confer 

chemoresistance in TNBC cells (unpublished). Other groups have also shown that 

cytoplasmic retention of P21WAF1 (where it forms a complex with Apoptosis-Signal 

Regulating Kinase 1 and subsequent inhibition of MAPK stress signalling and 

procaspase-3 cleavage) results in aggressive tumour characteristics and poor 

prognosis in Breast cancer (253). The aberrant localisation of P21WAF1 in epithelial 

cells is thought to be caused by phosphorylation in the PCNA binding side of P21WAF1 

by pAKT1 mediated Threonine 145 (Thr145) (254). Again this suggests these cell 

cycle genes are modulated at the post translational level and are dysregulated, 

independent of the T-Y-G-F signalling axis.  

As these genes are associated with proliferation and cell survival, this finding of no 

T-Y-G-F dysregulation of cell cycle genes further corroborates with our suggestion 

that the T-Y-G-F axis preferentially dysregulates metastasis rather than tumour cell 

proliferation.  

  

This then leads to the question of T-Y-G-F preferentially upregulating transcription 

of EMT associated genes. Again, there was varying responses between cell lines 

suggesting regulation of EMT genes is a cell context dependent. We hypothesised 

that knockdown of the T-Y-G-F components would downregulate transcription of 

EMT genes. However, we observed negligible effects on PTHrP, SNAIL and ZEB1 

transcription.  

This was particularly surprising as  Johnson et al observed upregulation of PTHrP 

(which drives bone metastasis) in Breast cancer cells in a TGFβ2 and YWHAZ 

dependent manner (177). Another study also observed Breast cancer mouse 

mammary 4T1 cells did not exhibit invitro differences when transfected with 

YWHAZ shorthairpin. However, when these cells were engrafted into mice, 

shYWHAZ 4T1 cells exhibited significantly reduced bone tumour burdens and 

smaller bone lesions compared to the control mice (146). However, it is important 
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to note that unlike other Breast cancer subtypes, TNBC tumours are far less likely to 

metastasise to the bone and preferentially metastasise to visceral organs, and so 

PTHrP expression may be less relevant in these TNBC cells (255).  

Although it is well known that T-Y-G-F signalling and SNAIL and ZEB1 transcription 

drive EMT in cancer, it is not known whether this T-Y-G-F signalling axis regulates 

SNAIL and ZEB1 transcription in TNBC. Previous results have demonstrated that 

TGFβ2 signalling upregulates SLUG signalling in Breast cancer, but these results have 

not been replicated in TNBC (256). Similar to the cell cycle control genes, it is 

thought these EMT genes may undergo a range of post translational modifications, 

and it has not been elucidated whether TGFβ2 plays a role in these modifications 

(257). There have been no studies demonstrating TGFβ2 transcriptional regulation 

of these genes in TNBC, and it is possible the T-Y-G-F axis may drive transcription of 

other EMT and metastasis associated genes, and the ‘classic’ EMT associated genes 

such as SNAIL and ZEB1 may not play as important a role in TNBC as they do in other 

cancer types.  

Genes transcriptionally regulated by the T-Y-G-F pathway are further investigated in 

section 5.10.  

 

5.7 Localisation of T-Y-G-F pathway components 
  

As previously suggested in this thesis, abberation of this pathway is at the protein 

level rather than the gene expression level (146). As such, it is important to 

investigate where the protein is located, as even if a protein is upregulated, if it is 

not located in the correct subcellular localisation, it can not perform its normal 

function.  

Previous studies have observed GLI2 interacting with YWHAZ and it is known that 

YWHAZ protects GLI2 from proteosomal degradation in the cytoplasm, however it is 

yet to be eludicated whether YWHAZ affects GLI2 translocation to the nucleus 

where it can drive transcriptional regulation (146). Additionally, the nuclear 

localisation of pSMAD2/3 along with GLI2 is neceassary to activate the transcription 
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of oncogenic genes, like GLI2 and TGFβ2 themselves. Since it is known that FOXC1 

enhances GLI2 binding to pSMAD2/3 and DNA, I was interested in investigating 

whether FOXC1 also aids GLI2 translocation to the nucleus to bind DNA, further 

driving its oncogenic function (152).  

We observed that TGFβ2 and YWHAZ localisation were not affected by any of the T-

Y-G-F pathway components and remained localised to the cytoplasm. This 

corroborates with previous findings that TGFβ2 does not bind to DNA and directly 

affect transcription of its target genes, but requires intermediaries to perform its 

transcriptional program (such as SMAD binding partners p53 in normal Breast, and 

GLI2 in TNBC) (258). 

GLI2 is located in the nucleus, which is not surprising as it is a well-known 

transcription factor, however, GLI2 was located in the cytoplasm in cells which were 

treated with YWHAZsi and FOXC1si. This supports the suggestion that YWHAZ 

facilitates GLI2 translocation to the nucleus while it is protecting it in the cytoplasm 

and enhances GLI2 oncogenic activity (168). While YWHAZ effect on GLI2 

localisation in TNBC is a novel finding, YWHAZ has been previously linked to 

translocation of other transcription factors. For instance, Casicio et al demonstrated 

that YWHAZ sequesters T-Bet in the cytoplasm and translocates it to the nucleus in 

T-helper cells. T-Bet (T-box protein) is also called as TBX21 and is a key transcription 

factor in the commitment of T helper cells to Th1 lineage. Like GLI2, T-Bet directly 

binds to DNA and activates target gene expression (IFN gene in the case of T-Bet) 

(259). This demonstrates that although YWHAZ has not been observed to effect 

GLI2 translocation, YWHAZ does have the ability to perform this function. 

Furthermore, this suggests that although YWHAZ does not alter the TGFβ2 

transcriptional program directly, it does play a key role in enabling GLI2 to do this.  

We also observed that FOXC1 enhanced GLI2 localisation to the cytoplasm. This was 

unexpected as it was thought that as FOXC1 was a transcription factor, GLI2 and 

FOXC1 would interact in the nucleus and FOXC1 would have no bearing on GLI2 

localisation. This result suggests that FOXC1 binding may aid GLI2 translocation to 

the nucleus to facilitate its oncogenic transcriptional program. While GLI2 and 

FOXC1 interaction and FOXC1 promotion of GLI2 binding to DNA is well 
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documented, the effect of FOXC1 on GLI2 localisation is less so. As previously 

described, it is known that the N-terminal domain of FOXC1 binds to an internal 

region of GLI2 which allosterically opens the DNA binding domain of GLI2 (152). 

Only one study has previously investigated FOXC1 effect on GLI2 translocation, and 

they found FOXC1 had no effect on GLI2 localisation in Basal-like Breast cancer cells 

(260). As there has been limited study on this, it is necessary to further investigate 

FOXC1 effect on GLI2 translocation and whether it is cell context or tumour type 

dependent before any conclusions can be made.  

pSMAD2/3 is located primarily in the perinucleus, whereas total SMAD2/3 is located 

in the surrounding cytoplasm. This is expected as pSMAD2/3 is the functional 

activated transciption factor and so would translocate to the nucleus to perform its 

desired function. pSMAD2/3 would be expected to be oberved in the nucleus rather 

than the perinucleus. However, Shaiken et al used cellular dissection to obtain a 

more in depth observation of protein localisation. They observed that transcription 

factors p53 and SRC were found predominantly in the perinucleus fraction and not 

the nucleus as previously thought (261). This result by Shaiken et al suggests that 

stabilization of transcription factors may actually take place in the perinucleus. As 

p53 is a pSMAD2/3 binding partner in normal Breast cells, it is possible that 

pSMAD2/3 binding to GLI2 is stabilised in the perinucleus and that is why we have 

observed a pSMAD2/3 localised to that site. Our observation of pSMAD2/3 

localisation in the cytoplasm rather than the perinucleus with knockdown of the T-

Y-G-F pathway components further supports this theory. This suggests that 

pSMAD2/3 is not stabilised and so disseminates to the surrounding cytoplasm and 

does not perform its transcriptional program. Furthermore, this also suggests that 

pSMAD2/3 requires binding to GLI2 and stabilisation of YWHAZ and FOXC1 to be 

able to translocate into the nucleus to act as a transcription factor. While neither 

YWHAZ, GLI2 or FOXC1 effect on pSMAD2/3 localisation has been observed before, 

it has been well described that pSMAD2/3 is a very weak transcription factor on its 

own and requires SMAD partners, these results support those suggestions (142). 

We observed increased translocation of pSMAD2/3 to the cytoplasm with 

knockdown of TGFβ2. It is unclear how TGFβ2 effects pSMAD2/3 translocation, 
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however, antibodies which neutralise TGFβ2 have previously been shown to 

prevent SMAD4 translocation to the nucleus (262). pSMAD2/3 are in a complex with 

SMAD4 and so TGFβ2 could be indirectly affecting pSMAD2/3 localisation via 

SMAD4 localisation. TGFβ1 and TGFβ3 did not confer any effect on SMAD4 

localisation and so is TGFβ2 specific (262).  

Finally, total SMAD2/3 was observed to be localised to the cytoplasm. However, 

SMAD2/3 translocated to the nucleus with FOXC1 knockdown. FOXC1 has never 

been observed to effect SMAD2/3 translocation, nor to interact with it. It is possible 

this is an indirect result due to translocation of an interacting protein common to 

FOXC1 and SMAD2/3. However, more investigation is needed. It is thought that 

SMAD2/3 cannot bind to DNA and so this translocation to the nucleus should not 

alter the transcriptional program (263).  

These results taken together suggest that the correct function of YWHAZ and FOXC1 

are required for GLI2 and pSMAD2/3 translocation to the nucleus, where they can 

upregulate the T-Y-G-F target genes to upregulate metastasis. Therefore, 

dysregulation from the norm of all T-Y-G-F pathway components are important for 

this oncogenic pathway.  

 

Due to our localisation observations, it is important to investigate whether the T-Y-

G-F pathway components interact. Using a Co-Immunoprecipitation assay, pulling 

down with a GLI2 antibody allowed us to investigate which proteins were 

interacting with GLI2.  

We observed YWHAZ interacting with GLI2, which is not surprising as this is well 

documented. In Breast cancer, GLI2 has been observed to preferentially bind to 

YWHAZ and not to its E3 ligase β-TrCP, however, in YWHAZ knockdown cells, GLI2 

binds to β-TrCP and is degraded. Binding of GLI2 to YWHAZ, blocks β-TrCP binding 

and protects GLI2 from degradation, allowing GLI2 to activate target gene 

transcription and upregulate metastasis (264). However, what was unexpected, was 

that we observed GLI2 binding to a slightly smaller YWHAZ protein than was 

observed in the input sample in two TNBC cell lines. There are 5 known transcript 
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variants of YWHAZ. One of the isoforms (1c) is more efficiently translated and 

accounts for 75% of the translated YWHAZ protein (162). It is plausible that GLI2 

interacts with one of the other YWHAZ isoforms whose immunoblotting signal is 

usually masked by the signal of 1c. However, it is thought that the 5 YWHAZ 

transcript variants all code for the same protein and so it is unlikely that this smaller 

band observed is a transcript variant (162). YWHAZ is amplified in TNBC, and while 

no mutations have been detected, it is possible that GLI2 interacts with a truncated 

or spliced form of YWHAZ in TNBC. Despite the many observations of GLI2 and 

YWHAZ interaction (187), there has been no previous identification of GLI2 

interacting with an altered form of YWHAZ. Further research into this may unlock 

answers for many diseases.  

Furthermore, GLI2 preferentially interacted with pSMAD2/3 rather than total 

SMAD2/3. A Co-Immunoprecipitation assay does not give insight into whether this 

is a direct or indirect interaction between GLI2 and pSMAD2/3. Previous studies 

have demonstrated interaction between pSMAD2/3 and GLI2 is dependent on 

YWHAZ expression (146). A study by Xu et al demonstrated in a panel of Breast 

cancer cell lines (including MDA-MB-231s), that stable transfection with 

shorthairpin YWHAZ did not exhibit interaction between GLI2 and pSMAD2/3 (146). 

However, as YWHAZ is required to prevent GLI2 degradation, it is unclear whether 

this interaction was not oberved because GLI2 was not protected and had been 

degraded. YWHAZ has a high affinity for binding phosphorylated proteins and is 

known to have a key function in forming complexes between phosphorylated and 

non-phoshphorylated proteins by causing conformational changes in the target 

substrates (163). It is possible that GLI2 and pSMAD2/3 require YWHAZ to facilitate 

their binding to form their transcriptional complex. This could also explain why GLI2 

binds only to phosphorlyated SMAD2/3 and not total SMAD2/3, as YWHAZ has a 

much higher affinity for the phosphorylated protein form.  
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5.8 The TGFβR3 effect on metastasis 
 

5.8.1 Effect of TGFβR3 on T-Y-G-F signalling 

As previously described in this thesis, TGFβR3 cannot directly induce its own 

signalling pathways, however, it does sequester TGFβ2 in the ECM and delivers the 

TGFβ2 ligand to TGFβR2. Alternatively, TGFβR3 intracellular domain can bind to 

TGFβR2 cytoplasmic domain which then in turn forms an active signalling complex 

with TGFβR1. Both of these TGFβR3 actions activates TGFβ2 signalling cascade 

through phosphorylation and activation of SMAD2/3 (186).  

Similar to TGFβ2, the function of TGFβR3 in Breast cancer is controversial, with 

some studies reporting a tumour suppressor role, and other studies indicating that 

TGFβR3 drives metastasis (265). In terms of TNBC, it is known that TGFβR3 gene 

expression levels are highly expressed in MSL TNBC tumours (185). The MSL 

(Mesenchymal Stem cell like) TNBC subgroup are tumours are highly metastatic, 

this would suggest that TGFβR3 may play a role in TNBC metastasis. In order to 

investigate this hypothesis, we generated shorthairpin (sh) TGFβR3 cell lines. We 

also generated shTGFβ2 cell lines alongside, to compare whether TGFβR3 effects on 

TNBC cell phenotype were due to TGFβR3 effect on TGFβ2 signalling.  

On investigation of TGFβR3 and TGFβ2 expression in shTGFβR3 and shTGFβ2 we 

observed knockdown of TGFβ2 has no effect on TGFβR3 transcription. Due to the 

previous findings of TGFβR3 facilitating TGFβ2 signalling, which in turn upregulates 

TGFβ2 transcription (185), we hypothesised that knockdown of TGFβR3 would also 

reduce TGFβ2 expression levels. However, this was not observed. In fact, shTGFβ2 

reduced TGFβR3 expression levels to the same extent as shTGFβR3 in Hs578T cell 

lines. Previous studies have found that exogenous TGFβ2 treatment in some 

metastatic Breast cancer cell lines did not result in significant increase of TGFβ2 

expression (248). There is a possibility that the T-Y-G-F pathway is so hyperactive in 

these metastatic TNBC cell lines, that TGFβR2/1 are already saturated with TGFβ2 

and so TGFβR3 function of presenting TGFβ2 adds no further activation of the 

TGFβ2 pathway. The observation of shTGFβ2 reducing TGFβR3 expression in Hs578T 

cells has not been observed before nor has TGFβ2 regulation of transcription of 
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TGFβR3. However, as it was only observed in one cell line here, it may be cell 

context dependent.  

As TGFβ2 signals through SMAD2/3 phosphorylation, it was also interesting to 

investigate whether TGFβR3 also influences this signalling cascade. In Hs578T cells 

shTGFβ2 and shTGFβR3 reduced pSMAD2/3 levels, while only shTGFβR3 reduced 

total SMAD2/3 protein levels. However, in MDA-MB-231 cells, TGFβ2 and TGFβR3 

shRNAs increased pSMAD2/3 protein levels, while simultaneously reducing 

SMAD2/3 protein levels.  

This differential between the two cell lines suggests that TGFβ2 and TGFβR3 

signalling may be cell context dependent. It has previously been reported that 

pSMAD2/3 levels were reduced with TGFβ2 and TGFβR3 reduction, however, 

pSMAD2/3 levels are also influenced by many factors such as cell density and are 

known to be very cell context dependent, which could influence results (185). 

Additionally, it is not necessarily SMAD2/3 activation which affects target gene 

transcription, but rather what proteins they partner with and which DNA sequences 

they bind to. Therefore, pSMAD2/3 levels may not necessarily be the readout of 

these metastatic signalling pathways, however, more research is needed in this 

area.  

It was also interesting to investigate whether TGFβR3 expression may have an effect 

on any other of the T-Y-G-F pathway components to ascertain whether it was 

causing dysregulation at any other levels of the pathway. There is no evidence in 

literature as to TGFβR3 regulating or interacting with YWHAZ, GLI2 or FOXC1, so it is 

no surprise that we observed no effect on their transcription with knockdown of 

TGFβR3. These results taken together demonstrate that TGFβR3 does not cause any 

dysregulation of the T-Y-G-F pathway and any metastasis it may drive in TNBC is 

independent of this pathway.  
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5.8.2 Effect of TGFβR3 on migration and invasion 
 

Despite previous studies by Jovanovic et al observing a 50% reduction of migration 

with the same shTGFβR3 sequence in MDA-MB-231 cells, we observed negligible 

effects on migration in Hs578T and an increase in migration in MDA-MB-231 cells 

(185). Additionally, less of a reduction of migration with shTGFβ2 was observed in 

both cell lines than was observed with TGFβ2 siRNA. However, a greater reduction 

of TGFβ2 expression was observed with TGFβ2si, which could explain the more 

prominent loss of phenotype. The cells used in these experiments were selected as 

mixed populations, however, it is unclear whether Jovanovic et al selected single 

shTGFβR3 colonies or also used a mixed population. It is possible that selecting a 

single cell colony would demonstrate a more drastic reduction of migration.  

