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II. Abstract 
Breast cancer is a deadly disease that accounts for a third of all female cancer-

related deaths globally. Although recent advances in early diagnosis and targeted 

therapy using prognostic markers have reduced deaths, more than 50% of newly 

diagnosed cases have already developed metastatic disease at diagnosis. Furthermore, 

the remaining cases still have a high risk of secondary disease and relapse. Breast 

cancer metastasis is the leading cause of breast cancer related mortality, it is incurable 

and current treatments aim to prolong life alongside pain management. Thus, there is a 

need for treatment for this disease.  

The epithelial-mesenchymal transition (EMT) is one of the processes by which 

cancer cells acquire the ability to invade and eventually metastasise. Therefore, 

understanding the regulation of breast cancer cell metastasis is essential for identifying 

methods for management of metastatic disease either by prevention or treatment. The 

first aim of this study was to develop an in vitro tissue culture model that can be used to 

assess breast cancer cell lines, that belong to several molecular subtypes, to undergo an 

EMT-like transition.  

Results showed that there were EMT-like changes seen in breast cancer cell lines 

and that the activation of these pathways is not restricted to, nor governed by, molecular 

subtypes of breast cancer. Also, an intermediate phenotype, where the cells showed 

mixed epithelial and mesenchymal morphology was observed in the basal-like breast 

cancer cells lines. This phenotype is observed for the first time in a tissue culture model 

of breast cancer cell lines and further identification of the criteria of these intermediate 

phenotype cells is required to draw further conclusions. These cells could represent the 

hybrid epithelial/mesenchymal cells that have increased metastatic ability. Thus, this 

model was utilised to study the role of Hedgehog (Hh) signalling pathway in the 

regulation of EMT in breast cancers.  

Data from a breast cancer cohort of patients samples showed that there was 

increased expression of Hh proteins (Gli1, Gli2 and Gli3) at the invasive front. This is 

the first study to assess subcellular localisation of the Gli proteins in breast cancer 

human patient samples. Also, the data suggested that breast cancer cells gain the ability 

to activate Hh signalling by autocrine rather than by paracrine signalling. These 

findings encouraged further investigation to understand the effect of inhibiting the Hh 

signalling using cyclopamine or LDE225 in vitro. 
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Inhibition with cyclopamine or LDE225 resulted in a reduction of cell yield and 

viability with increased cellular apoptosis. There was an observed alteration of Hh 

pathway proteins expression and subcellular localisation. Also, assessment of the 

catenin-related transcription, the outputs of canonical Wnt signalling, showed that 

inhibiting Hh signalling using cyclopamine and LDE225 resulted in reduction of Wnt 

signalling activity in MCF7 and MDA-MB-231 cell lines. Also, there was a reduction 

in E-cadherin expression in a dose dependent manner with a reduction in cell motility 

and invasion. 

Findings showed that Hh signalling was involved in the regulation of EMT in 

breast cancer cell lines and also showed that there was crosstalk between Hh and Wnt in 

breast cancer cells. Assessment of the co-expression of Hh pathway proteins in breast 

cancer samples provides potential prognostic markers for identifying breast cancer 

patients who could benefit from Hh-targeted therapy. 
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General Introduction 

1.1 Mammary gland development is a multistage process that involves 

epithelial and mesenchymal interaction 
The mammary gland is characterised by dynamic cellular plasticity that is 

responsible for hormonal responsive tissue remodelling in puberty (Javed and Lteif, 

2013). This remodelling is continuous throughout life and involves complex 

interactions between epithelial and mesenchymal tissue, which makes the mammary 

gland tissue prone to carcinogenesis (Kratochwil, 1986; Robinson et al., 1999; 

Gusterson and Stein, 2012; Javed and Lteif, 2013). Moreover, it was found that the 

process of epithelial-mesenchymal transition (EMT) is essential for the morphogenesis 

of mammary gland (Watson and Khaled, 2008; Chakrabarti et al., 2012). Understanding 

the anatomy and histology during stages of the mammary gland development, and the 

molecular pathways that regulate them provides insight into the deregulated processes 

during carcinogenesis (Hassiotou and Geddes, 2013). 

Significant remodelling of both the parenchyma and the stroma of the mammary 

gland occurs at the various phases of the postnatal stage, and several studies indicated 

that these changes correlate to the breast cancer subtypes and patient prognosis 

(Patsialou et al., 2009; McCready et al., 2010). 

1.1.1 The phases of mammary gland development require interactions and 
between epithelial and mesenchymal components 

The human mammary gland is an apocrine gland consisting of parenchymal 

(ductal, lobular epithelial and myoepithelial) and stromal elements (adipocytes, 

fibroblasts, blood vessels, and immune cells) (Van Keymeulen et al., 2011; Javed and 

Lteif, 2013). The ductal epithelial tissue is composed of two types of cells, inner 

luminal epithelial cells separated from basement membrane by myoepithelial cells 

(Figure 0-1-G) (Deugnier et al., 1995; Howard and Gusterson, 2000). Some of the 

luminal epithelial cells are in contact with basement membrane in the area of acini 

between the processes of myoepithelial cells (Figure 0-1-H) (Hamperl, 1970; Howard 

and Gusterson, 2000). 

Luminal cells that form the alveoli produce nutrients and secrete water while 

myoepithelial cells contract to guide the milk out of the breast ducts (Deugnier et al., 

2002; Van Keymeulen et al., 2011; Van Keymeulen et al., 2017). The ductal elements 
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are embedded in fibrous stromal tissue (Figure 0-1-E) (Hassiotou and Geddes, 2013). 

The mesenchymal cues control branching patterns of mammary gland regardless of 

epithelial origin (Sternlicht, 2006). 

 

 
 

Figure 0-1, The structure of mammary gland. 
Summary of mammary gland structure. (A) The mammary gland is a localised pectoral region between 
the second and sixth ribs (Vorherr, 1974; Geddes, 2007). (B) The nipple is infiltrated by nipple ducts 
(Cooper, 1840; Hassiotou and Geddes, 2013). The ductal system is composed of small ductules draining 
alveoli and combine into main ducts that dilate slightly to form the lactiferous sinus. The glandular 
structure at puberty is composed of lobes. The lobules are separated from each other by interlobular 
stroma consisting of dense fibrous tissue embedded in adipose tissue (Cooper, 1840; Hassiotou and 
Geddes, 2013). (C) Acini develop at the end of terminal branches (D) the terminal duct lobular unit, the 
functional unit of mammary gland (Sternlicht, 2006; Javed and Lteif, 2013). (D) The smaller lobules in 
terminal ductal lobular unit contain 10-100 alveoli (Cooper, 1840; Hassiotou and Geddes, 2013). (G) The 
myoepithelial cells on basement membrane of ducts are cuboidal whereas (H) myoepithelial cells in acini 
showed flattened morphology (Deugnier et al., 1995; Howard and Gusterson, 2000). The figure was 
drawn by the author from the mentioned references. 
 

Myoepithelial cells have a crucial role in the establishment of the polarised 

mammary epithelial bilayer and control the level of stromal invasion (Deugnier et al., 

2002; Gudjonsson et al., 2002). A significant function of myoepithelial cells is the 

production of basement membrane (Warburton et al., 1981; Kedeshian et al., 1998; 

Gudjonsson et al., 2002). Studies found that the interaction between luminal epithelial 

cells and extracellular matrix is mediated by myoepithelial cells (Deugnier et al., 2002). 
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Barsky and Karlin (2006) found that myoepithelial cells have anti-angiogenic properties 

and an anti-invasive function. 

1.2 Breast cancer  

1.2.1 Epidemiology and aetiology of breast cancer 

1.2.1.1 Breast cancer statistics show that it is an international burden 

According to the World Health Organisation WHO (2008), breast cancer is the 

most common type of cancer in females in both developed and the less developed 

countries. Incidence rate is increasing with a low survival rate of breast cancer 

particularly in less developed countries, due to diagnosis at late stages (Coleman et al., 

2008). In the UK, breast cancer remains the most common cancer in the UK since 1997 

with a 2% increase expected between 2014 and 2035 according to CRUK (2017). The 

ten year survival rate for breast cancer in the UK is 78%, which was doubled over the 

last 40 years (CRUK, 2017).  

1.2.1.2 Age is the most significant risk factor for breast cancer 

One of the most well-documented risk factors for breast cancer and many other 

cancers is age (Singletary, 2003). The risk of breast cancer increases in females 

significantly after the age of 30 until it reaches a plateau at 80 years old (Schlange et 

al., 2007).  

Lifestyle factors that cause an increased risk of breast cancer include alcohol 

consumption (Harvey et al., 1987; Schatzkin et al., 1987) and increased body weight 

(Tretli, 1989; Singletary, 2003). Duration of use of hormone replacement therapy 

(Colditz et al., 1990; Steinberg et al., 1991; Lancet, 1997), exposure to radiation (Land 

et al., 1980; Boice et al., 1991), early onset of the menstrual cycle (Brinton et al., 

1988), and smoking (Conway et al., 2002) have also been implicated. Furthermore, late 

full-term pregnancy and lactation (after the age of 30) (Brinton et al., 1983a; Brinton et 

al., 1983b), and a prior history of breast cancer (Hankey et al., 1983; Rosen et al., 

1989a) increase disease risk. Moreover, 5% of breast cancer cases are due to germline 

mutation (Easton et al., 1995). 

1.2.2 Challenges in identifying patients with poor prognosis via clinical diagnosis, 
histological classification and molecular classification 

The National Cancer Control Program (NCCP (2002) recommend the early 

diagnosis of the high-risk group (females over the age of 50); they concluded that use of 



The Potential Role of the Hedgehog Signalling Pathway in the Regulation of Epithelial-Mesenchymal Transition in Breast Cancer	

May	30,	2018	
 

  
4 

 
  

mammography is the most effective diagnostic method for early detection (NCCP, 

2002; Bevers et al., 2009). 

Symptoms of breast cancer include increased breast pain and tenderness (Barton 

et al., 1999; Millet and Dirbas, 2002), palpable mass detection (Pruthi, 2001), and 

nipple discharge (Meisner et al., 2008). Clinical breast examination recommended by 

the NCCN guidelines (Gradishar et al., 2017) includes inspection of breast positioning 

and examination of the breast parameters (van Dam et al., 1988; Pruthi, 2001). This is 

then followed by ultrasound, and fine needle aspiration and clinical confirmation 

procedures by core needle biopsy (Pruthi, 2001; Gradishar et al., 2017). Sections of 

fixed total tumour resection is the diagnostic procedure for confirmation of suspected 

malignancy by pathological examination (Meisner et al., 2008). 

The standard staging system for breast cancer following the guidelines of the 

American Joint Committee on Cancer (Edge and Compton, 2010) is based on the 

evaluation of the primary tumour size (T), lymph node involvement (N), and detected 

metastasis (M). Breast cancer is also categorised into five stages (I-V) depending on the 

TNM criteria and types (Woodward et al., 2003; Edge and Compton, 2010). 

Following the staging of the breast cancer, histological examination of the 

excised tumour is needed for evaluation of the subtype of breast cancer to determine the 

appropriate treatment (Gradishar et al., 2017). 

1.2.2.1 Histological classification of breast cancer was limited to the skill of the 

pathologist and was not successful in determining prognosis 

Breast cancer is a heterogeneous disease that has several distinctive histological 

and biological subtypes (Malhotra et al., 2010; Weigelt et al., 2010). Histologically, 

breast cancer is categorised into ductal and lobular types which are further divided into 

in situ and invasive carcinomas that were first described by Wellings and Jensen 

(1973); Wellings et al. (1975) and reviewed by Malhotra et al. (2010); Weigelt et al. 

(2010); Kaufman et al. (1984). 

Ductal carcinoma in situ is further categorised into Comedo, Cribriform, 

Micropapillary, Papillary and Solid-based on the architectural features of the tumours 

(Malhotra et al., 2010). The invasive tumours also include infiltrating ductal, invasive 

lobular, mixed ductal/lobular, mucinous (colloid), tubular, medullary and papillary 

carcinomas (Malhotra et al., 2010). 

The ductal and lobular classification of breast cancer does not reflect their 

origin, but they are designated according to morphology, architecture, and 
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immunohistochemical properties (Malhotra et al., 2010; Weigelt et al., 2010). Invasive 

ductal carcinoma is the most common type (80%), and lobular is least frequent (8-

24.7%) of all the invasive adenocarcinomas of the breast (Martinez and Azzopardi, 

1979; Dixon et al., 1982; Dixon et al., 1991). 

There were limitations to the histological classification and staging of breast 

cancer depending on the skill of the pathologist, and subclassifying rare and poorly-

differentiated cases can be difficult. Therefore, several methods were conducted to find 

new approaches for subclassifying this heterogeneous disease and identify cases that 

require additional intervention. Breast cancers are extremely diverse both 

morphologically and genetically which results in differing responses to treatment 

(Perou et al., 2000), however, histological classification of breast cancer subtypes alone 

was not successful in identifying patients with the worst prognosis (Sims et al., 2007). 

1.2.2.2 Molecular classification of breast cancer from the discovery of the 

importance of hormone receptors to the development of targeted therapies 

Molecular classification of breast cancer commenced with the utilisation of 

receptors status, including oestrogen receptor (ER), progesterone receptor (PR) and the 

overexpression/amplification of human epidermal growth factor receptor two (HER2) 

as recommended by the World Health Organisation (WHO, 2008). Additionally, the 

cell proliferation marker (Ki67) is used to determine the prognosis of breast cancer 

patients (Sims et al., 2007). 

Determination of the status of these receptors identified patients likely to 

respond to targeted therapies (Rakha et al., 2010b). For example, tamoxifen and 

aromatase inhibitors (for ER or PR) (Cole et al., 1971; Giudici et al., 1988) or 

trastuzumab or lapatinib (for HER2) (Slamon et al., 1987; Press et al., 2008). However, 

the use of molecular profiling alone was not successful in predicting responses without 

the clinicopathological diagnosis (Rouzier et al., 2005). 

The molecular expression profiles were used to classify breast cancer according 

to poor prognosis (van 't Veer et al., 2002), relapse predictors (Paik et al., 2004), and 

genes associated with an increased risk of metastasis (Wang et al., 2005). The 

molecular classes provided unbiased hierarchical groups that displayed a significant 

difference in prediction of patient’s overall survival (Malhotra et al., 2010). Perou et al. 

(2000) identified several clusters of molecular classes of breast cancer including; basal-

like, HER2+ve, normal-like, luminal A and luminal B (Table 0-1) (Sorlie et al., 2001; 
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Sorlie et al., 2003). Rouzier et al. (2005) later found that breast cancer cases that belong 

to these clusters responded differently to chemotherapy treatment.  

Genetic profiling studies were able to identify molecular subtypes with poor 

prognosis including triple-negative (TNBC) (subtypes that are negative for the three 

prognostic receptors) and basal-like breast cancers (BLBC) comprise around 15% of all 

breast cancer cases with 90% of these cases showing poor differentiation at diagnosis, 

and 70% expressing basal markers (Rakha et al., 2009; Rakha and Chan, 2011). The 

basal-like breast cancers are also characterised by high-grade, increased mitotic activity 

and high nuclear atypia with pushing boundaries and spindle-shaped cells (Chao et al., 

2010; Seal and Chia, 2010). 

TNBC and BLBC subtypes have peak recurrence in the first three years after 

diagnosis that drops significantly after that, with decreased survival rate after detection 

of metastasis (Rakha et al., 2008; Rakha et al., 2009; Badve et al., 2011). Therefore, 

there is a pressing need for the identification of new prognostic markers, and their 

utilisation for the development of novel targeted therapies, see Table 0-1 (Sorlie et al., 

2001; de Ruijter et al., 2011; Arnedos et al., 2012). 

 
Table 0-1: Molecular classification of breast cancer, percentage prevalence, 
hormone receptor expression, HER2 status, cytokeratin expression and genetic 
characteristics. 
The table shows the subclassification of breast cancer according to the molecular clusters. The table also 
lists the markers associated with these subtypes (Perou et al., 2000; Sorlie et al., 2001; Sorlie et al., 2003; 
Herschkowitz et al., 2007; Prat et al., 2010; Rakha et al., 2010a). 
 

Molecular 
subclassification 

% 
prevalence 

 

Hormone 
receptors HER2 Cytokeratin Genetic characteristics  

ER PR 

Normal-like Unknown - - - - Adipose tissue gene 
signature 

Luminal A 19-39% + +/- - CKs 8/18 - 
Luminal B 10-23% + +/- + CKs 8/18 Proliferation markers 

HER2+ 4-10% - +/- + CKs 8/18 - 

Basal-like 16-37% - - - CKs 5/6, CK14, 
and CK17 EGFR 

Claudin-low 12-14% - +/- - - Claudin3/4/7 low. Vimentin, 
E-cadherin low, Zeb1 

 

Additional breast cancer molecular subtypes were discovered including the 

apocrine tumours, identified by Farmer et al. (2005), which are HER2+ve and androgen 

receptor (AR) positive. This subtype comprises the majority of the HER2+ve tumours 

and form the third major group after luminal and basal subtypes (Farmer et al., 2005; 
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Sims et al., 2007). The claudin-low subtype was identified based on the intrinsic 

genetic expression profile and low patient survival (Table 0-1) (Herschkowitz et al., 

2007; Prat et al., 2010). 

1.2.3 Treatment options for breast cancer 
Three types of treatment are available for breast cancer, the selection of 

treatment depends on the histological, clinicopathological features, and molecular type. 

The choices for treatment include surgical resection, radiation and systemic therapies 

used singly or in combination. Systemic therapy includes the use of targeted therapies 

(e.g. endocrine treatments) and chemotherapies. 

1.2.3.1 Surgery 
The first option for breast cancer treatment was the Halsted radical mastectomy 

that includes complete resection of the mammary gland, skin, breast tissue, underlying 

pectoralis major and minor muscles with the axillary lymph nodes (Halsted, 1907). This 

approach resulted in the reduction of local recurrence that ranged from 6% to 80%, 

however, with side effects of: sensory abnormalities, deformity, and lymphedema 

(Halsted, 1907). Fisher et al. (1989) developed a less radical surgical approach with 

preservation of most of the necessary breast tissue. This approach was developed 

further to the surgical approach used currently involving resection of primary tumour 

and the involved lymph nodes (Akram and Siddiqui, 2012). 

Neoadjuvant chemotherapy was utilised as the first approach to reduce the bulk 

of the tumour for locally invading tumours, followed by resection or total breast 

mastectomy depending on the clinical situation (Akram and Siddiqui, 2012). Still, 

surgery alone was not successful in treating breast cancer, nor in reducing recurrence 

and increasing survival. 

1.2.3.2 Radiotherapy 

Pfahler (1932) was the first to record the use of radiation therapy for the 

treatment of breast cancer. This technique increased the survival rate of early stage 

breast cancer patients by 80% (Pfahler, 1932). Radiation therapy showed the same 

efficacy as radical breast surgery (Atkins et al., 1972; Fisher et al., 1985; Fisher et al., 

1989). Later, studies found that the use of adjuvant radiation therapy resulted in the 

reduction, but not eradication, of local and regional metastasis and improved overall 

survival (Overgaard et al., 1997; Ragaz et al., 1997; Overgaard, 1999), thus, supporting 

the use of radiation therapy as a standard treatment in breast cancer. 
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1.2.3.3 Systemic therapy 
The initial chemotherapy treatment was using a single agent such as 

cyclophosphamide, and later combination of chemotherapeutic agents was tested with a 

varied response rate (Bonadonna et al., 1976; Brambilla et al., 1976). In the 1970s, 

Cyclophosphamide-Methotrexate-5-Fluorouracil (CMF) regimen was the gold standard 

for treating breast cancer cases as well as other solid cancers (Bonadonna et al., 1976). 

In the 1990s, CMF became the primary treatment regimen used as adjuvant 

chemotherapy for early breast cancers (Akram and Siddiqui, 2012). It was later found 

that it reduced breast cancer mortality by 20% (Early Breast Cancer Trialists' 

Collaborative, 2005). Other regimens were developed and tested including Docetaxel, 

Doxorubicin and Cyclophosphamide (TAC) and 5-Fluorouracil, Doxorubicin and 

Cyclophosphamide and found to be beneficial for early-stage breast cancer (Martin et 

al., 2005). 

Currently, chemotherapeutics are used as neoadjuvant, adjuvant and in 

metastatic breast cancer treatment (Akram and Siddiqui, 2012). The use of 

chemotherapy is not preferred because of the cytotoxic and genotoxic side effects 

(Evrard et al., 1999; Sodergren et al., 2016). Therefore, there has been a massive effort 

in the medical community to develop more advanced treatments with fewer side-

effects. 

Targeted therapy consists of blockers (e.g. Tamoxifen) and small molecules 

(aromatase inhibitors) (Malhotra et al., 2010; Rakha et al., 2010b; Liedtke and Kiesel, 

2012), which block peripheral synthesis of oestrogen (Giudici et al., 1988). The most 

recent targeted therapy is against the oncogene HER2 with either targeted antibodies 

(Trastuzumab) or small molecule inhibitors (lapatinib) (Slamon et al., 2001). 

1.2.4 Relapse, metastasis, and lack of targeted therapy persist in treating breast 
cancer 

Even with the advances in targeted treatments, there are three difficulties to 

overcome for the effective treatment of breast cancer. A significant number of patients 

with luminal/hormone-positive breast cancer and HER2-overexpressing breast cancers 

develop resistance to targeted therapy, followed by relapse and metastasis (Early Breast 

Cancer Trialists' Collaborative, 2005; Coates et al., 2007; Group et al., 2009; Cuzick et 

al., 2010). Another challenge is the management of disease already metastatic at 

presentation (Akram and Siddiqui, 2012). 
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Also, according to the recommended regimen of chemotherapy more than 80% 

breast cancer patients receive adjuvant chemotherapy (Eifel et al., 2001; NCCP, 2002). 

It is estimated that only 40% of those cases develop relapse and die eventually. Thus, 

indicating that more than half of those patients were over-treated with chemotherapy 

that has toxic side-effects (Eifel et al., 2001; O'Shaughnessy, 2005; Weigelt et al., 

2005). 

Another problem is the lack of targeted therapy for triple-negative breast 

cancers (hormone and HER2 receptor negative) (Rakha et al., 2009; Peddi et al., 2012). 

Moreover, triple-negative breast cancer has a high risk of distal recurrence, with 

increased cancer-related deaths after relapse, compared to the other subtypes of breast 

cancer (Dent et al., 2007; Tang et al., 2016). 

1.2.5 Breast cancer metastasis 

Almost 90% of all breast cancer-related deaths are caused by metastasis (Wang 

and Zhou, 2013). Detection of cancer metastasis is the worst prognostic factor and 

correlates with a poor survival rate (Rosen et al., 1989a; Kowalski et al., 2003; Weigelt 

et al., 2005). It is estimated that around 15% of breast cancer cases develop metastasis 

within five years of initial diagnosis (Weigelt et al., 2005; WHO, 2008; CRUK, 2017). 

Cancer metastasis commences with the invasion of tumour cells into the 

surrounding stroma followed by migration in the lymphatic system or bloodstream 

(Clark and Vignjevic, 2015), which is one of the hallmarks of cancer (Hanahan and 

Weinberg, 2011). Cancer cells achieve this through changing their cellular structure and 

alteration of their interaction with surrounding cells and extracellular matrix (Hanahan 

and Weinberg, 2011). 

1.2.5.1 Challenges associated with the management and treatment of breast cancer 

metastasis 

Breast cancer metastasis has a heterogeneous nature, making it difficult to 

identify risk factors and to develop effective treatments for this condition (Weigelt et 

al., 2005). The established prognostic indications that are currently used in clinical 

diagnosis are histological and clinicopathological factors used in the staging and 

grading of breast cancer (lymph node involvement, primary tumour size and loss of 

differentiation) (Koscielny et al., 1984; Carter et al., 1989; Elston and Ellis, 1991). 

Rosen et al. (1989b) found that about third of breast cancer cases that did not 

show signs of lymph node involvement went on to developed metastases. In addition, a 

third of breast cancer cases that did showed lymph node involvement also went on to 
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develop metastasise. They found that a third of breast cancer cases showing lymph node 

involvement did not develop metastasis in ten years following local therapy (Rosen et 

al., 1989b; McGuire and Clark, 1992). Similarly, Weiss et al. (1983) argued that there 

was no relationship between the tumour size and the metastatic potential of a tumour. 

Gene expression studies assisted in isolating signatures for metastatic traits and 

helped in identifying new therapeutic targets (Weigelt et al., 2005). Several studies 

identified molecular signatures that were associated with metastasis and poor survival 

(van 't Veer et al., 2002; van de Vijver et al., 2002; Ramaswamy et al., 2003). 

However, it was hypothesised that a rare subpopulation of cells acquires metastatic 

potential, which makes the genetic detection of such a rare population difficult (Fidler 

and Kripke, 1977). 

According to Weigelt et al. (2005), the challenges of managing breast cancer 

metastasis includes a lack of prognostic markers to identify patients with the worst 

prognosis, improving targeted treatments, and availability of model systems to study the 

process of breast cancer metastasis. Therefore, it is important to find new molecular 

markers that can be exploited in either the early identification of cases with a poor 

prognosis, or in the development of targeted therapy. 

The modes and the dynamics of cancer cell migration were previously described 

by Clark and Vignjevic (2015). Human cancer cells migrate in one of three ways; either 

as single-cells, multicellular streaming, or in collective migration (Clark and Vignjevic, 

2015). In all modes of metastasis, cells lose cell-cell contact and display a more 

mesenchymal phenotype (Clark and Vignjevic, 2015). It was observed that in epithelial 

tumours, including breast cancer, cancer cells metastasised collectively (Caussinus et 

al., 2008). Cancer cells formed strands and cords of tumour cells that invaded the 

adjacent stroma at the invasive front of a tumour (Caussinus et al., 2008; Clark and 

Vignjevic, 2015). 

As mentioned previously, the morphology of the cells at the invasive front of 

primary breast tumours have a spindle-shaped morphology (Chao et al., 2010; Seal and 

Chia, 2010). The process of EMT is linked prominently to the cellular alterations that 

take place to facilitate metastasis (Klymkowsky and Savagner, 2009; Thiery et al., 

2009). 
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1.3 EMT is essential for mammary gland development, and disturbance of 
EMT is an essential event in breast cancer progression and metastasis 

EMT is the phenotypic switching in shapes of cells that provides a flexibility of 

cellular function that is essential during normal embryogenesis and in other 

physiological stresses such as wound healing (Micalizzi et al., 2010). 

EMT involves a series of events that commence with loss of epithelial cell 

polarity with the disassembly of tight junctions (Micalizzi et al., 2010), followed by the 

loss of cell-cell contact and degradation of the basement membrane (Peinado et al., 

2004; Micalizzi et al., 2010). Epithelial membrane proteins such as E-cadherin and 

integrins are replaced by other types of cadherins and integrins with transient adhesive 

properties (Peinado et al., 2004). Also, vast changes in the arrangement of the 

cytoskeletal proteins take place, such as the replacement of the actin cytokeratin with 

stress fibres and, replacement of intermediate filaments with vimentin. Together, these 

cellular changes result in a phenotypic conversion of cuboidal epithelial cells to 

spindle/mesenchymal-like cells (Micalizzi et al., 2010). 

Kalluri and Weinberg (2009) classified EMT into three types, depending on 

clear functional consequence, but the molecular regulation of each subtype is not fully 

understood. EMT types I and II are involved in normal physiological processes 

including; embryogenesis and organogenesis (type I) and in the process of wound 

healing, tissue regeneration, inflammation and fibrosis (type II), (Kalluri and Weinberg, 

2009; Zeisberg and Neilson, 2009; Wang and Zhou, 2011). On the other hand, type III 

is involved in cancer metastasis and include misappropriation of the EMT signalling 

pathways (Kalluri and Weinberg, 2009; Zeisberg and Neilson, 2009; Wang and Zhou, 

2011). 

Complete EMT occurs during single cell migration, which is the mechanism 

that immune cells use to migrate to the site of inflammation (Halin et al., 2005). 

Complete EMT is not the only method by which epithelial cells gain the ability to 

migrate during development. Partial EMT results in collective movement in sheets of 

cells (Rorth, 2009). This form of cellular migration is also essential in human 

development as it helps in maintaining the cellular structure of the tissue while 

remodelling. It also allows immobile cells to be moved with the mobile cells, ensuring 

appropriate cellular distribution (Rorth, 2009). 

Collective cell movement is seen during normal tissue remodelling such as in 

intestinal turnover (Batlle et al., 2002; Barker et al., 2008) and in mammary gland 
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remodelling (Pearson and Hunter, 2007; Ewald et al., 2008). In collective migration, the 

cells display cellular alterations associated with EMT such as loss of polarity, 

modification of the extracellular matrix, and acquisition of mesenchymal phenotype 

while, at the same time, the cells maintain cell-cell junctions (Rorth, 2009). Therefore, 

due to the similarities between collective cellular migration and EMT, it was suggested 

that the epithelial and mesenchymal phenotypic conversion does not reflect an absolute 

status but rather a spectrum of epithelial and mesenchymal properties (Rorth, 2009; 

Micalizzi et al., 2010). There is evidence that the process of EMT is involved in the 

regulation of mammary gland development. In fact, EMT is involved in the regulation 

of the development of all the human body organs and this process is type I EMT (Wang 

and Zhou, 2011). Expansion of tissue occurs with infiltration of epithelial tissue 

through the mesenchyme to form the primary ducts (Tobon and Salazar, 1974; 

Sakakura et al., 1987; Hens and Wysolmerski, 2005). 