In terms of the invasive phenotype, we observed a similar result as Jovanovic et al, 

with 50% reduction of invasion by both shTGFβ2 and shTGFβR3. The discord 

between our migration and invasion results, corroborates with our earlier 

suggestion that migration and invasion are regulated by distinct pathways (235). It 

is possible that the increase in metastasis observed with increase of TGFβR3 may be 

through invasive pathways, rather than migratory. Other studies have also observed 

TGFβR3 to upregulate invasion, in Breast cancer, Pancreatic Cancer and 

Osteosarcoma (266), (267), (268). However, it is still not known by which 

mechanisms TGFβR3 regulates invasion, there was suggestion that it was through 

TGFβ2 signalling, however, our results suggest that this may not be the case.  

 

5.9 Effect of TGFβ2 and TGFβR3 invivo 
 

It is well known that TGFβ2 extensively interacts with the ECM and stromal cells, for 

this reason it is necessary to ensure our promising invitro results translates into the 

invivo setting. Xenografting shTGFβ2 and shTGFβR3 Hs578T and MDA-MB-231 cells 

into SCID mice allowed observation of the effect of these genes to impact tumour 

growth and metastasis in a functional microenvironment. Although SCID mice 

without a fully functional immune system were used, this was necessary to allow 
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xenografting to keep the model as close to human as possible, due to dissimilarities 

in TGFβ2 signalling between human and murine cells.  

In both cell lines, knockout of TGFβ2 reduced tumour growth by almost 3 times 

smaller than that of the shSCR tumours. Additionally, shTGFβ2 tumours had a much 

later onset, and became visible 3 weeks later than the shSCR tumours in the Hs578T 

cell lines. Although TGFβ2 shorthairpin has not be used in the invivo setting, these 

results do correlate with observations with other studies. Reduction of TGFβ2 

expression by overexpression of miR-592 and reduction of TGFβ2/SMAD signalling 

by LY2109761 treatment also exhibited reduction of tumour growth invivo (269), 

(270).  

This also demonstrates that results observed invivo are more impressive than the 

invitro results and highlights the need to translate to invivo experiments with this T-

Y-G-F pathway.  

However, despite promising invitro results, shTGFβR3 tumours had a faster onset 

than the shSCR counterparts in MDA-MB-231 cells. Additionally, shTGFβR3 tumours 

grew faster than the shSCR tumours, however they plateaued off and demonstrated 

no difference in tumour size between the two groups at the experiment endpoint. 

In Hs578T cells, shTGFβR3 tumours were not larger than the shSCR tumours 

however there was no significant difference in size.  

This is not aligned with previous results observed by Jovanovic et al. On knockdown 

of TGFβR3 in 3 MSL TNBC cell lines, they observed 2 of the shTGFβR3 cell lines 

(including MDA-MD-231) significantly reduced tumour growth by almost 100-fold. 

However, another MSL TNBC cell line MDA-MB-157 demonstrated similar results in 

their study as to the results we observed with Hs578T cells in our study (185).  

On further investigation, we identified that Hs578T shTGFβR3 tumours did not 

maintain the TGFβR3 knockout genotype. In the MDA-MB-231 cells, TGFβR3 mRNA 

expression was only reduced by 20% in the shTGFβR3 tumours. This may offer an 

explanation as to why we saw different effects of TGFβR3 tumorigenicity than the 

Jovanovic study. It is plausible that shTGFβR3 cells underwent selection invivo 

against the knockdown and so the cells without sufficient TGFβR3 thrived invivo. 
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Similarly, there could have been of cells xenografted that retained TGFβR3 

expression and again thrived invivo.  

Another possible explanation of the vast difference of results between these two 

studies, is that Jovanovic et al used immunocompromised nude mice and 

xenografted orthotopically, whereas we used SCID mice and xenografted 

subcutaneously. It is unclear whether these factors would affect final results, but it 

is something that is important to consider.  

However, it is very clear that reduction of TGFβ2 signalling invivo causes drastic 

reduction of tumour growth, and so there is immense potential for our impressive 

invitro results to be able to translate to invivo. These results also suggest that TGFβ2 

dysregulation is not caused by TGFβR3 aberration and any metastatic effects 

previously observed with overexpression of TGFβR3 are independent of TGFβ2 

signalling. It is also important to note that knockdown of TGFβ2 signalling holds 

promise as an attractive strategy for the development of a targeted therapy.  

 

5.10 Identification of downstream targets of the TGFβ2 pathway which 

are influencing patient outcome 
 

Although there has been extensive research of the dichotomous function of TGFβ2 

in TNBC, the mechanism of how TGFβ2 switches to such a drastic change in function 

is still not understood. It is known that in advanced Breast cancer YWHAZ protects 

GLI2 in the cytoplasm and FOXC1 enhances GLI2 ability to bind to pSMAD2/3 and to 

DNA (145). GLI2 is a known transcription factor and it is thought that GLI2 may act 

as a transcriptional coactivator to guide the pSMAD2/3 complex to activate 

transcription of oncogenic and metastasis-driving genes (146).  Previous research 

has identified that the change of SMAD2/3 binding partners can alter the 

transcriptional activity of the TGFβ2 pathway. Previous studies demonstrated that 

the T-Y-G signalling axis in Breast cancer upregulated transcription of ‘classic’ EMT 

genes such as ZEB1, SNAIL and PTHrP (177). However, we demonstrated that this 

may not be the case in TNBC. As such, it is yet to be identified which genes are 

transcriptionally regulated by the T-Y-G-F axis in TNBC, and the identity of the main 
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components driving these transcriptional changes. RNA sequencing of siRNA 

knockdowns allowed identification of genes transcriptionally regulated by each of 

the TGFβ2 pathway components, which we have referred to as T-Y-G-F (TGFβ2-

YWHAZ-GLI2-FOXC1). Overlapping these lists of genes identified by RNA-seq, with a 

list of genes identified by an in-house TNBC microarray (with full clinical follow-up), 

allowed us to investigate the significance of transcriptional activity of driven by the 

T-Y-G-F pathway and its potential influence on patient outcome.  

5.10.1 Identification of genes transcriptionally downregulated by TGFβ2 pathway 

Firstly, we investigated the cohort of being genes identified as negatively regulated 

by the T-Y-G-F pathway and also downregulated in poor outcome TNBC tumours. 

GLI2 appeared to be the main driver of transcriptional activity, as of the 12 genes 

which were common between RNA-seq and microarray, 9 of these were regulated 

by GLI2. Although GLI2 is a transcription factor, there is no previous evidence in 

literature of GLI2 directly repressing transcription of tumour suppressor genes, 

however, it is likely that, similar to the T-Y-G-F pathway, GLI2 may subvert the 

transcriptional program, to repress transcription of these tumour suppressor genes, 

to activate transcription of metastatic genes. For instance, overexpression of GLI2 in 

a melanoma model directly activated transcription of β-catenin genes such as 

Cyclin-D1 while reducing E-cadherin levels, without directly binding and repressing 

E-Cadherin transcription (271). Furthermore, these genes are all favourable genes 

associated with a favourable prognosis in several cancer types. I will briefly 

introduce these genes below. 

SYNPO2 codes for myopodin protein which induces formation of F-actin networks 

and assembly and stability of z lines. SYNPO2 is involved in regulating cell migration 

by promoting formation of focal adhesions and intracellular actin bundles (272). 

SYNPO2 is known to negatively regulate metastasis in TNBC through regulation of 

YAP and SYNPO2 downregulation is associated with a poorer 5 year survival rate 

(273). 

DUSP5 codes for a dual specificity protein phosphatase which inactivates target 

kinases by dephosphorylation of tyrosine residues.  It has been shown to 
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downregulate proliferation and differentiation by downregulating MAPK signalling 

(274).  

RCAN2 is a regulator of calcineurin which plays a role in many physiological 

processes, particularly angiogenesis. RCAN2 protein is calcium ion dependent and 

regulates serine/threonine phosphatase activity (275).  

ADAMTS2 processes procollagen models necessary for the normal function of 

collagen which add strength and support between cells (276).  

SPP1 codes for Osteopontin protein which plays a role in upregulating immune cell 

activation and recruitment (277).  

SLAMF7 also modulates activation and differentiation of innate and adaptive 

immune cells and regulates interactions between lymphoid and non-lymphoid cells 

(278).  

ANKRD44 is thought to supress cell cycle progression prevent uncontrolled 

proliferation and loss of ANKRD44 is known to confer chemoresistance to 

Trastuzumab in HER2+ tumours (279).   

As such, these genes negatively regulated by the T-Y-G-F pathway (particularly GLI2) 

and poor outcome TNBC patients are all favourable genes which one might predict 

would prevent tumour migration and metastasis.  

These 7 genes were subsequently taken forward for validation by Real Time PCR. 

Only one gene was significantly upregulated by knockdown of the TGFβ2 pathway; 

RCAN2 with YWHAZsi. However, RCAN2 was also significantly downregulated by 

GLI2si, which suggests this transcriptional upregulation of RCAN2 by YWHAZ siRNA 

is independent of the reported YWHAZ-GLI2 interaction. SLAMF7 showed similar 

inconsistencies as it was significantly downregulated by TGFβ2si and GLI2si. 

However, there was a trend of upregulation of genes overall following knockdown 

of T-Y-G-F pathway components. There could be a number of factors influencing the 

Real Time PCR results, such as extent of the knockdown by siRNA, or alterations in 

the phase of cell cycle when the cells were collected.  
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5.10.2 Identification of genes transcriptionally upregulated by TGFβ2 pathway 

We then focused on genes positively regulated by the T-Y-G-F pathway which when 

overlapped with the microarray genes, were all also upregulated in poor outcome 

TNBC tumours. Once again GLI2 appeared to be the main driver of transcriptional 

activity, as 20 of the 24 genes were specifically regulated by GLI2. These genes 

would be predicted to be putative oncogenes associated with poor prognosis and 

increased metastasis in various cancer types, as described below. These findings 

suggest that GLI2 is the main transcriptional driver of this pathway, particularly of 

genes driving poor outcome.  

PBX1 is a member of the PBX family of transcription factors which regulates 

osteogenesis. It has a role in lipid metabolism in benign Breast tissue, and so may 

play a role in tumorigenesis (280). Upregulated PBX1 in Breast tumours has 

previously been associated with poor survival and earlier metastatic progression, 

and is thought to be partly due to amplification of the PBX1 locus. This PBX1 

amplification has also been detected in the circulating tumour DNA of ER+ 

metastatic Breast cancer patients (281). PBX1 has not been investigated in TNBC, 

and has not been shown to interact with any of the TGFβ2 pathway components 

before, except for FOXC1. FOXC1 has been demonstrated to be recruited to the 

promoter of EMT associated gene ZEB2 and upregulates its transcription by 

interacting with PBX1 (282). 

PCTP is a phosphatidylcholine transfer protein and plays a role in lipid binding and 

metabolism and fatty acid biosynthesis (283). There has been limited investigation 

of PCTP, especially in cancer, however, it is thought that PCTP upregulates 

metabolism which plays a role in cancer cell tumorigenesis and survival (284). PCTP 

has not been investigated in TNBC, nor has it been shown to interact with any of the 

TGFβ2 pathway components before.  

PPM1L encodes for a magnesium dependent phosphatase and is involved in several 

signalling pathways. It is thought to inhibit cellular apoptosis by downregulating 

ASK1-α (Apoptosis Signal-regulating Kinase 1) which is a protein that initiates the 

cytotoxic stress induced apoptosis signalling cascade, which would enable tumour 

cells to become chemoresistant (285). Again, PPM1L has not been shown to interact 
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with TGFβ2 pathway components before, but there is literature suggesting that 

PPM1L may be a negative regulator of GLI3 (286). Additionally, there is suggestion 

that TGFβ1 uses PPM1L-like signalling to induce apoptosis in lymphoma cells (287).  

TPD52 encodes for Tumour Protein D52 and functions to regulate exocytotic 

secretion from normal secretory epithelia (288). TPD52 has been shown to be 

overexpressed in Ovarian, Prostate, Breast and Lung cancers and has been 

associated with liver metastasis and distant metastasis and poor survival in 

Colorectal cancer (289), (290), (291). TPD52 overexpression induces EMT by 

activating PI3K/AKT signalling and proliferation and metastasis by facilitating 

anchorage independent growth (292). Knockdown of TPD52 in HER2+ Breast 

cancers has been shown to increase apoptosis (293). Again, there is no literature 

pertaining to TPD52 interaction with any of the TGFβ2 pathway components.  

CNTNAP3B codes for Contactin Associated Protein-like 3B which produces ECM 

molecules which facilitate interaction between the cell and the ECM and tumour 

microenvironment. Overexpression of CNTNAP3B has previously been shown to be 

associated with poor prognosis and increased rate of metastasis in Lung 

adenocarcinoma (294). Identifying that CNTNAP3B is regulated by the TGFβ2 

pathway, is the first identification of CNTNAP3B interacting with any of the TGFβ2 

pathway components or playing a role in TNBC tumour progression.  

ZNF704 is a transcription factor of the Zinc Finger family. Little is known about 

ZNF704, except it binds to the enhancer of MYOD1 and upregulates its transcription 

(295). MYOD1 functions to drive differentiation of mesoderm cells to skeletal 

myoblasts. However, one of the main functions of MYOD1 is to remove cells from 

the normal cell cycle progression (296). Transcriptional upregulation of MYOD1 by 

ZNF704 may drive aberrant proliferation. However, MYOD1 was not identified in 

either our RNA-seq or microarray, which suggests that ZNF704 regulation of MYOD1 

may be cell context dependent, or may be independent of TGFβ2 pathway 

signalling. This finding of transcriptional regulation is a novel finding of ZNF704 

interacting with TGFβ2 pathway components and has not been investigated in 

TNBC.  
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SORBS2 codes for Sorbin and SH3 domain-containing protein 2. This adapter protein 

functions to form signalling complexes to assemble the actin cytoskeleton (297). 

There is suggestion that it may regulate pancreatic cell adhesion by 

dephosphorylating PTPN1 and upregulating phosphorylation by ABL1 (298). Again, 

much like the other TGFβ2 pathway transcriptionally regulated genes, SORBS2 has 

not been studied in TNBC, nor has it been observed interacting in any way with 

TGFβ2, YWHAZ, GLI2 or FOXC1.  

These 7 genes were subsequently taken forward for validation by Real Time PCR. 

Only two genes were significantly downregulated by knockdown of the TGFβ2 

pathway; PBX1 with TGFβ2si and GLI2si, and ZNF704 with YWHAZsi. However, 

although the other 5 genes were deemed not significantly downregulated, there 

was a trend of downregulation with knockdown of most components of the TGFβ2 

pathway. As mentioned previously, there could be several factors influencing the 

Real Time PCR results.   

5.10.3 Effect of TGFβ2 pathway transcriptionally regulated genes on TNBC cell 

phenotype 
 

5.10.3.1 Migration 

The TGFβ2 pathway and factors such as YWHAZ, GLI2 and FOXC1 which co-operate 

to activate SMAD signalling, all have a well-documented role in cancer metastasis. 

Since they are also implicating in driving EMT and metastasis in TNBC cells, I was 

very interested in investigating the potential roles that their transcriptional target 

genes may have in driving EMT and ultimately metastasis. Whilst genes like 

p21CIP1/WAF1, p27KIP1 and p57KIP2 are considered to be effectors of the TGFβ tumour 

suppressor pathways, genes transcriptionally activated by the TGFβ2-YWHAZ-GLI2-

FOXC1 pathway genes may be effectors of TGFβ2 driven metastases (146).   

As PBX1 overexpression has been previously shown to be associated with increased 

metastasis incidence in ER+ Breast cancer, it is no surprise that knockdown of both 

siRNA sequences of PBX1 in both Hs578T and MDA-MB-231 cell lines significantly 

reduced migration. The amplification of PBX1 locus has only been partly attributed 

to how PBX1 becomes dysregulated and attributes to tumour cell metastasis. The 
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other mechanisms by which PBX1 becomes dysregulated are yet to be elucidated, 

and the finding of TGFβ2 pathway transcriptionally upregulates PBX1 (independent 

of PBX1 amplification) may offer a possible answer to this question (281). Breast 

cancers overexpressing PBX1 might, therefore, be predicted to have higher 

metastatic potential and guide clinicians to offer more aggressive chemotherapy 

regimens for such patients.  

Knockdown of both siRNA sequences of PCTP also significantly reduced migration in 

both cell lines. PCTP has never been shown to contribute to a migratory phenotype, 

nor has it ever been studied in cancer, however it is highly expressed in liver, kidney 

and placenta tissues, which are all associated with a high rate of regeneration and 

wound healing (284). This finding could suggest that PCTP may play a role in 

migratory pathways, not just in TNBC, but also in normal tissues.  

PPM1L has also shown to increase migration in both Hs578T and MDA-MB-231 cell 

lines. Again, PPM1L has not been studied in Breast cancer, nor been shown to 

regulate migration. However, it is a member of the PP2A family which has been 

associated with increased migration and invasion of pancreatic, laryngeal epithelia, 

osteosarcoma and neuroblastoma cells through upregulating phosphorylation and 

activity of ERK, p38, JNK and WNT/βcatenin (299), (300). Furthermore, PP2A family 

members are BRD4 serine phosphatases, which suggests TNBC tumours with 

upregulated PPM1L may be sensitive to BRD4 inhibitors, thus providing biomarker 

potential for a targeted therapy (301).  

As mentioned previously, TPD52 has previously been shown to upregulate EMT and 

distant metastasis in several cancer types, particularly Breast cancer, so it was also 

no surprise that TPD52 also upregulated migration in Hs578T and MDA-MB-231 

cells (292). It has been associated with increased anchorage independent growth 

and tumorigenesis and metastasis of fibroblasts (302). Additionally, it is known to 

directly transactivate NFkB signalling and secrete tumour related cytokines which 

also contributes to cellular migration (303). There is no known commercially 

available inhibitor of TPD52, however it is known to be inhibited by endogenous 

micro-RNAs such as miRNA-34a, miRNA-218 and miRNA-224 (304). This suggests 
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that more investigation of this area could lead to a potential biomarker or targeted 

therapy for TNBC patients.  

CNTNAP3B and ZNF704 have not been previously studied in Breast cancer. However 

as mentioned previously, CNTNAP3B is associated with poor survival and prognosis 

in Lung Adenocarcinomas and ZNF704 upregulates proliferative gene MYOD1 (294), 

(295). However, aberration of CNTNAP3B in Lung Adenocarcinoma was through 

somatic mutations and not upregulation. Furthermore, CNTNAP3B and ZNF704 only 

upregulated migration in MDA-MB-231 cells and not Hs578T cells, which suggests 

effects of these gene on the migratory phenotype may be cell context dependent, 

and thus more investigation is needed.  

 

5.10.3.2 Invasion 

Despite promising migration results with respect to targets positively regulated by 

the T-Y-G-F pathway, this was not translated into effects on cell invasion. 

Knockdown of SORBS2 actually significantly increased invasion of Hs578T and MDA-

MB-231 cell lines, while not significantly downregulating migration. Studies in 

Ovarian cancer have established that depleting SORBS2 levels promoted metastasis 

in this cancer setting, so further investigation of SORBS2 role in promoting a poor 

prognosis in TNBC is needed (305).   

Furthermore, of the remaining genes, none of them demonstrated any significant 

regulation of invasive phenotypes. As mentioned earlier, migration and invasion are 

two distinct phenotypes regulated by different pathways and cellular processes. 

Migration is regulated by actin cytoskeleton regulation, spatial polarization of 

several signalling pathways, and focal adhesion dynamics, and requires very little 

remodelling of the ECM (235). On the other hand, invasion requires the action of 

proteolytic enzymes to degrade and remodel the ECM and for cells to migrate 

through the ECM and penetrate tissues and blood vessels (236).  This result 

corroborates with our previous finding that the T-Y-G-F pathway regulates 

migratory pathways and not invasive pathways. Further work is needed to 

investigate the differences between migration and invasion, and to elucidate the 

effect of these TGFβ2 target genes on the invasive phenotype.  
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Figure 54. Schematics representing the (A) cellular formation changes required for cell 

migration vs the (B) ECM remodelling and proteolysis required for cell invasion (198).   

 

5.10.3.3 Proliferation 

In order to ensure that the migration and invasion phenotypic results observed 

were not due to increased or decreased cell proliferation, a proliferation assay was 

performed on cells subjected to the exact same conditions as those of the migration 

and invasion assay. Actively respiring and proliferating cells were stained with MTT, 

and excluding the #2 siRNA sequence for CNTNAP3B, there was a slight non-

significant upward trend of proliferation with knockdown of T-Y-G-F pathway target 

genes. This demonstrates that the cells were not proliferating slower and so the 

reduction of migration observed was correct and true to the migratory phenotype. 

This also corroborates with our previous suggestions that the TGFβ2 pathway 

preferentially transcriptionally upregulates genes which drive metastasis rather 

than tumour growth. This has been suggested in the literature as genes which 

upregulate EMT such as TWIST, SNAIL, FOXC2, ATF3 and DNMT1 have been shown 

to be transcriptionally activated by the TGFβ2 pathway in Breast cancer, however 

[A] 

[B] 

https://www.ncbi.nlm.nih.gov/core/lw/2.0/html/tileshop_pmc/tileshop_pmc_inline.html?title=Click%20on%20image%20to%20zoom&p=PMC3&id=3052860_nihms220214f1.jpg
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there is no evidence in literature of the TGFβ2 pathway activating transcription of 

proliferative driving genes (146).  Additionally, as demonstrated previously in this 

thesis (Section 5.3) and in mouse cardiac cushion cells, the T-Y-G-F axis regulated 

metastatic phenotypes such as migration, but had no effect on the proliferation 

phenotype, which is in accordance with this observation of T-Y-G-F transcriptionally 

regulated genes bearing no effect on proliferation (238).  

 

5.11 Investigating GANT61 GLI2 inhibitor as a potential TNBC targeted 

treatment 
 

5.11.1 GANT61 and cell survival 

Targeting GLI2 is a novel way to inhibit the metastatic TGFβ2 pathway without toxic 

or tumorigenic side effects on normal cells. There are currently no commercially 

available inhibitors or YWHAZ or FOXC1. Inhibiting SMAD2/3 signalling would also 

have disastrous consequences for many physiological processes required by normal 

cells.  

GANT61 is the most recently developed and successful GLI2 inhibitor. As previously 

mentioned in the introduction, GANT61 inhibits GLI2 binding to DNA. We chose to 

inhibit GLI2 using GANT61 as it has shown the most promise in the literature while 

having the least off target effects (306). However, the pharmokinetics and the 

precise mechanisms by which GANT61 inhibits GLI2 activity has remained elusive.  

We primarily investigated whether GANT61 would have any effect on cell survival 

and whether it would have any additive effect with FEM treatment. With a range of 

0.1 pM to 10µM, GANT61 demonstrated no effect on Hs578T or MDA-MB-231 cell 

survival. Additionally, GANT61 did not offer any additive effect with FEM treatment. 

In order to investigate whether we were not observing any additive effect as the 

FEM dose was increasing alongside the GANT61 concentration, 0.1µM was taken 

forward for a dose response alongside increasing FEM concentrations, however 

again no additive effect was observed.  
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There are several factors which could explain GANT61 treatment displaying no 

effect on cell survival. Firstly, in a number of cancer type cell lines GANT61 IC50 

values have been observed to range from 5 to 15μM. In 4 ER+ Breast cancer cell 

lines GANT61 IC50s were approximately 10μM (307). However, compared to these 

cell lines, basal expression of GLI2 is much more upregulated in TNBC cell lines, 

particularly these Claudin low Hs578T, MDA-MB-231 cells. Therefore, it will require 

a much higher concentration of GANT61 to saturate the excess GLI2 molecules. 

Additionally, these Claudin low TNBC cell lines are naturally more chemoresistant 

than cell lines of most other cancer types (91). However, increasing the dose of 

GANT61 beyond 10μM could render the drug physiologically irrelevant and result in 

unwanted systemic toxicities. Furthermore, due to the lack of information about 

GANT61, it may be that cells need primed with GANT61 to allow for a more 

successful subsequent FEM treatment, or GANT61 may need to undergo 

physiological processing in the body and so it’s effects may only be observed in vivo. 

However, a study xenografting SUM159 and MDA-MB-231 into mice and treating 

with GANT61 for 4 weeks observed that GANT61 treated SUM159 tumours were 

approximately half the size of the control tumours, whereas the MDA-MB-231 

tumours did not respond (308). This suggests that GANT61 effects may be cell 

context dependent also.  

Finally, as GLI2 upregulated metastasis driving genes and knockdown of GLI2 had a 

clear reduction of migration, GANT61 may not affect cell survival or proliferative 

phenotype in TNBC, and so the real readout of GANT61 effectiveness may be 

migration.  

5.11.2 GANT61 and cell migration 

To investigate the effects of GANT61 on cell migration, Hs578T and MDA-MB-231 

cells were treated with 10µM and 5µM for 1 and 5 days.  

Adding to the suggestion that GANT61 may elicit cell context dependent effects, we 

observed differing effects in both cell lines. Hs578T cells demonstrated lower 

reduction in migration with GANT61 treatment than MDA-MB-231 cells, and in 

Hs578T cells, 5 day treatment of either 10µM and 5µM had no effect on cell 

migration. However, in MDA-MB-231 cells 5 day treatment of both 10µM and 5µM 



186 
 

showed a trend of reduced migration, with 10µM having a significant response at 

18 hours post wound. There is suggestion that GANT61 may target GLI1 in addition 

to GLI2 (307). MDA-MB-231 cells have very low GLI1 levels compared to Hs578T 

cells.  So perhaps there is more competition between GLI2 and GLI1 for GANT61 in 

Hs578T cells and so GANT61 becomes saturated and is less effective at inhibiting 

GLI2 in Hs578T cells, and so we are not observing as drastic a reduction in migratory 

phenotype.  

In both cell lines 1 day treatment of 10µM and 5µM reduced migration, with 10µM 

eliciting a more statistical significance than 5µM Hs578T cells. In MDA-MB-231 5µM 

reduction of migration was significant at the two earliest timepoints, whereas 10µM 

was only significant at the last timepoint post wounding. 1 day treatment of 

GANT61 eliciting the same phenotypic response as 5 day treatment suggests that 

GANT61 may have a short half life or may not be a stable compound. However as 

there is very little know about GANT61 physiochemical and pharmokinetic 

properties, this suggestion remains unclear. 

As we observed no effect on cell survival by dose response with 10µM and 5µM 

GANT61, observation of reduction of migration corroborates with our suggestion 

that GANT61 inhibition of GLI2 may inhibit metastasis but will not reduce tumour 

growth. GANT61 has previously been shown to reduce migration in several cancer 

types and also non-cancer associated diseases, so our results are in line with 

previously published literature and demonstrates promise of GLI2 targeted 

therapies in many cancer types, not just TNBC (306).  

 5.11.3 GANT61 and cell viability 

In order to investigate the effects of GANT61 on cell viability, cells were incubated 

in varying concentrations of GANT61 and incubated for 10 days. Two Claudin low 

cell lines demonstrated downregulation of cell viability with increasing doses of 

GANT61, which was particularly significant in MDA-MB-231 cells. However, a third 

Claudin low cell line SUM159 demonstrated a non-significant trend of upregulated 

cell viability with GANT61 treatment. Other studies have also seen this effect of 

slightly upregulated SUM159 cell viability with GANT61 treatment, and it is not 

significantly decreased until 20µM of GANT61 (308). SUM159 has particularly high 
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levels of GLI1, higher even than GLI2 expression levels, and this could corroborate 

with our earlier suggestion that GANT61 is not GLI2 specific and so cells with high 

levels of GLI1 require a higher dose of GANT61 to elicit its effects. Further 

investigation is needed on this topic.  

On comparing the Claudin low and Basal-like cell lines in terms of their cell viability 

response to GANT61, Claudin low cell lines appeared to have a marginally greater 

reduction in cell viability compared to Basal-like cell lines. HCC1937 cell line was 

interesting in that 1µM of GANT61 significantly increased cell viability, while 4µM 

and 10µM reduced cell viability. This suggests that low doses of GANT61 treatment 

may elicit a stress induced pathways to increase proliferation and survival in these 

cells. This is important as further research is needed to optimise GANT61 

concentrations as any pro-tumorigenic effect of such a drug would clearly negate 

any utility as a future chemotherapy approach. Due to the varying responses of 

each cell line in the two TNBC groups, it is unclear as to whether GANT61 elicits any 

Claudin low (and therefore poor outcome) specific response, and more research is 

needed on this area. It is clear that correct stratification of patients is needed to 

identify which patients will benefit most from this targeted therapy in such a highly 

heterogeneous Breast cancer subtype.  
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5.12 Conclusion and Clinical Implications 
 

TGFβ2 is known to be upregulated in a high proportion of ‘poor outcome’ TNBC 

tumours. These tumours are highly metastatic, and patients usually succumb to the 

disease within 5 years. The mechanism driving the switch in function of TGFβ2 to 

drive a metastatic transcriptional program has long been an unanswered question. 

In this study we identified TGFβ2, YWHAZ, GLI2 and FOXC1 were all upregulated at 

either the gene or protein level in ‘poor outcome’ TNBC cell lines and worked 

together to dysregulate pSMAD2/3 signalling to drive a metastatic phenotype in 

TNBC cells.  TGFβ2 knockdown alone was enough to reduce growth of TNBC 

tumours invivo, however TGFβR3 had no effect, nor did it impact on TNBC 

metastasis. For clinical practice, this suggests there is potential for TGFβ2, YWHAZ, 

GLI2 and FOXC1 as potential biomarkers to stratify patients most at risk from 

developing metastasis and to receive either more aggressive therapy or a more 

targeted treatment to improve their clinical outcome. This stratification could also 

allow identification of patients who are at low risk of metastasis and could receive a 

less aggressive chemotherapy regime and improve their quality of life.  

We also identified that GLI2 was the transcriptional driver of the T-Y-G-F axis, 

subverting TGFβ2 driven transcription of tumour suppressor genes to instead 

activate transcription of metastasis driving genes which corresponded with a poorer 

patient prognosis. However, GLI2 required YWHAZ to protect it from degradation in 

the cytoplasm, stabilise its binding to pSMAD2/3 and facilitate its translocation to 

the nucleus where it can perform its metastatic transcriptional program. 

Importantly, GLI2 is targetable with GLI2 inhibitor GANT61, which we demonstrated 

to be able to negatively regulate the metastatic phenotype of TNBC cell lines and 

provides promise as a stratified therapy for these patients most at risk of tumour 

metastasis to distant sites. Furthermore, identification of genes transcriptionally 

upregulated by the T-Y-G-F axis and upregulated in poor outcome TNBC patients, 

and which we demonstrated to positively regulate the metastatic phenotype allows 

for further development of stratified therapies or potential biomarkers for these 

poor prognosis patients.  
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5.13 Future Directions 
 

5.13.1 Chapter 1 
 

Firstly, as this study examined T-Y-G-F effect on cell phenotype through knockdown 

experiments, it would be interesting to overexpress the T-Y-G-F components in a 

normal Breast cell background to investigate how they would affect tumorigenesis 

or metastasis. It would also be beneficial to knockdown P53 in these overexpressed 

cell lines to investigate whether loss of P53 (which happens in a high proportion of 

TNBC tumours) is required to enable the change of SMAD2/3 partners. On a similar 

theme of SMAD2/3 partners, a novel biotin identification (BioID) technique and 

subsequent Mass Spectrometry could be performed to identify further proteins 

preferentially interacting with the phosphorylated form of SMAD2/3 in the normal 

Breast vs TNBC setting.  

As knockdown of TGFβ2 demonstrated successful invivo reduction of tumour onset 

and growth, it would be interesting to generate stable shorthairpin YWHAZ, GLI2 

and FOXC1 cell lines to investigate how the other T-Y-G-F components affected 

tumour onset and growth, and which had the most pronounced effect. Additionally, 

as we have demonstrated that this T-Y-G-F pathway drives metastasis in TNBC cells, 

it would be beneficial to generate GFP-tagged shorthairpin cell lines of the T-Y-G-F 

components and monitor their spread invivo to more accurately investigate their 

effects on TNBC tumour metastasis.  

Furthermore, GLI2 is known to activate stem cell properties in other cancer types 

which can attribute to increased metastasis and chemoresistance. It would be 

beneficial to investigate this in the TNBC setting by mammosphere forming assays, 

monitoring ALDH levels or flow cytometry using Hoechst 33342 dye.    
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5.13.2 Chapter 2 
 

In this study we identified transcriptional targets both negatively and positively 

transcriptionally regulated by the T-Y-G-F pathway. We only performed further 

investigation on the genes positively regulated by the T-Y-G-F pathway and which 

were upregulated in poor outcome TNBC patients. However, it would be interesting 

to further investigate the genes negatively regulated by the T-Y-G-F pathway and 

which were also downregulated in poor outcome TNBC patients. Overexpressing 

these genes repressed by T-Y-G-F axis in TNBC cell lines and investigating their 

effect on TNBC phenotype and possible therapies to derepress their transcription 

could be beneficial to these poor prognosis patients. On a similar theme to this, 

investigation of novel therapies to target the genes that this study identified as 

positively transcriptionally regulated by the T-Y-G-F pathway, upregulated in poor 

outcome patients and which positively regulated metastasis could offer the 

potential for novel biomarkers and accompanying targeted therapies for these poor 

prognosis patients with high risk of metastasis. As a potential novel therapy, it 

would be beneficial to conduct an invivo experiment with GLI2 inhibitor GANT61 to 

investigate its effect on TNBC tumour growth and metastasis. Furthermore, GANT61 

in combination with FEC treatment invivo could shed light on whether GANT61 

would offer a synergistic effect to increase chemoresponse or reduce metastasis 

and keep the tumour localised to increase FEC efficiency. If this generated 

promising results, further invivo investigation of treatment timing - whether to use 

GANT61 as a priming or adjuvant treatment, or at the same time as FEC would also 

be extremely beneficial.  

Finally, kinases are very attractive targets for stratified therapies as there is many 

highly specific commercially available and validated kinase inhibitors used in many 

diseases. Using Pamgene technology, identifying kinase activity which may be 

regulated by the T-Y-G-F pathway could offer further potential to develop stratified 

therapies. Successful sample collection and Pamgene run was performed, however 

successful kinase identification and validation was not completed within the 

timescale of this study. 
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5.14 Summary 
 

In summary, this work has highlighted that TGFβ2, YWHAZ and GLI2 are upregulated 

either at the gene or protein level in poor outcome TNBC. YWHAZ, GLI2 and FOXC1 

work together to subvert the growth control effects of TGFβ2-SMAD2/3 signalling 

to instead upregulate EMT and metastatic phenotypes. T-Y-G-F axis preferentially 

positively regulates metastatic phenotypes over a proliferative phenotype, with 

particularly prominent results in poor outcome cell lines vs good outcome. We 

demonstrated that dysregulation of TGFβ2 signalling occurs at the protein level, and 

GLI2 protein relies on interaction with YWHAZ protein to be able to partner with 

pSMAD2/3 and translocate to the nucleus where it acts as transcriptional 

coactivator and the main transcriptional driver of T-Y-G-F pathway. The T-Y-G-F 

pathway does not regulate transcription of the ‘classic’ EMT genes, but rather 

positively regulates transcription of poor outcome genes which we demonstrated 

also positively regulate metastasis and offers potential of new biomarkers and 

targeted treatments. In order to target this pathway, we knockdown TGFβ2 which 

was sufficient to reduce tumour onset and growth invivo. However, due to the 

TGFβ2 tumour suppressor function in normal Breast cells, targeted inhibition of 

TGFβ2 would not be appropriate. Downstream inhibition of TGFβ2 signalling via 

GLI2 inhibitor GANT61 did not demonstrate synergistic results with FEC treatment, 

however did negatively regulate the metastatic phenotype of TNBC cells.  