1.3.1 The EMT process is regulated by several signalling pathways that implies 

the possibility of crosstalk and is triggered by cellular status and 

stimulation from the microenvironment 

Several pathways are involved in the regulation of EMT in human tissue 

including Hedgehog, TGF-b, Notch, Wnt/b-catenin, TNF-a, integrins and receptor 

tyrosine kinase pathways (Garg, 2013) (Figure 0-2). Upon activation of the receptors 

with ligands, a signalling cascade is triggered inside the cells and initiates the process of 

EMT. 
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Figure 0-2, Pathways involved in the regulation of the process of EMT. 
The signalling pathways involved in regulating EMT. (A) Transforming growth factor b (TGFb) 
signalling is induced by binding of ligands to receptor. TGFb receptor activation by phosphorylation 
results in recruitment of SMAD transcription factors that translocate to nucleus and binds to DNA (Xu et 
al., 2000; Gonzalez and Medici, 2014). (B) Integrins are heterodimeric transmembrane proteins. Integrin 
interact with TGFb and activate the pathway (Mamuya and Duncan, 2012) also, integrins interacts with 
components of extracellular matrix (Yen et al., 2014). (C) Receptor tyrosine kinases (RTKs) are activated 
by binding to growth factors including epidermal growth factor (EGF), fibroblast growth factor (FGF), 
hepatocyte growth factor (HGF), and vascular endothelial growth factor (VEGF). The binding results in 
dimerisation of receptors and eventually activation of signalling cascade (Lemmon and Schlessinger, 
2010; Gonzalez and Medici, 2014). (D) Wnt signalling is transduced by Wnt binding to Frizzled receptor 
or low-density lipoprotein receptor-related protein (LRP) receptors. Wnt activation releases b-catenin 
which translocates to nucleus and binds to T-cell factor/lymphoid enhancer binding factor-1 (TCF/LEF-
1) (Gonzalez and Medici, 2014; Nusse and Clevers, 2017). (E) Notch receptor is composed of 
extracellular and intracellular domain. Upon binding g-secretase cleaves intracellular domain of Notch 
(NICD) that translocates to nucleus (Kopan, 2002; Miele et al., 2006; Gonzalez and Medici, 2014). (F) 
Ligands of Hedgehog signalling pathway include Sonic hedgehog (Shh), Indian hedgehog (Ihh), and 
Desert hedgehog (Dhh) that bind to patched homolog 1 (Ptch1) and Ptch2, which release inhibition on 
Smoothened (Smo) (Gallet and Therond, 2005; Gonzalez and Medici, 2014). (G) The inflammatory 
stimuli activate TNFa and IL-6 which activate transcription factor signal transducer and activator of 
transcription 3 (STAT3), that activates Snail expression. (H) Hypoxia influence EMT by activation of 
Twist expression after activation of hypoxia-inducible factor 1a (HIF1a) (Yang et al., 2008a). The figure 
was drawn by the author from the mentioned references. 
 

Several layers of crosstalk between the EMT pathways have been identified. 

This crosstalk is due to the diverse range of processes involving EMT (Gonzalez and 

Medici, 2014). The context of cross-interaction between these signalling cascades also 

depends on interactions with the surrounding microenvironment and the cell state 

(Gonzalez and Medici, 2014). 
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The cellular statuses that result in triggering the EMT process include hypoxia 

(Lundgren et al., 2009; Daly et al., 2017); activation TGFb and other growth factors 

(Daniel et al., 1996; Cheng et al., 2012); autocrine feedback loops (Schlange et al., 

2007); and extracellular matrix remodelling (Silberstein et al., 1992; Gonzalez and 

Medici, 2014). 

Zeisberg and Neilson (2009) categorised the biomarkers that identify the various 

types of EMT into five groups; cell surface markers (E-cadherin), cytoskeletal markers 

(vimentin), extracellular matrix proteins (collagen and fibronectin), transcription factors 

(Snail, Slug, and Twist), and micro-RNAs (Figure 0-3). 

 

 
 

Figure 0-3, Markers of EMT. 
The types of markers that are affected by EMT with few examples. (A) Changes in cell surface markers 
including attenuated expression of E-cadherin and change of N-cadherin level. (B) Changes in 
cytoskeletal markers such as attenuated expression of cytokeratin; changes in localisation of b-catenin; 
changes of mesenchymal markers level such as vimentin and a-smooth muscle actin. (C) Changes of 
extracellular matrix proteins such as collagen and fibronectin. (D) Changes of EMT transcription factors 
expression such as; Snail 1 (Snail), Snail 2 (Slug), ZEB 1, Twist and LEF-1. (E) Changes of microRNAs 
expression. The figure was drawn by the author and details adapted from (Zeisberg and Neilson, 2009; 
Wang and Zhou, 2013). 
 

The most important hallmark of EMT commences with the loss of E-cadherin 

which directly affects the Wnt/b-catenin pathway. Also, increased expression of the 

mesenchymal markers (such as vimentin), with changes in the level and localisation of 

E-cadherin, status of Wnt/b-catenin signalling provides further confirmation of the 

mesenchymal change. 
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1.3.1.1 Constant E-cadherin expression and localisation to the cell membrane are 
the principal determinant of the epithelial status of cells 

Cell-cell contact organises the structure of mammary epithelial cells which is 

mediated by E-cadherin and other membrane proteins (Claudin and Occludin) (Morrow 

et al., 2010; Chen et al., 2014). E-cadherin facilitates several cellular functionalities 

including cell-cell contact, cellular polarity, differentiation, stem cell properties, cell 

motility, migration, proliferation and survival. These functions are mediated through 

interaction with b-catenin and cytoskeletal protein (Figure 0-4-B) (Nagafuchi and 

Takeichi, 1989; Nieman et al., 1999; Junxia et al., 2010; Chen et al., 2014). 

 

 
 

Figure 0-4, E-cadherin structure and the cell-cell adhesion structure formed by E-
cadherin. 
The figure shows the structure of E-cadherin protein and the cell-cell adhesion that is formed by E-
cadherin protein. A- E-cadherin multidomain glycoprotein structure (van Roy and Berx, 2008). B- The 
cell-cell calcium-dependent adhesions formed by E-cadherin assembly to the actin cytoskeleton through 
catenin proteins. It is linked to the cytoskeletal filaments via interaction with cytoplasmic proteins 
including (a-catenin and b-catenin) (Yoshida and Takeichi, 1982; Peyrieras et al., 1983). The key below 
explains the different components of the cell-cell adhesion. The figure was drawn by the author from the 
mentioned references. 
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E-cadherin is known as the caretaker of the epithelial phenotype (Thiery, 2002; 

Oloumi et al., 2004). E-cadherin functions to maintain the epithelial morphology via 

interaction of extracellular domains, and by intracellular domain binding to catenins 

(Takeichi, 1991; Tian et al., 2011). Of the components that interact with the 

intracellular domain of the of E-cadherin, b-catenin is also a crucial regulator of the 

Wnt signalling pathway (Clevers and Nusse, 2012). Cell contact is a critical 

determinant of the EMT status of cells, as loss of E-cadherin eventually leads to 

increasing the free b-catenin pool and, therefore, activation of the EMT process (Hay 

and Zuk, 1995). Therefore, the loss of cell-cell contact that is mediated by E-

cadherin/b-catenin triggers EMT in normal physiological processes as well as in 

diseases such as cancer (Tian et al., 2011). 

In epithelial cells, E-cadherin clusters to the cell membrane and interacts with 

the E-cadherin of neighbouring cells (Adams and Nelson, 1998; Thiery, 2002). This 

localisation of the protein to the cell membrane is critical for the maintenance of stable 

adherens junctions, and disturbance of E-cadherin is known to induce a mesenchymal 

change (Imhof et al., 1983; Thiery, 2002). In addition, there is a direct correlation 

between the increase in mesenchymal phenotype and reduction in E-cadherin 

production (Behrens et al., 1989; Thiery, 2002). 

E-cadherin expression in normal mammary gland tissue is strong and localised at 

the cell boundaries of epithelial cells, forming a cobblestone appearance of epithelial 

tissue (Wheelock et al., 2001; Kowalski et al., 2003). All non-epithelial tissue in the 

mammary gland does not express E-cadherin (Kowalski et al., 2003). 

Loss of E-cadherin protein or its function as result of mutation is a very rare 

event in breast cancer (Graff et al., 2000). It was reported previously that the CDH1 (E-

cadherin gene) tumour suppressor was lost in ductal carcinoma (Li and Mattingly, 

2008; Chen et al., 2014). Graff et al. (2000) concluded that E-cadherin epigenetically 

silenced was transient and heterogeneous depending on cancer cells microenvironment. 

They also concluded that loss of E-cadherin expression by methylation in primary 

breast tumours is an early event (Graff et al., 2000). 

E-cadherin is involved in several essential pathways necessary for breast cancer 

progression. Vutskits et al. (2006) found that E-cadherin has a role in controlling the 

molecular pathway that regulates the cell cycle. Moreover, disturbance of cell-cell 

contacts and the cytoplasmic localisation of cadherins stimulate anoikis resistance in 
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breast cancer cells (Ribeiro et al., 2013). Therefore, loss of E-cadherin is considered as 

one of the most critical hallmarks of cancer metastasis. 

The loss of E-cadherin protein is a hallmark for EMT activation in 

embryogenesis and cancer progression (Hazan et al., 2000; Huber et al., 2005; Yang 

and Weinberg, 2008; Polyak and Weinberg, 2009; Thiery et al., 2009; Yuki et al., 

2014). Onder et al. (2008) found that complete loss of E-cadherin was essential for 

cancer progression and induction of EMT in breast cancer. Derksen et al. (2006) 

confirmed that E-cadherin loss was responsible for anoikis-resistance and increased 

angiogenesis associated with metastasis in breast cancer, therefore suggested that E-

cadherin is essential for tumour initiation and progression. Onder et al. (2008) also 

found that a truncated form of E-cadherin, lacking external domain of the protein, was 

sufficient to induce EMT in mammary epithelial cells. These findings were similar to 

Liu et al. (2006b), in which they noticed two distinct regulatory functions of E-

cadherin; mediating an increase in proliferation at low density and inhibiting 

proliferation at higher densities. 

In breast cancer, partial or total loss of E-cadherin is linked to increased 

invasiveness (Siitonen et al., 1996), metastasis (Oka et al., 1993; Hunt et al., 1997) and 

poor prognosis (Heimann et al., 2000). Qureshi et al. (2006) found that loss of E-

cadherin expression correlated with prognosis and inversely with increased risk of 

metastasis in invasive ductal carcinoma. Rakha et al. (2005) suggested that loss of E-

cadherin in non-lobular breast cancers assists in identifying patients with the worst 

prognosis. Similarly, Mahler-Araujo et al. (2008) found that poor prognosis non-lobular 

breast carcinomas that have triple-negative and metaplastic characteristics were 

associated with reduced E-cadherin expression. 

Emerging evidence in the literature suggests that E-cadherin expression is 

essential in subsequent steps in EMT and cancer metastasis, but E-cadherin loss alone 

was not sufficient to start the invasion cascade in breast cancer cells (Onder et al., 

2008). Knocking down the expression of E-cadherin in normal-like breast cancer cell 

line MCF10A was insufficient to activate EMT nor increased the aggressiveness of this 

cell line (Chen et al., 2014). Likewise, restoring E-cadherin expression in the E-

cadherin knocked down cells did not restore the full epithelial morphology of MCF10A 

showing that E-cadherin expression alone was not enough to reverse mesenchymal 

transition (Li and Mattingly, 2008). Thus, loss of E-cadherin alone does not initiate 

invasion, even if it resulted in mesenchymal phenotypic change. Similarly, the 
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restoration of E-cadherin alone did not reverse the mesenchymal morphology of cells. 

Therefore, suggesting that the loss of E-cadherin is transient and can be reversed.  

Re-expression of E-cadherin is essential and parenchyma-tumour cell-cell 

contact is necessary to induce MET to establish metastases in distant site. Thus, the loss 

of E-cadherin is transient, and re-expression of the protein occurs by mesenchymal-

epithelial transition (MET) after establishing metastasis. Increased E-cadherin 

expression in metastatic ovarian cancer and high-grade glioma was associated with an 

increase in tumour invasiveness and poorer prognosis (Sundfeldt, 2003; Reddy et al., 

2005; Lewis-Tuffin et al., 2010). Furthermore, Chao et al. (2010) found that E-cadherin 

expression increased at the metastatic site in 60% of cases of breast cancer compared to 

the original tumour. Also, the MDA-MB-231 (TN and basal-like) breast cancer cell line 

re-expresses E-cadherin when co-cultured with liver cells and when injected into mouse 

tail. Therefore, they concluded that E-cadherin expression was essential to complete 

tumour metastasis and that loss of E-cadherin in tumour cells is reversible (Chao et al., 

2010). Normal parenchymal cells from normal breast tissue was able to restore E-

cadherin in the MDA-MB-231 cell line, however, culturing the same cells in the normal 

extracellular matrix or normal parenchyma-conditioned medium was not sufficient to 

change the mesenchymal phenotype to an epithelial one (Chao et al., 2010).  

In conclusion, loss of E-cadherin is the first step of EMT, yet this loss was not 

permanent, and re-expression was essential to promote secondary tumour establishment 

in breast cancer. Furthermore, acquisition of additional invasive properties is necessary 

for breast cancer progression in addition to the loss of E-cadherin (Onder et al., 2008; 

Kumar et al., 2011). It was suggested that breast cancer cell metastasis requires a 

reduction of E-cadherin and increased expression of other EMT-associated proteins 

(Nieman et al., 1999; Hazan et al., 2000). Therefore, assessing the expression of E-

cadherin alone does not reflect the status of EMT or invasiveness of breast cancer 

because the loss or changes in expression is not a permanent situation. So, it is essential 

to include additional markers in the confirmation of the EMT status in the assessment 

of the changes of this process in breast cancer. 

1.3.1.2 Increased expression of mesenchymal markers is associated with metastasis 

and increased cellular motility 

Vimentin is a type III intermediate filament that is expressed in normal cells of 

mesenchymal origin (Gilles et al., 2003; Herrmann and Aebi, 2004; Liu et al., 2015). It 

is an essential filament during the developmental stages of the mammary gland and for 
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maintenance of tissue integrity (Liu et al., 2015). It is highly organised and is involved 

in dynamic cellular processes. It is also associated with intracellular organelles and cell 

adhesion molecules (Kokkinos et al., 2007). Thus, vimentin protein maintains cellular 

structure and function (Kokkinos et al., 2007). Increased expression of this marker has 

been documented in several physiological processes including migration of epithelial 

cells in embryogenesis and organogenesis, and also during wound healing (Gilles et al., 

2003; Kokkinos et al., 2007; Lundgren et al., 2009). 

In the human breast, myoepithelial cells express vimentin (Qu et al., 2015). It is 

also expressed in fibroblasts, stromal cells, leukocytes, and it is low in epithelial cells 

(Kokkinos et al., 2007). The vimentin promoter is targeted by the b-catenin/TCF 

transcription factor in mammary cells (Gilles et al., 2003). Thus, the activation of EMT 

by the Wnt/b-catenin pathway results in increased mammary epithelial cell migration, 

caused by physiological and pathological processes (Gilles et al., 2003; Kokkinos et al., 

2007). 

Derksen et al. (2006) found that most adenocarcinomas and solid carcinomas that 

express an epithelial phenotype lacked expression of vimentin. Meanwhile carcinomas 

of metaplastic and biphasic histology express a high level of vimentin and lack 

expression of E-cadherin. 

Increased expression of vimentin was associated with increased EMT and linked 

to increased metastatic potential in breast cancer. Cell lines that show increased 

vimentin expression had increased fibroblastic morphology, with increased motility and 

migration through a Matrigel® matrix; whereas cells that have low expression of 

vimentin, had more epithelial-like morphology and decreased motility (Sommers et al., 

1991). Loss of epithelial cytokeratin alongside an increase in vimentin expression was 

associated with lymph node metastasis, high tumour grade, poor prognosis and reduced 

disease-free survival (Chen et al., 2008; Vora et al., 2009). Hemalatha et al. (2013) 

found that increased expression of vimentin was associated with higher breast cancer 

tumour grade and with increased proliferative marker expression. 

Association of this marker with the different subtypes of breast cancer has been 

reported. Increased expression of vimentin is associated with high-grade ductal 

carcinomas, but not with lobular carcinoma (Hemalatha et al., 2013; Liu et al., 2015). 

The expression of vimentin was also associated with low ER and PR breast cancers, as 

well as with increased invasiveness of the basement membrane (Kokkinos et al., 2007; 

Sarrio et al., 2008; Hemalatha et al., 2013; Liu et al., 2015). Moreover, it was reported 
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that vimentin overexpression is associated with TNBC and BLBC (Sarrio et al., 2008; 

Kasper et al., 2009; Ricardo et al., 2011). Studies also concluded that increased 

vimentin expression is associated with HER2 positivity, metastasis and advanced 

disease stage (Ribeiro et al., 2013; Tanaka et al., 2016). (Hemalatha et al., 2013). 

Furthermore, it was reported in several studies that loss of E-cadherin expression in 

highly invasive breast cancer cell lines is associated with increased expression of 

vimentin (Gilles et al., 2003; Chen et al., 2008). 

Increased vimentin expression was seen at the invasive front of breast cancer 

along with increased b-catenin expression in the cytoplasm and nucleus and the loss of 

E-cadherin localisation at cell-cell adhesions (Gilles et al., 2003; Sarrio et al., 2008). 

Several studies reported that b-catenin functions in EMT by regulating the expression 

level of vimentin (Mestdagt et al., 2006; Wang et al., 2015). Liu et al. (2015) found that 

vimentin increases the aggressiveness of cancer cells by increasing their tolerance to 

extracellular stress by maintaining mechanical homeostasis and reorganising the 

cellular cytoskeleton. 

High expression of vimentin has been seen in circulating tumour cells of patients 

with breast cancer, indicating that it was associated with increased early metastasis 

(Kallergi et al., 2011). Dwedar et al. (2016) found that hypomethylation of the vimentin 

gene was frequently associated with TN breast cancer. Yamashita et al. (2013) also 

found that vimentin expression was associated with poorer prognosis in TN breast 

cancer cases and suggested its use as a prognostic marker. 

However, no association was found between vimentin expression and tumour 

size, lymph node involvement and patient survival (Hemalatha et al., 2013). One of the 

reasons for this apparent contradiction in reporting is vimentin expression within the 

stem cells of the breast. It was concluded that the expression of vimentin in breast tissue 

is associated with cells that have bilinear origin or differentiation potential (epithelial 

and myoepithelial) and that it was not associated with the process of EMT (Hemalatha 

et al., 2013). Many studies indicated that vimentin expression is associated with stem 

cell-like properties in breast cancer cells (Manuel Iglesias et al., 2013; Liu et al., 2014; 

Qu et al., 2015). 

In conclusion, the assessment of more than one marker is essential for the 

estimation of the epithelial/mesenchymal status of breast cancer cells. Furthermore, 

expression scoring, and subcellular localisation of the markers must also be considered. 
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In addition to the decrease in E-cadherin and increase of the free pool of b-

catenin, increased vimentin expression is indicative for active EMT in human cancer 

(Gilles et al., 2003; Sarrio et al., 2008). Increased expression of vimentin was 

associated with several pathological conditions including human tumours (Conacci-

Sorrell et al., 2003; Ha et al., 2013). 

1.4 The critical role of Wnt/b-catenin pathway in the regulation of EMT 

during mammary gland development and breast cancer metastasis 

b-catenin protein is the intermediate protein that facilitates the interaction 

between a-catenin and E-cadherin, and it is typically localised to the cell membrane 

(Nagafuchi and Takeichi, 1989). At multiple stages during human development, b-

catenin is found in the cytoplasm and can facilitate the Wnt pathway. Upon activation 

of the pathway, b-catenin translocates to the nucleus and associates with the T-cell 

factor/lymphoid enhancer (TCF/LEF) transcription factors (Figure 0-4) (Korinek et al., 

1997; Morin et al., 1997; Porfiri et al., 1997). 

Expression of b-catenin in normal breast tissue, or normal-adjacent tissue, was 

seen localised at inter-cellular borders of epithelial cells with no localisation at the basal 

or luminal surface of the epithelial cells (Karayiannakis et al., 2001; Jiang et al., 2009). 

Weak punctate staining was observed in the cytoplasm of myoepithelial cells, with no 

localisation at the basal surface and no staining found in parenchymal cells of 

mammary gland (Karayiannakis et al., 2001). 

1.4.1 The Wnt/b-catenin pathway is essential for the regulation of EMT 

The localisation of b-catenin to areas of the cell-cell contact area is facilitated 

by binding to the E-cadherin intracellular domain and interaction with the actin 

cytoskeletal proteins essential for maintaining the epithelial phenotype (Chen et al., 

1999; Jeanes et al., 2008). Without activation of Wnt signalling (Figure 0-5-1), the 

cytoplasmic level of the b-catenin protein pool is controlled by adenomatous polyposis 

coli (APC). The APC protein targets the b-catenin protein for phosphorylation, 

resulting in ubiquitination and rapidly targeting for proteasomal degradation (Aberle et 

al., 1997; Bienz, 1999; Nusse and Clevers, 2017). 
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Figure 0-5, the Wnt signalling activation. 
The Wnt pathway. 1- Deactivated or resting Wnt signalling pathway. (A) b-catenin protein in normal 
cells is sequestered to cell membrane (Nagafuchi and Takeichi, 1989; Nusse and Clevers, 2017). (B) Free 
b-catenin is rapidly targeted by the tumour suppressor adenomatous polyposis coli (APC) complex that 
phosphorylates b-catenin (Pronobis et al., 2015; Nusse and Clevers, 2017). (C) Phosphorylated b-catenin 
is ubiquitinated. (D) Phosphorylated b-catenin rapid degradation by the proteasome (Aberle et al., 1997; 
Clevers and Nusse, 2012). 2- Wnt signalling activation. (A) Wnt signalling is activated by binding of 
ligand (Wnt) to Frizzled receptor (Janda et al., 2012; Nusse and Clevers, 2017). (B) Activation of Wnt 
releases of b-catenin protein from E-cadherin/b-catenin complex (Hulsken et al., 1994; Tian et al., 2011; 
Nusse and Clevers, 2017). (C) Active Wnt signalling inhibits of APC complex and disassembly of actin 
filaments from the E-cadherin/b-catenin complex (Hulsken et al., 1994; Bienz, 1999). (D) Increase b-
catenin free pool in cytoplasm as a result of Wnt activation. D- Free b-catenin protein translocates to 
nucleus (Bienz, 1999; Nusse and Clevers, 2017). (E) In nucleus, b-catenin binds to TCF/LEF and (F) and 
activates transcription of targeted genes (Korinek et al., 1998; Bienz, 1999; Clevers and Nusse, 2012). 
The figure was drawn by the author from the mentioned references. 
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Loss of E-cadherin alone does not result in nuclear localisation of b-catenin due 

to constant activation of the APC degradation pathway (Hulsken et al., 1994; Bienz, 

1999). Activated Wnt signalling inhibits APC and results in reduced b-catenin 

degradation and accumulation of the protein in the cytoplasm (Aberle et al., 1997; 

Clevers and Nusse, 2012). Free b-catenin then translocates to the nucleus and functions 

as a transcriptional co-regulator with a TCF/LEF transcription factor (Korinek et al., 

1998; Nusse and Clevers, 2017). The Wnt/b-catenin pathway is essential in embryonic 

development and implicated in many other physiological processes (Korinek et al., 

1998; Chu et al., 2004; Nusse and Clevers, 2017).  

1.4.2 The Wnt/b-catenin signalling is essential during the development of the 

mammary gland 

The Wnt/b-catenin pathway is involved in several aspects of mammary gland 

development (both prenatal and postnatal) and is also crucial for mammary stem cell 

maintenance (van Amerongen et al., 2012). Also, it has been found that Wnt/b-catenin 

is involved in determining the fate of mammary gland stem and progenitor cells (van 

Amerongen et al., 2012). 

There is an agreement in the literature that the lymphoid enhancer binding factor 

1 gene (Lef1) is involved early in mammary gland development (van Genderen et al., 

1994; Hennighausen and Robinson, 2001). Members of the Wnt family (Wnt6, Wnt3 

and Wnt10B) are involved in the initiation, primitive bud formation and branching of 

the mammary gland (Mailleux et al., 2002; Chu et al., 2004; Eblaghie et al., 2004; 

Veltmaat et al., 2004). Additionally, the Tcf1 and Tcf4 transcription factors are also 

active in the mammary epithelial cells during early mammary gland development 

(Wodarz and Nusse, 1998; Roose et al., 1999). 

Another essential mediator in prenatal mammary gland development is Slug, 

which is a member of the Snail family of zinc-finger transcriptional repressors (Phillips 

et al., 2014). It is also implicated in many cellular and developmental processes 

including EMT, cellular migration and differentiation (Guo et al., 2012; Phillips and 

Kuperwasser, 2014). Proia et al. (2011) found that Slug controls luminal epithelial cell 

differentiation. 

During the postnatal stage of mammary gland development, the branching of the 

ducts is controlled by sex hormones (oestrogen and progesterone) (Brisken et al., 2000). 

In particular, Brisken et al. (2000) found that sex hormones caused side-branching by 
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influencing Wnt4 during early pregnancy. They also found that Wnt4 expression was 

localised in the luminal cells of the ductal epithelium and that it is controlled by 

progesterone (Brisken et al., 2000). 

1.4.3 The involvement of Wnt/b-catenin pathway in the activation of EMT 

process in breast cancer metastasis 

EMT is activated stably or transiently during cancer invasion and metastasis 

(Hanahan and Weinberg, 2011). Several studies linked the EMT process to the 

metastasis of human cancers including colon cancer (Conacci-Sorrell et al., 2003), 

cervical cancer (Ha et al., 2013), prostate cancer (Tsai and Yang, 2013), and breast 

cancer (Sarrio et al., 2008). 

Wnt activation drives tumour-associated gene expression in colorectal and other 

cancers (Korinek et al., 1997; Nusse and Clevers, 2017). The release of b-catenin from 

E-cadherin results in nuclear accumulation and activation of Wnt-related transcription 

via binding to the TCF/Lef complex and that lead to the onset of tumour-promoting 

activity (Figure 0-5) (Rijsewijk et al., 1987; Khramtsov et al., 2010; Nusse and Clevers, 

2017). Continuous activation of this pathway is associated with many human cancers 

(Conacci-Sorrell et al., 2003; Rosa et al., 2015; Wang et al., 2015). In colon cancer, 

there is a cumulative effect that starts with the loss of E-cadherin and release of b-

catenin which localises to the nucleus and activates slug, which further represses E-

cadherin production (Conacci-Sorrell et al., 2003). Dey et al. (2013) found that 

increased activity of Wnt/b-catenin signalling associated with high-grade breast 

tumours, poor prognosis and metastasis to lung and brain, but not to bone marrow. 

The same signalling pathways involved in regulating EMT during mammary 

gland development have been implicated in breast cancer metastasis (Wang and Zhou, 

2011). It was also concluded that EMT provides the breast cancer cells with the ability 

to tolerate physiological stress and could provide an opportunity to develop novel 

treatments (Trimboli et al., 2008). 

Several studies considered abnormalities in b-catenin protein expression in breast 

cancer as a predictive marker of poor prognosis, including nuclear accumulation and 

loss of membrane localisation (Lin et al., 2000; Geyer et al., 2011; He et al., 2014; 

Wang et al., 2015). In breast cancer, altered availability of b-catenin was reported to 

result from the suppression or loss of E-cadherin expression (Onder et al., 2008). 

Bukholm et al. (1998) found that disrupting components of adherens junctions, 
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including E-cadherin, a-catenin and g-catenin, resulted in an increased availability of b-

catenin, and thereby, increasing the risk of metastasis in breast cancer patients.  

The free pool of b-catenin can translocate to the nucleus and regulate 

transcription of EMT-related proteins (Figure 0-5). The transcriptional targets of b-

catenin (with TCF/Lef) are known regulators of EMT (Figure 0-5). Onder et al. (2008) 

concluded that CRT (catenin related transcription) was responsible for regulating a 

number of target genes known to induce and facilitate changes associated with EMT. b-

catenin, on its own, was not sufficient to induce EMT. 

1.4.3.1 Dysfunction of Wnt/b-catenin is associated with breast cancer 

Many studies have indicated that there were dysfunctions of the Wnt/b-catenin 

pathway in breast cancers (Geyer et al., 2011; Li and Zhou, 2011). In fact, this pathway 

was reported to be active at the earliest stages of tumour development in both ductal 

carcinoma in situ (DCIS) and lobular carcinoma in situ (LCIS), (Karayiannakis et al., 

2001; Geyer et al., 2011; He et al., 2014). The dysfunction of Wnt/b-catenin signalling 

was also reported in advanced stage breast cancer (Bukholm et al., 1998; Geyer et al., 

2011). Dey et al. (2013) found that there was increased Wnt/b-catenin pathway 

activation in TNBC, and that this increase correlated with tumour grade, poor prognosis 

and development of metastasis. 

1.4.3.2 Mutation of b-catenin gene is not common in breast cancers 

No genetic mutations have been detected in b-catenin in breast cancer, and it is 

thought that the changes in the function of this protein are due to post-transcriptional 

modifications, such as phosphorylation (Karayiannakis et al., 2001; Nakopoulou et al., 

2006; He et al., 2014). Schlosshauer et al. (2000) conducted a genetic analysis of b-

catenin protein and concluded that there were no mutations of b-catenin found in the 

most common breast cancer cell lines including MCF7, MDA-MB-361, BT20, MDA-

MB-231, and MDA-MB-453. 

Similarly, mutations in APC were rare in breast cancer (Lin et al., 2000; 

Nakopoulou et al., 2006; Rosa et al., 2015). Also, Schlosshauer et al. (2000) found that 

only one in 27 breast cancers had a truncating mutation in the APC gene, therefore, 

concluding that APC mutations are rare in breast cancer. 
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1.4.3.3 Abnormalities of b-catenin expression is associated with breast cancer 

Several studies have reported that abnormalities in b-catenin expression are seen 

in all stages of breast cancer. Overexpression of b-catenin correlates with tumour size, 

grade, lymph node involvement and metastasis in breast cancer (Bukholm et al., 1998; 

Geyer et al., 2011). There is also a significant correlation between increased b-catenin 

expression and lack or loss of E-cadherin expression in grade three lobular and non-

lobular breast carcinomas (Geyer et al., 2011). Also, loss of b-catenin expression was 

reported by Jiang et al. (2009) in TNBC infiltrating ductal carcinoma of high-grade. 

In contrast, Karayiannakis et al. (2001) concluded that there was no association 

between b-catenin staining pattern and tumour grade. They also reported that there was 

no significant correlation between b-catenin expression and features including tumour 

size, lymph node involvement, metastasis-free survival and hormonal status 

(Karayiannakis et al., 2001). The variation in the findings of these studies could be due 

to variation in sample size, antibody clone, used scoring criteria, variation in the 

method of statistical analysis. 

Geyer et al. (2011) attributed the contradiction in the literature around b-catenin 

expression in breast cancer subtypes to variations in the interpretation of histological 

localisation of the protein in human samples. Rosa et al. (2015) also mentioned that the 

assessment and analysis of b-catenin protein in human samples could be challenging, 

and that confirmation of b-catenin activation should be assessed by more than one 

method of analysis. Moreover, Rosa et al. (2015) related this issue to b-catenin 

antibody cross-reactivity with other catenin types that was not addressed and confirmed 

in published research. 

Assessing the localisation of b-catenin protein is equally important. Several 

studies recorded the pattern of distribution in breast cancer samples. Paredes et al. 

(2008), reported that there were alterations in the localisation and level of expression of 

all catenins in breast cancer samples. 

b-catenin in particular showed a reduction in localisation at cell-cell contact sites 

and increased cytoplasmic localisation in 70% of cases in that study (Paredes et al., 

2008). Membranous localisation of b-catenin require E-cadherin (Li and Mattingly, 

2008; Paredes et al., 2008; Wang et al., 2015). Karayiannakis et al. (2001) found that 

there was heterogeneous b-catenin staining in around 60% and loss of expression of b-

catenin in around 50% of lobular breast carcinomas compared to heterogeneous staining 
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of b-catenin in 80% and cytoplasmic or nuclear staining in less than 15% of lobular 

carcinomas. 

Jiang et al. (2009) found that in benign breast tumours b-catenin was localised in 

the nucleus of myoepithelial and luminal epithelial cells with moderate cytoplasmic 

staining in non-tumorous ducts. In addition, either complete loss or increase of nuclear 

localisation was associated with TNBC, BLBC and poor clinical outcomes (Geyer et 

al., 2011; Rosa et al., 2015). Cytoplasmic localisation of b-catenin significantly 

correlated with increased tumour size, and therefore associated with increased breast 

cancer stage (Paredes et al., 2008). 

The reports of alteration in b-catenin patterns associated with increased tumour 

stage in breast cancer samples led the researchers to conclude that this pathway could 

be utilised to develop a targeted therapy. Wu et al. (2012) found in their study that 

resistance to targeted therapy in HER2+ve cancers was associated with partial EMT as a 

result of activation of Wnt/b-catenin pathway. They also attributed the resistance to 

targeted therapy itself to the activation of Wnt/b-catenin pathway (Wu et al., 2012). 

Conversely, Zhu et al. (2010) found that Herceptin treatment resulted in a reduction of 

the b-catenin pool by increasing phosphorylation of the protein. Therefore, many 

studies suggested the use of Wnt/b-catenin pathway as a therapeutic target in breast 

cancer for prevention of therapy resistance and treatment of breast cancer metastasis 

(Lin et al., 2000; Geyer et al., 2011). 

1.5 A vital role for Hedgehog (Hh) signalling pathway in the regulation of 

EMT during mammary gland development and breast cancer 

metastasis 
The Hedgehog signalling (Hh) pathway was discovered in 1980 in a study 

aimed to understand the segmentation of the body (Nusslein-Volhard and Wieschaus, 

1980) and mediates epithelial-mesenchymal interaction during human embryonic 

development and organogenesis (Ingham and McMahon, 2001; McMahon et al., 2003). 

This pathway can be activated by interaction between the Hh receptor and its ligand 

(canonical) and also via an alternate pathway through interaction with other signalling 

cascades (non-canonical) (Jenkins, 2009; Brennan et al., 2012; Flemban and 

Qualtrough, 2015). 
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1.5.1 Components of the Hedgehog signalling pathway 
The components of the Hh signalling pathway include the secreted 

glycoproteins; Sonic (Shh), Desert (Dhh) and Indian (Ihh) (Ingham and McMahon, 

2001; Pasca di Magliano and Hebrok, 2003). These ligands bind to one of the receptors 

including; Hedgehog-interacting protein 1 (Hip1), Patched1 (Ptch1) and Patched2 

(Ptch2) (Marigo et al., 1996; Chuang and McMahon, 1999). The receptors then release 

the blocking effect on another transmembrane protein called Smoothened, Smo (Figure 

0-6-B, and Figure 0-7-C)(Pasca di Magliano and Hebrok, 2003; Flemban and 

Qualtrough, 2015). As a consequence of this, Smo activates intracellular signalling via 

the Glioma-associated oncogene (Gli1, Gli2, and Gli3) transcription factors (Figure 

0-7-D) (Ruiz i Altaba et al., 2002; Pasca di Magliano and Hebrok, 2003). These 

transcription factors are sequestered in the cytoplasm through connection to the cellular 

cytoskeleton by interaction with multiprotein complex Fused (Fu) and suppressor of 

Fused (SuFu) (Figure 0-6-D) (Murone et al., 2000; Pasca di Magliano and Hebrok, 

2003). 
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Figure 0-6, The resting status of the Hh signalling pathway. 
The resting (inactivated) hedgehog (Hh) signalling pathway. (A) In the absence of Hh ligand, Patched 
(Ptch) protein form an inactive complex with downstream receptor Smoothened (Smo) (Corbit et al., 
2005). It works as inhibitor of Smo protein expression (Denef et al., 2000) and a suppressor of Smo (B) 
(Ding and Wang, 2017). (C) Several Hh pathway components transduce the signal intracellularly 
including suppressor of Fused (SUFU) protein that function to inhibit the Gli transcription factors by 
sequestering them to cytoplasm in absence of Hh signalling (Nozawa et al., 2013). Thus, blocking Hh 
target genes by localisation of repressor form of Gli (Gli3) in nucleus of inactive cells (Rubin and de 
Sauvage, 2006). The figure was drawn by the author from the mentioned references. 
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Figure 0-7, The active status of the Hh signalling pathway. 
The active status of Hedgehog (Hh) signalling. (A) Hh ligands are synthesised as precursor proteins in 
the Golgi apparatus (Huangfu et al., 2003; Ramsbottom and Pownall, 2016) that is cleaved in 
endoplasmic reticulum before secretion (Ramsbottom and Pownall, 2016). The ligand presence and 
binding to Ptch receptor results in release of inhibiting function of Ptch on the expression (B) and 
function of Smo receptor (C) (Ramsbottom and Pownall, 2016), which leads to the activation of pathway 
(D). This result in induction of activated form of Gli that translocate to nucleus and act as a transcription 
factor and result in transcription of Hh target genes (F) (Rubin and de Sauvage, 2006; Ramsbottom and 
Pownall, 2016). The figure was drawn by the author from the mentioned references. 
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The Gli proteins are large zinc-finger transcription factors that are composed of 

more than a thousand amino acids (Ruiz i Altaba et al., 2002; Ruiz i Altaba et al., 

2007). There are three Gli proteins in humans, and they have a context-dependent 

transcriptional regulation function (Stecca and Ruiz, 2010). These Gli proteins have 

both activator and repressor forms (Figure 0-8) which is referred to as the Gli code 

(Ruiz i Altaba et al., 2007; Aberger and Ruiz, 2014). 

 

 
 

Figure 0-8, The gli code. 
The repressor and activator forms of Gli proteins. During resting status of Hh signalling, Gli1 protein is 
not expressed while Gli2 and Gli3 are expressed in full-length form that is cleaved into repressor forms 
(Ruiz i Altaba, 1998; Stamataki et al., 2005). With activation of Hh signalling, Gli1 is transcribed as an 
active form (full-length) while cleavage of both Gli2 and Gli3 halts. Thus, Gli2 remain in full-length 
activator form, and Gli3 is no longer active (full-length) (Stamataki et al., 2005; Ruiz i Altaba et al., 
2007). The figure was drawn by the author from the mentioned references. 
 

The nuclear localisation of these Gli transcription factors is essential for protein 

function (Ruiz i Altaba et al., 2007). Negative modulators of the Hh signalling pathway 

(including Ptch) sequester Gli1 in cytoplasm of cells (Ruiz i Altaba et al., 2007). Thus, 

studying of localisation of Gli transcription factors is essential for the determination of 

the activation status of the pathway. 
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Other factors can activate Hh signalling in a non-canonical way including 

dysregulation of the signalling pathway and activation by other signalling cascades such 

as Wnt signalling. Several mechanisms were indicated to dysregulate Hh signalling 

including both ligand-independent and ligand-dependent mechanisms (Hui et al., 2013). 

The ligand-dependent mechanisms are a result of increased expression of SMO and 

Gli1 or inactivation of PTCH (Hui et al., 2013). 

1.5.1.1 Crosstalk between the hedgehog signalling and Wnt signalling pathways 
One of the pathways that can activate the Hh signalling pathway non-

canonically is the Wnt pathway (Figure 0-9 and Figure 0-10) (Ding and Wang, 2017). 

In fact, interaction between the Wnt and Hh signalling pathway is seen during 

embryogenesis and cellular differentiation (Price, 2006; Moussaif and Sze, 2009; Ding 

and Wang, 2017). 

Several studies showed that there was cross reaction between the two signalling 

pathways. The integration between Hh and Wnt signalling was revealed by 

pharmacological studies using inhibitory drugs. Singh et al. (2012) found that the Hh 

signalling inhibits the activation of Wnt signalling during embryogenesis (Figure 0-9-

A). Additionally, Wnt activation rescues the suppression of the Hh signalling. Kim et 

al. (2010a) found that increased Gli1 expression resulted in a decreased level of nuclear 

b-catenin localisation (Figure 0-9-B). The Wnt/b-catenin signalling inhibits Hh activity 

via transcriptional regulation of Gli3 (Figure 0-10-A) (Alvarez-Medina et al., 2008). 

Gli3 expression was directly regulated by the b-catenin/TCF/LEF complex (Figure 

0-10-B) (Alvarez-Medina et al., 2008). 

The overlap between these signalling pathways is not well understood, but the 

regulation of both signalling pathways is disturbed in human cancer. Co-activation of 

both Wnt and Hh pathways has been observed in several types of human cancers (Yang 

et al., 2008b). Qualtrough et al. (2015) found that inhibition of Hh signalling using 

cyclopamine resulted in a reduction in b-catenin-related transcription (CRT) in 

colorectal cancer cell lines that was rescued by addition of Shh protein. Furthermore, a 

significant association between the nuclear expression of Gli1 and nuclear expression of 

b-catenin was observed in human breast cancer samples (Arnold et al., 2017). Thus, 

indicating that the crosstalk between the Hh and Wnt signalling pathways in breast 

cancer is context-dependent and requires further study. 
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Figure 0-9, Hh signalling mediated inhibition of the Wnt signalling pathway. 
The inhibitory effect of Hh signalling on the Wnt signalling pathway. (A) Active Gli1 expression directly 
inhibit Wnt receptor Frizzled. (B) Gli1 protein directly inhibits localisation of b-catenin in nucleus of 
cells. The figure was drawn by the author from the mentioned references (Ding and Wang, 2017). 
 



The Potential Role of the Hedgehog Signalling Pathway in the Regulation of Epithelial-Mesenchymal Transition in Breast Cancer	

May	30,	2018	
 

  
34 

 
  

 
 

Figure 0-10, Wnt signalling mediated inhibition on the Hh signalling pathway. 
The inhibitory effect of the Wnt pathway on Hh signalling. (A) APC protein directly regulates expression 
of Gli3 protein. B- b-catenin/TCF/LEF complex control expression of Gli3 protein which inhibit Gli1. 
The figure was drawn by the author from (Ding and Wang, 2017). 
 

1.5.2 The Hedgehog signalling pathway is essential for mammary gland 

development and breast cancer progression and metastasis 

The activation of the Hh signalling pathway during the development of the 

mammary gland first occurs during early embryogenesis (Michno et al., 2003; Lee et 

al., 2013). Lewis (2001) reported involvement of hedgehog signalling in mouse 

mammary gland development. Hh signalling was active in the terminal end bud during 

early adulthood and was continuously activated in the stromal components around the 

ducts in all phases of postnatal development except for the early stage of involution 

after weaning (Lewis, 2001). Hh signalling activation was seen in ducts and alveoli of 

the mammary gland during early and late pregnancy, and lactation (Lewis, 2001) 

All members of the Hh signalling pathway are found expressed in the 

components of the mammary gland during different stages of its development (prenatal 

and postnatal). They are also thought to have a function in the differentiation and 

maintenance of the normal structure of the mammary gland (Flemban and Qualtrough, 
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2015). Epithelial expression of the ligands Shh and Ihh was found to be essential in 

early mammary bud formation (Hens and Wysolmerski, 2005). Lewis et al. (1999) 

found that Ihh expression increased during pregnancy and lactation. 

The expression of Ptch1 was also shown to be essential in both the epithelial 

and mesenchymal compartments during prenatal mammary gland development (Lewis 

et al., 1999). Later, during postnatal phase a lack of Ptch1 in mice resulted in both 

hyperplasia and dysplasia in the ductal compartment during puberty and adulthood 

(Lewis et al., 1999; Flemban and Qualtrough, 2015). 

Michno et al. (2003) found that mesenchymal Gli2 was essential for mammary 

gland development during embryogenesis. Hatsell and Cowin (2006) found that Gli3 

had an essential role in repressing Hh signalling during embryogenesis and both Gli3 

and Gli2 were expressed in the prenatal phase of mammary gland development. In the 

postnatal stages, Gli3 was expressed in the luminal cells and both Gli2 and Gli3 were 

expressed in the stromal and myoepithelial cells (Hatsell and Cowin, 2006). It was 

found that Gli2 protein was expressed in the mesenchymal cells during puberty near the 

terminal buds and the expression increased in the alveolar epithelial cells during the 

later phases of pregnancy (Michno et al., 2003; Flemban and Qualtrough, 2015). 

1.5.3 The Hedgehog signalling pathway is involved in cancer progression and 

metastasis 

Inappropriate activation of Hh signalling is apparent in 25% of all tumours, 

therefore, highlighting the importance of dysregulation of this pathway in human 

tumour progression (Briscoe and Therond, 2005; Flemban and Qualtrough, 2015). Loss 

of balance of Hh signalling was implicated in many human tumours including; sporadic 

basal-cell carcinoma (Xie et al., 1998), tumours of the central nervous system 

(Reifenberger et al., 1998), lung cancer (Watkins et al., 2003), tumours of the 

gastrointestinal tract (Berman et al., 2003), pancreatic cancer (Thayer et al., 2003), and 

prostate cancer (Karhadkar et al., 2004). Other studies showed that the inhibition of Hh 

signalling resulted in similar effects in other human cancers as summarised Table 0-2. 

The first inhibitor of the Hh signalling pathway to be discovered was the plant 

alkaloid cyclopamine (Bryden et al., 1971). The mechanism of action was discovered 

later, and it was found that this inhibitor binds to and inactivates Smo (Cooper et al., 

1998). Several other small molecule inhibitors such as LDE225 have since been 

synthesised and found to have a more potent effect when compared with cyclopamine 

(Gupta et al., 2010). 
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Table 0-2: Inhibition of Hh signalling in human cancers has been investigated. 
This table provide examples of the studies that investigated the effect of inhibiting the Hh signalling in 
human cancers and their main findings. 
 

Cancer type Inhibitor Finding Reference 

Medulloblastoma Cyclopamine  Growth inhibition. (Berman et al., 2002) 

Small cell lung 
carcinoma  Cyclopamine  Inhibit the Shh-dependent growth. (Watkins et al., 2003) 

Prostate cancer Cyclopamine Inhibition of proliferation and evidence of 
autocrine signalling. (Sanchez et al., 2004) 

Colon cancer Cyclopamine Induced apoptosis. (Qualtrough et al., 2004) 

Colon cancer GANT61 Cell death caused by increased DNA 
damage. (Mazumdar et al., 2011) 

Colon cancer GANT61 DNA damage followed by cell death. (Agyeman et al., 2012) 

Colon cancer Cyclopamine 
and GANT61 

Hh signalling controls tissue inflammation 
and antagonise apoptosis. (Yoshimoto et al., 2012) 

Colon cancer GANT61 
Inhibition of Gli1 DNA interaction and 

reduction of transcription of Hh signalling 
output genes. 

(Agyeman et al., 2014) 

Lung squamous 
cell carcinoma Vismodegib Suppressed migration and up-regulated E-

cadherin. (Yue et al., 2014) 

Renal cell 
carcinoma LDE225 Reduction of tumour growth and metastatic 

spread. (D'Amato et al., 2014) 

Colon cancer Cyclopamine  
Reduction of expression of EMT 

transcription factors and reduction in 
invasiveness. 

(Qualtrough et al., 2015) 

Gastric 
carcinoma  Cyclopamine 

Reduction of viability in concentration 
dependent manner and decrease invasion 

and metastasis. 
(Gao et al., 2015) 

 

1.5.3.1 The Hedgehog signalling is involved in the regulation of EMT in breast 

cancer 

 Mutations of Hh signalling are rare events in breast cancer (Wicking et al., 

1998; Hui et al., 2013). Other epigenetic and post-transcriptional events were found to 

cause improper activation of Hh signalling in mammary tumours. These include 

dysregulation of alternative splicing that causes inappropriate expression of the active 

Gli isoforms (Cao et al., 2012) and methylation of the PTCH promoter (Wolf et al., 

2007). These studies led to the notion that Hh signalling activation is context-dependent 

and affected by cellular contact, polarity and other factors that can manipulate post-

transcriptional modification of the Gli proteins (Aberger and Ruiz, 2014; Gonnissen et 

al., 2015). 
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Moraes et al. (2007) reported that Ptch1 expression was reduced in about half of 

the cases of DCIS and invasive breast cancer. They also found that Smo was ectopically 

expressed in 70% of DCIS and 30% of invasive breast cancers (Moraes et al., 2007). 

They concluded that altered Hh signalling causes increased proliferation of cells that 

were capable of anchorage-independent growth (Moraes et al., 2007). Cui et al. (2010) 

observed that there was significant upregulation of Shh in breast carcinoma and 

concluded that this was an essential event for breast carcinogenesis. 

Several studies inhibited this pathway in breast cancer cell lines in vitro and 

found that the inhibition of Hh signalling with cyclopamine resulted in a decrease in 

TNBC cell line proliferation and reduced invasive ability (Kameda et al., 2009). Also, 

Che et al. (2013) found that cyclopamine treatment resulted in reduced cell proliferation 

in the ER+ve cell line MCF7 and suggested the utilisation of this pathway as a 

therapeutic target for breast cancer. Nonetheless, the correlation between reduction in 

the migration, proliferation and the changes in the expression of key EMT markers was 

not the focus of many of previous studies. Similarly, the expression of the hedgehog 

signalling components and changes in localisation of the Gli proteins or b-catenin 

following inhibition of the Hh signalling was not conducted in previous studies.  

Changes in the Gli proteins expression was studied in clinical breast tissue 

sections in several studies and intensity and proportion of expression correlated with the 

clinicopathological criteria only. Overexpression of the Gli1 transcription factor in 

breast tumours was associated with unfavourable overall survival, high tumour stage, 

and increased lymph node metastasis (ten Haaf et al., 2009). Jeng et al. (2013) 

suggested that high expression of Shh, PTCH1, GLI1, and Smo correlated with 

increased breast cancer invasiveness. Also, few of the previous studies focused on 

assessing subcellular localisation of the Gli proteins. One study reported that the 

nuclear translocation of Gli1 was involved in micro-invasion and suggested that this 

pathway is involved in the progression of a non-invasive phenotype towards invasive 

behaviour (Souzaki et al., 2010). Kubo et al. (2004) found that high intensity of Gli1 

was associated with malignancy and that nuclear expression of this marker was 

associated with ER expression. Co-activation of the Hh and Wnt signalling was not 

explored in detail in breast cancer. In fact, a single study explored both pathways in 

breast cancer clinical samples and it was concluded that co-activation of Wnt and Hh 

signalling in TNBC and is associated with an increased risk of disease recurrence and 

decreased overall survival (Arnold et al., 2017). 
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1.6 Challenges in studying EMT in human cancer particularly in breast 
cancer  

1.6.1 Lack of direct clinical evidence of EMT in breast cancer and partial EMT 

theory 

The involvement of the EMT process in breast cancer progression and metastasis 

is not ascertained due to a lack of direct clinical evidence (Tarin et al., 2005; Savagner, 
2010). Also, dedifferentiated carcinomas with a poor prognosis are described clinically 

as “EMT-like morphology” rather than in terms of an EMT transition and full transition 

is a rare event and occur only in high grade carcinomas. In addition, both EMT and 

differentiation processes are controlled by mutual pathways (Klymkowsky and 

Savagner, 2009; Savagner, 2010). The only direct clinical evidence for EMT in breast 

cancer cases is seen in metaplastic carcinomas, which is very rare subclass of breast 

cancers. In this type, the epithelial cancer cells undergo complete mesenchymal 

transition and the only way to distinguish the epithelial and mesenchymal 

compartments is by staining for cytokeratins and vimentin (Zhuang et al., 1997; 

Saegusa et al., 2009; Savagner, 2010). 

It was suggested previously by Savagner (2010) that the involvement of EMT in 

breast cancer varied due to tumour heterogeneity and variations in molecular signatures, 

however, no further investigation was carried to explore this hypothesis. Several studies 

reported evidence of EMT activation in basal-like breast cancers (Sarrio et al., 2008; 

Chen et al., 2014). One aspect that remains missing in previous studies is the 

comparison of the expression and activation of EMT in various breast cancer cell lines 

that belong to various molecular subclassification of breast cancer. Exploring this 

hypothesis could show if the status of EMT differ according to the molecular subclass 

and could lead to exploring the causes of this variation.  

Aleskandarany et al. (2014) reported that lack of E-cadherin, a hallmark for EMT, 

was associated with lobular breast cancers. Other studies found that the lack of E-

cadherin in lobular breast cancers is due to genetic or epigenetic silencing mechanisms 

(Moll et al., 1993; Berx et al., 1996). Lack of E-cadherin expression in these subtypes 

did not result in full EMT. In fact, several studies proposed the “term partial EMT” to 

describe the ability of cells to detach and undertake a mode of invasion similar to the 

ameboid described previously by Clark and Vignjevic (2015) and Yang et al. (2004).  
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Hase et al. (1993) described partial EMT in cells at the invasive front of 

colorectal cancer. These cells had disorganised structure and showed a uniformed 

phenotype irrespective of the differentiation status of the original tumours (Hase et al., 
1993). In breast cancer, co-expression of both epithelial and mesenchymal markers 

occurs in those single detached cells in multiple breast cancer cell lines (Grosse-Wilde 

et al., 2015; Hong et al., 2015). Tran et al. (2014) found that the same EMT inducing 

transcription factors can increase tumour-initiating (stem-cell-like) potential in the 

“partial EMT” cells that was identified in breast cancer metastasis by Sarrio et al. 

(2008). Pastushenko et al. (2018) was able to identify multiple subpopulations of cells 

within a tumour associated with different stages of EMT. These cells showed 

differences in plasticity, invasiveness and metastatic potential that regulate the EMT 

transcription states (Pastushenko et al., 2018). 

Previous studies showed that EMT is not an absolute state, but rather a spectrum 

of changes regulated by intracellular and extracellular components. The identification 

of EMT in clinical breast cancer samples is elusive and we hypothesis that the 

mesenchymal status of breast cancer cells could be transient and perhaps not 

synchronised across the whole tumour cell population in vitro which contribute to 

challenges in identifying EMT in clinical samples. Also, our study hypothesised that 

breast cancer luminal and basal subtypes present various states in the spectrum of EMT 

with molecular subtypes that present the end of the epithelial and mesenchymal 

spectrum. Comparison of the changes in expression and activation of EMT proteins 

would provide additional understanding of breast cancer metastasis through EMT 

regulation and status variation according to molecular subclass of breast cancer. 

1.6.2 Lack of in vitro cell line model for the investigation of EMT in breast 

cancer 

One of the challenges in studying EMT in breast cancer is the lack of a well-

defined in vitro model to investigate this process. Researchers in the field have taken a 

variety of approaches for studying EMT. These include using mouse xenograft models 

(Han et al., 2015), 3D cultures in Matrigel® or mammospheres (Manuel Iglesias et al., 
2013; Liu et al., 2014; Qu et al., 2015). There are drawbacks to using these models 

including the expense of growing the mouse models. The 3D models using 

mammospheres or Matrigel® are known to enrich the cancer stem cell population in the 

cell lines (Manuel Iglesias et al., 2013; Liu et al., 2014; Qu et al., 2015) therefore, 

adding variables and further complexity. These models can be successfully utilised for 
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understanding how cancer stem cells could initiate the mesenchymal transition leading 

to cancer invasion. Currently, most of the in vitro work using breast cancer cell lines on 

the topic of EMT focuses on the expression of the adhesion molecules, metastasis, and 

invasion markers at a single density (Chekhun et al., 2013; Manuel Iglesias et al., 
2013; Liu et al., 2014).  

Some studies used varying seeding densities approach to study changes in 

morphology and cell-cell contact in breast cancer. Using this seeding density model, 

Zhang et al. (2006) found that the expression and function of anchorage-dependent 

proteins reduced with decreasing density of breast cancer cells (Zhang et al., 2006). In 

Liu et al. (2006b) study, they also used a serial dilution of densities and their objective 

was to determine cellular spreading and the effect of cell-cell adhesion on proliferation. 

Although changes in seeding density of cells caused changes in cellular functions, this 

approach of in vitro investigation was not utilised with the focus on studying EMT 

using breast cancer cell lines.  

Changing specifications of in vitro tissue culture are known to influence 

changes in cell lines including changes in cellular contact, cellular spreading, 

morphology, proliferation, and differentiation. Watt (1988) noted that chondrocytes 

showed decreased cellular spreading and differentiation when seeded at low density. 

Also, by culturing chondrocytes at a higher density and enhanced differentiation. 

Recently, Yassin et al. (2015) found that seeding density was one of the essential 

factors for differentiation of bone and that optimisation of the seeding density was 

critical for new bone formation. Colon cancer cell line CaCo-2 differentiated in a 

density-dependent manner (Behrens et al., 2004).  

Beside differentiation effects, other studies found that the density of tissue 

culture affected the proliferation of cell lines. A study of hepatic cancer and smooth 

muscle cell lines showed that low-density culture reduced proliferation by transient 

gene silencing (Selli et al., 2016). The same cell lines showed phenotypic switching in 

association with the proliferative changes (Selli et al., 2016). It was also noted that 

prostate cancer cell lines showed reduced cellular proliferation due to lack of cell-cell 

contact when seeded at very low density (Liberio et al., 2014). The proliferative 

changes associated with changes in seeding density was also noted in many other cell 

lines derived from a range of tissue types (Haverty et al., 2016). Several studies used 

density alteration to evoke epithelial-mesenchymal transition-like (EMT-like) change in 
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cancer cells (Conacci-Sorrell et al., 2003; Nelson et al., 2008; Sarrio et al., 2008; 

Benton et al., 2009; Chen et al., 2014; Cichon et al., 2015). 

The seeding density model was adapted by Conacci-Sorrell et al. (2003) to 

study the effect of density on colon cancer cells. They found that by culturing two colon 

cancer cell lines at high density, the cells regained the phenotype of epithelial cells and 

that in sparse culture the same cells switched to fibroblastic morphology similar to cells 

seen at the tumour invasive front (Conacci-Sorrell et al., 2003). This study concluded 

that this phenotypic switch in cellular morphology was the result of high b-catenin 

expression in these colon cancer cells. At higher density, the b-catenin localises with E-

cadherin protein to form the adherens junction. As density decreased, adherens 

junctions decrease resulting in translocation of the highly expressed b-catenin protein to 

the nucleus, where it forms the b-catenin-TCF complex and initiates the EMT pathway 

(Conacci-Sorrell et al., 2003). 

Sarrio et al. (2008) used the seeding density approach to assess EMT in basal-

like breast cancer. They found that MCF10A cells (a normal-like and basal-like type B 

breast cancer cell lines) display EMT-like change in low density and reorganisation of 

cytoskeletal proteins. This study concluded that this phenotypic switch was associated 

with breast tumours that have a basal phenotype genetic context and that this subtype of 

breast cancer can undergo EMT under specific environmental conditions that were 

present with sparse density (Sarrio et al., 2008). However, they have not compared this 

with any other cell line that belongs to a different molecular subclassification. They 

compared epithelial and mesenchymal markers later in a human tissue cohort of several 

subclassification. Sarrio et al. (2008) proposed that the basal-like breast cancers have 

some of the mesenchymal criteria that made them vulnerable to change from epithelial 

to mesenchymal. This finding enforces the hypothesis that the basal molecular signature 

could make breast cancer belonging to this subtype more susceptible to EMT, which 

was not explored in detail in previous studies.  