I believe that identification and validation of this TGFβ2-YWHAZ-GLI2-FOXC1 axis to 

drive poor outcome phenotype and metastasis in TNBC cell lines offers great 

potential for development of biomarkers of poor prognosis and patients most at 

risk of developing metastasis to distant sites. Furthermore, targeted inhibition of 

this pathway through GLI2 inhibitors (and downstream target inhibition) holds 

significant potential for the development of a stratified therapy for these poor 

prognosis patients who so badly require it.  
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5.15 Graphical Summary 
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Appendix 1 

  General Reagents and Buffers 
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General Reagents 
 

Biotin: Sigma Aldrich 

-  A 50mM suspension was prepared by adding biotin powder to ddH20 to 

a final suspension of 50mM. Stored at 4 °C.  

Bovine Serum Albumin (BSA): Sigma Aldrich  

- Stored at 4oC and BSA solution prepared by dissolving BSA powder in 1X 

PBS to final concentration of 5%.  

Crystal Violet: 

- 0.5g crystal violet powder dissolved in 25ml 100% methanol and 75ml 

ddH20.  

DEPC-Treated Water: 

- Invitrogen (Thermofisher Scientific) 

DMSO:  

Dithiotreitol (DTT): Promega 

- DTT powder dissolved in ddH20 to a stock concentration of 1 molar and 

stored at -20oC.  

EDTA (Ethylenediaminetetraacetic acid) (UltraPure): Invitrogen 

-  EDTA powder dissolved in ddH20 to a final concentration of 0.5M. pH 

adjusted to required pH with addition of NaOH. 

Ethanol (92%): VWR 

DNA ladder (100bp and 1kb): New England Biolabs 

DTT (Dithiotreitol): Promega  

- FTT powder dissolved in ddH20 to a final concentration of 1M. Stored at -

20 °C. 

Ficoll: Sigma-Aldrich 

HEPES: Sigma Aldrich 

- HEPES powder dissolved in ddH20 to a stock concentration of 1 molar 

and NaOH added until pH is 7.5.  

IGEPAL CA-630: Sigma Aldrich 

Isopropanol (2-propanol): (for molecular biology >99.5%) Sigma Aldrich 
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LB: Sigma Aldrich 

- LB powder (containing yeast extract, Tryptose and NaCl) dissolved in 

ddH20 to a 2% solution and autoclaved immediately.  

LB Agar: 

- Agar added to a concentration of 1.5% to 2% LB in ddH20 and autoclaved 

immediately.  

Methanol (for HLPC): Sigma Aldrich 

NuPAGE LDS Sample Buffer: Invitrogen (Thermofisher Scientific) 

- Diluted to 4X with 0.1M DTT and appropriate protein extract buffer.  

Orange G: Sigma Aldrich 

- 6X solution prepared by dissolving 0.12g Orange G and 12g Ficoll in 48ml 

ddH20  

PageRuler Plus Prestained Protein Ladder: Thermofisher Scientific  

10X PBS:  

- 10X stock 400g NaCl, 72g Na2HPO4, 12g KH2PO4 and 12g KCL dissolved in 

5L ddH20.  

- 1X working solution prepared by dissolving 100ml 10X PBS stock in 

900ml ddH20 and autoclaved immediately. 

Potassium Chloride (KCL): Sigma Aldrich 

- Stock solution prepared by dissolving KCL powder in ddH20 to 1 molar 

concentration.  

SDS: Melford 

- SDS powder dissolved in ddH20 to a 10% concentration working solution.  

Sodium Chloride (NaCl): Merck Millipore 

- NaCl powder dissolved in ddH20 to a 5M stock solution.  

Sodium Flouride (NaF): Sigma Aldrich 

- NaF powder dissolved in ddH20 to a stock concentration of 1 molar and 

stored at -20oC.  

Sodium Orthovanadate (Na3VO4): Sigma Aldrich 

- Na3VO4 powder dissolved in ddH20 to a working solution of 100mM, 

heated until solution is colourless, pH adjusted to pH 10 and stored at -

20oC.  

SYBR Safe DNA Gel Stain: Invitrogen, Thermofisher Scientific 
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TAE Buffer: 50X stock solution prepared by dissolving 242g Tris in 100ml pH 8 EDTA 

and final volume made to 1L with ddH20. Final pH adjusted to pH 8 with glacial 

aceitic acid.  

- 1X working solution prepared by dissolving 40ml 50X TAE in 960ml 

ddH20.  

TEMED: Sigma Aldrich 

Tris-HCL: Invitrogen 

- Tris (UltraPure) powder dissolved in ddH20 to appropriate molar 

concentration and pH adjusted to appropriate pH with HCL.  

Triton X-100: Sigma Aldrich 

Tween-20: Sigma Aldrich 

 

Cell Culture 
 

Media 

 DMEM: Gibco, Thermo Fisher Scientific 

 Hams Nutrient Mix/F12: Gibco, Thermo Fisher Scientific 

 

Growth additives 

 FBS: Gibco, Thermo Fisher Scientific 

 

Antibiotics 

Ampicillin: Sigma Aldrich  

- 1mg/ml stock solution prepared by dissolving 5g ampicillin powder in 25 

ml ddH2O and 25 ml 100% ethanol and stored at -20 °C. Working solution 

prepared according to respective cell line. 

 

Blasticidin: Sigma Aldrich 

- 1mg/ml stock solution prepared by dissolving Blasticidin powder in 

OptiMEM and stored at -20 °C. Working solution prepared according to 

respective cell line. 

 

Puromycin Dihydrochloride: Sigma Aldrich 
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- 1mg/ml stock solution prepared by dissolving puromycin powder in 

Serum free OptiMEM, filter sterilised and stored at -20oC. Working 

solution prepared according to respective cell line. 

 

Tetracycline: Sigma Aldrich 

- 1mg/ml stock solution prepared by dissolving 0.75 g tetracycline in 50 ml 

100% ethanol and stored at -20 °C. Working solution prepared according 

to respective cell line. 

 

Transfection Reagents 

GeneJuice Transfection Reagent: Novagen, Merck Millipore 

Lipofectamine RNAiMax Reagent: Invitrogen 

 

Other Reagents  

Polybrene (Hexadimethrine Bromide): Sigma Aldrich 

- 8mg/ml working solution prepared by dissolving polybrene powder in 

PBS, filter sterilised and stored at -20 °C.   

MTT: Sigma Aldrich 

- 5mg/ml working solution prepared by dissolving MTT powder in PBS filter 

sterilised and stored at 4°C.  

0.5% Trypsin-EDTA: Sigma Aldrich 

- 10X stock solution diluted to 1X working solution with sterile PBS.  
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Drugs 

Cytotoxic Chemotherapy Drugs  

Surplus unused cytotoxic chemotherapy drugs were requested and supplied by 

Belfast City Hospital (Belfast Health and Social Care Trust).  

Table 5. Details of cytotoxic chemotherapy drugs 

Drug Manufacturer Stock 
Concentration 

Stock 
Temerapture 

5-Flurouracil (5-FU) Hospira UK Limited 25 mg/ml 15-25°C  
 

Epirubicin Medac Gesellschaft für 
klinische 
Spezialpräparate, 
Hamburg, Germany  
 

2 mg/ml 2-8°C  
 

Mitomycin C  
 

ProStrakan Group, 
Galashiels, UK  
 

1 mg/ml 15-25°C  
 

  

Other Drugs  

GANT61: R&D Systems, 10mg/ml, -20°C 
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General Buffers 

 

Protein Methods  
  

Protein Extraction Buffers  

Table 6. Details of Protein Extraction Buffers 

  

N/C Buffer A and C stored at room temperature. 

ELB and RIPA buffers stored at 40C.  

N/C Buffer A:                                          Stock Concentration      
 

500 ml 

10 mM HEPES pH 7.5                           1 M  5 ml 

0.1 % IGEPAL  10 %  5 ml  

1.5 mM MgCl2  1 M  750 μl 

10 mM NaCl  5 M  1 ml 

Deionised Water  - 488.25 ml        

N/C Buffer C:                                          Stock Concentration      
 

500 ml 

10 mM HEPES pH 7.5                       1 M  5 ml 

0.1 % IGEPAL  10 %  5 ml 

1.5 mM MgCl2  1 M  750 μl 

420 mM NaCl  5 M  42 ml 

Deionised Water  - 447.25 ml        

ELB: Stock Concentration      
 

500 ml 

0.5 mM DTT  1 M  250 μl 

5 mM EDTA pH 8.0  0.5 M 5 ml 

50 mM HEPES pH 7.5  1 M 25ml 

0.1 % IGEPAL  10 % 5 ml 

250 mM NaCl  5 M 25 ml 

Deionised Water  - 439.75 ml        

RIPA:                                     Stock Concentration      
 

500 ml 

5 mM EDTA pH 8.0  0.5 M 5 ml 

1 % IGEPAL  10 % 50 ml 

150 mM NaCl  5 M 15 ml 

0.5 % Na Deoxycholate  10 % 25 ml 

0.1 % SDS  10 % 5 ml 

50 mM Tris-HCL pH 8.  0 1 M 25 ml 

Deionised Water   
 

- 375 ml 
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SDS-PAGE Buffers  

Table 7. Details of SDS-PAGE Buffers 

 

  

 

 

 

 

 

 

 

 

 

10X Running Buffer diluted with deionised water to a 1X working solution. 

Transfer Buffer final pH adjusted to pH 8.0 with addition of HCl. 10X Transfer Buffer 

diluted with deionised water to a 1X working solution  

TBST final pH adjusted to pH 7.5 with addition of HCl. 10X TBST diluted with 

deionised water to a 1X working solution. 

  

 

 

 

 

 

 

 

 

 

 

10X Running Buffer 5L 

2 M Glycine                       750.1 g 

250 mM Tris 151.4 g 

1 % SDS 50 g 

Deionised Water to 5L  

10X Transfer Buffer                                          5L 

1.87 M Glycine                       703.1 g 

250 mM Tris 151.4 g 

Deionised Water  to 5L 

50X TBST                                          5L    

50 mM KCl                       18.6 g 

1.36 M NaCl 397.4 g 

250 mM Tris   151.4 g 

0.1 % Tween 20 50 ml 

Deionised Water  to 5L 
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Pre-cast Gels 

Bolt 10% Bis-Tris Plus (10, 12 and 15 well gels): Invitrogen, Thermo Fisher Scientific  

  

SDS-Polyacrylamide Gels 

Table 8. Details of SDS-Polyacrylamide Gels 

 

  

 

 

 

 

 

 

 

 

 

 

  

  

 

 

 

  

 

 

 

 

 

10% Resolving gel   20 ml    

Deionised water 7.9 ml 

30 % Acrylamide mix 6.7 ml 

1.5 M Tris (pH 8.8) 5.0 ml 

10 % SDS 200 μl 

10 % APS 200 μl 

TEMED 16 μl  

Stacking gel 10 ml    

Deionised water   6.8 ml 

30 % Acrylamide mix 1.7 ml 

0.5 M Tris (pH 6.8) 1.25 ml 

10 % SDS 100 μl 

10 % APS 100 μl 

TEMED 10 μl 
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Appendix 2 

  Primer sequences, siRNA sequences and Antibodies 
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Real-Time Primers  
 

100µM stock solutions of lyophilised primers (Integrated DNA Technologies (IDT), 

Coralville, USA) were resuspended into solution in the manufacturers 

recommended volume of nuclease free water. The 100µM of resuspended stock 

solutions were diluted to working dilutions of 5μM in nuclease free water. 

Table 9. Real Time Primer Sequences 

 

 

 

  

Oligo 
Name 

Forward Primer 5’-3’  Reverse Primer 5’-3’ 

TGFβ2 ATCGTGATGTTATCTGCTGGC  CCCTAGACCGTCAGGCTAAT 

YWHAZ AGGCTGAGCGATGACA AGACGACCCTCCAAGATGAC 

GLI2 CACGCTCTCCATGATCTCTG CCCCTCTCCTTAAGGTGCTC 

FOXC1 TAAGCCCATGAATCAGCCG GCCGCACAGTCCCATCTCT 

PBX1 CCTGCCTTGTTTAATGTGTTGT ATCAGCTGGGGGTCTGTG 

PCTP CAGCATCTACCGGCTGCT TGCCAGTAGAGTTGGTGAGC 

PPM1L GATAGAGGATACAATGACTTTGCTGT CAGCAAGAAGTAGCGCATGA 

TPD52 CGTGACAGCAACATCTGCTT TGACTGAGCCAACAGACGAA 

CNTNAP3B GGCTGTGCTCATTGATTCAG GGGGGCTTTTACATCCAGAG 

ZNF704 CACCCAGAGGCACAGTCAG GGCGGTACACCACATGTCT 

SORBS2 GCACCACTCTTACAAAGTCTTTCAC TTCTAGGGGACTCACGGTCTT 

RCAN2 TGCTGTGGCCAAACTAGGA TGGCTTTGGGGAAGTCTTT 

SYNPO2 GGGGTTCAGATTGCAAGG CTTTGCTCTGATTTCGAATCTTT 

ADAMTS2 AGCTCTGCCCTGGTCGTT TGCCACAGGTTACTGAGCAC 

ANKRD44 CAATGCATTTGACAAGAAGGAC GCAATGCTACAACATCCAAGTG 

DUSP5 ACAAATGGATCCCTGTGGAA CCTCCCTTTTCCCTGACAC 

SPP1 AACTGGCCGCTCTACTGC GGGGAAGAACAGGATGTAGAAG 

SLAMF7 TCTACTATGTGGGGATATACAGCTCA CCTCCCTTTTCCCTGACAC 

P21 TGCCACACACCAGTGACTTTACA  GCCAGAAGCTCCAAAAA 

P27 CCCTAGAGGGCAAGTACGAGT AGTAGAACTCGGGCAAGCTG 

P57 AACCGCTGGGATTACGAC TCCACTTCGGTCCACTGC 

PTHrP CGGTGTTCCTGCTGAGCTAC TGATGTTCAGACACAGCTCTTTTT 

SNAIL GCTGCAGGACTCTAATCCAGA ATCTCCGGAGGTGGGATG 

ZEB1 CCTAAAAGAGCACTTAAGAATT CATTTCTTACTGCTTATGTGTGAC 

TGFβR3 CTGGTGTGGCATCTGAAGAC CTGGACCACAGAACCCTCAG 

SDHA GAGGCAGGGTTTAATACAGCA CCAGTTGTCCTCCTCCATGT 
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siRNA Sequences   
  

40μM of stock solution lyophilised siRNA (Eurofins, Luxembourg) were resuspended 

in 1X siRNA buffer (Eurofins). 1X siRNA buffer was prepared by diluting stock 

solution 5X siRNA buffer in nuclease free water and filter sterilised.    

 

Table 10. siRNA Sequences 

  

 

,  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Oligo Name Sequence 5’-3’  

TGFβ2 ACA GCA AAG TTG TGA AAA 

YWHAZ ACAGCAGATGGCTCGAGAA 

GLI2 GCAAACACATGACCACCA 

FOXC1 CGG GAA TAG TAG CTG TCA A 

PBX1#1 GGAAGCAGGACAUUGGAG 

PBX1#2 CCA AUA UUU AUG CUG CCA 

PCTP#1 CCA GUA UGU UAA AGA ACU 

PCTP#2 AGA UCU AUA UGG ACU CAG 

PPMIL#1 CAA GAC GCA GCA CCC GUC CAU 

PPMIL#2 CCA AGA CCU GGG AAU UCA 

TPD52#1 GCG GAA ACU UGG AAU CAA 

TPD52#2 GGA GAA GUC UUG AAU UCG 

CNTNAP3B#1 AUU GGG AUG CGG AUC GAA 

CNTNAP3B#2 UGG AAG UUU GCA GAU UAG 

ZNF704#1 CCU CGU GCA CAC UGA CCA 

ZNF704#2 CCA ACA UUG AUG UUC CUC 

SORBS2#1 GGA CUG GUA CAA GAC GAU 

SORBS2#2 AGC AAG AGG AGG CGA GUU 
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Primary Antibodies 
 

Table 11. Details of Primary Antibodies 

 

Secondary Antibodies 
 

Anti-Mouse IgG HRP-linked Antibody – Cell Signalling Technology 

Anti-Rabbit IgG HRP-linked Antibody - Cell Signalling Technology 

Anti-Goat IgG HRP-linked Antibody – Abcam 

 

Immunofluorescence Secondary Antibodies 
 

Rabbit Anti-Mouse IgG Alexa Fluor 488 conjugate: Thermo Fisher Scientific 

Goat Anti-Rabbit IgG Alexa Fluor 594 conjugate: Thermo Fisher Scientific 

Mouse Anti-Rabbit IgG Alexa Fluor 594 conjugate: Thermo Fisher Scientific 

 

 

 

 

 

 

 

 

 

 

Antibody Company Species Dilution 

TGFβ2 LSBIO Mouse 1:100 

YWHAZ R+D Systems Mouse 1:500 

GLI2 CST Rabbit 1:100 

FOXC1 Abcam Goat 1:500 

pSMAD2/3 CST Rabbit 1:500 

SMAD2 R+D Systems Goat 1:2000 

VINCULIN CST Rabbit 1:1000 
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Appendix 3 

 Supplementary Data 
 

An Immunofluorescence study was performed by knocking down the target genes 

by 72 hour incubation of the appropriate siRNA, cells were subsequently seeded 

onto coverslips, fixed and stained with the appropriate antibodies. DAPI was used to 

stain the cell nucleus. A non-primary antibody control (not pictured) and a siRNA 

control were used to ensure staining was accurate and reliable.  
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Figure 55 A. Immunofluorescence images of cellular localisation of TGFβ2, YWHAZ, 

GLI2, FOXC1, pSMAD2/3 and SMAD2/3 after 72 hour treatment of either scr siRNA, 

TGFβ2si and YWHAZsi in MDA-MB-231 cells. Cells were subsequently fixed, blocked, 

incubated in appropriate primary antibody overnight, subsequently incubated in 

appropriate secondary antibody and mounted with DAPI Goldseal. Images were 

taken on AXIOVISION microscope. 3 individual images were taken per siRNA and 

antibody, representative image is presented in this figure.  
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Figure 55 B. Immunofluorescence images of cellular localisation of TGFβ2, YWHAZ, 

GLI2, FOXC1, pSMAD2/3 and SMAD2/3 after 72 hour treatment of either scr siRNA, 

GLI2si and FOXC1si in MDA-MB-231 cells. Cells were subsequently fixed, blocked, 

incubated in appropriate primary antibody overnight, subsequently incubated in 

appropriate secondary antibody and mounted with DAPI Goldseal. Images were 

taken on AXIOVISION microscope. 3 individual images were taken per siRNA and 

antibody, representative image is presented in this image.  