Later Kim et al. (2011) used the seeding density approach and found that by 

simple manipulation of cell-cell adhesion they discovered a regulatory function of E-

cadherin protein that controls cellular proliferation in normal-like breast cell line 

MCF10A. They also found that by restoring E-cadherin in the MDA-MB-231 cell line 

(basal-like and triple-negative subtype) they were able to restore this cell-cell adhesion 

regulatory function (Kim et al., 2011). Cichon et al. (2015) found that upon reducing 

cellular contact of mouse breast cancer cells by decreasing seeding density, epithelial 
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differentiation-associated genes were reduced, and concluded that loss of cell contact is 

essential in the earliest stages of cancer development. 
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1.7 Aims 

1.7.1 Aims to 

The aim of the current study is to investigate the ability of breast cancer cell 

lines to undergo EMT-like change and to assess if this is affected by the molecular 

subtype of breast cancer. Also, this study aims to compare the potential role of 

Hedgehog signalling to regulate EMT-like change in the various subtypes of breast 

cancer. These investigations will include the potential crosstalk between Hh and Wnt 

signalling to drive the metastatic process and evaluate the therapeutic potential of Hh 

inhibitors in treating patients with advanced disease.  

1.7.2 Objectives 

• To develop an in vitro cell density-based model of EMT using breast cancer cell 

lines, allowing comparison of the different subtypes of breast cancer. Also, to 

compare changes in the expression (level and localisation) of three EMT 

markers (E-cadherin, b-catenin, and vimentin) in response to changes induced in 

response to varied levels of cell-cell contact using the seeding density model. 

• To assess the expression of several markers of EMT (E-cadherin, and b-catenin) 

and the hedgehog pathway (Gli1, Gli2 and Gli3) in a cohort of breast cancer 

samples and to correlate the expression of these markers with breast cancer 

subtypes and clinicopathological features. The expression of the Gli effector 

proteins will also be measures in a panel of cell lines representing the various 

molecular subtypes of breast cancers. Also, to assess the effect of inhibiting the 

Hh signalling pathway in breast cancer cell lines on several cellular parameters 

(viability, cell yield, cell death, motility and invasion). Also, to assess the effect 

of Hh signalling inhibition on the outputs of the Wnt/b-catenin and EMT 

process. 
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2. Materials and Methods 
All materials were obtained from SIGMA-ALDRICH (Dorset, UK) unless 

otherwise stated. 

2.1 Tissue culture 

2.1.1 Experimental cell lines 

A number of established breast cell lines were used to define the seeding density 

model characteristics (2.1.5) and in the rest of the experiments. Also, a number of other 

immortalised cell lines were used as positive controls in several experiments (Table 2-9 

and Table 2-11). Cell lines were obtained from the Health Protection Agency (ECACC, 

Salisbury, UK) unless otherwise stated. 

2.1.1.1 Breast cancer cell lines 

A number of human breast cancer cell lines were cultured in vitro in this study 

including one normal-like breast cancer cell line (Table 2-1). 

 
Table 2-1: The breast cancer cell lines selected for investigation. 
The breast cancer cell lines used in this study and a summary of breast cancer subtype they were 
originally from. The source of cell lines is also summarised with hormone receptors status. Intra-Ductal 
Carcinoma (IDC), Adenocarcinoma (AC), Fibrocystic disease (FD), Plural Effusion (PE), Primary breast 
(P.Br), Oestrogen Receptor (ER), Progesterone (PR), Human EGF Receptor 2 (HER2), and Receptor 
tyrosine-protein kinase erbB-2 gene (ERBB2). 
 

Cell line 
Breast 
cancer 
subtype 

Origin Source ER PR 
HER2 

Reference Amplification of 
ERBB2 

Overexpression 
of HER2 

MCF7 Luminal A IDC PE + + - - (Soule et al., 1973) 

MDA-MB-361 Luminal B AC P. Br + + + + (Cailleau et al., 1974) 

MDA-MB-453 Unclassified AC PE - - + - (Cailleau et al., 1978) 

BT20 Basal A IDC P. Br - - - - (Lasfargues and Ozzello, 
1958) 

MDA-MB-231 Basal B AC PE - - - - (Cailleau et al., 1978) 

MCF10A Basal B FD P. Br - - - - (Soule et al., 1990) 

 

2.1.1.2 Non-breast cancer cell lines 

A number of established human cancer cell lines were cultured in vitro in this 

study to be used during initial screens and antibody validation experiments as 

established positive controls (Table 2-9 and Table 2-11). These were used for many of 
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the EMT process experiments and analysis of Hedgehog (Hh) pathway components 

(Table 2-2). 

 

Table 2-2: Control cell lines used for verification. 
A number of established non-breast cancer cell lines were used during initial screens and antibody 
validation experiments as established positive controls for many of the EMT process and Hedgehog 
pathway components. 
 

Cell line Origin Reference 

HT29 Human colorectal adenocarcinoma (Fogh et al., 1977) 

SW480 Human colorectal adenocarcinoma (Leibovitz et al., 1976) 

Hela Human cervical cancer (Scherer et al., 1953) 

SKOV3 Human ovarian cancer (Fogh et al., 1977) 

HepG2 Human hepatocellular carcinoma (Aden et al., 1979) 

K562 Human chronic myelogenous leukaemia (CML) (Lozzio and Lozzio, 1975) 

Jurkat Human acute T cell leukaemia (Schneider et al., 1977) 

DU145 Human prostate cancer (Mickey et al., 1977) 

PC3 Human prostate cancer (Kaighn et al., 1979) 

U251 Human glioma cell line (Westermark et al., 1973) 

 

The immortalised glioma cell line U251, MCF10A, DU145 and MDA-MB-231 

were obtained from The American Type Tissue Culture Collection (ATCC, USA). 

2.1.2 Standard tissue culture procedure 
For consistency and unless otherwise stated, all cell lines were cultured in 

Dulbecco's Modified Eagle Medium (DMEM) supplemented with 10% heat inactivated 

foetal bovine serum (FBS) (Life Technologies, UK) and 2mM L-glutamine (complete 

medium). 

MCF10A cells (Table 2-1) were cultured in 1:1 mixture of DMEM/Ham’s F12 

medium with 15mM HEPES supplemented with 5% heat inactivated horse serum, 2mM 

L-glutamine, and 0.5mg/ml hydrocortisone, 10μg/ml Insulin-Transferrin (Life 

Technologies, UK), 100ng/ml Cholera toxin and 20ng/ml EGF. After 24hours, the 

MCF10A full medium was replaced with a medium that does not contain EGF and 

incubated for additional 24hours before further analysis to reduce the effect of EGF on 

EMT. 
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Suspension cell line (K562 and Jurkat) (Table 2-2) was maintained by collection 

and centrifugation at 350xg for 10minutes. Cells were then resuspended in fresh culture 

medium. 

All other cell lines were cultured as adherent monolayers (Table 2-1 and Table 

2-2) in 75cm2 (T75) or 25cm2 (T25) tissue culture flasks (Corning Costar, UK) and 

maintained at 37ºC and 5% CO2 in a humidified atmosphere. The growth media was 

changed twice weekly and cells were passaged at 80–90% confluency. 

2.1.3 Sub-culturing of cells 
For passaging, cells were washed with phosphate buffered saline (PBS) before 

incubation at 37ºC in PBS containing 1000unit/ml trypsin and 0.5mM 

ethylenediaminetetraacetic acid (EDTA). Trypsinised cells were removed in normal 

growth medium, collected by centrifugation at 1000xg for 3minutes, resuspended in 

fresh growth medium and re-seeded accordingly. 

2.1.4 Seeding for experimental procedures 
For experiments, sub-confluent cells were trypsinised (2.1.3) and resuspended in 

a known volume of normal growth medium (2.1.2). Cell number was determined using 

of a Neubauer counting chamber (BDH, UK) and cells were centrifuged at 1000xg for 

3minutes, then resuspended in an appropriate volume of fresh growth medium. For 

routine tissue culture maintenance, cells were seeded at density equivalent to 4x104 

cells/cm2, unless otherwise stated, into tissue culture flasks (T25 or T75) (Corning 

Costar, UK). Control cell lines (Table 2-2), cells were seeded at a density equivalent to 

4x104 cells/cm2 (1x106 cells per T25 flask). 

2.1.5 Seeding density experiment 

Breast cancer cell lines were cultured as previously described. The seeding 

density method used by Conacci-Sorrell (2003) (based on colon cancer cell lines) and 

was adapted to be used for studying EMT in breast cancer cell lines. The initial 

procedure used is summarised in (Table 2-3). 
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Figure 2-1, Initial step in seeding density experiment. 
The figure illustrates the method used for determining the seeding densities used in the seeding density 
model. After the maximum seeding densities were determined, the cells were cultured at serial of dilution 
of cells in six well plate. The shape and morphology of the cells were then observed under the phase 
contrast microscope for selecting the seeding densities used in the model. 
 

2.1.5.1 Determining Seeding Densities used in the model 
Breast cancer cell lines were seeded in T75 flasks and maintained as described 

earlier (2.1.2). Subsequently, cells were detached from the flask using trypsin and cell 

number was determined using a haemocytometer and divided by 75 to estimate the 

number of cells that grow in 1 cm2 (Figure 2-1). This number was used to determine the 

total cells number that form a confluent layer in well of 6-well plate. The density of the 

confluent culture was seeded into the first well of a 24 well plate and then diluted in the 

following wells and cultured for 24hours in humidified condition at 37°C in 5% carbon 

dioxide. Afterward, cell morphology was observed under the light microscope at three 

densities (high, medium, and low) for further study. 
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Table 2-3: The number of cells required to produce 95% confluent tissue culture 
in 24 hours. 
Table list a summary of the numbers of cells seeded per cm2 to form 95 % confluent culture after 24 
hours 
 

Cell line Cells per cm2 

MCF7 2x104 

MDA-MB-361 4.8x104 

MDA-MB-453 2.8x104 

BT20 1x104 

MDA-MB-231 1.2x104 

MCF10A 1x104 

 

2.1.6 Cryopreservation of cells 

To ensure consistency between experiments, cell use was confined within a 

narrow range of passage numbers (less than 8) and replenished from stocks maintained 

in liquid nitrogen. For freezing, confluent cells were trypsinised, resuspended in growth 

medium and centrifuged at 1000xg for 3minutes. Cells were then resuspended in 

growth medium containing 10% (v/v) DMSO cryoprotectant and 20% FBS in complete 

culture medium (2.1.2). The cell suspension was dispensed as 1ml aliquots into 

cryovials. Cells were frozen slowly in a cryopreserving chamber (Mr. Frosty) 

containing fresh isopropanol and placed at -80ºC for 24hours before being transferred to 

liquid nitrogen. Cells were recovered by thawing at 37ºC and the DMSO/medium was 

removed by centrifugation and washing in complete medium. Cells were resuspended 

and seeded in normal growth medium and were allowed to recover for at least one 

passage before experimental use. 

2.1.7 Cell counts and viability 

Cell numbers were assessed manually using a haemocytometer, and automated 

using Luna-FL™ Automated Fluorescence Cell Counters (Labtech International Ltd, 

East Sussex, UK). Automated cell counts were compared to manual counts by 

measuring the number of cells from different cultures to minimise counting errors and 

ensure accurate live/dead cell counting. 

The viability of the cells was determined using trypan blue (TB), which is a cell 

membrane impermeable dye, with x2 dilution factor (10μl sample and 10μl stain). It is 

an exclusion assay based on the principle that live cells possess intact cell membranes 
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that exclude certain dyes (such as TB) whereas dead cells do not (Strober, 2001). In 

addition, acridine orange/propidium iodide (AO/PI) (Labtech, Sussex, UK) was used to 

measure cell viability with 1:10 dilution factor as recommended by the manufacturer 

(2μl sample and 18μl stains). AO/PI are nucleic acid binding dyes, where AO is cell 

permeable and stains nucleated cells generating a green fluorescence, while PI 

(~668Daltons) only enters cells with compromised membranes and therefore dying, 

dead, and necrotic nucleated cells stain with PI and generate a red fluorescence. When 

cells are stained with both AO and PI, live nucleated cells only fluoresce green and 

dead nucleated cells only fluoresce red. The AO/PI viability assay is a functionally 

linear rapid assay that is superior to conventional viability measurement by TB 

exclusion (Mascotti et al., 2000). 

2.1.8 Tissue culture treatment 

Treatments were prepared in reduced serum medium, 1:1 mixture of 

DMEM/Ham’s F12 medium with 15mM HEPES supplemented with 2% FBS, 2mM L-

Glutamine, 0.5mg/ml hydrocortisone, and 10µg/ml insulin/transferrin. Two inhibitors 

were selected (cyclopamine and LDE225) were used at three concentrations (1µM, 

5µM, and 10µM). The selected concentrations did not exceed 10µM to avoid non-

specific cytotoxicity and off-target effects. Also, vehicle controls were prepared by the 

addition of 0.1% (v/v) of 95% ethanol. The cells were incubated for 48hours in 37°C in 

humid atmosphere that contain 5% CO2 tissue culture incubator. 

Two cell lines were selected for assessing the effect of inhibiting Hh signalling 

in breast cancer (MCF7 and MDA-MB-231). MCF7 is a luminal cell line was shown to 

have low metastatic ability and MDA-MB-231 a triple-negative and basal-like cell line 

that have high metastatic ability (Rizwan et al., 2015). 

2.1.8.1 Cyclopamine 
Cyclopamine is a steroidal alkaloid isolated from the plant Veratrum 

californicum in the late 1960s and was identified for its teratogenic properties (Cooper 

et al., 1998). It was later discovered that it has strong potential to bind to the 

transmembrane domain of Smo and act as a potent inhibitor of the Hh signalling 

pathway (Binns et al., 1959; Keeler and Binns, 1964; Cooper et al., 1998; Ma et al., 

2013; Lee et al., 2014; Rimkus et al., 2016). 

Cyclopamine (obtained from Selleckchem, UK) was prepared as a 10mM stock 

solution in 95% Ethanol (v/v) and stored at -80º C. Cells were treated for 48 hours with 
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different concentrations of cyclopamine (1µM, 5µM and 10µM) or an equivalent 

volume of 95% ethanol (vehicle control) in serum reduced medium. 

2.1.8.2 Sonidegib (Erismodegib, NVP-LDE225) 

LDE225 is a Smo antagonist that belongs to the biphenyl carboxamides family 

and was first marketed by Novartis as Odomzo approved by the FDA in 2015 for 

treating basal-cell carcinoma. This drug interacts with the binding site of Smo and 

prevents the downstream activation of the hedgehog signalling pathway (Pan et al., 

2010; Skvara et al., 2011; Fu et al., 2013; D'Amato et al., 2014; Kish and Corry, 2016; 

Jain et al., 2017). 

LDE225 (obtained from Selleckchem, UK) was prepared as a 10mM stock 

solution in 95% Ethanol (v/v) and stored at -80ºC. cells were treated for 48hours with 

different concentrations of LDE225 (1µM, 5µM and 10µM) or an equivalent volume of 

95% ethanol (vehicle control) in reduced serum medium. 

2.1.9 Plasmid preparation 

A range of expression and reporter plasmids were used as described previously 

(Qualtrough et al., 2015) and contain the coding sequences or promoter regions of a 

number of different components (Table 2-4). 

2.1.9.1 Reporters used 

pTOPFLASH (experimental reporter used to detect the activity of b-CRT) and 

pFOPFLASH (containing mutated TCF binding sites as a negative control) were 

obtained from Upstate Biotechnology (NY) (Figure 2-2-A and B). pCMV-Renilla 

control plasmid that is intended for use as an internal control reporter and may be used 

in combination with any experimental reporter vector to co-transfect mammalian cells 

was obtained from Promega (Madison, WI, USA) (Figure 2-2-C). 

 
Table 2-4: Promotor reporter constructs. 
 

Construct Function Reference 

pCMV-Renilla Renilla control Promega 

pTOPFLASH LEF/TCF responsive reporter (Korinek et al., 1997) 

pFOPFLASH TOPFLASH control reporter (Korinek et al., 1997) 
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Figure 2-2, The maps for the reporter plasmid constructs. 
The maps for reporter plasmid constructs used. All plasmids consist of promoter, Luciferase and 
amplification sites. (A) pTOPFLASH reporter consisting of several TCF binding sites. (B) pFOPFLASH 
reporter consisting of mutated TCF binding site. (C) pCMV-Renilla contains the Cytomegalovirus (CMV) 
enhancer and immediate/early promoter elements to provide high-level expression of Renilla luciferase in 
co-transfected mammalian cells. This figure was drawn by the author. 
 

The activity of the pCMV-Renilla reporter provides an internal control that 

serves as the baseline response in transfected cells. Normalising the activity of the 

experimental reporter to the activity of the internal control minimises experimental 

variability caused by differences in cell viability or transfection efficiency. Other 

sources of variability, such as differences in pipetting volumes, cell lysis efficiency and 

assay efficiency, can be effectively eliminated. 

2.1.9.2 Plasmid preparation 

E.coli recipient strain DH5a was kindly provided by Dr. Tim Craig (UWE) and 

was used to make competent bacteria for transformation and plasmid production. DH5a 

were grown to log phase in 500ml of Maitland Lysogeny broth (LB) broth and used to 

produce glycerol stocks of Chemocompetent bacteria. These were maintained at -70°C 

until required for transformation. Chemocompetent E.coli were transformed by resting 

on ice for 30minutes in the presence of 5µl of plasmid DNA, then heat shocking for 

90seconds at 42°C and returning to ice for a further 15minutes. E.coli were plated out 

on nutrient agar plates (Maitland, UK) containing 20µg/ml-1 Ampicillin and incubated 

at 37°C overnight. A single colony was used to inoculate 10ml of LB broth containing 

50µg/ml-1 of Ampicillin and incubated with shaking at 37°C overnight. 5ml of the 

resultant inoculum was then spun down at 6000xg for 15minutes and plasmid purified 

using Qiagen miniprep kit (Qiagen, Germany). 

1ml of inoculum was used to inoculate 500ml of LB broth, which was incubated 

overnight at 37°C with shaking. The plasmids were extracted using Qiagen maxiprep 

kit (Qiagen, Germany) and resuspended in Tris-EDTA (TE) buffer (10mM Tris Base, 
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1mM EDTA solution, 1% Tween 20 (v/v), pH9.0). The final concentration and purity 

were determined by dsDNA analysis were determined in triplicate samples using the 

Nanodrop 1000 spectrophotometer (Thermo Scientific), where 2μl of dsDNA extract 

was measured. Purified plasmids in TE buffer were stored at 4°C. 

2.1.10 Transfection procedure 

2.1.10.1 Cell seeding 

For analysis of promotor activity, the various promotor reporter constructs 

(Table2-3) were transiently transfected into cells. In general, this was performed on 

cells grown in 24 well plates (Corning Costar, UK) at 8x104 cells/well (equivalent to 

1x106 cells in a T25 tissue culture flask). Cells were grown under standard growth 

conditions for 48hours in reduced serum medium or treatment medium (5.2.1). 

Experimental design is shown in Table 2-4 using two breast cancer cell lines (MCF7 

and MDA-MB-231). Transfection of the SW480 colorectal cancer cell line was carried 

out as a positive control for the transfection procedure (Qualtrough et al., 2015). 

 

Table 2-5: Transfection procedure for determining the effect of Hh inhibition by 
cyclopamine and LDE225 on CRT. 
This table is a layout for the experimental design followed to determine effect of Hh inhibition on the 
CRT. This experiment was conducted in triplicate with (n=3) for each cell line. 
 

Vehicle control (0.1% 
(v/v) of 95% ethanol 

Vehicle control 
pTOPFLASH 
pCMV-Renilla 

Vehicle control 
pFOPFLASH 
pCMV-Renilla 

1µM cyclopamine 
1µM cyclopamine 

pTOPFLASH 
pCMV-Renilla 

1µM cyclopamine 
pFOPFLASH 
pCMV-Renilla 

1µM LDE225 
1µM LDE225 
pTOPFLASH 
pCMV-Renilla 

1µM LDE225 
pFOPFLASH 
pCMV-Renilla 

 

2.1.10.2 Lipofectamine reagent protocol 

For reporter and expression construct co-transfection experiments (per triplicate 

wells), 0.72µg of each reporter constructs was mixed with 0.08µg Renilla construct in 

150µl of Optimem mix (Life Technologies, UK) (0.8µg DNA in total). 6µl of 

Lipofectamine 2000 reagent (Life Technologies, UK) was mixed in a separate 150µl of 

Optimem and incubated at room temperature for 5minutes. The two reaction mixtures 

were combined with 1200µl of Optimem and incubated for a further 20minutes. Cells 
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were washed with PBS, which was thoroughly removed to avoid dilution effects, and 

500µl of the reaction mixture was added to each well. After 6hours, the transfection 

mix was replaced with serum reduced-medium or treatment medium (according to the 

experiment) and the cells were maintained under standard conditions until harvested 

after 48 hours. 

2.1.10.3   Passive cell lysis and luminescent analysis 

After transfection, cells were lysed in 100µl/well of 1x Passive Lysis Buffer 

(PLB) (Promega, USA). After 15minutes, lysates were transferred to an Eppendorf tube 

for analysis and stored at -70°C. Cell lysates were assayed using Promega Dual 

Luciferase Reporter Assay System (Promega, USA) in 96 wells white plates (Corning 

Costar, UK) on a FluoStar luminometer. Samples were corrected for background 

emission against the average of five readings from an untransfected control. Firefly 

luciferase activity was determined from three separate experiments performed in 

triplicate. 

2.2 Western Blotting analysis 

2.2.1 Sample preparation from trypsinised cells 

In experiments where cells were harvested by trypsinisation and counted, 

aliquots were retained for analysis by Western blotting. Counted cells were transferred 

into 1.5ml Eppendorf tubes. Cells pellets were obtained by centrifugation at 1000xg for 

3minutes at 4°C and the PBS was aspirated. Cell pellets were lysed in 100µl of 

Radioimmunoprecipitation (RIPA) lysis buffer with protease inhibitor cocktail 

(prepared according to manufacturer’s instruction; Roche) for 30minutes on ice, by 

vortexing with 5minutes intervals for 30seconds. The lysate was then centrifuged for 

30minutes at maximum speed (17949.49xg) at 4°C. The supernatants were transferred 

to fresh 1.5ml Eppendorf tubes and the protein concentrations of supernatants 

determined with a Pierce Bicinchoninic acid assay (BCA) protein assay kit (Thermo 

Scientific) as instructed by the manufacturer. 

2.2.2 Whole cell protein extraction 

To avoid significant cleavage of cellular protein, cell samples were prepared by 

lysing the cells in situ using RIPA lysis buffer with protease inhibitor cocktail (prepared 

according to manufacturer’s instruction; Roche). The medium was aspirated, and cells 

were washed twice in ice cold PBS prior to an appropriate amount of lysis buffer being 
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added. Cells were incubated on ice for 15minutes before scraping and then transferred 

to a 1.5ml Eppendorf tube. Lysates were centrifuged for 30minutes at maximum speed 

(17949.49xg) at 4°C. The supernatants were transferred to fresh 1.5ml Eppendorf tubes 

and the protein concentrations of supernatants were determined with a Pierce BCA 

protein assay kit (Thermo Scientific) as explained by the manufacturer. 

2.2.3 Quantification of extracted protein 
Briefly, 25μl of each sample was incubated for 30minutes at 37°C with 200μl of 

working solution in a 96-well plate (Corning Costar, UK), in triplicate. Subsequently, 

the absorbance was measured by a FluoStar spectrophotometer at 562nm. Protein 

concentrations were calculated by using a standard curve of known albumin standards 

ranging from 0 to 1500μg/ml. Protein samples were stored at -70°C until analysed. 

2.2.4 SDS-PAGE technique 

2.2.4.1   Acrylamide gel preparation 

The components for the solutions used in the Sodium Dodecyl Sulphate 

Polyacrylamide Gel Electrophoresis (SDS-PAGE) technique are listed in (Table 2-6). 

Proteins from cell lysates were separated by protein size using SDS-PAGE. The mini-

Protean 3 electrophoresis system (Bio-Rad, USA) was used to cast 8-12% acrylamide 

resolving gels (1.5mm thick). In this study, different concentrations of acrylamide gels 

were prepared depending on the size of the protein investigated, 10% for E-cadherin 

and β-catenin, and 12% for smaller sized proteins ( 

Table 2-7). Gels were allowed to set for at least 30minutes before loading and 

running. Then a stacking gel was made on top of the resolving gel at 5% concentration 

(Table2-7). 
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Table 2-6: Western blotting buffers used in this study. 
Buffers used in western blotting and their components and concentrations. 
 

Solution components 

10% SDS 10xElectrode buffer 
10g Sodium Dodecyl Sulphate 
(SDS) 30.3g Tris base 

100ml H2O 144g Glycine 

1.5M Tris-HCl/ SDS pH8.8 1L H2O 

45.41g Tris Running buffer 

0.4% SDS (10ml of the 10% stock) 0.1% SDS (10ml of 10% stock) 

200ml H2O 1xTris Glycine (100ml of 
10xelectrode buffer) 

pH to 8.8 with 1M HCl Make up to 1L with H2O 

Make to 250ml with H2O Transfer Buffer 

1M Tris-HCl/SDS pH6.8 100ml Methanol 

6.06g Tris 1XTris Glycine (50ml of 
10xelectrode buffer) 

0.4% SDS (4ml of 10% stock) Make up to 500ml with H2O 

90ml H2O 0.1% Ponceau S Red 

pH to 6.8 with 1M HCl 0.1mg  

Make to 100ml 1L 1% Acetic acid 
 
Table 2-7: A list of the concentration of resolving SDS/PAGE gels used in this 
study. 
Component volumes (mL) per gel mould volume of 10ml. 
 

Solution components 
Components volumes (ml) per gel 

volume of 15ml 

Gel concentration 8% 10% 12% 
H2O 6.9 5.9 4.9 
30% Acrylamide mix 4 5 6 
1.5M Tris (pH8.8) 3.8 3.8 3.8 
10% SDS (SLS, UK) 0.15 0.15 0.15 
10% ammonium 

persulfate 
0.15 0.15 0.15 
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TEMED 0.018 0.016 0.012 
Table 2-8: List of the solutions used in the preparation of 5% stacking SDS/PAGE. 
Components of solution used to prepare 5% stacking gel. Components volumes (ml) per gel mould 
volume of 4mL. 
 

Solution components 

Components volumes 

(ml) per gel mould 

volume of 4ml 

H2O 2.7 

30% Acrylamide mix 0.67 

1.5M Tris (pH6.8) 0.5 

10% SDS (SLS, UK) 0.04 

10% ammonium persulfate 0.04 

TEMED 0.008 

 

100µg of protein (unless otherwise stated) was loaded into each lane. 10µl of 

Amersham ECL Plex Fluorescent Rainbow Marker (GE Healthcare Life Sciences, 

USA) was loaded into a spare well and sample was electrophoresed until stain front 

remained visible. 

2.2.4.2 Sample preparation 

Equal amounts of protein were loaded from each lysate that were diluted in 1x 

NuPAGE LDS sample buffer (Novex, Life Technologies, USA) or Laemmli sample 

buffer (Bio-Rad, USA) containing 5% Beta-Mercaptoethanol. Samples were then heated 

in a preheated heat block at 100°C for 5minutes. The samples are cooled briefly in ice 

prior to loading into the gel. 

2.2.4.3 Gel electrophoresis conditions 

Gels were run at constant voltage (125v) for 90minutes in room temperature in 

1x running buffer (Table 2-6). 

2.2.4.4 Protein transfer 

The proteins were then transferred onto polyvinylidene difluoride (PVDF) 

membrane (GE Healthcare Life Sciences, USA) using the Mini Trans-Blot 

Electrophoretic Transfer Cell (Bio-Rad, USA). PVDF membrane is activated by 

incubation in 100% methanol for 15minutes. Then proteins were transferred from gel to 



The Potential Role of the Hedgehog Signalling Pathway in the Regulation of Epithelial-Mesenchymal Transition in Breast Cancer	

May	30,	2018	
 

  
57 

 
  

PVDF in methanol containing transfer buffer (Table 2-6) at constant voltage (25V) for 

90minutes. To confirm successful protein transfer, both the gel and the membrane were 

stained by a reversible stain with 0.1% Ponceau S (w/v) in 1% acetic acid (v/v), 

subsequently removed by washing with distilled water, without affecting the proteins in 

the blots. 

2.2.5 Probing for proteins of interest 

2.2.5.1 Blocking, washing and antibody preparation 

Membranes were blocked in 5% low fat milk prepared in PBS containing 0.1% 

Tween 20 (PBS/T) overnight at -4°C with continuous agitation. Membranes were 

washed in PBS/T three times for 3minutes between incubations. Antibody dilutions 

(Table 2-9) were prepared in blocking buffer. Loading accuracy was subsequently 

assessed by analysis using a primary antibody raised against α-Tubulin. 

 
Table 2-9: List of primary antibodies used for probing the membranes. 
The primary antibodies used in this study and their origin. Also, dilations and incubation period used in 
this study. 
 

Antibody Clone Isotype Company Concentration Band 
size Control 

E-cadherin 34/E-
cadherin 

Mouse 
monoclonal 

IgG2b 

Becton, 
Dickinson (BD) 

Transduction 
laboratoriesTM 

1:100 120kDa HT29, and 
MCF7 

b-catenin 14/Beta-
catenin 

Mouse 
monoclonal IgG1 

BD Transduction 
laboratoriesTM 1:150 92kDa SW480, and 

HT29 

Vimentin RV202 Mouse 
monoclonal IgG1 

BD Transduction 
laboratoriesTM 1:50 57kDa 

MDA-MB-
231, and 

Hela 

Gli1 H-300 Rabbit poly clonal 
IgG 

Santa Cruz 
Biotechnology 1:100 114-

173kDa 
K562, and 

PC3 

Gli2 C-10 Mouse 
monoclonal IgG1 

Santa Cruz 
Biotechnology 1:100 86-

168kDa 
K562, and 

PC3 

Gli3 B-4 

Mouse 
monoclonal 

IgG2b kappa light 
chain 

Santa Cruz 
Biotechnology 1:100 190kDa K562, and 

Jurkat 

Smoothened E-5 
Mouse 

monoclonal IgG2a 
kappa light chain 

Santa Cruz 
Biotechnology 1:100 85kDa K562, and 

Hela 

Patched 3B3 
Mouse 

monoclonal IgG2a 
kappa light chain 

Santa Cruz 
Biotechnology 1:100 140kDa PC3 

Sonic Hedgehog 
(Shh) E-1 

Mouse 
monoclonal IgG1 
kappa light chain 

Santa Cruz 
Biotechnology 1:100 19-45kDa Hela 

Indian Hedgehog 
(Ihh) H-12 

Mouse 
monoclonal IgG1 
kappa light chain 

Santa Cruz 
Biotechnology 1:100 45kDa Hela, and 

HepG2 

a-Tubulin DM1A Mouse 
monoclonal IgG1 

SIGMA-
ALDRICH 1:1000 50kDa - 
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Table 2-10: List of secondary antibodies used for visualisation of blot and their 
origin. 
Table include a summary of dilation and incubation periods of antibodies. 
 

Antibody Host Reactivity Company Concentration 

IRDye® 800CW anti-Mouse IgG (H+L) Donkey Mouse Li-Cor® 1:15000 

IRDye® 680RD anti-Rabbit IgG (H+L) Donkey Rabbit Li-Cor® 1:15000 

 

2.2.5.2 Visualisation and imaging of proteins bands 
Protein bands were detected using the Enhanced Chemiluminescence (ECL) 

method by adding 2mL of the chemiluminescent substrate to the membrane (Millipore 

Forte) for 2minutes in continuous rotation, followed by developing the ECL film 

(Amersham, GE Healthcare, USA) in the dark room after 30second, 1minute and 

3minutes exposure. The Li-Cor Odyssey® FC system was used for detection of 

secondary antibodies labelled by the near-infrared fluorescence. Images were captured 

at appropriate exposure time using the appropriate detector filter using the Image 

StudioTM software. 

2.2.5.3 Densitometric analysis 
In order to quantify differences in protein expression observed by Western 

blotting analysis, the films were scanned (600dpi) using Photoshop software (Adobe) 

and densitometric analysis was performed using ImageJ software (NIH, USA). All 

densitometric analysis was normalised to a common band on each film and for protein 

screening experiments, averages are representative of data from three separate 

experiments. 

2.3 Immunocytochemistry  

2.3.1 Seeding cells on coverslips 

Cells were cultured on 19-22mm diameter rounded glass coverslips (VWR, 

International) pre-coated with Poly-L-Lysine (PLL) according to manufacturer’s 

instructions. In brief, coverslips were sterilised in 100 % ethanol for 30minutes then 

coated with 0.01% PLL (v/v) for 5minutes, drained and air dried. Coverslips were 

stored in sterile plates until needed. 
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2.3.2 Sample preparation 
Cells were seeded onto sterile coated 19-22mm glass coverslips (VWR, 

international) at the appropriate density/well in 12 well plates (Corning Costar, UK). 

For treatment IC, cells were seeded at medium density (Table 3-1). Cells were grown 

under standard growth conditions for 24hours prior to changing to treatment medium. 

2.3.3 Cell fixation and permeabilisation 
Cells on coverslips were washed once with sterile PBS before being fixed and 

permeabilised by 4% (w/v) paraformaldehyde (PFA) containing 0.1% (v/v) Triton X-

100 (BDH, UK) for 15minutes at room temperature inside the tissue culture hood. 

Subsequently, they were washed three time with sterile PBS and stored in PBS at -2°C 

until further analysis. 

2.3.4 Immunocytochemistry procedure 
Cells were washed once with PBS and then blocked for 60minutes in PBS 

containing 2% (w/v) Bovine Serum Albumin (BSA), 5% FBS (v/v) (Life Technologies, 

UK), and 0.1% Gelatine from cold fish skin. Coverslips were then incubated for 1hour 

in primary antibody prepared in the blocking buffer at the appropriate concentration at 

room temperature (Table 2-11). After this, coverslips were washed three times for 

5minutes each in PBS, cells were then incubated in the dark with the appropriate 

secondary antibody at the recommended concentration, at room temperature (Table 2-

11). Following antibody adhesion, cells were washed a further three times and then 

incubated for 5minutes in (1:10,000) 4’,6-Diamidino-2-phenylindole (DAPI) nuclear 

counterstain. Cells were then washed with PBS a further three times for 5minutes and 

then the coverslips were mounted in aqueous mounting medium containing DAPI 

(Vector Labs, UK). Cells were visualised using the fluorescence microscope (Leica, 

Germany) or using the inverted Leica UltraView spinning disc confocal laser scanning 

microscopy and images acquired/compiled using Leica Confocal Software (Leica, 

Germany). 

Controls were prepared for each set of experiments, including control cell lines 

positive for the protein of interest (Table 2-11). A negative control of each cell line was 

also included by incubating the cells in blocking buffer instead of primary antibody 

step. This step was necessary to ensure proper quality control measures in all 

experiments. 
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Table 2-11: List of the primary antibodies used for IC. 
These were the primary antibodies used in this study and their origin. Also, listed are the dilutions and 
the incubation period used in this study. 
 

Antibody Clone Isotype Company Concentration Control 

E-cadherin 34/E-cadherin Mouse monoclonal 
IgG2b 

BD Transduction 
laboratoriesTM 1:100 HT29, and 

MCF7 

b-catenin 14/Beta-catenin Mouse monoclonal 
IgG1 

BD Transduction 
laboratoriesTM 1:150 SW480, and 

HT29 

Vimentin RV202 Mouse monoclonal 
IgG1 

BD Transduction 
laboratoriesTM 1:50 MDA-MB-231, 

and Hela 

Gli1 H-300 Rabbit poly clonal 
IgG 

Santa Cruz 
Biotechnology 1:50 K562 

Gli2 C-10 Mouse monoclonal 
IgG1 

Santa Cruz 
Biotechnology 1:50 K562 

Gli3 B-4 
Mouse monoclonal 
IgG2b kappa light 

chain 

Santa Cruz 
Biotechnology 1:50 K562 

 
Table 2-12: List of the secondary antibodies used for visualisation of IC. 
Table include a summary of the dilutions and the incubation period. 
 

Antibody Host Reactivity Company Concentration 

Anti-Mouse IgG (H+L) Secondary 
Antibody, Alexa Fluor® 488 Chicken Mouse Life Technologies 1:100 

Anti-Rabbit IgG (H+L) Secondary 
Antibody, Alexa Fluor® 488 Chicken Rabbit Life Technologies 1:100 

Anti-Mouse IgG (H+L) Secondary 
Antibody, Alexa Fluor® 594 Chicken Mouse Life Technologies 1:100 

Anti-Rabbit IgG (H+L) Secondary 
Antibody, Alexa Fluor® 594 Chicken Rabbit Life Technologies 1:100 

 

2.4 Flow cytometry 

Flow assisted cell cytometry was used to analyse protein expression following 

various treatments. 

2.4.1 Cell preparation and fixation 

Following appropriate treatment, cells were trypsinised and counted before 

centrifugation at 1000xg for 3minutes. Cells were treated by fixation buffer (BD 

Biosciences, UK) for 15minutes at room temperature and then washed in 5ml PBS with 

0.1% (v/v) Triton X-100 (PBS/Triton). Cells were suspended at 1x106 cells/ml in 

blocking buffer and gently mixed, and then incubated at room temperature for 1hour. 
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2.4.2 Immunofluorescent staining 
Cells were then allowed to pellet at room temperature and then the supernatant 

were carefully collected and discarded. Cells were then incubated with primary 

antibody solution (made in blocking buffer) for 1hour at room temperature (Table 

2-11). Cells were allowed to pellet, and supernatant was collected and discarded 

followed by washing three times in PBS/Triton for 5minutes each time. Cells were then 

incubated in secondary antibody solution, made in blocking buffer, for 1hour at room 

temperature (Table 2-11). This was followed by washing three times in PBS/Triton for 

5minutes each time and resuspending the cells in PBS/Triton. 

Controls were prepared for each set of experiments, including control cell lines 

that are positive for the protein of interest (Table 2-11). A negative control for each 

antibody was also included, by incubating the cells in blocking buffer instead of 

primary antibody. This step was necessary to ensure proper quality control measure in 

all experiments. 

2.4.3 Apoptosis assay 

FITC Annexin V apoptosis detection kit I (BD Biosciences, UK) was used for 

identification of the different stages of apoptosis in the cells following treatment 

(Casciola-Rosen et al., 1996). FITC Annexin V is a sensitive probe for identifying 

apoptotic cells and, when used in conjunction with a vital dye such as PI (Propidium 

Iodide), allows the identification of early apoptotic cells (PI negative, FITC Annexin V 

positive). Viable cells with intact membranes exclude PI, whereas the membranes of 

dead and damaged cells are permeable to PI. 

The cells were prepared according to manufacturer’s instructions. In brief, cells 

were washed twice with cold PBS and suspended in 1X Binding buffer at a 

concentration of 1x106 cells/ml. 100µl of that solution (1x105 cells) was transferred to 

an Eppendorf tube and stained with 5µl of FITC Annexin V and 5µl PI (provided in the 

kit), gently mixed and then incubated for 15minutes in the dark. Following this, 400µl 

of 1X Binding buffer was added to each sample and sample analysed by flow cytometry 

within 1hour. 

Apoptosis percentage in cells were determined using FITC Annexin V apoptosis 

detection kit I (BD Biosciences, UK) (2.4.3). Several appropriate controls were added to 

ensure proper analysis and for quality control measures. Unstained control for each cell 

line was included for each experiment. Two positive controls for each cell line were 

also included by incubating cells in heat block for 10 seconds at 60°C, one was stained 
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with FITC Annexin V and one stained with PI. One untreated control was added for 

each cell line used to determine the baseline of normal apoptosis in cells and to ensure 

that the cells were not subjected to damage during experimental setting. 

Samples and controls were analysed using BD AccuriTM C6 (BD Biosciences, 

UK) and data was analysed using BD AccuriTM C6 Plus software (BD Biosciences, UK). 

Gating was conducted on unstained control (Figure 2-3-A). Compensation for FITC/PI 

signal overlap is conducted using positive FITC control, positive PI control and mixed 

control (positive FITC: positive PI) (Figure 2-3-B). 
 

 
 

Figure 2-3, Example of gating strategy used for measuring breast cancer cell lines 
integrity and compensation technique used to measure positive cells in each flow 
cytometry channel. 
This figure shows gating strategy used for breast cancer cell line to exclude dead cells, debris and cellular 
doubling, using gated region shown in the first plot, using 10,000 events analysed each time. (A) Shows 
unstained breast cancer cells in forward and side scatter; also, it shows the gate of live cells. (B) Shows 
unstained cells in FL1 and FL2 detectors. This histogram was used to set threshold for positive cells after 
negative histogram. (C) The positive cells stained with propidium iodide detected in FL2. (D) The 
positive cells stained with primary Annexin V-FITC conjugated fluorescence antibody detected in FL1. 
(E) Compensation control (combination of cells stained with Annexin V-FITC conjugated fluorescence 
antibody only and cells stained with PI only) was used to set the compensation level for differentiating 
the FL1 and FL2 signal. 

 

2.4.4 Flow cytometric technique 

All flow cytometry analysis was performed using a BD AccuriTM C6 (BD 

Biosciences, UK) and data was analysed using the BD AccuriTM C6 Plus software (BD 

Biosciences, UK). A single cell population was gated based on appropriate size on the 

basis of forward scatter (FCS-A) versus side scatter (SSC-A). A total of 10,000 events 
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for each sample was measured, and all experiments were repeated a minimum of three 

times. Increased fluorescence was compared to unstained controls for all proteins 

investigated. Computational analysis was performed using the BD AccuriTM C6 Plus 

software. 

Cells were gated to exclude debris and cellular doubling, and analysis was based 

on collecting 10,000 events through the gate as shown in (Figure 3-3). Flow cytometry 

was used as well to measure the percentage of positive cells as well as the median 

fluorescence intensity (MFI), which provided an indication of the overall level of 

protein in cells. All comparisons were done by one-way analysis of variance (ANOVA) 

test prepared using SPSS and GraphPad Prism software for data analysis. Negative 

control (secondary only), positive controls (Table 2-2), and unstained cell control was 

included in the experiments. 

 

 
 
Figure 2-4, Example of the gating strategy used for measuring breast cancer cell 
lines integrity and compensation technique used to measure the positive cells in 
each flow cytometry channel. 
This figure shows the gating strategy used for breast cancer cell line to exclude cellular doubling, using 
the gated region shown in the first plot, using 10,000 events analysed each time. (A) Shows the unstained 
breast cancer cells in forward and side scatter, also, it shows the gate of the live cells. (B) Shows the 
unstained cells in FL1 detector. This histogram was used to set the threshold for the positive cells after 
the negative histogram. (C) The positive cells stained with the primary and secondary conjugate 
fluorescence antibody detected in FL1. 

 

2.5 Migration and in vitro invasion assays 

2.5.1 Transwell filter assay 

Cell migration assays were carried out using a Transwell filter migration assay 

as previously described (Efstathiou et al., 1999; Qualtrough et al., 2007). In brief, insert 

filters of 8µm pore size (Merc Millipore, UK), were coated with 500µl of 10µg/ml 

VitroCol® human collagen type I solution (Cell Systems, USA). Cell invasion assays 
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were carried out using 8 µm pore size Corning BioCoatTM Matrigel® Invasion Chambers 

with BD Matrigel® Matrix (Fisher Scientific, UK) as described previously (Qualtrough 

et al., 2007; Qualtrough et al., 2015). 24hours prior to assay, cells were lifted using 

trypsin, counted and resuspended to a final concentration of 1x105 cells/ml in calcium-

free-DMEM with 2% FBS (with or without treatment). The lower chamber was filled 

with calcium-free-DMEM with 5%FBS, to act as an attractant, and 2ml of cell solution 

(2x105 cells) was added to each filter. Following 24hours of incubation at 37°C, cells 

attached to the filter were fixed for 10minutes in 100% methanol and stained using 

Mayer’s haematoxylin (BDH, UK). Cells were removed from the upper filter surface 

with a cotton swab, while those on the lower filter surface were considered migratory 

and counted in ten separate fields at 200 times magnifications. Three independent 

experiments were carried out in triplicate, and the data are expressed as mean ±SDM. 

Statistical analysis of this data performed using the Student’s t-test. Differences were 

considered significant when the p-value was <0.05. 

2.6 Statistical analysis 

All value quoted represent mean ± Standard Deviation of the mean (S.D.) of the 

sample unless otherwise stated. While some data has been normalised to aid graphical 

display, all statistical analyses were performed on raw data. Graphical representation 

and basic data manipulation were conducted in GraphPad Prism 6 for Mac. The 

majority of statistical analysis was performed using SPSS version 17 used. 

Where samples were found to be normally distributed a paired T-test, or two-

sample T-test was utilised for statistical analysis, with each sample compared with 

relevant controls. A p-value of 0.05 or below was considered to be significant. Non-

normal distributions were analysed using the Mann-Whitney test for unpaired samples; 

in the case of comparing more than two groups, a Kruskal-Wallis test was performed. If 

significant differences were indicated, Mann-Whitney analysis was subsequently 

performed between groups with Bonferroni correction to identify where the significant 

differences can be found. 

2.7 Immunohistochemical analysis 

2.7.1 Human tissues and ethical approval 

Surgically resected human tissue (formalin-fixed paraffin-embedded) was 

selected and anonymised by a qualified histopathologist from the tissue archives at the 

Department of Histopathology, Bristol Royal Infirmary. All tissue was obtained under 
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approval from the NHS Health Research Authority (Ref: 11/SW/0127) and UWE ethics 

committee. All methods were performed in accordance with the NHS Health Research 

Authority guidelines and regulations. 

2.7.2 Tissue sectioning and rehydration 
Paraffin blocks containing embedded human breast tissue were sectioned at 

4µm using a microtome (Leica RM2235) (Leica, Germany) and mounted on superfrost 

Plus glass slides (Thermo-Fisher, UK). Sections were allowed to adhere for at least 

30minutes in an oven at 60°C followed by deparaffinisation in two changes of 

Histoclear (National Diagnostics, USA) for 5minutes. Slides used in this study were 

serial sections probed with antibodies against the markers while one section was stained 

with H&E (Haematoxylin and Eosin) to show details of tissue structure. Sections were 

then deparaffinised with Histoclear (National Diagnostics) and rehydrated using a 

series of ethanol concentrations and dH2O. Sections were rehydrated gradually in 

descending concentrations of ethanol and in dH2O. Antigen unmasking was performed 

by heating in 0.01M/L citrate buffer (pH6.0) using a 95-100°C water bath for 

30minutes then allowing the sections to cool to room temperature in the buffer. Slides 

were then moved to running tap water. 

2.7.3 Immunohistochemistry staining procedure 
Endogenous peroxidases were quenched with 3% (v/v) H2O2 for 5minutes 

(BDH, UK). Slides were incubated in blocking serum (Goat or horse serum (Vector 

Labs, UK) diluted in PBS for 30minutes at room temperature, then incubated in primary 

antibody overnight at 4°C. Antibodies used were anti-human (Table 2-13). 
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Table 2-13: List of the primary antibodies used for Immunohistochemistry (IHC). 
These were the primary antibodies used in this study and their origin. Also, listed are the dilutions and 
the incubation period used in this study. 
 

Antibody Clone Isotype Company Concentration 

E-cadherin 4A2C7 Mouse monoclonal IgG1-
kappa 

InvitrogenTM, Life 
Technologies 1:100 

b-catenin 14/Beta-
catenin Mouse monoclonal IgG1 BD Transduction 

laboratoriesTM 1:100 

Gli1 H-300 Rabbit poly clonal IgG Santa Cruz Biotechnology 1:100 

Gli2 C-10 Mouse monoclonal IgG1 Santa Cruz Biotechnology 1:200 

Gli3 B-4 Mouse monoclonal IgG2b 
kappa light chain Santa Cruz Biotechnology 1:150 

Smoothened E-5 Mouse monoclonal IgG2a 
kappa light chain Santa Cruz Biotechnology 1:100 

Progesterone PgR636 Mouse monoclonal IgG1-
kappa 

Dakocytomation, Agilent 
Technologies 1:200 

ER a 1D5 Mouse monoclonal IgG Dakocytomation, Agilent 
Technologies 1:200 

HER2  Rabbit monoclonal IgG Fisher Scientific 1:400 

Ki67/MK167 SP6 Rabbit monoclonal IgG Fisher Scientific  

 

The next day, slides were washed in PBS and then incubated with suitable 

biotinylated secondary antibodies for 1hour at room temperature (Table 2-14). The 

secondary antibody was prepared from the Universal Elite Kit (Vector Labs, UK). 

Following the secondary antibody incubation, the Avidin-biotin complex (ABC) 

reagent from the Vectastain® Elite kit was prepared in PBS according to the 

manufacturer’s instructions. The slides were washed three times in PBS and then 

incubated in the ABC reagent for 30minutes. Slides were washed three times for 

5minutes with PBS. The slides were then incubated in Diaminobenzidine 

tetrahydrochloride (DAB) to produce the chromogen (Dakocytomation, Cambridge, 

UK). Tissue was then counterstained by Meyer’s haematoxylin (BDH, UK) for 

3minutes and washed in running tap water for 5minutes. Slides were dehydrated in a 

series of increasing concentrations of alcohol and cleared in two changes in Histoclear 

for 5minutes in each, followed by mounting in DPX (Distyrene, a plasticizer, and 

xylene) (BDH, UK). Secondary only controls were included in each batch to ensure 

specificity of immunoreactivity. 
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Table 2-14: List of the secondary antibodies used for visualisation of IHC. 
Table include a summary of the dilation and the incubation period. 
 

Antibody Clone Host Reactivity Company Concentration 

Anti-Rabbit IgG BA-1100 Horse Rabbit Vectorlabs 1:50 

Anti-Mouse IgG BA-2000 Horse Mouse Vectorlabs 1:50 

 

2.7.4 Scoring and analysis 
Stained tissue was scored by semi-quantitative analysis under the light 

microscope according to immune reactive scoring (IRS) (Remmele and Stegner, 1987; 

Kaemmerer et al., 2012) (Table 2-15). 10 fields were selected in each sample and 

scored using the IRS criteria (Table 2-15). The IRS score includes evaluation of the 

reaction intensity and the relative percentage of positive tumour cells. 5 fields were 

selected from the tumour centre and five at the invasive front of the tumour (if 

available). The invasive front is defined here as an area of three-to six layers of cells at 

the border of the tumour mass or the scatter of tumour cells between the edge of the 

tumour and the surrounding stroma (Eiro et al., 2012; Gong et al., 2013). Additionally, 

nuclear staining in the ten fields was scored according to the scheme used by Volante et 

al. (2007) for Gli1, Gli2, Gli3 and b-catenin (Table 2-15).  

The scores were compared between the invasive front and the tumour centre. 

The nuclear scores for the tumour centre were also compared to the nuclear score of the 

invasive front. 

Representative images of the immune reaction were obtained using a GT slide 

scanner (GT Vision, UK) and photomicrographs of stained tissue were acquired using 

Leica microscope (Leica, Germany).  
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Table 2-15: IRS and IRS classification and scoring system. 
Table include a summary of the scoring method used. 

 

Percentage of positive cells Staining intensity 

Proportion of 

stained cells (%) 
Score 

Intensity of 

staining 
Score 

0 0 No colour reaction 0 

< 10 1 Mild reaction 1 

10 - 50 2 Moderate reaction 2 

51 - 80 3 Intense reaction 3 

> 80 4 

IRS classification 
IRS Score = Percentage x Staining 

intensity 

Points (0 - 12) Description 

0 - 1 Negative 0 = Negative 

2 - 3 Mild 1 = 
Positive, weak 

expression 

4 - 8 Moderate 2 = Positive, mild expression 

9 - 12 Strongly positive 3 = Positive, strong reaction 

 
Table 2-16: Nuclear scoring system. 
Table include a summary of the nuclear scoring method used. 
 

Nuclear staining score Score 

< 10 % of cells in tumour have nuclear staining 1 

10 % - 50 % of cells in tumour have nuclear staining 2 

≥ 51 % of cells in tumour have nuclear staining 3 

 

2.7.5 Tissue imaging 

All stained tissue was imaged using the GT Vision scanner (GT Vision, UK). 

Also, photomicrographs of stained tissue presented here were acquired using the Nikon 

camera under the Leica microscope (Leica, Germany). 
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2.7.6 Statistical analysis of IHC scores 
All statistical analysis was performed using the SPSS software version 24 (SPSS 

GmbH Software, Germany). p-value<0.05 were considered to be statistically 

significant. Kendall’s Tau B test was used for determination of correlations between the 

expression of proteins and clinicopathological characteristics. One-way ANOVAs 

analysis was used for comparison of difference in expression levels.  

The correlation analysis was conducted between the pathology report criteria 

(age, size, stage, grade, histological subtype, molecular subgroup, hormone receptor 

positivity, lymph node involvement) with (percentage positivity, intensity of immune 

reaction, IRS class and nuclear score) of (Gli1, Gli2 and Gli3) in tumour centre and at 

invasive front. All correlations were conducted, and the data presented were results that 

showed high correlations. 

2.7.7 Confirmation of subtype of breast cancer samples showed that all selected 

cases followed the classification specified in the pathology report 

First, H&E staining of all tumour samples in this cohort verified that there was 

tumour present in sections (Figure 11-4). All sections were assigned codes before 

staining and scoring to avoid bias during analysis, and all scores were assessed by at 

least three researchers with any mismatches were assessed in joint consultation and a 

score agreed upon. Antibodies were verified using both negative and positive controls. 

Breast tumour tissue sections were immunohistochemically stained using 

antibodies raised against ER, PR and HER2, to verify their classification according to 

prognostic marker expression profile. Detection of these markers was carried out in 

accordance with the methodology of Dean and Rhodes (2014). Immunoreactivity was 

assessed using standardised methods (Leake et al., 2000; Rakha et al., 2015). 

Table 2-17 summarises the numbers of sections stained with each antibody 

investigated. Table 11-1 summarises the clinicopathological parameters from the 

pathology report for the samples in this cohort. The numbers of cases in each stain was 

not the same due to variations during section preparation, antibody optimisation and 

duration of experimentation. Table 11-2 shows the numbers of cases and the 

corresponding histological subtype according to the pathology reports. Lymph node 

(Table 11-3-A) and metastasis (Table 11-3-B) status of the cases that represent the 

sections investigated by antibody staining (b-catenin, E-cadherin, Gli1, Gli2 and Gli3). 

Correlations to metastasis was not conducted because of low numbers of confirmed 

metastatic cases in the cohort used (Table 11-3-B). 
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The correlation between the expression of proteins (Gli1, Gli2, Gli3, b-catenin 

and E-cadherin) in tumour centre and at invasive front as well as correlation of nuclear 

localisation were conducted on all parameters. Data shown in the result section were the 

data that had high correlation with statistical significance the rest of the data were 

shown in Table 11-12-Table 11-20 

 

Table 2-17: Numbers of sections stained by each antibody in this study 
Total number of sections stained by each antibody by IHC. Antibodies investigated in this study were (b-
catenin, E-cadherin, Gli1, Gli2 and Gli3). 

 

Stain b-catenin E-cadherin Gli1 Gli2 Gli3 
Total 37 23 48 29 23 
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3. Chapter Three: Defining an EMT Model for Breast Cancer 

3.1 Introduction 

Breast cancer is the second most common cause of cancer death for females in the 

UK. Cancer metastasis is responsible for 90% of all cancer-related deaths. Invasion and 

metastasis are one of the hallmarks of cancer, and the dysregulation of epithelial-

mesenchymal transition is one of the key mechanisms by which metastasis is 

accomplished (Tsai and Yang, 2013; Wang and Zhou, 2013). To assess for the ability of 

breast cancer cells to undergo EMT an in vitro model most be utilised to stimulate 

EMT-like changes in breast cancer cell lines. Having such model is essential for the 

understanding of the regulation of this process and for varying if the EMT process is 

varied depending on the molecular subclassification of breast cancer.  

Sarrio et al. (2008), found that the normal-like breast cancer cell line (MCF10A) 

was more susceptible to EMT-like change when subjected to stress caused by decreased 

cell-cell contact. They suggested that this was due to the basal-like molecular signature, 

therefore, suggesting that basal-like breast cancer could be further down the EMT 

spectrum (Sarrio et al., 2008). However, since that study the susceptibility of basal-like 

breast cancer cells to EMT compared to other subtypes. The seeding density approach 

as proposed and facilitated by Conacci-Sorrell et al. (2003) study and in Sarrio et al. 

(2008) could produce an interesting tool to study EMT-like in breast cancer cell lines. 

Using this approach could be promising in giving indications of the EMT status in each 

sub-classification of breast cancer which has not been reported using this approach 

before. So, the hypothesis of this study is that all breast cancer cell lines have EMT 

capabilities depending on the subtype to which they belong. Also, it is hypothesised that 

some of the breast cancer cell lines, basal in particular, could be further down in the 

EMT pathway (Figure 3-1). 
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Figure 3-1, Hypothesis of the position of cells within the EMT spectrum depending 
on the molecular classification of breast cancer cell lines in the pathway. 
The pathway of EMT in cancer involves the loss of epithelial criteria and acquisition of mesenchymal 
markers that allow the dissociation of the cells from the tumour mass and subsequent invasion. The 
hypothesis is that the breast cancer cell lines are arranged in the EMT line with some subtypes further 
down the pathway closer to the mesenchymal phenotype. 
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3.1.1 Aim 
To develop an in vitro cell density-based model of EMT in breast cancer cell 

lines, allowing comparison of the different subtypes of breast cancer. 

3.1.2 Objectives 
- To culture breast cancer cell lines at a gradual decrease of seeding density and 

observe the morphological changes (cellular contact, spreading, and spindle 

formation). 

- To select the densities at which there were significant morphological changes. 

- To assess the expression of E-cadherin, b-catenin and vimentin at the selected 

densities, and thereby to evaluate the status of EMT in breast cancer cell lines 

with changing in density. 
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3.2 Results 

3.2.1 Changes in breast cancer cell lines morphology were observed with 

different seeding densities 

Observations were made under phase contrast microscope to assess for 

morphological changes in response to altered cellular density in order to determine the 

confluency of the culture and to select the densities for further analysis. After 24hours 

of incubation, cells were observed under phase contrast and images were captured. The 

highest density selected was based on the confluency level, cell-cell contact and the 

degree of cellular stacking up (stratification). Other densities were selected according to 

apparent morphological transformations including cellular spreading, or an increase in 

rounded and spindle shaped cells. 

Several morphological changes were observed and recorded during the seeding 

density experiments. These include changes in the degree of cell-cell contact, cellular 

spreading and spindle cell formation. Other criteria were considered unfavourable 

changes because they were associated with increased in morphological signs of 

apoptosis and were therefore avoided. These include the formation of stratification 

(stacking up of cells leading to decreased cellular viability and poor culture conditions) 

and very low densities (increased in cell death due to anoikis and very low 

proliferation) (Figure 3-2 to Figure 3-4). 

3.2.1.1 Selecting the number of cells in the high density 

The maximum density was determined by seeding the cells at different densities 

and counting the number of cells that can cover 95% of the culture vessel after 24 hours 

incubation (Error! Reference source not found.). Stratification, or stacking up of 

cells, results in poor viability as a result of hypoxia and limitation of medium/waste 

exchange. Thus, the density selected was with minimal stratification.   