 

 



210 
 

Bibliography 
1.  Institute NC. What-Is-Cancer @ Www.Cancer.Gov [Internet]. 2015. Available from: 

http://www.cancer.gov/cancertopics/what-is-cancer 

2.  Hanahan D, Weinberg RA. Hallmarks of cancer: The next generation. Cell [Internet]. 
2011;144(5):646–74. Available from: http://dx.doi.org/10.1016/j.cell.2011.02.013 

3.  World-Cancer-Report-2014 @ publications.iarc.fr [Internet]. Available from: 
http://publications.iarc.fr/Non-Series-Publications/World-Cancer-Reports/World-
Cancer-Report-2014 

4.  Hanahan D, Weinberg RA. The hallmarks of cancer. Vol. 100, Cell. 2000. p. 57–70.  

5.  Beckmann MW, Niederacher D, Schnüren HG, Gusterson BA, Bender HG. Multistep 
carcinogenesis of breast cancer and tumour heterogeneity. Vol. 75, Journal of 
Molecular Medicine. 1997. p. 429–39.  

6.  Osborne C. Oncogenes and Tumor Suppressor Genes in Breast Cancer: Potential 
Diagnostic and Therapeutic Applications. Oncologist. 2004;  

7.  Knudson AG. Mutation and cancer: statistical study of retinoblastoma. Proc Natl 
Acad Sci U S A. 1971;  

8.  Cook WD, McCaw BJ. Accommodating haploinsufficient tumour suppressor genes in 
Knudson’s model. Vol. 19, Oncogene. 2000. p. 3434–8.  

9.  Alimonti A, Carracedo A, Clohessy JG, Trotman LC, Nardella C, Egia A, et al. Subtle 
variations in Pten dose determine cancer susceptibility. Nat Genet. 2010;  

10.  Kinzler KW, Vogelstein B. Cancer-susceptibility genes. Gatekeepers and caretakers. 
Nature. 1997;  

11.  Croce CM. Oncogenes and cancer. New England Journal of Medicine. 2008.  

12.  Balmain A, Gray J, Ponder B. The genetics and genomics of cancer. Vol. 33, Nature 
Genetics. 2003. p. 238–44.  

13.  Diamandis EP. Clinical applications of tumor suppressor genes and oncogenes in 
cancer. Clin Chim Acta. 1997;257(2):157–80.  

14.  Bister K. Discovery of oncogenes : The advent of molecular cancer research. 
2015;112(4):15259–60.  

15.  Jordan NV, Bardia A, Wittner BS, Benes C, Ligorio M, Zheng Y, et al. HER2 expression 
identifies dynamic functional states within circulating breast cancer cells. Nature. 
2016;537(7618):102–6.  

16.  Visvader JE. Keeping abreast of the mammary epithelial hierarchy and breast 
tumorigenesis. Genes and Development. 2009.  

17.  Ali S, Coombes RC. Endocrine-responsive breast cancer and strategies for combating 
resistance. Nature Reviews Cancer. 2002.  

18.  Hassiotou F, Geddes D. Anatomy of the human mammary gland: Current status of 
knowledge. Vol. 26, Clinical Anatomy. 2013. p. 29–48.  

19.  Theresa Knapp Holtzclaw. Pearson - The Biology Place [Internet]. Pearson Education, 
Inc. 2017. Available from: 



211 
 

http://www.phschool.com/science/biology_place/labbench/lab6/competen.html 

20.  AMS. What is breast cancer ? What causes breast cancer ? Am Cancer Soc. 2015;1–
13.  

21.  Harris M, Buerhaus P, Needleman J. The authors reply. N Engl J Med. 
2011;364(25):2469.  

22.  Maddams J, Utley M, Møller H. Projections of cancer prevalence in the United 
Kingdom, 2010-2040. Br J Cancer. 2012;107(7):1195–202.  

23.  Allred DC, Mohsin SK, Fuqua SAW. Histological and biological evolution of human 
premalignant breast disease. In: Endocrine-Related Cancer. 2001.  

24.  Park SY, Gönen M, Kim HJ, Michor F, Polyak K. Cellular and genetic diversity in the 
progression of in situ human breast carcinomas to an invasive phenotype. J Clin 
Invest. 2010;  

25.  Hu M, Yao J, Carroll DK, Weremowicz S, Chen H, Carrasco D, et al. Regulation of In 
Situ to Invasive Breast Carcinoma Transition. Cancer Cell. 2008;13(5):394–406.  

26.  Eccles SA, Aboagye EO, Ali S, Anderson AS, Armes J, Berditchevski F, et al. Critical 
research gaps and translational priorities for the successful prevention and 
treatment of breast cancer. Breast Cancer Res. 2013;15(5).  

27.  ABC of breast diseases: Breast cancer—epidemiology, risk factors, and genetics. Vol. 
321, Bmj. 2000. p. 1198.  

28.  Westlake S. Cancer incidence and mortality in the United Kingdom and constituent 
countries, 2004-06. Health Stat Q. 2009;(43):56–62.  

29.  Wendt C, Lindblom A, Arver B, von Wachenfeldt A, Margolin S. Tumour spectrum in 
non-BRCA hereditary breast cancer families in Sweden. Hered Cancer Clin Pract. 
2015;13(1).  

30.  Petrucelli N, Daly MB, Feldman GL. Hereditary breast and ovarian cancer due to 
mutations in BRCA1 and BRCA2. Genetics in Medicine. 2010.  

31.  Mavaddat N, Antoniou AC, Easton DF, Garcia-Closas M. Genetic susceptibility to 
breast cancer. Vol. 4, Molecular Oncology. 2010. p. 174–91.  

32.  Ripperger T, Gadzicki D, Meindl A, Schlegelberger B. Breast cancer susceptibility: 
Current knowledge and implications for genetic counselling. Vol. 17, European 
Journal of Human Genetics. 2009. p. 722–31.  

33.  Anderson P. Genes Related to Familial And Breast cancer. Vol. 53, Journal of 
Chemical Information and Modeling. 2013. p. 1689–99.  

34.  World Health Organization: International Agency for Research on Cancer. Colorectal 
Cancer Estimated Incidence, Mortality and Prevalence Worldwide in 2012 [Internet]. 
GLOBOCAN 2012: Estimated Cancer Incidence, Mortality and Prevalence Worldwide 
in 2012. 2012. Available from: 
http://globocan.iarc.fr/Pages/fact_sheets_cancer.aspx 

35.  Monitoring care for female breast cancer patients in Northern Ireland diagnosed 
2012 ( with comparisons to Monitoring care of female breast cancer patients in 
Northern Ireland diagnosed 2012 with comparisons. 2012;2012.  

36.  Bernstein L, Ross RK. Endogenous Hormones and Breast Cancer Risk. Epidemiol Rev. 



212 
 

1993;15(1):48–65.  

37.  Zhang X, Tworoger SS, Eliassen AH, Hankinson SE. Postmenopausal plasma sex 
hormone levels and breast cancer risk over 20 years of follow-up. Breast Cancer Res 
Treat. 2013;137(3):883–92.  

38.  Berrino F, Muti P, Micheli A, Bolelli G, Krogh V, Sciajno R, et al. Serum sex hormone 
levels after menopause and subsequent breast cancer. J Natl Cancer Inst. 1996;  

39.  Hamajima N, Hirose K, Tajima K, Rohan T, Friedenreich CM, Calle EE, et al. 
Menarche, menopause, and breast cancer risk: Individual participant meta-analysis, 
including 118 964 women with breast cancer from 117 epidemiological studies. 
Lancet Oncol. 2012;  

40.  Britt K, Ashworth A, Smalley M. Pregnancy and the risk of breast cancer. Vol. 14, 
Endocrine-Related Cancer. 2007. p. 907–33.  

41.  Kobayashi S, Sugiura H, Ando Y, Shiraki N, Yanagi T, Yamashita H, et al. Reproductive 
history and breast cancer risk. Breast Cancer. 2012;19(4):302–8.  

42.  Lipworth L. History of Breast-Feeding in Relation to Breast Cancer Risk: a Review of 
the Epidemiologic Literature. J Natl Cancer Inst. 2000;92(4):302–12.  

43.  Nelson HD, Humphrey LL, Nygren P, Teutsch SM, Allan JD. Postmenopausal hormone 
replacement therapy: Scientific review. Vol. 288, Journal of the American Medical 
Association. 2002. p. 872–81.  

44.  Calle EE, Heath CW, Coates RJ, Liff JM, Franceschi S, Talamini R, et al. Breast cancer 
and hormone replacement therapy: Collaborative reanalysis of data from 51 
epidemiological studies of 52,705 women with breast cancer and 108,411 women 
without breast cancer. Lancet. 1997;350(9084):1047–59.  

45.  Dolle JM, Daling JR, White E, Brinton LA, Doody DR, Porter PL, et al. Risk factors for 
triple-negative breast cancer in women under the age of 45 years. Cancer Epidemiol 
Biomarkers Prev. 2009;  

46.  Beaber EF, Malone KE, Tang MTC, Barlow WE, Porter PL, Daling JR, et al. Oral 
contraceptives and breast cancer risk overall and by molecular subtype among 
young women. Cancer Epidemiol Biomarkers Prev. 2014;23(5):755–64.  

47.  Scoccianti C, Lauby-Secretan B, Bello PY, Chajes V, Romieu I. Female breast cancer 
and alcohol consumption: A review of the literature. Am J Prev Med. 2014;  

48.  Renehan AG, Tyson M, Egger M, Heller RF, Zwahlen M. Body-mass index and 
incidence of cancer: a systematic review and meta-analysis of prospective 
observational studies. Lancet. 2008;  

49.  Kawai M, Malone KE, Tang MTC, Li CI. Height, body mass index (BMI), BMI change, 
and the risk of estrogen receptor-positive, HER2-positive, and triple-negative breast 
cancer among women ages 20 to 44 years. Cancer. 2014;  

50.  James FR, Wootton S, Jackson A, Wiseman M, Copson ER, Cutress RI. Obesity in 
breast cancer - What is the risk factor? Vol. 51, European Journal of Cancer. 2015. p. 
705–20.  

51.  Singletary SE. Rating the Risk Factors for Breast Cancer. Vol. 237, Annals of Surgery. 
2003. p. 474–82.  



213 
 

52.  Perou CM, Sørile T, Eisen MB, Van De Rijn M, Jeffrey SS, Ress CA, et al. Molecular 
portraits of human breast tumours. Nature. 2000;406(6797):747–52.  

53.  Sørlie T, Tibshirani R, Parker J, Hastie T, Marron JS, Nobel A, et al. Repeated 
observation of breast tumor subtypes in independent gene expression data sets. 
Proc Natl Acad Sci U S A. 2003;  

54.  Prat A, Perou CM. Deconstructing the molecular portraits of breast cancer. Vol. 5, 
Molecular Oncology. 2011. p. 5–23.  

55.  Cheang MCU, Chia SK, Voduc D, Gao D, Leung S, Snider J, et al. Ki67 index, HER2 
status, and prognosis of patients with luminal B breast cancer. J Natl Cancer Inst. 
2009;101(10):736–50.  

56.  Gradishar WJ. Optimizing treatment of HER2-positive breast cancer. In: JNCCN 
Journal of the National Comprehensive Cancer Network. 2015. p. 649–51.  

57.  Inic Z, Zegarac M, Inic M, Markovic I, Kozomara Z, Djurisic I, et al. Difference 
between Luminal A and Luminal B subtypes according to Ki-67, tumor size, and 
progesterone receptor negativity providing prognostic information. Clin Med 
Insights Oncol. 2014;8:107–11.  

58.  Tishchenko I, Milioli HH, Riveros C, Moscato P. Extensive transcriptomic and genomic 
analysis provides new insights about luminal breast cancers. PLoS One. 2016;  

59.  Jordan VC. Tamoxifen: Catalyst for the change to targeted therapy. Eur J Cancer. 
2008;44(1):30–8.  

60.  Abe O, Abe R, Enomoto K, Kikuchi K, Koyama H, Masuda H, et al. Effects of 
chemotherapy and hormonal therapy for early breast cancer on recurrence and 15-
year survival: An overview of the randomised trials. Lancet. 2005;  

61.  Davies C, Pan H, Godwin J, Gray R, Arriagada R, Raina V, et al. Long-term effects of 
continuing adjuvant tamoxifen to 10 years versus stopping at 5 years after diagnosis 
of oestrogen receptor-positive breast cancer: ATLAS, a randomised trial. Lancet. 
2013;381(9869):805–16.  

62.  Baselga J, Swain SM. Novel anticancer targets: Revisiting ERBB2 and discovering 
ERBB3. Nature Reviews Cancer. 2009.  

63.  Ahmed S, Sami A, Xiang J. HER2-directed therapy: current treatment options for 
HER2-positive breast cancer. Breast Cancer. 2015;22(2):101–16.  

64.  Kong A, Calleja V, Leboucher P, Harris A, Parker PJ, Larijani B. HER2 oncogenic 
function escapes EGFR tyrosine kinase inhibitors via activation of alternative HER 
receptors in breast cancer cells. PLoS One. 2008;  

65.  Nahta R, Esteva FJ. Herceptin: Mechanisms of action and resistance. Vol. 232, Cancer 
Letters. 2006. p. 123–38.  

66.  Cho HS, Mason K, Ramyar KX, Stanley AM, Gabelli SB, Denney DW, et al. Structure of 
the extracellular region of HER2 alone and in complex with the Herceptin Fab. 
Nature. 2003;  

67.  Arteaga CL. Trastuzumab, an appropriate first-line single-agent therapy for HER2-
overexpressing metastatic breast cancer. Vol. 5, Breast Cancer Research. 2003. p. 
96–100.  



214 
 

68.  Kourie HR, El Rassy E, Clatot F, de Azambuja E, Lambertini M. Emerging treatments 
for HER2-positive early-stage breast cancer: Focus on neratinib. Vol. 10, OncoTargets 
and Therapy. 2017. p. 3363–72.  

69.  Bernard PS, Parker JS, Mullins M, Cheung MCU, Leung S, Voduc D, et al. Supervised 
risk predictor of breast cancer based on intrinsic subtypes. J Clin Oncol. 2009;  

70.  Sørlie T, Perou CM, Tibshirani R, Aas T, Geisler S, Johnsen H, et al. Gene expression 
patterns of breast carcinomas distinguish tumor subclasses with clinical implications. 
Proc Natl Acad Sci U S A. 2001;98(19):10869–74.  

71.  Liu Z, Zhang XS, Zhang S. Breast tumor subgroups reveal diverse clinical prognostic 
power. Sci Rep. 2014;4.  

72.  Millikan RC, Newman B, Tse CK, Moorman PG, Conway K, Smith L V., et al. 
Epidemiology of basal-like breast cancer. Breast Cancer Res Treat. 2008;109(1):123–
39.  

73.  Langerød A, Zhao H, Borgan Ø, Nesland JM, Bukholm IRK, Ikdahl T, et al. TP53 
mutation status and gene expression profiles are powerful prognostic markers of 
breast cancer. Breast Cancer Res. 2007;9(3).  

74.  Rakha EA, Reis-Filho JS, Ellis IO. Basal-like breast cancer: A critical review. Vol. 26, 
Journal of Clinical Oncology. 2008. p. 2568–81.  

75.  Turner NC, Reis-Filho JS. Basal-like breast cancer and the BRCA1 phenotype. 
Oncogene. 2006.  

76.  Leidy J, Khan A, Kandil D. Basal-like breast cancer: Update on clinicopathologic, 
immunohistochemical, and molecular features. Arch Pathol Lab Med. 
2014;138(1):37–43.  

77.  Fadare O, Tavassoli FA. Clinical and pathologic aspects of basal-like breast cancers. 
Nature Clinical Practice Cardiovascular Medicine. 2008.  

78.  Marmot MG, Altman DG, Cameron DA, Dewar JA, Thompson SG, Wilcox M. The 
benefits and harms of breast cancer screening: An independent review. Br J Cancer. 
2013;108(11):2205–40.  

79.  National Collaborating Centre for Cancer. Early and Locally Advanced Breast Cancer: 
diagnosis and treatment. NICE Clin Guidel No 80. 2009;  

80.  Park YH, Lee SJ, Cho EY, Choi Y La, Lee JE, Nam SJ, et al. Clinical relevance of TNM 
staging system according to breast cancer subtypes. Ann Oncol. 2011;22(7):1554–
60.  

81.  Fabbri A, Carcangiu ML, Carbone A. Histological classification of breast cancer. In: 
Breast Cancer: Nuclear Medicine in Diagnosis and Therapeutic Options. 2008. p. 3–
14.  

82.  Rakha EA, Reis-Filho JS, Baehner F, Dabbs DJ, Decker T, Eusebi V, et al. Breast cancer 
prognostic classification in the molecular era: The role of histological grade. Vol. 12, 
Breast Cancer Research. 2010.  

83.  Rakha EA, El-Sayed ME, Lee AHS, Elston CW, Grainge MJ, Hodi Z, et al. Prognostic 
significance of nottingham histologic grade in invasive breast carcinoma. J Clin 
Oncol. 2008;  



215 
 

84.  Elston CW, Ellis IO. Pathological prognostic factors in breast cancer. I. The value of 
histological grade in breast cancer: experience from a large study with long-term 
follow-up. C. W. Elston & I. O. Ellis. Histopathology 1991; 19; 403-410.  