The MDA-MB-361 cell line required the highest numbers of cells per cm2 

(4.8x104), even though, the selected density showed less than 95% confluency. MDA-

MB-453, MCF7 and MDA-MB-231 required (2.8x104, 2x104 and 1.3x104 cells per cm2 

respectively). The cell lines that required the least number of cells as a monolayer were 

BT20 and MCF10A (1x104 cells per cm2) (Error! Reference source not found.). In 

addition, it was observed that cell lines from the same molecular subtype had different 

degrees of cellular spreading and cell-cell adherence (Figure 3-6). 

All breast cancer cell lines formed stratification at high density. It was observed 

that luminal breast cancer cell lines (MCF7 and MDA-MB-361) and basal-cell lines 
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(MCF10A and BT20) needed additional mixing to ensure proper dissociation of cells 

and longer incubation in trypsin. The cell lines (MDA-MB-361, MDA-MB-453, BT20, 

and MDA-MB-231) showed an ability to form stratification at all densities (Figure 3-2). 

The highest density of the MDA-MB-361 cell line was selected that covered less than 

95% of the tissue culture surface, because this cell line formed condensed colonies with 

an increased tendency to form stratifications of cells. At the selected highest density of 

MDA-MB-361, the cells showed the least stratification and highest cell-cell contact as 

seen in Figure 3-2, Figure 3-3 and Figure 3-6. 

 

 
 

Figure 3-2, Phase contrast microscopic images showing stratification of breast 
cancer cells in cultures at high and low densities 
Stratification changes associated with reduction in seeding density of breast cancer cell lines (MCF7, 
MDA-MB-361, MDA-MB-453, BT20, MDA-MB-231 and MCF10A) were highlighted in this figure. (A) 
cellular stratification at high densities, (Red) arrows point to areas of stratification. (B) cellular 
stratification at low densities, red arrows point to areas of stratification. All images were taken at 200 
times magnification power using the Leica phase contrast microscope. This figure is representative of 
three biological repeats with similar observation. 
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Figure 3-3, Phase contrast microscopic images comparing degree of cell-cell 
contact seen between cells in cultures at high and low densities 
Cell-cell contact changes associated with different seeding densities of breast cancer cell lines (MCF7, 
MDA-MB-361, MDA-MB-453, BT20, MDA-MB-231, BT20, and MCF10A) were highlighted in this 
figure. (A) cell-cell contact at high density; (Blue) arrows point to areas of cell-cell contact. (B) cell-cell 
contact at low density; blue arrows point to areas of cell-cell contact. All images were taken at 200 times 
magnification power using the Leica phase contrast microscope. This figure is representative of three 
biological repeats with similar observation. 
 

3.2.1.2 Selection of the densities that showed the most potent morphological 

changes in cell-cell contact, spindle cells, rounded cells and cellular 

spreading 

Luminal (MCF7, and MDA-MB-361) and normal-like breast cancer cell line 

(MCF10A) had a more differentiated morphology of epithelial cobblestone morphology 

with tight cell-cell contact (Figure 3-3). There was an increase in rounded cells as the 

density of the culture decreases (Figure 3-4). Also, there was an increase in cellular 

spreading towards the edges of the colonies at low densities (Figure 3-5). MCF7, MDA-

MB-361 and MCF10A showed increased fibroblastic morphology in the isolated cells 

with less cell-cell contact and at the borders of colonies (Figure 3-3).  

The TNBC cell line MDA-MB-453 had rounded grape-like morphology with a 

lesser degree of cellular spreading (Figure 3-5). This cell line showed poor cell-cell 

contact as well as weak cellular attachment to the culture surface (Figure 3-3).  

BT20 and MDA-MB-231 (triple-negative and basal-like) breast cancer cell line 

had obvious fibroblastic morphology (Figure 3-4) with a high degree of cellular 

spreading (Figure 3-5). BT20 shows an ability to form cell-cell contacts at all densities 

that increase inversely to seeding density (Figure 3-3-A). MDA-MB-231 showed a 

fibroblastic morphology that did not change in the rest of the densities (Figure 3-4). 
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BT20 and MDA-MB-231 cells showed increased cellular spreading and formation of 

flat cells at the medium density, which is a pattern not seen in the other cell lines 

(Figure 3-3-B). Thus, the medium density was selected for further analysis for all the 

cell lines to cover all observed morphological changes. 

 

 
 
Figure 3-4, Phase contrast microscopic images highlighting formation of round 
cells and spindle-shaped cells seen in breast cancer cell line cultures at high and 
low density 
Changes in rounded cells and spindle-shaped cells with decrease in seeding density were highlighted in 
this figure. (A) formation of round cells (Green arrows) and spindle-shaped cells (Purple arrows) at high 
density. (B) and at low density. All images were taken in 200 times magnification power using the phase 
contrast microscope. This figure is a representative of three biological repeats with similar observation. 

 

 
 
Figure 3-5, Phase contrast microscopic images highlighting cellular spreading seen 
in breast cancer cell line cultures compared inside and at border of cell line 
colonies 
Changes in cellular spreading associated with decrease of seeding density were highlighted in this figure. 
Cellular spreading increases at the borders of the cell lines colonies. Bars added to compare cellular 
spread inside and at border of colonies. All images were taken in 200 times magnification power using 
the phase contrast microscope. This figure is a representative of three biological repeats with similar 
observation. 
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3.2.1.3 Three densities showed potent morphological changes seen by phase 
contrast microscopy and therefore selected for markers analysis 

By observing morphological criteria including; the degree of stratification, cell 

spreading, cell-cell contact and presence of spindle and rounded shaped cells, three 

seeding densities were selected for further analysis (Figure 3-6). The high seeding 

density was selected where cells formed a lesser degree of stratification while covering 

as much as possible of the tissue culture surface. The lowest was the density in which 

the cells had less cell-cell contact with minimal morphological signs of apoptosis and 

cellular death. A medium density was also selected for each cell line, in this density 

cellular morphology was mixed especially in BT20 and MDA-MB-231. The number of 

cells per cm2 is listed in Table 3-1. 

 
Table 3-1: The seeding densities of breast cancer cell lines per 1cm2 of culture 
surface area. 
This table lists the numbers of cells seeded at each seeding density per cm2. The breast cancer cell lines 
are arranged according to their molecular subclassification. 
 

Cell lines Molecular classification 
Cell number/cm2 

High Medium Low 

MCF7 Luminal A 2x104 6.6x103 2.2x102 

MDA-MB-361 Luminal B HER2 overexpressing 4.8x104 1.6x104 5.3x103 

MDA-MB-453 Triple-negative Unclassified 2.8x104 9.3x103 3.1x103 

BT20 Triple-negative and Basal A 1x104 3.3x103 1.1x103 

MDA-MB-231 Triple-negative and Basal B 1.2x104 4.2x103 1.4x103 

MCF10A Triple-negative and Basal B/ Normal-Like 1x104 3.3x103 1.1x103 
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Figure 3-6, Phase contrast microscope images of breast cancer cell lines at various 
seeding densities (changing in cellular morphology observed with reduction of 
density) 
Summary of morphological changes associated with reduction of densities of breast cancer cell lines 
(MCF7, MDA-MB-361, MDA-MB-453, BT20, MDA-MB-231 and MCF10A). The classifications of 
breast cancer cell lines are highlighted at the far left with the names of cell lines. Selected densities were 
highlighted with a star on top. Blue rectangular highlight (high), red rectangular highlight (medium) and 
green rectangular highlight the (low) densities. The scale bar at the bottom right represents 50µm. All 
pictures were taken at 200 times magnification power using the Leica phase contrast microscope. This 
figure is a representative of three biological repeats with similar observation. 
 

3.2.1.4 Summary of the morphological changes associated with decreasing seeding 

densities 

Epithelial cells have several morphological characteristics including an ability to 

form tight cell-cell contact illustrated as the cobblestone morphology. Also, epithelial 

cells show less cellular spreading because of this tight cell-cell contact. On the other 

hand, the mesenchymal cells display increased cellular spreading with a loss of cell-cell 
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contact and increased spindle-shaped cell formation. The changes were scored 

qualitatively as seen in the summary table below (Table 3-2). This summary provided a 

helpful tool in capturing the most significant morphological changes and detecting the 

patterns associated with a decrease in density. 

 
Table 3-2: Summary of the morphological changes associated with high, medium 
and low density for the breast cancer cell lines. 
This table summarises the morphological changes in high, medium and low densities. These changes are 
represented as a qualitative score (0 to 3) based on the morphological observation.  
 

Breast cancer 

cell lines 
Molecular classification 

Morphological change 

High Medium Low 
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MCF7 Luminal A 0 3 1 1 1 1 2 1 3 

MDA-MB-361 Luminal B HER2 overexpressing 0 3 1 1 2 1 2 1 2 

MDA-MB-453 Triple-negative Unclassified 0 2 0 1 2 0 1 2 0 

BT20 Triple-negative and Basal A 1 2 2 2 3 1 2 0 2 

MDA-MB-231 Triple-negative and Basal B 1 1 2 3 2 1 3 0 3 

MCF10A Triple-negative and Basal B/ 

Normal-Like 
0 3 1 1 2 1 3 1 2 

 

Taken together, it can be seen that all the cell lines showed an increase in 

mesenchymal morphological features with decreasing seeding density. All cell lines 

showed an increase in spindle morphology and cellular spreading with decreasing cell-

cell contact, which are all morphological features of mesenchymal morphological 

change. The luminal cell lines (MCF7 and MDA-MB-361) and the TNBC cell line 

(MDA-MB-453) showed less significant morphological mesenchymal changes 

compared to those observed in all of the basal breast cancer cell lines (BT20, MDA-

MB-231 and MCF10A). 
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3.2.2 Expression of the epithelial marker E-cadherin, b-catenin and the 

mesenchymal marker vimentin in the breast cancer cell lines in response to 

reduction of density 

3.2.2.1 The luminal cell lines MCF7 and MDA-MB-361 and normal-like/basal-like 

cell line MCF10A show reduced E-cadherin expression with decreased 

density 

MCF7, MDA-MB-361 and MCF10A cells were seeded at the three selected 

densities and expression of the proteins (E-cadherin, b-catenin and vimentin) were 

compared using either western blotting (see section 2.2) or flow cytometry (see section 

2.4 and changes in the localisation of these proteins were observed using ICF (see 

section 2.3).  

E-cadherin localisation in MCF7, MDA-MB-361 and MCF10A was observed at 

areas of cell-cell contact (Figure 3-12-A, Figure3-13-A, and Figure 3-14-A). Visible 

cytoplasmic deposits of E-cadherin were more frequent in MCF10A and MDA-MB-361 

at all densities (Figure 3-12-A and Figure 3-14-A). These three cell lines retained the 

honeycomb E-cadherin pattern at the medium and low densities with less uniform 

localisation in cells at the border of colonies. 

The percentage of positively expressing cells in the three cell lines (MCF10A, 

MCF7 and MDA-MB-361) was reduced gradually with reducing seeding density 

(Figure 3-12-B, Figure 3-13-B, and Figure 3-14-B). In the MDA-MB-361 cell line 

(luminal), the decrease in percentage of positive cells was significant between medium 

and low densities (p-value<0.05) (Figure 3-14-B). In the normal-like breast cancer cell 

line MCF10A, the MFI increased significantly from high to medium density (p-

value<0.01) (Figure 3-12-B). MFI of positive MDA-MB-361 cells showed highly 

significant decrease between the high, medium and low density (p-value<0.0001) 

(Figure 3-14-B). Also, median fluorescence intensity (MFI) of cells in the medium 

seeding density was significantly less than that of the lower density (p-value<0.01) 

(Figure 3-14-B).  

MDA-MB-361 showed two populations of E-cadherin positive expressing cells 

as seen using flow cytometry. One of these subpopulations had a higher percentage and 

level expression of E-cadherin compared to the other (Figure 3-13-B).  

Among the three cell lines, MDA-MB-361 had the highest expression of E-

cadherin. The expression of E-cadherin protein decreased with decreasing density in 

MCF10A, MCF7 and MDA-MB-361 (Figure 3-12-C, Figure 3-13-C, and Figure 3-14-
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C). There were significant differences between high and low density in MCF10A (p-

value<0.01) (Figure 3-12-C) and a significant difference between high and medium 

densities (p-value<0.01). There was also a highly significant difference between high 

and low densities (p-value<0.0001) in MDA-MB-361 (Figure3-14-C). 

Overall, it can be concluded that the expression level of E-cadherin decreased in 

both level and cell-cell contact localisation with reducing of cell density in the three cell 

lines (MCF7, MDA-MB-361 (luminal) and MCF10 (normal-like and basal-like)). The 

decrease in E-cadherin expression is can cause activation of EMT, however, analysis of 

other markers is essential to draw a frim conclusion. 
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Figure 3-7, E-Cadherin expression in normal-like breast cancer cell line MCF10A 
(A) immunofluorescence representative images of E-cadherin expression in MCF10A cell line seeded at 
three seeding densities (high, medium, and low) labelled with Alexa Fluor® (488 or 594) secondary 
antibodies (Green) and the nuclei were stained with DAPI (Blue). Images were obtained using Leica 
fluorescence microscope under 400 times magnification. (B) Flow cytometry results of E-cadherin 
expression levels in MCF10A cells. Overlay histogram on the left is for unstained cells and three 
densities expression. The bar charts on the right show comparison of percentage of E-cadherin expressing 
cells as well as MFI of E-cadherin in three densities. (C) The level of E-cadherin in MCF10A lysates 
corrected against a-Tubulin internal loading control. Results displayed as bars of mean ±S.D. This figure 
is representative of n=3 experiments in triplicate. Statistical analysis was conducted and significant 
differences between samples were indicated by * p-value<0.05, *** p-value<0.01 and **** p-
value<0.0001. 
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Figure 3-8, E-Cadherin expression in luminal breast cancer cell line MCF7 
(A) immunofluorescence representative images of E-cadherin expression in MCF7 cell line seeded at 
three seeding densities (high, medium, and low) labelled with Alexa Fluor® (488 or 594) secondary 
antibodies (Green) and the nuclei were stained with DAPI (Blue). Images were obtained using Leica 
fluorescence microscope under 400 times magnification. (B) Flow cytometry results of E-cadherin 
expression levels in MCF7 cells. Overlay histogram on the left is for unstained cells and three densities 
expression. The bar charts on the right show comparison of percentage of E-cadherin expressing cells as 
well as MFI of E-cadherin in three densities. (C) The level of E-cadherin in MCF7 lysates corrected 
against a-Tubulin internal loading control. Results displayed as bars of mean ±S.D. This figure is 
representative of n=3 experiments in triplicate. Statistical analysis was conducted and significant 
differences between samples were indicated by * p-value<0.05, *** p-value<0.01 and **** p-
value<0.0001. 
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Figure 3-9, E-Cadherin expression in luminal breast cancer cell line MDA-MB-361 
(A) immunofluorescence representative images of E-cadherin expression in MDA-MB-361 cell line 
seeded at three seeding densities (high, medium, and low) labelled with Alexa Fluor® (488 or 594) 
secondary antibodies (Green) and the nuclei were stained with DAPI (Blue). Images were obtained using 
Leica fluorescence microscope under 400 times magnification. Scale bars added at the bottom right 
corner of images. (B) Flow cytometry results of E-cadherin expression levels in MDA-MB-361 cells. 
Overlay histogram on the left is for unstained cells and three densities expression. The bar charts on the 
right show comparison of percentage of E-cadherin expressing cells as well as MFI of E-cadherin in three 
densities. (C) The level of E-cadherin in MDA-MB-361 lysates corrected against a-Tubulin internal 
loading control. Results displayed as bars of mean ±S.D. This figure is representative of n=3 experiments 
in triplicate. Statistical analysis was conducted and significant differences between samples were 
indicated by * p-value<0.05, *** p-value<0.01 and **** p-value<0.0001. 
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The localisation of b-catenin at all densities of the three cell lines (MCF10A, 

MCF7 and MDA-MB-361) was found to be high at cell-cell borders as seen by ICF 

(Figure 3-10-A, Figure 3-11-A and Figure 3-12-A). The cytoplasmic localisation of b-

catenin protein became less pronounced with reduction in density in all three cell lines. 

Nuclear localisation was observed in MCF10A and MCF7 cell lines at the medium and 

low density. 

The percentage of b-catenin positive expressing cells was reduced with seeding 

density in MCF10A, MCF7 and MDA-MB-361 with the highest expression of b-

catenin in MCF10A, which is a basal-like cell line. The difference in positive 

expressing cells was highly significant in all comparisons in MCF10A (p-

value<0.0001) (Figure 3-10-B). In MCF7 (luminal), the percentage of positively 

expressing cells declined with a significant difference seen only between medium and 

low density (p-value<0.05) (Figure 3-11-B). MDA-MB-361 showed a slight increase in 

percentage of positive cells between medium and low density with a significant 

difference (p-value<0.0001) (Figure 3-12-B). The percentage decreased from medium 

to low density with a significant difference seen in all comparisons in the same cell line 

(p-value<0.0001) (Figure 3-12-B). Mostly, the MFI of positive b-catenin cells 

decreased with density in the three cell lines. In MCF10A the difference in MFI was 

significant between all comparisons (p-value<0.0001) (Figure 3-10-B). In MDA-MB-

361, the difference in MFI was significant between high and medium as well as 

between high and low density (p-value<0.0001) (Figure 3-12-B). Similar to E-cadherin 

subpopulations seen in MDA-MB-361, subpopulation of MDA-MB-361 had a slightly 

higher expression of b-catenin in the highest density, which was then decreased in 

percentage in medium and low density (Figure 3-12-B). 

The relative expression level of b-catenin protein was reduced with decreasing 

in density in the three cell lines. In MCF10A, the difference in expression of b-catenin 

showed high significance between high and medium as well as between high and low 

density (p-value<0.001) (Figure 3-10-C). 

In conclusion, the expression of b-catenin in MCF10A, MCF7 and MDA-MB-

361 decreased with reduction in seeding density. The localisation of b-catenin at the 

cell-cell contact area also decreased with reducing density.  
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Figure 3-10, b-catenin expression in normal-like breast cancer cell line MCF10A 
(A) immunofluorescence representative images of b-catenin expression in MCF10A cell line seeded at 
three seeding densities (high, medium, and low) labelled with Alexa Fluor® (488 or 594) secondary 
antibodies (Red) and the nuclei were stained with DAPI (Blue). Images were obtained using Leica 
fluorescence microscope at 400 times magnification. Scale bars added at the bottom right corner of 
images. (B) Flow cytometry results of b-catenin expression levels in MCF10A cells. Overlay histogram 
on the left is for unstained cells and three densities expression. The bar charts on the right show 
comparison of percentage of b-catenin expressing cells as well as MFI of b-catenin in three densities. (C) 
The level of b-catenin in MCF10A lysates corrected against a-Tubulin internal loading control. Results 
displayed as bars of mean ±S.D. This figure is representative of n=3 experiments in triplicate. Statistical 
analysis was conducted and significant differences between samples were indicated by * p-value<0.05, 
*** p-value<0.01 and **** p-value<0.0001. 
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Figure 3-11, b-catenin expression in luminal breast cancer cell line MCF7 
(A) immunofluorescence representative images of b-catenin expression in MCF7 cell line seeded at three 
seeding densities (high, medium, and low) labelled with Alexa Fluor® (488 or 594) secondary antibodies 
(Red) and the nuclei were stained with DAPI (Blue). Images were obtained using Leica fluorescence 
microscope at 400 times magnification. Scale bars added at the bottom right corner of images. (B) Flow 
cytometry results of b-catenin expression levels in MCF7 cells. Overlay histogram on the left is for 
unstained cells and three densities expression. The bar charts on the right show comparison of percentage 
of b-catenin expressing cells as well as MFI of b-catenin in three densities. (C) The level of b-catenin in 
MCF7 lysates corrected against a-Tubulin internal loading control. Results displayed as bars of mean 
±S.D. This figure is representative of n=3 experiments in triplicate. Statistical analysis was conducted 
and significant differences between samples were indicated by * p-value<0.05, *** p-value<0.01 and 
**** p-value<0.0001. 
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Figure 3-12, b-catenin expression in luminal breast cancer cell line MDA-MB-361 
(A) immunofluorescence representative images of b-catenin expression in MDA-MB-361 cell line seeded 
at three seeding densities (high, medium, and low) labelled with Alexa Fluor® (488 or 594) secondary 
antibodies (Red) and the nuclei were stained with DAPI (Blue). Images were obtained using Leica 
fluorescence microscope at 400 times magnification. Scale bars added at the bottom right corner of 
images. (B) Flow cytometry results of b-catenin expression levels in MDA-MB-361 cells. Overlay 
histogram on the left is for unstained cells and three densities expression. The bar charts on the right 
show comparison of percentage of b-catenin expressing cells as well as MFI of b-catenin in three 
densities. (C) The level of b-catenin in MDA-MB-361 lysates corrected against a-Tubulin internal 
loading control. Results displayed as bars of mean ±S.D. This figure is representative of n=3 experiments 
in triplicate. Statistical analysis was conducted and significant differences between samples were 
indicated by * p-value<0.05, *** p-value<0.01 and **** p-value<0.0001. 
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Vimentin is a mesenchymal marker that is increased in epithelial cells 

undergoing EMT, see section 1.3.1.2. Vimentin protein expression was observable in 

the cytoplasm at all densities of MCF10A, MCF7 and MDA-MB-361. A notable 

increase was observed in the expression of the protein in the detaching cells at the 

border of colonies of MCF10A at medium density which increased further at the low 

density (Figure 3-13-A). There was an increase in nuclear localisation of vimentin in 

MCF7 and MCF10A at low density compared to other densities (Figure 3-14-B and 

Figure 3-15-A). 

The percentage of vimentin expressing cells was increased with reducing 

density in MCF10A and MDA-MB-361 but not in MCF7. The difference was highly 

significant between all comparisons in MCF10A and MDA-MB-361 (p < 0.0001) 

(Figure 3-13-B and Figure 3-15-B). The MFI showed a similar trend with increased 

vimentin expression in MCF10A and MDA-MB-361 cells with decreased density 

(Figure 3-13-B and Figure 3-15-B). Conversely, MCF7 showed decrease in vimentin 

with reduction in density (Figure 3-14-B). In the MCF10A cell line, the MFI showed 

strong statistical difference in all comparisons (p-value<0.0001) (Figure 3-13-B). In the 

luminal cell line MCF7, the MFI difference was highly significant in all comparisons 

(p-value<0.0001) (Figure 3-14-B) with a drop in the medium and an increase at low 

density. A subpopulation of MCF10A cells showed greater expression of vimentin, the 

percentage of these cells increased in the low density compared to high and medium as 

observed in the overlapped histogram (Figure 3-13-B). In MDA-MB-361 cells, there 

was a small proportion of cells displaying a lack of vimentin expression which 

increased in the medium density as seen in the overlay histogram (Figure 3-15-B). 

The relative expression of vimentin protein increased with decreasing density in 

the MCF10A and MDA-MB-361 cell lines (Figure 3-13-C and Figure 3-15-C). In 

MCF10A, there was a significant difference between high and low as well as between 

medium and low density (p-value<0.0001) (Figure 3-13-C). The relative level of 

expression was decreased with density in MCF7 (Figure 3-14-C). In conclusion, the 

vimentin protein increased strongly in MCF10A at the low density but did not change 

significantly in MCF7 and MDA-MB-361.  
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Figure 3-13, Vimentin expression in normal-like breast cancer cell line MCF10A 
(A) immunofluorescence representative images of vimentin expression in MCF10A cell line seeded at 
three seeding densities (high, medium, and low) labelled with Alexa Fluor® (488 or 594) secondary 
antibodies (light teal) and the nuclei were stained with DAPI (Blue). Images were obtained using Leica 
fluorescence microscope under 400 times magnification. Scale bars added at the bottom right corner of 
images. (B) Flow cytometry results of vimentin expression levels in MCF10A cells. Overlay histogram 
on the left is for unstained cells and three densities expression. The bar charts on the right show 
comparison of percentage of vimentin expressing cells as well as MFI of vimentin in three densities. (C) 
The level of vimentin in MCF10A lysates corrected against a-Tubulin internal loading control. Results 
displayed as bars of mean ±S.D. This figure is representative of n=3 experiments in triplicate. Statistical 
analysis was conducted and significant differences between samples were indicated by * p-value<0.05, 
*** p-value<0.01 and **** p-value<0.0001. 
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Figure 3-14, Vimentin expression in luminal breast cancer cell line MCF7 
(A) immunofluorescence representative images of vimentin expression in MCF7 cell line seeded at three 
seeding densities (high, medium, and low) labelled with Alexa Fluor® (488 or 594) secondary antibodies 
(light teal) and the nuclei were stained with DAPI (Blue). Images were obtained using Leica fluorescence 
microscope under 400 times magnification. Scale bars added at the bottom right corner of images. (B) 
Flow cytometry results of vimentin expression levels in MCF7 cells. Overlay histogram on the left is for 
unstained cells and three densities expression. The bar charts on the right show comparison of percentage 
of vimentin expressing cells as well as MFI of vimentin in three densities. (C) The level of vimentin in 
MCF7 lysates corrected against a-Tubulin internal loading control. Results displayed as bars of mean 
±S.D. This figure is representative of n=3 experiments in triplicate. Statistical analysis was conducted 
and significant differences between samples were indicated by * p-value<0.05, *** p-value<0.01 and 
**** p-value<0.0001. 
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Figure 3-15, Vimentin expression luminal breast cancer cell line MDA-MB-361 
(A) immunofluorescence representative images of vimentin expression in MDA-MB-361 cell line seeded 
at three seeding densities (high, medium, and low) labelled with Alexa Fluor® (488 or 594) secondary 
antibodies (light teal) and the nucleus were stained with DAPI (Blue). Images were obtained using Leica 
fluorescence microscope under 400 times magnification. Scale bars added at the bottom right corner of 
images. (B) Flow cytometry results of vimentin expression levels in MDA-MB-361 cells. Overlay 
histogram on the left is for unstained cells and three densities expression. The bar charts on the right 
show comparison of percentage of vimentin expressing cells as well as MFI of vimentin in three 
densities. (C) The level of vimentin in MDA-MB-361 lysates corrected against a-Tubulin internal 
loading control. Results displayed as bars of mean ±S.D. This figure is representative of n=3 experiments 
in triplicate. Statistical analysis was conducted and significant differences between samples were 
indicated by * p-value<0.05, *** p-value<0.01 and **** p-value<0.0001. 
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In comparing the expression pattern and level of the three markers (E-cadherin, 

b-catenin and vimentin) in the three cell lines (MCF10A, MCF7 and MDA-MB-361) 

we can conclude that there was a reduction in the localisation of both E-cadherin and b-

catenin at the cell-cell borders. At the same time, the level of both E-cadherin and b-

catenin decreased with seeding density. Only MCF10A showed a strong increase in 

vimentin with decreasing in density, suggesting increased EMT in the basal cell line 

MCF10A compared to the luminal breast cancer cell lines MCF7 and MDA-MB-361. 

Further analysis and expression of other EMT markers is, however, needed to confirm 

this finding.  

3.2.2.2 The triple-negative cell line MDA-MB-453 showed increased of epithelial 

marker expression with decrease in density 

The triple negative breast cancer cell line MDA-MB-453 was seeded at the three 

selected densities and expression of the proteins (E-cadherin, b-catenin and vimentin) 

were compared using either western blotting (see section 2.2) or flow cytometry (see 

section 2.4 and changes in the localisation of these proteins were observed using ICF 

(see section 2.3).  

E-cadherin localisation in the triple-negative cell line (MDA-MB-453) was 

entirely cytoplasmic and decreased with density (Figure 3-16-A). 

The percentage of positive cells and MFI of E-cadherin expressing MDA-MB-

453 cells showed an increase with reduction in density by flow cytometry. In the MDA-

MB-453 cell line, the percentage of E-cadherin positive cells showed high statistical 

significance when comparing the high and medium or the high and low densities (p-

value<0.0001), and there was a significant difference between the medium and low 

density (p-value<0.01) (Figure 3-16-B). Also, the MFI of MDA-MB-453 positive cells 

showed a significant increase at medium density (p-value<0.0001) and then a 

significant decrease at lower density (p-value<0.0001) (Figure 3-17-B). E-cadherin 

expression increased with decreasing density.  

The expression of E-cadherin in MDA-MB-453 was significant between high 

and low density (p-value<0.05) (Figure 3-17-C). Altogether, the epithelial marker (E-

cadherin) expression was low in the MDA-MB-453 cell line and the level of expression 

showed inverse correlation to density with cytoplasmic localisation. 
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Figure 3-16, E-Cadherin expression in TNBC cell line MDA-MB-453 
(A) immunofluorescence representative images of E-cadherin expression in MDA-MB-453 cell line 
seeded at three seeding densities (high, medium, and low) labelled with Alexa Fluor® (488 or 594) 
secondary antibodies (Green) and the nuclei were stained with DAPI (Blue). Images were obtained using 
Leica fluorescence microscope under 400 times magnification. Scale bars added at the bottom right 
corner of images. (B) Flow cytometry results of E-cadherin expression levels in MDA-MB-453 cells. 
Overlay histogram on the left is for unstained cells and three densities expression. The bar charts on the 
right show comparison of percentage of E-cadherin expressing cells as well as MFI of E-cadherin in three 
densities. (C) The level of E-cadherin in MDA-MB-453 lysates corrected against a-Tubulin internal 
loading control. Results displayed as bars of mean ±S.D. This figure is representative of n=3 experiments 
in triplicate. Statistical analysis was conducted and significant differences between samples were 
indicated by * p-value<0.05, *** p-value<0.01 and **** p-value<0.0001. 
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The expression of b-catenin protein in MDA-MB-453 cells was cytoplasmic. 