85.  Ahn SG, Kim SJ, Kim C, Jeong J. Molecular classification of triple-negative breast 
cancer. Vol. 19, Journal of Breast Cancer. 2016. p. 223–30.  

86.  Ismail-Khan R, Bui MM. A review of triple-negative breast cancer. Cancer Control. 
2010;  

87.  De Ruijter TC, Veeck J, De Hoon JPJ, Van Engeland M, Tjan-Heijnen VC. 
Characteristics of triple-negative breast cancer. J Cancer Res Clin Oncol. 
2011;137(2):183–92.  

88.  Morris GJ, Naidu S, Topham AK, Guiles F, Xu Y, McCue P, et al. Differences in breast 
carcinoma characteristics in newly diagnosed African-American and Caucasian 
patients: A single-institution compilation compared with the national cancer 
institute’s surveillance, epidemiology, and end results database. Cancer. 2007;  

89.  Turner NC, Reis-Filho JS, Russell AM, Springall RJ, Ryder K, Steele D, et al. BRCA1 
dysfunction in sporadic basal-like breast cancer. Oncogene. 2007;26(14):2126–32.  

90.  Zhang K, Wang H. Cancer Genome Atlas Pan-cancer analysis project. Chinese J Lung 
Cancer. 2015;18(4):219–23.  

91.  Bianchini G, Balko JM, Mayer IA, Sanders ME, Gianni L. Triple-negative breast cancer: 
Challenges and opportunities of a heterogeneous disease. Vol. 13, Nature Reviews 
Clinical Oncology. 2016. p. 674–90.  

92.  Rubovszky G, Horváth Z, Tóth E, Láng I, Kásler M. Significance of histomorphology of 
early triple-negative breast cancer. Pathol Oncol Res. 2012;  

93.  Rodler E, Korde L, Gralow J. Current treatment options in triple negative breast 
cancer. Breast Dis. 2010;  

94.  Liedtke C, Mazouni C, Hess KR, André F, Tordai A, Mejia JA, et al. Response to 
neoadjuvant therapy and long-term survival in patients with triple-negative breast 
cancer. J Clin Oncol. 2008;  

95.  Lehmann BD, Bauer JA, Chen X, Sanders ME, Chakravarthy AB, Shyr Y, et al. 
Identification of human triple-negative breast cancer subtypes and preclinical 
models for selection of targeted therapies. J Clin Invest. 2011;121(7):2750–67.  

96.  Abramson VG, Lehmann BD, Ballinger TJ, Pietenpol JA. Subtyping of triple-negative 
breast cancer: Implications for therapy. Vol. 121, Cancer. 2015. p. 8–16.  

97.  Bertucci F, Finetti P, Cervera N, Charafe-Jauffret E, Mamessier E, Adélaïde J, et al. 
Gene expression profiling shows medullary breast cancer is a subgroup of basal 
breast cancers. Cancer Res. 2006;66(9):4636–44.  

98.  Nielsen TO, Hsu FD, Jensen K, Cheang M, Karaca G, Hu Z, et al. Immunohistochemical 
and clinical characterization of the basal-like subtype of invasive breast carcinoma. 
Clin Cancer Res. 2004;10(16):5367–74.  

99.  Gazinska P, Grigoriadis A, Brown JP, Millis RR, Mera A, Gillett CE, et al. Comparison 
of basal-like triple-negative breast cancer defined by morphology, 
immunohistochemistry and transcriptional profiles. Mod Pathol. 2013;26(7):955–66.  



216 
 

100.  Dawood S, Hu R, Homes MD, Collins LC, Schnitt SJ, Connolly J, et al. Defining breast 
cancer prognosis based on molecular phenotypes: Results from a large cohort study. 
Breast Cancer Res Treat. 2011;126(1):185–92.  

101.  Lemaire R, Ph D, Farina G, Ph D, Bayle J, Ph D, et al. NIH Public Access. 
2011;130(6):1514–23.  

102.  Matsumoto H, Koo SL, Dent R, Tan PH, Iqbal J. Role of inflammatory infiltrates in 
triple negative breast cancer. J Clin Pathol. 2015;  

103.  Hon JDC, Singh B, Sahin A, Du G, Wang J, Wang VY, et al. Breast cancer molecular 
subtypes: From TNBC to QNBC. American Journal of Cancer Research. 2016.  

104.  Masuda H, Baggerly KA, Wang Y, Zhang Y, Gonzalez-Angulo AM, Meric-Bernstam F, 
et al. Differential response to neoadjuvant chemotherapy among 7 triple-negative 
breast cancer molecular subtypes. Clin Cancer Res. 2013;19(19):5533–40.  

105.  Prat A, Pineda E, Adamo B, Galván P, Fernández A, Gaba L, et al. Clinical implications 
of the intrinsic molecular subtypes of breast cancer. Breast. 2015;  

106.  Hennessy BT, Gonzalez-Angulo AM, Stemke-Hale K, Gilcrease MZ, Krishnamurthy S, 
Lee JS, et al. Characterization of a naturally occurring breast cancer subset enriched 
in epithelial-to-mesenchymal transition and stem cell characteristics. Cancer Res. 
2009;69(10):4116–24.  

107.  Barton VN, D’Amato NC, Gordon MA, Lind HT, Spoelstra NS, Babbs BL, et al. Multiple 
molecular subtypes of triple-negative breast cancer critically rely on androgen 
receptor and respond to enzalutamide in vivo. Mol Cancer Ther. 2015;14(3):769–78.  

108.  Gerratana L, Basile D, Buono G, De Placido S, Giuliano M, Minichillo S, et al. 
Androgen receptor in triple negative breast cancer: A potential target for the 
targetless subtype. Vol. 68, Cancer Treatment Reviews. 2018. p. 102–10.  

109.  Rahim B, O’Regan R. AR signaling in breast cancer. Cancers. 2017.  

110.  Davis M, Tripathi S, Hughley R, He Q, Bae S, Karanam B, et al. AR negative triple 
negative or “Quadruple Negative” breast cancers in African American women have 
an enriched basal and immune signature. PLoS One. 2018;  

111.  Mina A, Yoder R, Sharma P. Targeting the androgen receptor in triple-negative 
breast cancer: Current perspectives. OncoTargets and Therapy. 2017.  

112.  Prat A, Parker JS, Karginova O, Fan C, Livasy C, Herschkowitz JI, et al. Phenotypic and 
molecular characterization of the claudin-low intrinsic subtype of breast cancer. 
Breast Cancer Res. 2010;12(5).  

113.  Prat A, Parker JS, Karginova O, Fan C, Livasy C, Herschkowitz JI, et al. Phenotypic and 
molecular characterization of the claudin-low intrinsic subtype of breast cancer. 
Breast Cancer Res. 2010;  

114.  Sabatier R, Finetti P, Guille A, Adelaide J, Chaffanet M, Viens P, et al. Claudin-low 
breast cancers: Clinical, pathological, molecular and prognostic characterization. Mol 
Cancer. 2014;  

115.  Neven P, Brouckaert, Wildiers, Floris. Update on triple-negative breast cancer: 
prognosis and management strategies. Int J Womens Health. 2012;511.  

116.  Rebbeck TR, Friebel T, Lynch HT, Neuhausen SL, Van’t Veer L, Garber JE, et al. 



217 
 

Bilateral prophylactic mastectomy reduces breast cancer risk in BRCA1 and BRCA2 
mutation carriers: The PROSE study group. J Clin Oncol. 2004;  

117.  Moran MS. Radiation therapy in the locoregional treatment of triple-negative breast 
cancer. The Lancet Oncology. 2015.  

118.  O’Rorke MA, Murray LJ, Brand JS, Bhoo-Pathy N. The value of adjuvant radiotherapy 
on survival and recurrence in triple-negative breast cancer: A systematic review and 
meta-analysis of 5507 patients. Vol. 47, Cancer Treatment Reviews. 2016. p. 12–21.  

119.  Chabner BA, Roberts TG. Chemotherapy and the war on cancer. Nature Reviews 
Cancer. 2005.  

120.  Hassan MSU, Ansari J, Spooner D, Hussain SA. Chemotherapy for breast cancer 
(review). Oncology Reports. 2010.  

121.  Isakoff SJ. Triple-negative breast cancer: Role of specific chemotherapy agents. Vol. 
16, Cancer Journal. 2010. p. 53–61.  

122.  Poole CJ, Earl HM, Hiller L, Dunn JA, Bathers S, Grieve RJ, et al. Epirubicin and 
cyclophosphamide, methotrexate, and fluorouracil as adjuvant therapy for early 
breast cancer. N Engl J Med. 2006;355(18):1851–62.  

123.  Khalife O, Muhammad M, Kenj M, Salamoon M. Alkylating Agents. In: 
Cyclophosphamide: Clinical Pharmacology, Uses and Potential Adverse Effects. 2015.  

124.  Lanning NJ, Castle JP, Singh SJ, Leon AN, Tovar EA, Sanghera A, et al. Metabolic 
profiling of triple-negative breast cancer cells reveals metabolic vulnerabilities. 
Cancer Metab. 2017;  

125.  Lehmann BD, Pietenpol JA. Clinical implications of molecular heterogeneity in triple 
negative breast cancer. Breast. 2015;24:S36–40.  

126.  Shelton JD. Have we reached a plateau in adjuvant breast cancer therapy ? 
Multimorbidity : another key issue for. Lancet. 374(9699):1421.  

127.  Lehmann BD, Shyr Y, Pietenpol JA, Lehmann BD, Bauer JA, Chen X, et al. 
Identification of human triple-negative breast cancer subtypes and preclinical 
models for selection of targeted therapies. J Clin Invest. 2011;121(7):2750–67.  

128.  Gucalp A, Tolaney S, Isakoff SJ, Ingle JN, Liu MC, Carey LA, et al. Phase II trial of 
bicalutamide in patients with androgen receptor-positive, estrogen receptor-
negative metastatic breast cancer. Clin Cancer Res. 2013;19(19):5505–12.  

129.  ClinicalTrials.gov. No Title. Taselisib and Enzalutamide in Treating Patients with 
Androgen Receptor Positive Triple-Negative Metastatic Breast Cancer. NCT Identifier 
NCT0245791. 2019.  

130.  Gucalp A, Tolaney S, Carey LA, et al. Phase I/II trial of palbociclib in combination with 
bicalutamide for the treatment of androgen receptor (AR)+ metastatic breast cancer 
(MBC). J Clin Oncol. 2016;  

131.  Sun WY, Lee YK, Koo JS. Expression of PD-L1 in triple-negative breast cancer based 
on different immunohistochemical antibodies. J Transl Med. 2016;  

132.  Peter Schmid, Javier Cortes, Jonas C. S. Bergh, Lajos Pusztai, Carsten Denkert SV. J 
Chem Inf Model. 2013;53(9):1689–99.  

133.  O’Shaughnessy J, Hellerstedt B, Schwartzberg L, Yardley DA, Danso MA, Robert N, et 



218 
 

al. Phase III study of iniparib plus gemcitabine and carboplatin versus gemcitabine 
and carboplatin in patients with metastatic triple-negative breast cancer. J Clin 
Oncol. 2014;32(34):3840–7.  

134.  Lee JM, Hays JL, Chiou VL, Annunziata CM, Swisher EM, Harrell MI, et al. Phase I/Ib 
study of olaparib and carboplatin in women with triple negative breast cancer. 
Oncotarget. 2017;8(45):79175–87.  

135.  Fischer KR, Durrans A, Lee S, Sheng J, Li F, Wong S, et al. EMT is not required for lung 
metastasis but contributes to chemoresistance. Nature. 2015;527(7579):472–6.  

136.  Zheng X, Carstens JL, Kim J, Scheible M, Kaye J, Sugimoto H, et al. Epithelial-to-
mesenchymal transition is dispensable for metastasis but induces chemoresistance 
in pancreatic cancer. Nature. 2015;527(7579):525–30.  

137.  Qiu J, Xue X, Hu C, Xu H, Kou D, Li R, et al. Comparison of clinicopathological features 
and prognosis in triple-negative and non-triple negative breast cancer. J Cancer. 
2016;  

138.  Dey N, De P, Leyland-Jones B. PI3K-AKT-mTOR inhibitors in breast cancers: From 
tumor cell signaling to clinical trials. Vol. 175, Pharmacology and Therapeutics. 2017. 
p. 91–106.  

139.  Basho RK, Gilcrease M, Murthy RK, Helgason T, Karp DD, Meric-Bernstam F, et al. 
Targeting the PI3K/AKT/mTOR pathway for the treatment of mesenchymal triple-
negative breast cancer: Evidence from a phase 1 trial of mTOR inhibition in 
combination with liposomal doxorubicin and bevacizumab. JAMA Oncol. 2017;  

140.  Memon MA, Anway MD, Covert TR, Uzumcu M, Skinner MK. Transforming growth 
factor beta (TGFβ1, TGFβ2 and TGFβ3) null-mutant phenotypes in embryonic 
gonadal development. Mol Cell Endocrinol. 2008;294(1–2):70–80.  

141.  Barcellos-Hoff MH, Akhurst RJ. Transforming growth factor-β in breast cancer: Too 
much, too late. Breast Cancer Research. 2009.  

142.  Derynck R, Zhang YE. Smad-dependent and Smad-independent pathways in TGF-β 
family signalling. Vol. 425, Nature. 2003. p. 577–84.  

143.  Imamura T, Takase M, Nishihara A, Oeda E, Hanai JI, Kawabata M, et al. Smad6 
inhibits signalling by the TGF-β superfamily. Nature. 1997;389(6651):622–6.  

144.  Unigarro et al. Cell Signalling Technology. 2014  Available from: 
https://www.cellsignal.com/contents/science-cst-pathways-developmental-
biology/tgf-signaling/pathways-tgfb 

145.  Javelaud D, Alexaki VI, Dennler S, Mohammad KS, Guise TA, Mauviel A. TGF-
β/SMAD/GLI2 signaling axis in cancer progression and metastasis. Vol. 71, Cancer 
Research. 2011. p. 5606–10.  

146.  Xu J, Acharya S, Sahin O, Zhang Q, Saito Y, Yao J, et al. 14-3-3ζ Turns TGF-β’s 
Function from Tumor Suppressor to Metastasis Promoter in Breast Cancer by 
Contextual Changes of Smad Partners from p53 to Gli2. Cancer Cell. 2015;27(2):177–
92.  

147.  Inman GJ, Hill CS. Stoichiometry of active Smad-transcription factor complexes on 
DNA. J Biol Chem. 2002;277(52):51008–16.  

148.  Costanza B, Umelo I, Bellier J, Castronovo V, Turtoi A. Stromal Modulators of TGF-β 



219 
 

in Cancer. J Clin Med. 2017;6(1):7.  

149.  May MJ, Ghosh S. Signal transduction. Immunol Today. 1998;19(2):80–8.  

150.  Attisano L, Wrana JL. Smads as transcriptional co-modulators. Vol. 12, Current 
Opinion in Cell Biology. 2000. p. 235–43.  

151.  Xu YL, Yao R, Li J, Zhou YD, Mao F, Pan B, et al. FOXC1 overexpression is a marker of 
poor response to anthracycline-based adjuvant chemotherapy in sporadic triple-
negative breast cancer. Cancer Chemother Pharmacol. 2017;  

152.  Han B, Qu Y, Jin Y, Yu Y, Deng N, Wawrowsky K, et al. FOXC1 Activates Smoothened-
Independent Hedgehog Signaling in Basal-like Breast Cancer. Cell Rep. 
2015;13(5):1046–58.  

153.  Yeganeh B, Mukherjee S, Moir LM, Kumawat K, Kashani HH, Bagchi RA, et al. Novel 
non-canonical TGF-β signaling networks: Emerging roles in airway smooth muscle 
phenotype and function. Pulm Pharmacol Ther. 2013;  

154.  Zhang YE. Non-Smad pathways in TGF-β signaling. Cell Research. 2009.  

155.  Derynck R, Jarrett JA, Chen EY, Eaton DH, Bell JR, Assoian RK, et al. Human 
transforming growth factor-β complementary DNA sequence and expression in 
normal and transformed cells. Nature. 1985;316(6030):701–5.  

156.  Boswell S, Sharif S, Alisa A, Pereira SP, Williams R, Behboudi S. Induction of latency-
associated peptide (transforming growth factor-β1) expression on CD4+ T cells 
reduces Toll-like receptor 4 ligand-induced tumour necrosis factor-α production in a 
transforming growth factor-β-dependent manner. Immunology. 2011;133(3):278–
87.  

157.  Sloan AJ, Moseley R, Dobie K, Waddington RJ, Smith AJ. TGF-β latency-associated 
peptides (LAPs) in human dentin matrix and pulp. Connect Tissue Res. 2002;43(2–
3):381–6.  

158.  Scollen S, Luccarini C, Baynes C, Driver K, Humphreys MK, Garcia-Closas M, et al. 
TGF-β signaling pathway and breast cancer susceptibility. Cancer Epidemiol 
Biomarkers Prev. 2011;  

159.  Caja F, Vannucci L. TGFβ: A player on multiple fronts in the tumor 
microenvironment. Vol. 12, Journal of Immunotoxicology. 2015. p. 300–7.  

160.  Savary K, Moustakas A. Role of TGF-β signaling in EMT, cancer progression and 
metastasis. Drug Discovery Today: Disease Models. 2011.  

161.  Neal CL, Yu D. 14-3-3Ζ As a Prognostic Marker and Therapeutic Target for Cancer. 
Vol. 14, Expert Opinion on Therapeutic Targets. 2010. p. 1343–54.  

162.  Kasinski A, Dong X, Khuri FR, Boss J, Fu H. Transcriptional regulation of YWHAZ, the 
gene encoding 14-3-3ζ. PLoS One. 2014;9(4).  