The expression of b-catenin protein was very low and was observed to be mostly in 

cytoplasmic and cell-cell location (Figure 3-17-A). The increase in b-catenin protein 

expression with decreasing in density in MDA-MB-453 was also associated with 

cytoplasmic localisation of the protein. The expression of vimentin was cytoplasmic in 

MDA-MB-453 cells and there was no change in the localisation of the protein with 

changes in density (Figure 3-18-A). 

The percentage of b-catenin positive expressing cells and MFI in MDA-MB-

453 increased with decreased density. In the MDA-MB-453 cell line, the percentage of 

positive b-catenin cells showed a highly significant difference between high and 

medium and high and low density (p-value<0.0001) (Figure 3-17-B). The percentage of 

vimentin expressing cells and the MFI in MDA-MB-453 cells showed an inverse 

correlation with cellular density. There was a significant difference seen in all 

comparisons of percentage of expressing cells and the MFI against seeding density in 

MDA-MB-453 cells (p-value<0.0001) (Figure 3-18-B). 

The relative expression of b-catenin protein in the MDA-MB-453 cell line was 

very low in high density and increased with decreasing density (Figure 3-17-C). The 

difference in expression of the protein was significant between high and low density of 

MDA-MB-453 cells (p-value<0.01) (Figure 3-18-C). Though significant, this increase 

in expression was not substantial. Taken together, MDA-MB-453 had a relatively low 

expression level of E-cadherin, b-catenin and vimentin.  
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Figure 3-17, b-catenin expression in TNBC cell line MDA-MB-453 
(A) immunofluorescence representative images of b-catenin expression in MDA-MB-453 cell line seeded 
at three seeding densities (high, medium, and low) labelled with Alexa Fluor® (488 or 594) secondary 
antibodies (Red) and the nuclei were stained with DAPI (Blue). Images were obtained using Leica 
fluorescence microscope under 400 times magnification. Scale bars added at the bottom right corner of 
images. (B) Flow cytometry results of b-catenin expression levels in MDA-MB-453 cells. Overlay 
histogram on the left is for unstained cells and three densities expression. The bar charts on the right 
show comparison of percentage of b-catenin expressing cells as well as MFI of b-catenin in three 
densities. (C) The level of b-catenin in MDA-MB-453 lysates corrected against a-Tubulin internal 
loading control Results displayed as bars of mean ±S.D. This figure is representative of n=3 experiments 
in triplicate. Statistical analysis was conducted and significant differences between samples were 
indicated by * p-value<0.05, *** p-value<0.01 and **** p-value<0.0001. 
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Figure 3-18, Vimentin expression in TNBC cell line MDA-MB-453 
(A) immunofluorescence representative images of vimentin expression in MDA-MB-453 cell line seeded 
at three seeding densities (high, medium, and low) labelled with Alexa Fluor® (488 or 594) secondary 
antibodies (light teal) and the nuclei were stained with DAPI (Blue). Images were obtained using Leica 
fluorescence microscope under 400 times magnification. Scale bars added at the bottom right corner of 
images. (B) Flow cytometry results of vimentin expression levels in MDA-MB-453 cells. Overlay 
histogram on the left is for unstained cells and three densities expression. The bar charts on the right 
show comparison of percentage of vimentin expressing cells as well as MFI of vimentin in three 
densities. (C) The level of vimentin in MDA-MB-453 lysates corrected against a-Tubulin internal 
loading control. Results displayed as bars of mean ±S.D. This figure is representative of n=3 experiments 
in triplicate. Statistical analysis was conducted and significant differences between samples were 
indicated by * p-value<0.05, *** p-value<0.01 and **** p-value<0.0001. 
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3.2.2.3  The basal-cell lines BT20 and MDA-MB-231 showed an increase in 
epithelial marker E-cadherin at the medium density 

The triple negative and basal-like breast cancer cell lines BT20 and MDA-MB-

231 were seeded at the three selected densities and expression of the proteins (E-

cadherin, b-catenin and vimentin) were compared using either western blotting (see 

section 2.2) or flow cytometry (see section 2.4 and changes in the localisation of these 

proteins were observed using ICF (see section 2.3).  

Cytoplasmic localisation of E-cadherin was seen in the ICF images of the triple-

negative and basal-like breast cancer cell lines (BT20 and MDA-MB-231). The BT20 

cell line showed b-catenin localisation at cell-cell borders. The cytoplasmic localisation 

increased with decreasing density in both cell lines (Figure 3-19-A and Figure 3-20-A). 

The percentage positive and MFI of E-cadherin-expressing cells did not change 

significantly in the BT20 cell line (Figure 3-19-B). In the MDA-MB-231 cell line, the 

percentage of positively expressing cells and MFI increased in the medium density 

followed by sharp decrease at the low density. There was a significant difference 

between high and medium, high and low, and medium and low of MDA-MB-231 cell 

line (p-value<0.0001) (Figure 3-20-B). Also, the MFI of MDA-MB-231 showed a 

significant increase at the medium density (p-value<0.0001) and then a significant 

decrease at lower density (p-value<0.0001) (Figure 3-20-B). In MDA-MB-231 at 

medium density, there were two populations with different levels of E-cadherin 

expression as seen in the overlay histogram (Figure 3-20-B). 

The relative expression of E-cadherin protein dropped from the medium to low 

density with significant difference in BT20 cells (p-value<0.05) and in MDA-MB-231 

cell (p-value<0.001) (Figure 3-19-C and Figure 3-20-C). 

In summary, MDA-MB-453 cells showed the same trend of increasing 

expression in the medium density with drop in the low density. The E-cadherin 

expression was cytoplasmic in MDA-MB-231 and there was an increase in cytoplasmic 

E-cadherin in BT20. The localisation of E-cadherin in the cell-cell contact area of BT20 

can indicate stronger cell-cell contact and suggesting increase in epithelial 

morphological change in the medium density of BT20 cell line. In MDA-MB-231, the 

increase in E-cadherin expression was not associated with increase in localisation in the 

cell-cell border, therefore, there was no increase in epithelial phenotype. 
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Figure 3-19, E-Cadherin expression in triple-negative and basal-like breast cancer 
cell line BT20 
(A) immunofluorescence representative images of E-cadherin expression in BT20 cell line seeded at 
three seeding densities (high, medium, and low) labelled with Alexa Fluor® (488 or 594) secondary 
antibodies (Green) and the nuclei were stained with DAPI (Blue). Images were obtained using Leica 
fluorescence microscope under 400 times magnification. Scale bars added at the bottom right corner of 
images. (B) Flow cytometry results of E-cadherin expression levels in BT20 cells. Overlay histogram on 
the left is for unstained cells and three densities expression. The bar charts on the right show comparison 
of percentage of E-cadherin expressing cells as well as MFI of E-cadherin in three densities. (C) The 
level of E-cadherin in BT20 lysates corrected against a-Tubulin internal loading control. Results 
displayed as bars of mean ±S.D. This figure is representative of n=3 experiments in triplicate. Statistical 
analysis was conducted and significant differences between samples were indicated by * p-value<0.05, 
*** p-value<0.01 and **** p-value<0.0001. 
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Figure 3-20, E-Cadherin expression in triple-negative and basal-like cell line 
MDA-MB-231 
(A) immunofluorescence representative images of E-cadherin expression in MDA-MB-231 cell line 
seeded at three seeding densities (high, medium, and low) labelled with Alexa Fluor® (488 or 594) 
secondary antibodies (Green) and the nuclei were stained with DAPI (Blue). Images were obtained using 
Leica fluorescence microscope under 400 times magnification. Scale bars added at the bottom right 
corner of images. (B) Flow cytometry results of E-cadherin expression levels in MDA-MB-231 cells. 
Overlay histogram on the left is for unstained cells and three densities expression. The bar charts on the 
right show comparison of percentage of E-cadherin expressing cells as well as MFI of E-cadherin in three 
densities. (C) The level of E-cadherin in MDA-MB-231 lysates corrected against a-Tubulin internal 
loading control. Results displayed as bars of mean ±S.D. This figure is representative of n=3 experiments 
in triplicate. Statistical analysis was conducted and significant differences between samples were 
indicated by * p-value<0.05, *** p-value<0.01 and **** p-value<0.0001. 
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The localisation of b-catenin protein was strong in the area of cell-cell contact 

of the BT20 cell line especially at the medium density (Figure 3-21-A). The expression 

of b-catenin in MDA-MB-231 cells was nuclear and cytoplasmic in both high and 

medium density with increase at cell-cell contacts in the low density (Figure 3-22-A). 

The percentage of positive b-catenin cells was reduced with decreasing density 

in both BT20 and MDA-MB-231. There was a highly significant difference between 

high and medium, high and low, and medium and low densities of BT20 (p-

value<0.0001) (Figure 3-21-B). Similarly, b-catenin expression showed significant 

difference between the high and low and medium and low densities of the MDA-MB-

231 cell line (Figure 3-22-B). In BT20, the MFI also reduced with the decrease in 

density, showing a significant difference between high and medium (p-value<0.001) 

and also between high and low densities (p-value<0.0001) (Figure 3-21-B). MFI of b-

catenin in the MDA-MB-231 cell line was significantly increased from high to medium 

density (p-value<0.01) and then declined with reduced density, showing a significant 

difference (p-value<0.001) (Figure 3-22-B). A small proportion of BT20 and MDA-

MB-231 cells were negative for b-catenin. The percentage of these cells decreased from 

the highest to the lowest density as seen in the overlay histogram (Figure 3-21-B and 

Figure 3-22-B). 

In BT20, the relative expression of b-catenin protein was significantly increased 

between high and medium density (p-value<0.01) and between high and low density (p-

value<0.05) (Figure 3-21-C). In MDA-MB-231 cells, the relative expression of b-

catenin protein was very weak and declined with decreasing density. There was no 

significant difference between all comparisons in the MDA-MB-231 cell line (Figure 

3-22-C). 

In summary, the expression of b-catenin protein in the BT20 cell line increased 

with density reduction. In ICF images of BT20 cells, the localisation of the protein was 

strong in the cell-cell contact area. In MDA-MB-231, the expression of b-catenin 

protein decreased with reducing density without any statistical significance. Strong 

cytoplasmic and nuclear localisation of the protein was observed in both cell lines in the 

medium and low densities. 
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Figure 3-21, b-catenin expression in triple-negative and basal-like breast cancer 
cell line BT20 
(A) immunofluorescence representative images of b-catenin expression in BT20 cell line seeded at three 
seeding densities (high, medium, and low) labelled with Alexa Fluor® (488 or 594) secondary antibodies 
(Red) and the nuclei were stained with DAPI (Blue). Images were obtained using Leica fluorescence 
microscope under 400 times magnification. Scale bars added at the bottom right corner of images. (B) 
Flow cytometry results of b-catenin expression levels in BT20 cells. Overlay histogram on the left is for 
unstained cells and three densities expression. The bar charts on the right show comparison of percentage 
of b-catenin expressing cells as well as MFI of b-catenin in three densities. (C) The level of b-catenin in 
BT20 lysates corrected against a-Tubulin internal loading control. Results displayed as bars of mean 
±S.D. This figure is representative of n=3 experiments in triplicate. Statistical analysis was conducted 
and significant differences between samples were indicated by * p-value<0.05, *** p-value<0.01 and 
**** p<0.0001. 
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Figure 3-22, b-catenin expression in triple-negative and basal-like cell line MDA-
MB-231 
(A) immunofluorescence representative images of b-catenin expression in MDA-MB-231 cell line seeded 
at three seeding densities (high, medium, and low) labelled with Alexa Fluor® (488 or 594) secondary 
antibodies (Red) and the nuclei were stained with DAPI (Blue). Images were obtained using Leica 
fluorescence microscope under 400 times magnification. Scale bars added at the bottom right corner of 
images. (B) Flow cytometry results of b-catenin expression levels in MDA-MB-231 cells. Overlay 
histogram on the left is for unstained cells and three densities expression. The bar charts on the right 
show comparison of percentage of b-catenin expressing cells as well as MFI of b-catenin in three 
densities. (C) The level of b-catenin in MDA-MB-231 lysates corrected against a-Tubulin internal 
loading control. Results displayed as bars of mean S.D. This figure is representative of n=3 experiments 
in triplicate. Statistical analysis was conducted and significant differences between samples were 
indicated by * p-value<0.05, *** p-value0.01 and **** p-value<0.0001. 
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The expression of vimentin was very strong in ICF images of the basal-like and 

triple-negative cell lines BT20 and MDA-MB-231 (Figure 3-23-A and Figure 3-24-A). 

The MDA-MB-231 cells showed the highest expression of vimentin among all the 

breast cancer cell lines used, and it was therefore utilised as positive control. 

Both the percentage of positive cells and the MFI of vimentin expressing cells 

increased as density reduced with the exception of the MFI for MDA-MB-231 at low 

density, that showed drop in expression of the protein. In BT20 cells, there was a highly 

significant difference of both the percentage and MFI compared to density seen 

between high and medium, high and low, and medium and low (p-value<0.0001) 

(Figure 3-23-B). In MDA-MB-231, the difference in the percentage of vimentin 

expressing cells was significant between high and medium (p-value<0.01) and also 

between high and low (p-value<0.001) (Figure 3-24-B). Also, MFI showed a significant 

difference between high and medium, high and low, and medium and low (p-

value<0.0001) (Figure 3-24-B). 

The relative expression of vimentin also increased as density decreased, with the 

exception of the low density of MDA-MB-231, at which they showed a decreased 

expression. In BT20 cells, the difference was significant between high and low, and 

medium and low densities (Figure 3-23-C). In MDA-MB-231 cells, the difference was 

also significant between high and low (p-value<0.01) and medium and low density (p-

value<0.0001) (Figure 3-24-C). 

Taking the expression of E-cadherin, b-catenin and vimentin expression in 

BT20 and MDA-MB-231 cell into account, it can be suggested that these cells 

maintained in an intermediate phase of EMT.  
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Figure 3-23, Vimentin expression in triple-negative and basal-like breast cancer 
cell line BT20 
(A) immunofluorescence representative images of vimentin expression in BT20 cell line seeded at three 
seeding densities (high, medium, and low) labelled with Alexa Fluor® (488 or 594) secondary antibodies 
(light teal) and the nuclei were stained with DAPI (Blue). Images were obtained using Leica fluorescence 
microscope under 400 times magnification. Scale bars added at the bottom right corner of images. (B) 
Flow cytometry results of vimentin expression levels in BT20 cells. Overlay histogram on the left is for 
unstained cells and three densities expression. The bar charts on the right show comparison of percentage 
of vimentin expressing cells as well as MFI of vimentin in three densities. (C) The level of vimentin in 
BT20 lysates corrected against a-Tubulin internal loading control. Results displayed as bars of mean 
±S.D. This figure is representative of n=3 experiments in triplicate. Statistical analysis was conducted 
and significant differences between samples were indicated by * p-value<0.05, *** p-value<0.01 and 
**** p-value<0.0001. 
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Figure 3-24, Vimentin expression in triple-negative and basal-like cell line MDA-
MB-231 
(A) immunofluorescence representative images of vimentin expression in MDA-MB-231 cell line seeded 
at three seeding densities (high, medium, and low) labelled with Alexa Fluor® (488 or 594) secondary 
antibodies (light teal) and the nuclei were stained with DAPI (Blue). Images were obtained using Leica 
fluorescence microscope under 400 times magnification. Scale bars added at the bottom right corner of 
images. (B) Flow cytometry results of vimentin expression levels in MDA-MB-231 cells. Overlay 
histogram on the left is for unstained cells and three densities expression. The bar charts on the right 
show comparison of percentage of vimentin expressing cells as well as MFI of vimentin in three 
densities. (C) The level of vimentin in MDA-MB-231 lysates corrected against a-Tubulin internal 
loading control. Results displayed as bars of mean ±S.D. This figure is representative of n=3 experiments 
in triplicate. Statistical analysis was conducted and significant differences between samples were 
indicated by * p-value<0.05, *** p-value<0.01 and **** p-value<0.0001. 
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3.2.2.4 Summary of the status of the expression and localisation of EMT markers in 
breast cancer cell lines 

The table below (Table 3-3) summarises the changes in E-cadherin, b-catenin 

and vimentin in response a reduction in seeding density. Of all the cell lines MDA-MB-

361, BT20, MCF7 and MCF10A cell lines had the strongest expression of E-cadherin. 

It can be concluded in general that both the expression of E-cadherin and the change in 

the expression in response to reduction of the seeding density did not depend on the 

subclassification of the breast cancer cell lines. 

As seen in the summary of the E-cadherin expression levels in the cell lines, 

three patterns of protein level changes can be seen. The three cell lines (MCF10A, 

MCF7, and MDA-MB-361) have high expression of E-cadherin and showed a similar 

pattern of reduction of the protein as seeding density reduced. MDA-MB-453 had very 

low expression of E-cadherin that increased with density reduction. Lastly, in the two 

basal-like and TNBC cell lines (BT20 and MDA-MB-231) E-cadherin protein 

expression increased slightly at the medium density and then reduced in the low 

density. 

The expression of b-catenin protein was higher in MCF10A, MDA-MB-361, 

BT20, MDA-MB-231 and MCF7 cell lines compared to the rest of the cell lines. The 

TNBC cell line (MDA-MB-453) had the lowest expression of b-catenin. The 

expression of b-catenin protein decreased with density reduction in MCF7, MDA-MB-

361, MDA-MB-231, and MCF10A. On the other hand, the expression level increased 

with seeding density in MDA-MB-453, and BT20 cell lines (Table 3-3). 

The basal-like and triple-negative cell line (MDA-MB-231) had the strongest 

expression level of vimentin compared to all other cell lines. This protein increases in 

cells that undergo EMT, therefore, the increase of this marker can be suggestive of a 

more mesenchymal phenotype. The cell lines that showed an increase in this protein 

with reduction in density were MCF10A, BT20 (basal-like and triple-negative) and 

MDA-MB-453 (triple-negative). The expression of vimentin increased in the medium 

density of MDA-MB-231 and then decreased in the low density. This pattern was 

similar to the expression of vimentin seen in MCF7 and MDA-MB-361. 

From all the data analysed previously and the summary in the table below 

(Table 3-3) it can be suggested that three basal-like and TNBC cell lines (BT20, MDA-

MB-231 and MCF10A) increased mesenchymal morphology with decreases in density. 

This was because they showed a decrease in the epithelial marker E-cadherin and an 
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increase in vimentin expression at the lowest density. Also, both BT20 and MDA-MB-

231 show an intermediate phenotype, seen as maintaining high expression of vimentin 

and E-cadherin in all densities (Table 3-2). The luminal cell lines also showed a 

decrease in the epithelial marker (E-cadherin) and an increase in vimentin with 

reduction in density (Table 3-2). MDA-MB-453 cells showed an increase in the 

epithelial marker (E-cadherin) in response to decreasing density. This corresponded to 

the morphological decrease in spindle-shaped cells and in cellular spreading (Table 

3-2).  

 
Table 3-3: Summary of the changes in the marker’s expression levels with seeding 
density of the breast cancer cell lines. 
This table summarise the markers (E-cadherin, b-catenin, and vimentin) changes (expression level and 
localisation) in high, medium and low density. These changes are represented as a qualitative score (0 to 
3) based on the western blotting and ICF observation. The localisation of the protein was indicated as (N 
= Nuclear, C = Cytoplasmic, and M = membrane).  
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MCF7 3 M/C 2 M/1C 2 M/2C 2 M 2 1C/N 2 2C/N 2 2 1 

MDA-MB-361 3 M/C 2 M/0C 2 M/1C 3 M/C 2 M/C 2 M/C 2 2 2 

MDA-MB-453 0 C 1 C 2 C 0 C/N 0 C/N 1 C/N 1 2 0 

BT20 3 M 3 M/C 2 M/C 1 
M/C/

N 
3 1C/1N 3 1C/1N 1 1 3 

MDA-MB-231 0 C 1 1C 0 2C 2 2C/N 1 1C/1N 1 C/N 3 3 2 

MCF10A 2 M/C 2 M/1C 1 M/2C 3 M/C 2 
M/1C/1

N 
2 M/1C 0 0 2 
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3.3 Discussion 

3.3.1 Cell line morphology follows the subclass of breast cancer and changes in 

response to reducing cell density 

The morphology of the breast cancer cell lines showed several changes with 

alteration in the seeding density depending on the cell line (Figure 3-6). The highest 

seeding density depends on several factors including size, spreading, stratification, 

degree of cell-cell contacts and cellular attachment to the culture surface as observed by 

phase contrast microscopy.  

The cell lines with the smallest degree of cellular spreading and highest degree 

of cellular stratification, such as MDA-MB-361, had the highest seeding density 

compared to other cell lines (Figure 3-5). Also, strong cell-cell contacts observed in 

luminal cells (MCF7, and MDA-MB-361) that visually increased with increasing 

density (Figure 3-3). The three basal breast cancer cell lines (MCF10A, BT20 and 

MDA-MB-231) required the fewest cells for the high density (Table 3-1). 

The luminal breast cancer cell lines (MCF7 and MDA-MB-361) and the normal-

like and basal-like breast cancer cell line (MCF10A) had a classical cobblestone 

epithelial phenotype with tight cell-cell junctions (Figure 3-6) which was described by 

Neve et al. (2006) and by Kenny et al. (2007b). The triple negative cell line MDA-MB-

453 had a grape-like morphology with fewer cell-cell contact and showed increased 

cell-cell adhesions with decreasing density (Figure 3-6) which is similar to the 

morphology observed in 3D culture by Kenny et al. (2007b). 

Basal breast cancer cell line morphology showed more prominent changes as 

seeding density decreased. The epithelial morphology of MCF10A was transformed 

slowly to a fibroblastic type , especially at the lowest density, and was associated with a 

reduction in cell adhesion with more gaps formed between cell clusters, especially at 

colony borders (Figure 3-6). This morphological transformation of MCF10A has also 

been reported previously (Sarrio et al., 2008; Chen et al., 2014; Qu et al., 2015). 

MCF10A cells retained a largely epithelial morphology at all densities used in the 

current study with visibly increased of fibroblastic morphology at the lowest density.  

This can be explained by the fact that EGF was removed from the culture medium after 

24 hours of incubation to reduce the effect of EGF on EMT. The EGF growth factor is a 

well-known mediator of EMT in breast cancer (Antonyak et al., 2004; Lo et al., 2007; 

Drasin et al., 2011; Wang et al., 2012; Zanetti et al., 2015) and also other cancer types 

including ovarian (Cheng et al., 2012), cervical (Ha et al., 2013), hepatocellular 
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carcinoma (Ogunwobi et al., 2012), and colorectal cancer (Sakuma et al., 2012). The 

period of incubation of cells without EGF was 24 hours because the average half-life of 

EGF in cells ranges from 8-24 hours (Sorkin and Duex, 2010).  

The BT20 cell line (basal type A) showed fibroblastic morphology with spindle-

shaped cells at the highest density while maintaining cell-cell adhesion. In the medium 

density BT20 cells had mixed morphology, with an increase in epithelial flat cells and 

more cell-cell adhesions (Figure 3-6). A similar observation was reported by Neve et al. 

(2006) where they found that basal cells of type A have a mixed phenotype including 

well differentiated epithelial type seen in luminal cells, as well as displaying a 

mesenchymal or fibroblastic morphology. This mixed morphology was lost at the 

lowest density with predominated mesenchymal phenotype that have increased spindle 

shape and less cell-cell adhesion. The MDA-MB-231 cell line (basal type B) 

demonstrated a strong mesenchymal morphology with spindle-shaped cells with few to 

no cell-cell adhesions (Figure 3-6). Neve et al. (2006) also noted that the basal type B 

cells showed a less differentiated-phenotype with a fibroblastic morphology. It should 

be noted that in all previous studies basal cells were cultured at a single seeding density.  

The low seeding density used for MCF10A (normal-like/basal-like) was 1.3x103 

cells/cm2 and similar to a “sparse” density selected by Liu et al. (2006b). However, the 

“dense” culture for MCF10A used by Liu et al. (2006b) was 2x105 / cm2, which 

exceeded the highest density used here (1x104/cm2 (Table 3-1)), because in this study 

cellular stacking was eliminated.  

These three densities reflected the growth pattern of normal breast cells. First at 

sparse density, loss of cell-cell contacts results in decreased of cell proliferation with 

cellular resistance to anoikis (Liu et al., 2006b; Onder et al., 2008; Kumar et al., 2011). 

The MCF7 cell line was also reported to show a similar reduction in cell growth when 

seeded at low density in 3D culture (Manuel Iglesias et al., 2013). At high density, 

MCF10A cells reduce proliferation due to cell-cell contact inhibition (Liu et al., 

2006b). The MCF10A showed increased proliferation at the intermediate degree of cell-

cell contact (medium density) (Liu et al., 2006b). This increase in growth was 

previously reported in MCF7 cells at an intermediate density, which then decreased in 

dense cultures (Manuel Iglesias et al., 2013). Therefore, there is an intermediate density 

between dense and sparse culture that was reported to show a significant change in the 

proliferation of cells (Liu et al., 2006b; Manuel Iglesias et al., 2013).  
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3.3.2 Luminal (MCF7 and MDA-MB-361) and normal-like breast cancer 
(MCF10A) cell lines showed increased fibroblastic morphology and 

reduced E-cadherin at low density 

The three cell lines (MCF7, MDA-MB-361 and MCF10A) showed an increase 

in spindle morphology, decreasing cell-cell contact, and increasing cellular spreading 

with reduction in seeding density (Table 3-2). The expression of E-cadherin and b-

catenin proteins was reduced and their localisation at sites of cell-cell contact visually 

reduced as density decreased (Figure 3-7, Figure 3-10, Figure 3-8, Figure 3-11, Figure 

3-9 and Figure 3-12). The expression of vimentin increased as density decreased in 

MDA-MB-361 and MCF10A, suggesting an increased mesenchymal transition. 

However, additional analysis and expression of other markers, including EMT 

transcription factors including Slug, Snail and Twist, is recommended in order to 

confirm this conclusion.  

In MCF7, vimentin expression decreased with density reduction. Previous 

studies have reported that the MCF7 cells were less aggressive due to low expression of 

vimentin as seen by Western blotting (Cai et al., 2013; Shan et al., 2015). Zhang et al. 

(2006) examined the effect of changing the confluency of MCF7 cells on gene 

expression, including genes that controlled EMT, but no further analysis were 

conducted under the effect of confluency (Zhang et al., 2006). 

MCF10A is a normal-like cell line with a basal-like molecular signature that 

made these cells more susceptible to mesenchymal morphological change (Jonsson et 

al., 2007). The expression of E-cadherin protein was shown previously to be lower in 

MCF10A compared to the luminal cell lines (MCF7 and MDA-MB-361) (Chen et al., 

2014). Lombaerts et al. (2006) found that E-cadherin expression was lower due to 

promoter methylation in MCF10A cell line, which may explain why the protein was 

less abundant in this cell line compared with MCF7 and MDA-MB-361. 

The localisation of b-catenin protein in MCF7 and MDA-MB-361 cells showed 

the honeycomb pattern that was retained at all densities (Figure 3-11 and Figure 3-12). 

Both cell lines also showed increased cytoplasmic b-catenin localisation with reduction 

in cellular density. A similar pattern was reported previously in MCF7 at a density 

similar to the highest used here (Cai et al., 2013; Ding et al., 2016). Suzuki and 

Takahashi (2006) found that b-catenin protein co-precipitated with E-cadherin in MCF7 

cells, hence, indicating proper interaction between both proteins to form adherens 

junctions. Benhaj et al. (2006) also investigated b-catenin protein localisation in MCF7 
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and found that it depended on the expression of E-cadherin with cells expressing E-

cadherin showing less nuclear localisation of b-catenin, as confirmed by confocal 

microscopy.  

Most studies showed that E-cadherin expression was localised in the membrane 

in high density MCF10A (Sarrio et al., 2008; Sun et al., 2014a; Qu et al., 2015). 

MCF10A showed membrane localised expression of b-catenin as seen in several 

reports, however they all used a single seeding density (Fournier et al., 2008; Zhang et 

al., 2011; Listerman et al., 2014). Fournier et al. (2008) found that b-catenin co-

localises with E-cadherin, seen under fluorescence microscopy in MCF10A at a single 

density. MCF10A also was reported to express b-catenin using Western blotting 

(Fournier et al., 2008; Sun et al., 2014a). Whereas, Sarrio et al. (2008) found that 

seeding MCF10A cells at a sparse density resulted in a reduction of E-cadherin protein 

expression and increased cytoplasmic and nuclear localisation of b-catenin protein 

compared to increased membrane localisation at the confluent density. 

Similar to the findings in the current study, Shan et al. (2015) found that MCF7 

showed weak vimentin expression, which contributed to their low motility. Yan et al. 

(2012) also attempted to assess the expression level of vimentin in MCF7 and found 

that it was not detectable. 

The mesenchymal morphological change of MCF10A at sparse densities was 

reported previously in several studies (Maeda et al., 2005; Liu et al., 2006b; Sarrio et 

al., 2008; Kim et al., 2011; Marro et al., 2014). The basal signature of this cell line 

caused increased expression of vimentin protein, which increases the susceptibility of 

the cells to mesenchymal morphological change (Qu et al., 2015). Qu et al. (2015) 

suggested that MCF10A cells have a basal-like phenotype while expressing luminal 

features, or that they are luminal cells that are undergoing EMT. Reorganisation of 

vimentin filaments was noticed when these cells were seeded at sparse density, but the 

difference in the levels of vimentin expression between confluence and sparse culture 

was not assessed (Sarrio et al., 2008). The expression of additional markers, such as 

Slug, Snail and Twist, is needed to verify that there was an increase in EMT at lower 

seeding densities in MCF10A. 