163.  Bridges D, Moorhead GBG. 14-3-3 proteins: a number of functions for a numbered 
protein. Science’s STKE : signal transduction knowledge environment. 2005.  

164.  Nomura M, Shimizu S, Sugiyama T, Narita M, Ito T, Matsuda H, et al. 14-3-3 Interacts 
directly with and negatively regulates pro-apoptotic Bax. J Biol Chem. 
2003;278(3):2058–65.  

165.  Liu S, Wu Y, Yang T, Feng C, Jiang H. Coexistence of YWHAZ amplification predicts 



220 
 

better prognosis in muscle-invasive bladder cancer with CDKN2A or TP53 loss. 
Oncotarget. 2016;7(23):34752–8.  

166.  Yang H-Y, Wen Y-Y, Chen C-H, Lozano G, Lee M-H. 14-3-3  Positively Regulates p53 
and Suppresses Tumor Growth. Mol Cell Biol. 2003;  

167.  Lin M, Morrison CD, Jones S, Mohamed N, Bacher J, Plass C. Copy number gain and 
oncogenic activity of YWHAZ/14-3-3ζ in head and neck squamous cell carcinoma. Int 
J Cancer. 2009;  

168.  Asaoka Y, Kanai F, Ichimura T, Tateishi K, Tanaka Y, Ohta M, et al. Identification of a 
suppressive mechanism for Hedgehog signaling through a novel interaction of gli 
with 14-3-3. J Biol Chem. 2010;285(6):4185–94.  

169.  Ruiz i Altaba A, Sánchez P, Dahmane N. Gli and hedgehog in cancer: Tumours, 
embryos and stem cells. Nature Reviews Cancer. 2002.  

170.  Speek M, Njunkova O, Pata I, Valdre E, Kogerman P. A potential role of alternative 
splicing in the regulation of the transcriptional activity of human GLI2 in gonadal 
tissues. BMC Mol Biol. 2006;7.  

171.  Kim J, Kato M, Beachy PA. Gli2 trafficking links Hedgehog-dependent activation of 
Smoothened in the primary cilium to transcriptional activation in the nucleus. Proc 
Natl Acad Sci U S A. 2009;106(51):21666–71.  

172.  Ruiz i Altaba A, Palma V, Dahmane N. Hedgehog–GLI signaling and the growth of the 
brain. Nat Rev Neurosci. 2002;3(1):24–33.  

173.  Jiang J, Hui C chung. Hedgehog Signaling in Development and Cancer. Vol. 15, 
Developmental Cell. 2008. p. 801–12.  

174.  De Santa Barbara P, Van Den Brink GR, Roberts DJ. Development and differentiation 
of the intestinal epithelium. Vol. 60, Cellular and Molecular Life Sciences. 2003. p. 
1322–32.  

175.  Alexaki VI, Javelaud D, Van Kempen LCL, Mohammad KS, Dennler S, Luciani F, et al. 
GLI2-mediated melanoma invasion and metastasis. J Natl Cancer Inst. 2010;  

176.  Zhang D, Cao L, Li Y, Lu H, Yang X, Xue P. Expression of glioma-associated oncogene 2 
(Gli 2) is correlated with poor prognosis in patients with hepatocellular carcinoma 
undergoing hepatectomy. World J Surg Oncol. 2013;  

177.  Johnson RW, Nguyen MP, Padalecki SS, Grubbs BG, Merkel AR, Oyajobi BO, et al. 
TGF-β promotion of Gli2-induced expression of parathyroid hormone-related 
protein, an important osteolytic factor in bone metastasis, is independent of 
canonical Hedgehog signaling. Cancer Res. 2011;  

178.  Nagao-Kitamoto H, Nagata M, Nagano S, Kitamoto S, Ishidou Y, Yamamoto T, et al. 
GLI2 is a novel therapeutic target for metastasis of osteosarcoma. Int J Cancer. 2015;  

179.  Johnson RW, Nguyen MP, Padalecki SS, Grubbs BG, Merkel AR, Oyajobi BO, et al. 
TGF-β promotion of Gli2-induced expression of parathyroid hormone-related 
protein, an important osteolytic factor in bone metastasis, is independent of 
canonical Hedgehog signaling. Vol. 71, Cancer Research. 2011. p. 822–31.  

180.  Tümer Z, Bach-Holm D. Axenfeld-Rieger syndrome and spectrum of PITX2 and FOXC1 
mutations. Vol. 17, European Journal of Human Genetics. 2009. p. 1527–39.  



221 
 

181.  Ray PS, Wang J, Qu Y, Sim MS, Shamonki J, Bagaria SP, et al. FOXC1 is a potential 
prognostic biomarker with functional significance in basal-like breast cancer. Cancer 
Res. 2010;70(10):3870–6.  

182.  Muggerud AA, Rønneberg JA, Wärnberg F, Botling J, Busato F, Jovanovic J, et al. 
Frequent aberrant DNA methylation of ABCB1, FOXC1, PPP2R2B and PTEN in ductal 
carcinoma in situ and early invasive breast cancer. Breast Cancer Res. 2010;12(1).  

183.  Tkocz D, Crawford NT, Buckley NE, Berry FB, Kennedy RD, Gorski JJ, et al. BRCA1 and 
GATA3 corepress FOXC1 to inhibit the pathogenesis of basal-like breast cancers. 
Oncogene. 2012;31(32):3667–78.  

184.  Sizemore ST, Keri RA. The forkhead box transcription factor FOXC1 promotes breast 
cancer invasion by inducing matrix metalloprotease 7 (MMP7) expression. J Biol 
Chem. 2012;  

185.  Jovanović B, Beeler JS, Pickup MW, Chytil A, Gorska AE, Ashby WJ, et al. 
Transforming growth factor beta receptor type III is a tumor promoter in 
mesenchymal-stem like triple negative breast cancer. Breast Cancer Res. 2014;16(4).  

186.  Bilandzic M, Stenvers KL. Betaglycan: A multifunctional accessory. Mol Cell 
Endocrinol. 2011;339(1–2):180–9.  

187.  Ten Dijke P, Hill CS. New insights into TGF-β-Smad signalling. Vol. 29, Trends in 
Biochemical Sciences. 2004. p. 265–73.  

188.  Miyazawa K, Shinozaki M, Hara T, Furuya T, Miyazono K. Two major Smad pathways 
in TGF-β superfamily signalling. Vol. 7, Genes to Cells. 2002. p. 1191–204.  

189.  Brabletz T, Kalluri R, Nieto MA, Weinberg RA. EMT in cancer. Vol. 18, Nature Reviews 
Cancer. 2018. p. 128–34.  

190.  Thiery JP, Acloque H, Huang RYJ, Nieto MA. Epithelial-Mesenchymal Transitions in 
Development and Disease. Vol. 139, Cell. 2009. p. 871–90.  

191.  Lamouille S, Xu J, Derynck R. Molecular mechanisms of epithelial-mesenchymal 
transition. Vol. 15, Nature Reviews Molecular Cell Biology. 2014. p. 178–96.  

192.  Gottardi CJ, Wong E, Gumbiner BM. E-cadherin suppresses cellular transformation 
by inhibiting β-catenin signaling in an adhesion-independent manner. J Cell Biol. 
2001;153(5):1049–59.  

193.  Wang Y, Shi J, Chai K, Ying X, Zhou B. The Role of Snail in EMT and Tumorigenesis. 
Curr Cancer Drug Targets. 2014;13(9):963–72.  

194.  Xu J, Lamouille S, Derynck R. TGF-Β-induced epithelial to mesenchymal transition. 
Vol. 19, Cell Research. 2009. p. 156–72.  

195.  Friedl P, Alexander S. Cancer invasion and the microenvironment: Plasticity and 
reciprocity. Vol. 147, Cell. 2011. p. 992–1009.  

196.  Käkönen SM, Selander KS, Chirgwin JM, Yin JJ, Burns S, Rankin WA, et al. 
Transforming growth factor-β stimulates parathyroid hormone-related protein and 
osteolytic metastases via Smad and mitogen-activated protein kinase signaling 
pathways. J Biol Chem. 2002;277(27):24571–8.  

197.  Semenza GL. Molecular mechanisms mediating metastasis of hypoxic breast cancer 
cells. Vol. 18, Trends in Molecular Medicine. 2012. p. 534–43.  



222 
 

198.  Welf ES, Haugh JM. Signaling pathways that control cell migration: models and 
analysis. Wiley Interdiscip Rev Syst Biol Med. 2011;3(2):231–40.  

199.  No Title [Internet]. 6.1 Analysis of mirna and mrna associated with epithelial 
mesenchymal. 2009 [cited 2019 Aug 23]. Available from: 
https://www.jobilize.com//course/section/the-project-analysis-of-mirna-and-mrna-
associated-with-by-openstax?qcr=www.quizover.com 

200.  Yingling JM, Blanchard KL, Sawyer JS. Development of TGF-β signalling inhibitors for 
cancer therapy. Vol. 3, Nature Reviews Drug Discovery. 2004. p. 1011–22.  

201.  Bogdahn U, Hau P, Stockhammer G, Venkataramana NK, Mahapatra AK, Suri A, et al. 
Targeted therapy for high-grade glioma with the TGF-β2 inhibitor trabedersen: 
Results of a randomized and controlled phase IIb study. Neuro Oncol. 
2011;13(1):132–42.  

202.  Neuzillet C, de Gramont A, Tijeras-Raballand A, de Mestier L, Cros J, Faivre S, et al. 
Perspectives of TGF-ß inhibition in pancreatic and hepatocellular carcinomas. Vol. 5, 
Oncotarget. 2014. p. 78–94.  

203.  Hwang L, Ng K, Wang W, Trieu V. Abstract 3742: Treatment with trabedersen, an 
anti-TGF-beta 2 antisense, primed tumors to subsequent chemotherapies. In 2016. 
p. 3742–3742.  

204.  Neuzillet C, Tijeras-Raballand A, Cohen R, Cros J, Faivre S, Raymond E, et al. 
Targeting the TGFβ pathway for cancer therapy. Vol. 147, Pharmacology and 
Therapeutics. 2015. p. 22–31.  

205.  Lauth M, Bergström Å, Shimokawa T, Toftgård R. Inhibition of GLI-mediated 
transcription and tumor cell growth by small-molecule antagonists. Proc Natl Acad 
Sci U S A. 2007;104(20):8455–60.  

206.  Kim J, Lee JJ, Kim J, Gardner D, Beachy PA. Arsenic antagonizes the Hedgehog 
pathway by preventing ciliary accumulation and reducing stability of the Gli2 
transcriptional effector. Proc Natl Acad Sci U S A. 2010;107(30):13432–7.  

207.  Coni S, Mancuso AB, Di Magno L, Sdruscia G, Manni S, Serrao SM, et al. 
Corrigendum: Selective targeting of HDAC1/2 elicits anticancer effects through Gli1 
acetylation in preclinical models of SHH Medulloblastoma. Sci Rep. 
2017;7(44079):46645.  

208.  Tang Y, Gholamin S, Schubert S, Willardson MI, Lee A, Bandopadhayay P, et al. 
Epigenetic targeting of Hedgehog pathway transcriptional output through BET 
bromodomain inhibition. Nat Med. 2014;20(7):732–40.  

209.  Tojo M, Kiyosawa H, Iwatsuki K, Nakamura K, Kaneko F. Expression of the GLI2 
oncogene and its isoforms in human basal cell carcinoma. Br J Dermatol. 
2003;148(5):892–7.  

210.  von Minckwitz G, Martin M. Neoadjuvant treatments for triple-negative breast 
cancer (TNBC). Ann Oncol. 2012;23(SUPPL. 6).  

211.  Wahba HA, El-Hadaad HA. Current approaches in treatment of triple-negative breast 
cancer. Vol. 12, Cancer Biology and Medicine. 2015. p. 106–16.  

212.  TenDijke P, vanDam H. 14-3-3ζ Turns TGF-β to the Dark Side. Vol. 27, Cancer Cell. 
2015. p. 151–3.  



223 
 

213.  Jackson AL, Linsley PS. Recognizing and avoiding siRNA off-target effects for target 
identification and therapeutic application. Vol. 9, Nature Reviews Drug Discovery. 
2010. p. 57–67.  

214.  Wang Z, Gerstein M, Snyder M. RNA-Seq: A revolutionary tool for transcriptomics. 
Nature Reviews Genetics. 2009.  

215.  Iwatsuki M, Mimori K, Yokobori T, Ishi H, Beppu T, Nakamori S, et al. Epithelial-
mesenchymal transition in cancer development and its clinical significance. Vol. 101, 
Cancer Science. 2010. p. 293–9.  

216.  Chiechi A, Waning D, Stayrook KR, Buijs J. Role of TGF- β in breast cancer bone 
metastases. Adv Biosci Biotechnol. 2014;4(10C):15–30.  

217.  Abraham CG, Ludwig MP, Andrysik Z, Pandey A, Joshi M, Galbraith MD, et al. 
ΔNp63α Suppresses TGFB2 Expression and RHOA Activity to Drive Cell Proliferation 
in Squamous Cell Carcinomas. Cell Rep. 2018;24(12):3224–36.  

218.  Metzger-Filho O, Tutt A, De Azambuja E, Saini KS, Viale G, Loi S, et al. Dissecting the 
heterogeneity of triple-negative breast cancer. Journal of Clinical Oncology. 2012.  

219.  Mendelson J, Song S, Li Y, Maru DM, Mishra B, Davila M, et al. Dysfunctional 
transforming growth factor-β signaling with constitutively active notch signaling in 
Barrett’s esophageal adenocarcinoma. Cancer. 2011;117(16):3691–702.  

220.  Elliott RL, Blobe GC. Role of transforming growth factor beta in human cancer. Vol. 
23, Journal of Clinical Oncology. 2005. p. 2078–93.  

221.  Han J, Alvarez-Breckenridge CA, Wang QE, Yu J. TGF-β signaling and its targeting for 
glioma treatment. Vol. 5, American Journal of Cancer Research. 2015. p. 945–55.  

222.  Chen M, Huang H, He H, Ying W, Liu X, Dai Z, et al. Quantitative proteomic analysis 
of mitochondria from human ovarian cancer cells and their paclitaxel-resistant 
sublines. Cancer Sci. 2015;106(8):1075–83.  

223.  Aratani K, Komatsu S, Ichikawa D, Ohashi T, Miyamae M, Okajima W, et al. 
Overexpression of EGFR as an independent prognostic factor in adenocarcinoma of 
the esophagogastric junction. Anticancer Res. 2017;37(6):3129–35.  

224.  Takezaki T, Hide T, Takanaga H, Nakamura H, Kuratsu J ichi, Kondo T. Essential role 
of the Hedgehog signaling pathway in human glioma-initiating cells. Cancer Sci. 
2011;102(7):1306–12.  

225.  Faião-Flores F, Alves-Fernandes DK, Pennacchi PC, Sandri S, Vicente ALSA, 
Scapulatempo-Neto C, et al. Targeting the hedgehog transcription factors GLI1 and 
GLI2 restores sensitivity to vemurafenib-resistant human melanoma cells. 
Oncogene. 2017;36(13):1849–61.  

226.  Wang J, Li L, Liu S, Zhao Y, Wang L, Du G. FOXC1 promotes melanoma by activating 
MST1R/PI3K/AKT pathway and is associated with poor prognosis in melanoma. 
Oncotarget. 2016;7(51):84375–87.  

227.  Huang L, Huang Z, Fan Y, He L, Ye M, Shi K, et al. FOXC1 promotes proliferation and 
epithelial-mesenchymal transition in cervical carcinoma through the PI3K-Akt signal 
pathway. Am J Transl Res. 2017;9(3):1297–306.  

228.  Inoue Y, Imamura T. Regulation of TGF-β family signaling by E3 ubiquitin ligases. Vol. 
99, Cancer Science. 2008. p. 2107–12.  



224 
 

229.  Liu X, Gu X, Sun L, Flowers AB, Rademaker AW, Zhou Y, et al. Downregulation of 
Smurf2, a tumor-suppressive ubiquitin ligase, in triple-negative breast cancers: 
Involvement of the RB-microRNA axis. BMC Cancer. 2014;14(1).  

230.  Heldin CH, Vanlandewijck M, Moustakas A. Regulation of EMT by TGFβ in cancer. 
FEBS Letters. 2012.  

231.  Brandl M, Seidler B, Haller F, Adamski J, Schmid RM, Saur D, et al. IKKα controls 
canonical TGFβ-SMAD signaling to regulate genes expressing SNAIL and SLUG during 
EMT in Panc1 cells. J Cell Sci. 2010;123(24):4231–9.  

232.  Tang C, Mei L, Pan L, Xiong W, Zhu H, Ruan H, et al. Hedgehog signaling through GLI1 
and GLI2 is required for epithelial-mesenchymal transition in human trophoblasts. 
Biochim Biophys Acta - Gen Subj. 2015;1850(7):1438–48.  

233.  Han B, Bhowmick N, Qu Y, Chung S, Giuliano AE, Cui X. FOXC1: An emerging marker 
and therapeutic target for cancer. Vol. 36, Oncogene. 2017. p. 3957–63.  

234.  Mill P, Mo R, Fu H, Grachtchouk M, Kim PCW, Dlugosz AA, et al. Sonic hedgehog-
dependent activation of Gli2 is essential for embryonic hair follicle development. 
Genes Dev. 2003;17(2):282–94.  

235.  Lauffenburger DA, Horwitz AF. Cell migration: A physically integrated molecular 
process. Cell. 1996.  

236.  Friedl P, Wolf K. Tumour-cell invasion and migration: Diversity and escape 
mechanisms. Vol. 3, Nature Reviews Cancer. 2003. p. 362–74.  

237.  Van Meerloo J, Kaspers GJL, Cloos J. Cell sensitivity assays: The MTT assay. Methods 
Mol Biol. 2011;731:237–45.  

238.  Azhar M, Schultz JEJ, Grupp I, Dorn GW, Meneton P, Molin DGM, et al. Transforming 
growth factor beta in cardiovascular development and function. Vol. 14, Cytokine 
and Growth Factor Reviews. 2003. p. 391–407.  

239.  Nagaraj NS, Datta PK. Targeting the transforming growth factor-β signaling pathway 
in human cancer. Vol. 19, Expert Opinion on Investigational Drugs. 2010. p. 77–91.  

240.  Lewis MT, Ross S, Strickland PA, Sugnet CW, Jimenez E, Hui C chung, et al. The Gli2 
transcription factor is required for normal mouse mammary gland development. 
Dev Biol. 2001;238(1):133–44.  

241.  Gao B, Qu Y, Han B, Nagaoka Y, Katsumata M, Deng N, et al. Inhibition of 
lobuloalveolar development by FOXC1 overexpression in the mouse mammary 
gland. Sci Rep. 2017;  

242.  Seo S, Singh HP, Lacal PM, Sasman A, Fatima A, Liu T, et al. Forkhead box 
transcription factor FoxC1 preserves corneal transparency by regulating vascular 
growth. Proc Natl Acad Sci U S A. 2012;109(6):2015–20.  

243.  Gonnissen A, Isebaert S, McKee CM, Dok R, Haustermans K, Muschel RJ. The 
hedgehog inhibitor GANT61 sensitizes prostate cancer cells to ionizing radiation 
both in vitro and in vivo. Oncotarget. 2016;7(51):84286–98.  

244.  Zhao M, Qiao M, Harris SE, Chen D, Oyajobi BO, Mundy GR. The Zinc Finger 
Transcription Factor Gli2 Mediates Bone Morphogenetic Protein 2 Expression in 
Osteoblasts in Response to Hedgehog Signaling. Mol Cell Biol. 2006;26(16):6197–
208.  



225 
 

245.  Abbas T, Dutta A. P21 in cancer: Intricate networks and multiple activities. Vol. 9, 
Nature Reviews Cancer. 2009. p. 400–14.  

246.  Pavletich NP. Mechanisms of cyclin-dependent kinase regulation: Structures of Cdks, 
their cyclin activators, and Cip and INK4 inhibitors. J Mol Biol. 1999;287(5):821–8.  

247.  Susaki E, Nakayama K, Yamasaki L, Nakayama KI. Common and specific roles of the 
related CDK inhibitors p27 and p57 revealed by a knock-in mouse model. Proc Natl 
Acad Sci U S A. 2009;106(13):5192–7.  

248.  O’Brien SK, Chen L, Zhong W, Armellino D, Yu J, Loreth C, et al. Breast cancer cells 
respond differentially to modulation of TGF β 2 signaling after exposure to 
chemotherapy or hypoxia. Cancer Res. 2015;75(21):4605–16.  

249.  Massagué J. G1 cell-cycle control and cancer. Vol. 432, Nature. 2004. p. 298–306.  

250.  El-Deiry WS. P21/P53, Cellular Growth Control and Genomic Integrity. Vol. 227, 
Current Topics in Microbiology and Immunology. 1997. p. 121–37.  

251.  Yoon H, Kim M, Jang K, Shin M, Besser A, Xiao X, et al. P27 transcriptionally 
coregulates cJun to drive programs of tumor progression. Proc Natl Acad Sci U S A. 
2019;116(14):7005–14.  

252.  Abukhdeir AM, Park BH. p21 and p27: Roles in carcinogenesis and drug resistance. 
Vol. 10, Expert Reviews in Molecular Medicine. 2008. p. 1038.  

253.  Zhan J, Easton JB, Huang S, Mishra A, Xiao L, Lacy ER, et al. Negative Regulation of 
ASK1 by p21Cip1 Involves a Small Domain That Includes Serine 98 That Is 
Phosphorylated by ASK1 In Vivo. Mol Cell Biol. 2007;27(9):3530–41.  

254.  Zohny SF, Al-Malki AL, Zamzami MA, Choudhry H. p21 Waf1/Cip1 : its paradoxical 
effect in the regulation of breast cancer. Breast Cancer. 2019;26(2):131–7.  

255.  Tseng LM, Hsu NC, Chen SC, Lu YS, Lin CH, Chang DY, et al. Distant metastasis in 
triple-negative breast cancer. Neoplasma. 2013;60(3):290–4.  

256.  Dhasarathy A, Phadke D, Mav D, Shah RR, Wade PA. The transcription factors snail 
and slug activate the transforming growth factor-beta signaling pathway in breast 
cancer. PLoS One. 2011;6(10).  

257.  Serrano-Gomez SJ, Maziveyi M, Alahari SK. Regulation of epithelial-mesenchymal 
transition through epigenetic and post-translational modifications. Vol. 15, 
Molecular Cancer. 2016.  

258.  Qin H, Chan MWY, Liyanarachchi S, Balch C, Potter D, Souriraj IJ, et al. An integrative 
ChIP-chip and gene expression profiling to model SMAD regulatory modules. BMC 
Syst Biol. 2009;  

259.  Cascio S, Medsger TA, Hawse WF, Watkins SC, Milcarek C, Moreland LW, et al. 14-3-
3z sequesters cytosolic T-bet, upregulating IL-13 levels in T C 2 and CD8 + 
lymphocytes from patients with scleroderma. J Allergy Clin Immunol. 
2018;142(1):109-119.e6.  

260.  Han B, Qu Y, Yu-Rice Y, Johnson J, Cui X. FOXC1-induced Gli2 activation: A non-
canonical pathway contributing to stemness and anti-Hedgehog resistance in basal-
like breast cancer. Mol Cell Oncol. 2016;3(3).  

261.  Shaiken TE, Opekun AR. Dissecting the cell to nucleus, perinucleus and cytosol. Sci 



226 
 

Rep. 2014;4.  

262.  Saika S, Okada Y, Miyamoto T, Ohnishi Y, Ooshima A, McAvoy JW. Smad 
translocation and growth suppression in lens epithelial cells by endogenous TGFβ2 
during wound repair. Exp Eye Res. 2001;72(6):679–86.  

263.  Denissova NG, Pouponnot C, Long J, He D, Liu F. Transforming growth factor β-
inducible independent binding of SMAD to the Smad7 promoter. Proc Natl Acad Sci 
U S A. 2000;97(12):6397–402.  

264.  Sadam H, Liivas U, Kazantseva A, Pruunsild P, Kazantseva J, Timmusk T, et al. GLI2 
cell-specific activity is controlled at the level of transcription and RNA processing: 
Consequences to cancer metastasis. Biochim Biophys Acta - Mol Basis Dis. 
2016;1862(1):46–55.  

265.  Liu XL, Xiao K, Xue B, Yang D, Lei Z, Shan Y, et al. Dual role of TGFBR3 in bladder 
cancer. Oncol Rep. 2013;30(3):1301–8.  

266.  Jovanović B, Pickup MW, Chytil A, Gorska AE, Johnson KC, Moses HL, et al. TβRIII 
expression in human breast cancer stroma and the role of soluble TβRIII in breast 
cancer associated fibroblasts. Cancers (Basel). 2016;8(11).  

267.  Rhim AD, Mirek ET, Aiello NM, Maitra A, Bailey JM, McAllister F, et al. EMT and 
dissemination precede pancreatic tumor formation. Cell. 2012;148(1–2):349–61.  

268.  Lamora A, Talbot J, Mullard M, Brounais-Le Royer B, Redini F, Verrecchia F. TGF-β 
Signaling in Bone Remodeling and Osteosarcoma Progression. J Clin Med. 
2016;5(11):96.  

269.  Hou W, Zhang H, Bai X, Liu X, Yu Y, Song L, et al. Suppressive role of miR-592 in 
breast cancer by repressing TGF-β2. Oncol Rep. 2017;38(6):3447–54.  

270.  Fransvea E, Angelotti U, Antonaci S, Giannelli G. Blocking transforming growth 
factor-beta up-regulates E-cadherin and reduces migration and invasion of 
hepatocellular carcinoma cells. Hepatology. 2008;47(5):1557–66.  

271.  Pantazi E, Gemenetzidis E, Teh MT, Reddy SV, Warnes G, Evagora C, et al. GLI2 Is a 
Regulator of β-Catenin and Is Associated with Loss of E-Cadherin, Cell Invasiveness, 
and Long-Term Epidermal Regeneration. J Invest Dermatol. 2017;137(8):1719–30.  

272.  Kai FB, Fawcett JP, Duncan R. Synaptopodin-2 induces assembly of peripheral actin 
bundles and immature focal adhesions to promote lamellipodia formation and 
prostate cancer cell migration. Oncotarget. 2015;6(13):11162–74.  

273.  Liu J, Ye L, Li Q, Wu X, Wang B, Ouyang Y, et al. Synaptopodin-2 suppresses 
metastasis of triple-negative breast cancer via inhibition of YAP/TAZ activity. J 
Pathol. 2018;244(1):71–83.  

274.  Kucharska A, Rushworth LK, Staples C, Morrice NA, Keyse SM. Regulation of the 
inducible nuclear dual-specificity phosphatase DUSP5 by ERK MAPK. Cell Signal. 
2009;21(12):1794–805.  

275.  Gao C, Wang Y. Positive role for a negative calcineurin regulator in cardiac 
hypertrophy. Vol. 67, Hypertension. 2016. p. 841–2.  

276.  Nicholson AC, Malik SB, Logsdon JM, Van Meir EG. Functional evolution of ADAMTS 
genes: Evidence from analyses of phylogeny and gene organization. BMC Evol Biol. 
2005;5.  



227 
 

277.  Lund SA, Giachelli CM, Scatena M. The role of osteopontin in inflammatory 
processes. Vol. 3, Journal of Cell Communication and Signaling. 2009. p. 311–22.  

278.  Chen J, Zhong MC, Guo H, Davidson D, Mishel S, Lu Y, et al. SLAMF7 is critical for 
phagocytosis of haematopoietic tumour cells via Mac-1 integrin. Nature. 
2017;544(7651):493–7.  

279.  Ferla M La, Lessi F, Aretini P, Pellegrini D, Franceschi S, Tantillo E, et al. ANKRd44 
gene silencing: A putative role in trastuzumab resistance in HER2-like breast cancer. 
Front Oncol. 2019;9(JUN).  

280.  Wang J, Shidfar A, Ivancic D, Ranjan M, Liu L, Choi MR, et al. Overexpression of lipid 
metabolism genes and PBX1 in the contralateral breasts of women with estrogen 
receptor-negative breast cancer. Int J Cancer. 2017;140(11):2484–97.  

281.  Magnani L, Patten DK, Nguyen VTM, Hong SP, Steel JH, Patel N, et al. The pioneer 
factor PBX1 is a novel driver of metastatic progression in ER’-positive breast cancer. 
Oncotarget. 2015;6(26):21878–91.  

282.  Zhu X, Wei L, Bai Y, Wu S, Han S. FoxC1 promotes epithelial-mesenchymal transition 
through PBX1 dependent transactivation of ZEB2 in esophageal cancer. Am J Cancer 
Res. 2017;7(8):1642–53.  

283.  Kang HW, Ribich S, Kim BW, Hagen SJ, Bianco AC, Cohen DE. Mice lacking 
Pctp/StarD2 exhibit increased adaptive thermogenesis and enlarged mitochondria in 
brown adipose tissue. J Lipid Res. 2009;50(11):2212–21.  

284.  Kanno K, Wu MK, Scapa EF, Roderick SL, Cohen DE. Structure and function of 
phosphatidylcholine transfer protein (PC-TP)/StarD2. Vol. 1771, Biochimica et 
Biophysica Acta - Molecular and Cell Biology of Lipids. 2007. p. 654–62.  

285.  Shinoda Y, Fujita K, Saito S, Matsui H, Kanto Y, Nagaura Y, et al. Acyl-CoA binding 
domain containing 3 (ACBD3) recruits the protein phosphatase PPM1L to ER-Golgi 
membrane contact sites. FEBS Lett. 2012;586(19):3024–9.  

286.  Ulloa F, Itasaki N, Briscoe J. Inhibitory Gli3 Activity Negatively Regulates Wnt/β-
Catenin Signaling. Curr Biol. 2007;17(6):545–50.  

287.  Sebestyén A, Barna G, Nagy K, Jánosi J, Paku S, Kohut E, et al. Smad signal and TGFβ 
induced apoptosis in human lymphoma cells. Cytokine. 2005;30(5):228–35.  

288.  Byrne JA, Frost S, Chen Y, Bright RK. Tumor protein D52 (TPD52) and cancer—
oncogene understudy or understudied oncogene? Tumor Biol. 2014;35(8):7369–82.  

289.  Byrne JA, Balleine RL, Fejzo MS, Mercieca J, Chiew YE, Livnat Y, et al. Tumor protein 
D52 (TPD52) is overexpressed and a gene amplification target in ovarian cancer. Int J 
Cancer. 2005;117(6):1049–54.  

290.  Rubin MA, Varambally S, Beroukhim R, Tomlins SA, Rhodes DR, Paris PL, et al. 
Overexpression, amplification, and androgen regulation of TPD52 in prostate cancer. 
Cancer Res. 2004;64(11):3814–22.  

291.  Petrova DT, Asif AR, Armstrong VW, Dimova I, Toshev S, Yaramov N, et al. Expression 
of chloride intracellular channel protein 1 (CLIC1) and tumor protein D52 (TPD52) as 
potential biomarkers for colorectal cancer. Clin Biochem. 2008;41(14–15):1224–36.  

292.  Li J, Li Y, Liu H, Liu Y, Cui B. The four-transmembrane protein MAL2 and tumor 
protein D52 (TPD52) are highly expressed in colorectal cancer and correlated with 



228 
 

poor prognosis. PLoS One. 2017;12(5).  

293.  Hui-Wen Lo RLC. Regulation of Apoptosis by HER2 in Breast Cancer. J Carcinog 
Mutagen. 2013;  

294.  Qu LW, Zhou B, Wang GZ, Chen Y, Zhou GB. Genomic variations in paired normal 
controls for lung adenocarcinomas. Oncotarget. 2017;8(61):104113–22.  

295.  Tapscott SJ. The circuitry of a master switch: Myod and the regulation of skeletal 
muscle gene transcription. Vol. 132, Development. 2005. p. 2685–95.  

296.  Tapscott SJ, Davis RL, Thayer MJ, Cheng PF, Weintraub H, Lassar AB. MyoD1: A 
nuclear phosphoprotein requiring a Myc homology region to convert fibroblasts to 
myoblasts. Science (80- ). 1988;242(4877):405–11.  

297.  Bang C, Batkai S, Dangwal S, Gupta SK, Foinquinos A, Holzmann A, et al. Cardiac 
fibroblast-derived microRNA passenger strand-enriched exosomes mediate 
cardiomyocyte hypertrophy. J Clin Invest. 2014;124(5):2136–46.  

298.  Begum A, Ewachiw T, Jung C, Huang A, Norberg KJ, Marchionni L, et al. The 
extracellular matrix and focal adhesion kinase signaling regulate cancer stem cell 
function in pancreatic ductal adenocarcinoma. PLoS One. 2017;12(7).  

299.  Zhao H, Li D, Zhang B, Qi Y, Diao Y, Zhen Y, et al. PP2A as the main node of 
therapeutic strategies and resistance reversal in triple-negative breast cancer. Vol. 
22, Molecules. 2017.  

300.  Wu MY, Xie X, Xu ZK, Xie L, Chen Z, Shou LM, et al. PP2A inhibitors suppress 
migration and growth of PANC-1 pancreatic cancer cells through inhibition on the 
Wnt/β-catenin pathway by phosphorylation and degradation of β-catenin. Oncol 
Rep. 2014;32(2):513–22.  

301.  Shu S, Lin CY, He HH, Witwicki RM, Tabassum DP, Roberts JM, et al. Response and 
resistance to BET bromodomain inhibitors in triple-negative breast cancer. Nature. 
2016;529(7586):413–7.  

302.  Shehata M, Bièche I, Boutros R, Weidenhofer J, Fanayan S, Spalding L, et al. 
Nonredundant functions for tumor protein D52-like proteins support specific 
targeting of TPD52. Clin Cancer Res. 2008;14(16):5050–60.  

303.  Sims AH, Finnon P, Miller CJ, Bouffler SD, Howell A, Scott D, et al. TPD52 and NFKB1 
gene expression levels correlate with G2 chromosomal radiosensitivity in 
lymphocytes of women with and at risk of hereditary breast cancer. Int J Radiat Biol. 
2007;83(6):409–20.  

304.  Kumamoto T, Seki N, Mataki H, Mizuno K, Kamikawaji K, Samukawa T, et al. 
Regulation of TPD52 by antitumor microRNA-218 suppresses cancer cell migration 
and invasion in lung squamous cell carcinoma. Int J Oncol. 2016;49(5):1870–80.  

305.  Zhao L, Wang W, Huang S, Yang Z, Xu L, Yang Q, et al. The RNA binding protein 
SORBS2 suppresses metastatic colonization of ovarian cancer by stabilizing tumor-
suppressive immunomodulatory transcripts. Genome Biol. 2018;19(1).  

306.  Agyeman A, Jha BK, Mazumdar T, Houghton JA. Mode and specificity of binding of 
the small molecule GANT61 to GLI determines inhibition of GLI-DNA binding. 
Oncotarget. 2014;5(12):4492–503.  

307.  Oladapo HO, Tarpley M, Sauer SJ, Addo KA, Ingram SM, Strepay D, et al. 



229 
 

Pharmacological targeting of GLI1 inhibits proliferation, tumor emboli formation and 
in vivo tumor growth of inflammatory breast cancer cells. Cancer Lett. 
2017;411:136–49.  

308.  Koike Y, Ohta Y, Saitoh W, Yamashita T, Kanomata N, Moriya T, et al. Anti-cell 
growth and anti-cancer stem cell activities of the non-canonical hedgehog inhibitor 
GANT61 in triple-negative breast cancer cells. Breast Cancer. 2017;24(5):683–93.  

 

 

 

 

 

 

 

 

 

 