3.3.3 The MDA-MB-453 cell line showed an increased epithelial phenotype with 

decreasing seeding density 

The effect of reducing cellular density was not previously reported for the MDA-

MB-453 cell line. The expression levels of EMT markers was studied in a single 
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density of this cell line that was selected usually around the medium or high density 

used here (Blick et al., 2008; Zhang et al., 2008). 

E-cadherin protein was not detectable in MDA-MB-453 cell line using Western 

blotting or PCR (Nieman et al., 1999; Lombaerts et al., 2006). However, we showed 

that MDA-MB-453 had an innately low expression of E-cadherin compared to the other 

breast cancer cell lines (Figure 3-16) which concurs with other reports (Junxia et al., 
2010; Yang et al., 2014). The discrepancies in the reports of E-cadherin expression in 

these studies could be explained by the variation in the densities in which these cells 

were cultured. Low levels of E-cadherin in MDA-MB-453 cell line has been shown due 

to hypermethylation of the CDH1 promoter (Mariner et al., 2004; Junxia et al., 2010; 

Yang et al., 2014). Thus, reinforcing the importance of determining and reporting the 

seeding densities in researches and their effect on the expression of EMT related 

proteins.  

MDA-MB-453 expressed very low levels of b-catenin protein compared to the 

other breast cancer cell lines tested (Figure 3-17) which had also been reported in 

previous studies on this cell line (Nieman et al., 1999; Schlosshauer et al., 2000; Kenny 

et al., 2007b; Sun et al., 2014a). This is the first study to report the difference in this 

protein expression in several seeding densities of MDA-MB-453. Schlosshauer et al. 

(2000) concluded that there were no mutations in b-catenin in MDA-MB-453. The 

same study concluded that abnormalities in the function of b-catenin protein in this cell 

lines was not due to genetic mutations (Schlosshauer et al., 2000; Jiang et al., 2009). 

The expression of vimentin in MDA-MB-453 was low similar to previous reports 

(Lombaerts et al., 2006; Tanaka et al., 2016).  

The estimation of expression levels of these proteins (E-cadherin, b-catenin and 

vimentin) were affected by the threshold of detection of the technique used. Also, 

according to the findings of the current research, the density at which the cells are 

cultured may cause variation in the level of protein. 

Two cell lines that had amplification of the ErbB2 gene (MDA-MB-361 and 

MDA-MB-453) and one that overexpresses of the protein (MDA-MB-361). MDA-MB-

453 showed an increased epithelial morphology and increase in E-cadherin with 

reduction of density. Benhaj et al. (2006) examined the nuclear expression of b-catenin 

and found that there was no nuclear expression in MDA-MB-453. Similarly, Kim et al. 

(2010b) found that very week nuclear b-catenin was found in MDA-MB-453. This is 
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similar to the observation of the location of b-catenin in this study, which conclude that 

there was no cross talk between ErbB2 and Wnt/b-catenin pathway in this cell line.  

3.3.4 The triple-negative and basal-like breast cancer cell lines BT20 and MDA-

MB-231 showed an intermediate phenotype on the EMT spectrum  

The triple-negative and basal-like breast cancer cell lines (BT20 and MDA-MB-

231) showed fibroblastic morphology at all densities used (Figure 3-6). There was a 

noticeable morphological switching at the medium density of these cell lines. Both cell 

lines showed increased cell-cell contact with decreased spindle morphology (Figure 

11-2 and Figure 11-3). The epithelial marker E-cadherin was also increased at the 

medium density in both cell lines (Figure 3-19 and Figure 3-20) with strong 

membranous localisation observed in BT20 (Figure 3-19).  

Memmi et al. (2015), reported that the molecular subtype of breast cancer 

indicated the capacity of cells to undergo invasion through EMT activation. The MDA-

MB-231 cell line (basal type B) is hypothesised here to be further down the EMT 

pathway which was also suggested previously by Xie et al. (2014). Additionally, it was 

found in the same study that MCF10A cells (also basal type B) were able to undergo 

EMT but were not able to initiate tumour formation (Xie et al., 2014). This was also 

confirmed by microarray and gene expression profiling. It was also reported that the 

mesenchymal and basal breast cancer cell lines expressed significantly more vimentin 

compared to the luminal cell lines (Charafe-Jauffret et al., 2006; Neve et al., 2006; 

Kumar et al., 2011). Together with the findings here, it can be concluded that the basal-

like breast cancer cell lines showed signs of EMT with reduction in seeding density. 

The expression level of E-cadherin in BT20 has been previously studied using a 

only single seeding density (around that of the “medium density” used in this study) 

and found it to be highly expressed (Nieman et al., 1999; von Schlippe et al., 2000; 

Hajra et al., 2002; Johnson et al., 2004; Sultan et al., 2005; Shirure et al., 2015). E-

cadherin in BT20 localised at cellular adhesion sites as seen by ICF (Figure 3-19) 

which was also reported to show a similar pattern in other studies (Shirure et al., 2015).  

A low expression level of E-cadherin was reported in the MDA-MB-231 cell 

line and was found to be cytoplasmic by ICF (Lombaerts et al., 2006; Zhang et al., 

2008; Yang et al., 2014). Benton et al. (2009) found that the expression of E-cadherin 

in MDA-MB-231 cells was undetectable when they were grown on a plastic tissue 

culture surface. E-cadherin was also not detected by Western blotting or PCR in other 

studies (Nieman et al., 1999; Graff et al., 2000; Mariner et al., 2004; Sun et al., 2014a; 
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Zhao et al., 2016). Low expression of E-cadherin explains the aggressive nature of this 

cell line in xenograft studies (Iorns et al., 2012; Kil et al., 2014). 

The promoter of CDH1 (E-cadherin) in MDA-MB-231 has been shown to be 

methylated, explaining the low expression (Benton et al., 2009). Shirure et al. (2015) 

showed a functional link between the low expression of E-cadherin and high expression 

of Slug (an E-cadherin repressor) in MDA-MB-231 cell line compared to BT20 cells 

that has high E-cadherin expression. This was also concluded by Hajra et al. (2002), 

who they found that the inhibition of E-cadherin in MDA-MB-231 was caused by 

increased expression of Slug. However, transcription factors of EMT were not assessed 

in the current study and assessing the changes in expression of such proteins in effect of 

seeding density changes will aid in making stronger conclusions in future studies.  

Lombaerts et al. (2006) found that MDA-MB-231 had a partially methylated E-

cadherin promoter, and flow cytometry analysis showed two subpopulations of E-

cadherin expressing cells, one of these two subpopulations showed low expression of E-

cadherin (Lombaerts et al., 2006). Thus, they concluded that the methylation of the 

CDH-1 promoter in this cell line could be partial and reversible (Lombaerts et al., 

2006). The two populations seen in Lombaerts et al. (2006) was similar to the finding in 

the medium density flow cytometry in this study (Figure 3-20).  The small population 

of cells that had lower expression of E-cadherin could represent a population of cells 

that have increased stem cell characteristics, which gave them additional aggressive 

characteristic. Also, it could show the ability to segregate these cells using the seeding 

density model and to identify them in the medium density. However, further analysis 

and experimentation to assess the expression of stem cell markers and other EMT 

transcription factors to make further conclusions.  

b-catenin expression increased with reduction in density in BT20 cells, with 

localisation of the protein increasing at regions of cell-cell contact at the medium 

density (Figure 3-21). Nieman et al. (1999) and Schlosshauer et al. (2000) also found 

that BT20 and MDA-MB-231 cells expressed b-catenin. They concluded that the loss 

of E-cadherin in MDA-MB-231 cells resulted in reduced in expression of several 

catenin types, including b-catenin (Suzuki and Takahashi, 2006). 

Benhaj et al. (2006) examined b-catenin in BT20 and found that they have weak 

nuclear b-catenin expression. Gilles et al. (2003) reported that BT20 express b-catenin 

and E-cadherin but not vimentin. b-catenin was localised to the membranes, forming 

the epithelial phenotypes of the cells. Furthermore, the localisation of b-catenin protein 
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in MDA-MB-231 was variable across many studies. It was found that the expression of 

b-catenin in MDA-MB-231 was both cytoplasmic and nuclear (Gilles et al., 2003). On 

the other hand, Ravindranath et al. (2011) reported that b-catenin expression was both 

membranous and nuclear in MDA-MB-231. Yan et al. (2012) also measured b-catenin 

protein in MDA-MB-231 and found that most of the protein was in the cytoplasmic and 

membranous fraction compared to a low amount in the nuclear fraction. This variation 

in reports on the localisation and level of b-catenin expression in these cell lines may 

have been due to discrepancies in the seeding densities used and tissue culture method.  

The expression of vimentin increased significantly in BT20 at lower density 

compared to higher density (Figure 3-21). The MDA-MB-231 cell line expressed high 

levels of vimentin protein (as seen in Figure 3-24) and this is consistent with previous 

findings. Sommers et al. (1991) assessed the expression of vimentin in breast cancer 

cell lines using Northern blotting and found the MDA-MB-231 had strong vimentin 

expression. High vimentin expression in MDA-MB-231 was also confirmed by Western 

blotting (Cai et al., 2014). Tanaka et al. (2016) found that changes in vimentin 

expression was significantly correlated with changes in b-catenin expression in MDA-

MB-231. The high expression of vimentin in MDA-MB-231 cells was maintained in 

both the high and medium densities (Figure 3-24). Yuki et al. (2014), concluded that 

the expression of vimentin correlated with the mesenchymal or basal phenotype of 

MDA-MB-231 and MCF10A cells.  

The intermediate status of MDA-MB-231 and BT20 was noted previously in 

several studies and was referred to as partial EMT in previous studies (Grigore et al., 
2016; Saitoh, 2018), hybrid EMT (Jolly et al., 2015; Jolly et al., 2016; Vergara et al., 
2016) and transition states (Pastushenko et al., 2018). The intermediate status of basal-

like breast cancer cell lines (BT20 and MDA-MB-231) is a status termed because the 

MDA-MB-231 and BT20 showed increased in epithelial characteristic when were 

seeded in the medium density. Thus, these cells were able to maintain epithelial and 

mesenchymal phenotype. In medium density, the cells showed increase in the 

expression of E-cadherin with reduction in vimentin and b-catenin.  In high and low 

density, MDA-MB-231 and BT20 cells had mesenchymal phenotype with reduction in 

E-cadherin and b-catenin compared to the medium density. The observation of the 

partial EMT in the medium density in BT20 and MDA-MB-231 cell lines has not been 

observed in vitro, until the time of submitting this work. Further confirmation and 

verification of this status is recommended before drawing further conclusions. The cell 
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density model developed here can be utilised for further understanding of the scope and 

regulation of the intermediate status in those cell lines in breast cancer and other 

epithelial cancers. 

3.3.5 The molecular subtype of breast cancer cell lines did not dictate the 
response to stimuli introduced in the cell density in vitro model 

According to the results and analysis of the expression of E-cadherin and 

vimentin proteins at the three densities, it can be seen that the breast cancer cell lines 

changed both in morphology and in the expression of these markers. The strength of the 

response to lowering the cellular density varied between the cell lines. Further 

experimental verification by analysis of expression level of EMT transcription factors 

Snail, Slug and Twist is required to draw stronger conclusions. The response noticed 

with reducing density can be divided into three types; a classical increase in 

mesenchymal morphology with reduction in E-cadherin and increased vimentin, an 

inverted response characterised by an increase in epithelial morphology with a 

reduction in vimentin and increased E-cadherin, and an intermediate status showed 

mixed response to reduction in density.  

MCF7, MDA-MB-361, MDA-MB-453 are luminal cell lines, yet, MDA-MB-453 

did not follow the pattern of response as the two other luminal cell lines. Similarly, 

MDA-MB-361 and MDA-MB-453 are HER2 amplified cell lines, yet MDA-MB-361 

did not show an inverse EMT like that seen when MDA-MB-453 were subjected to 

lower density. Additionally, MCF10A, BT20 and MDA-MB-231 are basal-like breast 

cancer cell lines and only BT20 and MDA-MB-231 showed the intermediate phenotype 

when cultured in the seeding density experiment. Thus, these findings indicate that the 

molecular subtype of breast cancer cell lines did not predict their response to reduction 

of density, and therefore did not affect EMT associated markers and EMT-related 

morphological changes. 
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3.4 Conclusion 
Reduction of cell density was applied in previous breast cancer studies and was 

sufficient to induce phenotypical switch and variation in cellular functions including 

changes in proliferation, marker expression and pathway activation. The seeding 

density model used in this study successfully induced EMT-like response in all of the 

breast cancer cell lines used provides a useful tool to investigate how cell-cell 

interaction can promote EMT-related changes. Furthermore, identifying the medium 

density anomaly was useful in capturing intermediate phenotypical switches that were 

previously only identified in clinical observation. Additionally, the investigation of 

several cell lines that belong a range of different breast cancer subtypes provides an 

insight into how the subclassification of breast cancer may predict a tumour’s ability to 

undergo EMT due to changes in cell-cell interaction, which has not been attempted 

previously using this approach in vitro. It is also concluded from the use of the cell 

density model that the type of response could not be predicted by the subtype of breast 

cancer cell line. 

The morphological changes associated with reduced in density were paralleled to 

changes in epithelial and mesenchymal marker expression (E-cadherin and vimentin). 

Three types of response to reducing density noted using this model. A subset of breast 

cancer cell lines showed mesenchymal-like morphological changes with decrease in 

density. Another group of breast cancer cell lines showed increase in epithelial-like 

phenotype with reduction in cellular density. Lastly, a group of cell lines showed 

intermediate state, where the cells showed mixed morphology in the medium density. 

This model allowed us to identify the cell lines that can undergo an EMT-like 

response. Thus, this model provides a tool to study the regulation of EMT, especially by 

identifying the cell lines that showed the intermediate status in the medium density. 

MCF10A, BT20 and MDA-MB-231 cells were able to undergo stronger EMT-

associated changes due to the mesenchymal molecular signature as seen in previous 

studies.  

These findings confirm the hypothesis that the EMT is, in fact, a spectrum of 

changes, rather than an absolute status transition. However, the initial hypothesis that 

propensity to undergo EMT depends on, or can be predicted by, the subclass of breast 

cancer was incorrect. Although prognosis varies between tumour subtypes, they are all 

capable of generating life-threatening metastasis through this invasive adaption of cell 

phenotype.   
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4. Chapter four: The Expression of the Hedgehog Signalling Pathway 

in Breast Cancer 

4.1 Introduction 

Despite advances in screening, diagnosis and treatment of breast cancer, it 

remains the most common cause of cancer death in Europe for females and the third 

most common cause of cancer death overall (CRUK, 2017). In the UK the five-year 

survival rate of breast cancer at diagnosis drops from 99% at stage I to 15% at stage IV 

(CRUK, 2017). Nearly 30% of females initially diagnosed with early-stage breast 

cancer go on to develop metastatic disease, months or even years after initial diagnosis 

(Redig and McAllister, 2013). 

The current clinical systems for grading, and staging, along with prognostic 

markers used to stratify breast cancer and predict prognosis, fall short in identifying 

patients with a high-risk of recurrence (Redig and McAllister, 2013). The current 

treatment and management strategies for advanced breast cancers include systemic 

chemotherapy, radiation and surgery with a goal to stabilise the disease especially in a 

metastatic setting (Orlando et al., 2007). Thus, there is a clinical need to find reliable 

prognostic markers that could also be utilised for identifying either metastatic or high-

risk cases. These markers could also be utilised as therapeutic targets that aid in 

treatment, or limit cancer invasion and subsequent metastasis. 

Alteration in the components of Hh signalling are detected in 25% of human 

cancers (Moraes et al., 2007). Overexpression of the Hh pathway signalling 

components in vivo and evidence of activation of Hh signalling in breast cancer were 

documented previously in in vitro models (Kubo et al., 2004; O'Toole et al., 2011). In 

studies conducted on clinical samples, overexpression of crucial components of the Hh 

pathway (including Gli1, Ptch1, and Shh) were more highly expressed in invasive 

carcinoma compared to normal breast tissue (Kubo et al., 2004; O'Toole et al., 2011). 

Several studies correlated the overexpression of Hh ligands with poor clinical 

outcomes, increased invasiveness and high-grade tumours in basal-like breast cancer 

(O'Toole et al., 2011; Li et al., 2012; Han et al., 2015). Hh pathway activation 

associated with several clinicopathological parameters including high proliferation 

index, tumour size, invasion, lymph node metastasis, hormone receptor negativity and 

poor overall survival (Xuan and Lin, 2009; O'Toole et al., 2011; Souzaki et al., 2011). 

Im et al. (2013) assessed Gli1, Gli2 and Gli3 in breast cancer by tissue microarray and 

found they correlated with several clinicopathological parameters. Gli2, in particular, 
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was correlated with the worst overall survival (Im et al., 2013). Concurrent activation 

of Hh signalling within specific molecular subtypes of breast cancer and the prognostic 

consequence is not fully understood and was not studied previously. More investigation 

is required to link changes in expression and localisation of Hh signalling proteins 

(Gli1, Gli2, and Gli3) to the molecular subtypes of breast cancer. 

E-cadherin and β-catenin separately (or combined) are used as markers of EMT in 

breast cancers (Onder et al., 2008; Sarrio et al., 2008; Cheng et al., 2012; Liu et al., 

2015). Localisation and distribution of both proteins changed in response to EMT 

stimuli (either changes in densities, or by treatment) in breast cancer cells in vitro 

(Gilles et al., 2003; Sarrio et al., 2008; Yan et al., 2012; Shan et al., 2015). Results 

from the previous section (3.3) showed that there was a difference in EMT regulation as 

a result of variation of density in vitro. Loss of E-cadherin, and loss or changes in the 

localisation of b-catenin, were reported previously in invasive breast cancer (Lin et al., 

2000; King et al., 2012). 

Most previous work investigating EMT in breast cancer assessed the expression 

of E-cadherin and b-catenin in human tissue sections. This was achieved through 

estimation of expression in the sample and correlating this with the clinicopathological 

criteria. Scientists have suggested that the invasive front of tumours is more suitable to 

investigate EMT (Bryne et al., 1998; Christofori, 2006; Busch et al., 2014). Therefore, 

several studies looked at proteins involved in EMT and compared their expression 

between the tumour centre and the invasive front. For example, E-cadherin and b-

catenin changed in expression and intensity at the invasive front in colorectal (Zlobec 

and Lugli, 2009), parathyroid (Fendrich et al., 2009), and oral carcinoma (Wang et al., 

2009). This approach of comparing E-cadherin and b-catenin expression in different 

regions of the tumour has not been previously reported in breast cancer, although this 

approach has shown promising data in other tumour types. 

Concurrent activation of Wnt and Hedgehog (Hh) signalling has been reported in 

several human cancers including colon (Qualtrough et al., 2015), ovarian (Schmid et 

al., 2011), and basal-cell carcinoma (Yang et al., 2008b; Skvara et al., 2011). Arnold et 

al. (2017) found evidence that linked co-activation of Wnt and Hh signalling to poor 

prognosis in TNBC and decreased overall survival. Arnold et al. (2017) assessed 

nuclear localisation of Gli1 and b-catenin in human breast cancer samples. Combined 

analysis of the localisation of b-catenin, as well as Gli1, Gli2, and Gli3 (members of 
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active Wnt and Hh signalling respectively), has not been reported in previous work on 

mammary tumours. 

Assessing E-cadherin expression in parallel with the comparative distribution and 

localisation of b-catenin, Gli1, Gli2, and Gli3 is vital for understanding how crosstalk 

between both Hh and Wnt could influence EMT in breast cancer. Also, assessment of 

expression and localisation of these proteins in the tumour centre compared with the 

invasive front could uncover correlations between changes in localisation, intensity and 

expression with clinicopathological criteria, tumour subtypes, lymph node invasion and 

metastasis. Investigating the variation in subcellular localisation and expression of b-

catenin and the tissue distribution in tumour centre and at invasive front gives an 

indication of EMT activity. The changes in EMT at the invasive front compared to the 

tumour centre mimic the observed disruption in breast cancer cell lines after stimulation 

of EMT by reduction of density. Moreover, estimating the level of E-cadherin 

expression and comparing its expression in the tumour centre and at the invasive front 

and correlating it with the expression of b-catenin protein provides additional insight 

into the regulation of EMT in breast cancer. This approach of investigation has not been 

reported previously and could aid in the identification of invasion and/or metastatic 

properties during breast cancer progression. 
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4.2 Aim 
- Investigate the expression of hedgehog signalling components in tumour centres 

and at invasive fronts to estimate if this pathway is involved in breast cancer 

progression through metastasis regulation. 

4.2.1 Objectives 

• To investigate and quantify the expression hedgehog signalling components 

(Gli1, Gli2 and Gli3) and EMT-associated proteins (E-cadherin, and b-catenin) 

in cohort of breast cancer samples and correlate this with the clinicopathological 

features and tumour subtypes. 

• To assess the expression of Hh signalling components (Sonic hedgehog, Indian 

hedgehog, Patched, Smoothened, Gli1, Gli2, and Gli3) in a panel of breast 

cancer cell lines and to confirm if breast cancer cell lines can be used to further 

understand the regulation of EMT by Hh signalling in breast cancer.  
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4.3 Results 

4.3.1 Validation of Gli1, Gli2, Gli3, b-catenin and E-cadherin antibodies 

To assess if Hedgehog signalling proteins were expressed in breast cancer clinical 

samples, using serial sections of archival breast cancer tissues were sectioned and 

stained with either Gli1, Gli2, Gli3, b-catenin or E-cadherin antibodies (Figure 4-1). 

Secondary-only controls were added to confirm minimal background staining (Figure 

4-1-B). Adjacent skin tissue in sections was used as positive control for Gli1, Gli2 and 

Gli3 staining (Figure 4-2-C, -D, and -E) (Green et al., 1998; Regl et al., 2002). It was 

also used as positive control for b-catenin and E-cadherin antibodies (Figure 4-2-B and 

-C). As seen in Figure 4-2-A, the level of background did not reach the level of staining 

intensity.  

 

 
 

Figure 4-1, Representative IHC images of serial sections stained with the 
antibodies used in the study compared to the negative control.  
Representative images of serial sections from the same case were stained for b-catenin (C), E-cadherin 
(D), Gli1 (E), Gli2 (F) and Gli3 (G) compared against the negative control (B). (¨) used in 100x images 
to point to the location of immune reaction and (•) used to indicate the location of immune reaction in 
400x images. Images captured by Leica microscope the images (B, C, D, E, F and G) to the left were 
captured at 100X magnification. The images (B, C, D, E, F and G) to the right were captured at 400X 
magnification. Scale bars were added to the bottom right corner of images. 
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Figure 4-2, Adjacent skin tissue was used as a positive control for antibodies 
Adjacent skin tissue in patient samples was used as a positive control for b-catenin (B), E-cadherin (C), 
Gli1 (D), Gli2 (E) and Gli3 (F). Negative control (A) showed no background staining. Images were 
captured by Leica microscope at 100X magnification. (¨ and •) used to indicate location of immune 
reaction. Scale bars were added at the bottom right corner of images. 
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4.3.2 Gli1, Gli2 and Gli3 were expressed in breast cancer with both nuclear and 
cytoplasmic distribution  

Scoring of protein expression in sections was conducted following the percentage 

of positive tumour cells and intensity scores as seen in Figure 4-3 for Gli1, Figure 4-4 

for Gli2 and Figure 4-5 for Gli3. 44 out of 48 cases (91%) were positive for Gli1, and 

all cases were positive for Gli2 and Gli3 (100%) as seen in Figure 4-6.  

Gli1 was positive in more than half of the tumour cells in 23 out of 48 cases 

(48%) (Figure 4-7). 18 out of 29 cases (62%) showed more than 50% positivity for Gli2 

(Figure 4-7). 22 out of 23 cases (95%) cases showed more than 50% positive tumour 

cells for Gli3 (Figure 4-7). 

The score of Gli1 staining intensity showed that about 45%, 31% and 14% of 

cases had intense, moderate and mild staining respectively (Figure 4-8). Gli2 staining 

intensity analysis showed that almost 58%, 17% and 20% of cases had intense, 

moderate and mild staining respectively (Figure 4-8). The intensity of Gli3 staining 

showed that approximately 13%, 43% and 43% of cases had intense, moderate and mild 

staining intensity respectively (Figure 4-8). 

The IRS class of Gli1 staining showed that 39 out of 48 cases (81%) were 

positive with mild to strong expression (Figure 4-9). Gli2 IRS class showed that 26 out 

of 29 cases (89%) were positive with either mild or strong expression (Figure 4-9). The 

IRS class of Gli3 showed that 20 out of 23 cases (87%) were positive with mild or 

strong expression (Figure 4-9). 
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Figure 4-3, Representation of percentage of Gli1 positive tumour cells and the 
intensity of immune reaction in breast cancer sections   
Representative sections stained for Gli1 by IHC. Images were captured by Leica microscope in 400x 
magnification. (A) the percentage of Gli1 positive tumour cells. (B) the intensity of the staining. Scale 
bars were added to the bottom right corner of each image. (¨) was used to indicate the area of positivity 
in images.  
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Figure 4-4, Representation of percentage of Gli2 positive tumour cells and the 
intensity of immune reaction in breast cancer sections   
Representative sections stained for Gli2 by IHC. Images were captured by Leica microscope in 400x 
magnification. (A) the percentage of Gli2 positive tumour cells. (B) the intensity of the staining. Scale 
bars were added to the bottom right corner of each image. (¨) was used to indicate area of positivity in 
images. 
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Figure 4-5, Representation of percentage of Gli3 positive tumour cells and the 
intensity of immune reaction in breast cancer sections   
Representative sections stained for Gli3 by IHC. Images were captured by Leica microscope in 400x 
magnification. (A) the percentage of Gli3 positive tumour cells. (B) the intensity of the staining. Scale 
bars were added to the bottom right corner of each image. (¨) was used to indicate area of positivity in 
images. 
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Figure 4-6, Gli1, Gli2 and Gli3 are expressed in breast cancer samples 
Bar chart presenting the percentage of (positive or negative) breast cancer samples from total cases. The 
table below presents the numbers of (positive or negative) samples and the corresponding percentage of 
expression from total cases. 
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Figure 4-7, Percentage of Gli1, Gli2 and Gli3 positive expressing cells in breast 
cancer samples 
Bar chart presenting the percentage of (0, <10, 10-50, 51-80 and >80) breast cancer samples from total 
cases. The table below presents the numbers of (0. <10, 10-50, 51-80 and >80) samples and the 
corresponding percentage of expression from total cases. 
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Figure 4-8, The intensity of Gli1, Gli2 and Gli3 staining in breast cancer samples 
Bars chart of presenting the percentage of cases which show is showing (no staining, mild, moderate, and 
intense) of Gli1, Gli2 and Gli3 from total breast cancer samples. Table below shows the numbers of 
(positive or negative) breast cancer samples and the corresponding percentage from total cases. 
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Figure 4-9, IRS classes of Gli1, Gli2 and Gli3 staining in breast cancer samples 
Bars chart of presenting the percentage of cases which show (negative, positive with weak expression, 
positive with mild expression and positive with strong expression) of Gli1, Gli2 and Gli3 from total 
breast cancer samples. Table below shows the numbers of (negative, positive with weak expression, 
positive with mild expression and positive with strong expression) breast cancer samples and the 
corresponding percentage from total cases. 

 

A mixture of both cytoplasmic only, nuclear only or both cytoplasmic and 

nuclear staining was detected for Gli1, Gli2 and Gli3 in the breast cancer tissue (Figure 

4-10). The immunoreactivity was often diffuse and sometimes showed low intensity 

especially in the case of Gli3. Final sample number of cases assessed for Gli1, Gli2 and 

Gli3 were 48, 29 and 23, respectively. The clinicopathological criteria of the cases are 

summarised in Table 11-1. 

31 out of 48 (64.6%) cases showed nuclear localisation of Gli1, 29 cases (100%) 

showed nuclear localisation of Gli2 and 20 out of 23 cases (87%) showed nuclear 

localisation of Gli3 (Figure 4-11). 
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Figure 4-10, Cellular distribution of Gli proteins in representative sections 
containing breast cancer tissue 
Representative sections stained for either Gli2, Gli2 or Gli3. Sections were selected to highlight the 
distribution pattern of Gli proteins in breast tissue. (A) section showing cytoplasmic distribution, (B) 
section showing nuclear distribution and (C) section showing both nuclear and cytoplasmic distribution. 
All images were captured by Leica microscope at 600x 
 

 
 

Figure 4-11, Nuclear localisation of Gli1, Gli2 and Gli3 in breast cancer samples 
Bars chart of presenting the percentage of cases which shows (positive or negative) localisation of Gli1, 
Gli2 and Gli3 from total breast cancer samples. Table below shows the numbers of (positive or negative) 
breast cancer samples and the corresponding percentage from total cases. 
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4.3.3 Increased Gli expression was observed at the invasive front of breast cancer 
samples 

To evaluate the correlation between hedgehog signalling and breast cancer 

metastasis, the expression of Gli1, Gli2 and Gli3 were assessed both within the tumour 

centres and also at the invasive fronts. Pearson chi-square statistical analysis were 

conducted to compare the difference in percentage, intensity or IRS class staining of 

Gli1, Gli2 and Gli3 in tumour centre and at invasive front. Kendell’s tau B test was 

used to assess for correlation between the Gli1, Gli2 and Gli3 percentage, intensity or 

IRS class of staining in tumour centre and at invasive front.  
The percentage of positive tumour cells for Gli1 and Gli2 was significantly 
higher at the invasive front compared to the tumour centre (p-value= 0.0001 and p-
value= 0.0001, respectively) (Table 4-1-A and  

 
 
 
 
 
 
 
 
Table 4-2-A). Intensity and IRS scores of Gli1 and Gli2 staining were both higher 
at the invasive front compared with the tumour centre (p-value= 0.0001 and p-
value= 0.0001, respectively) (Table 4-1-B and C,  
 
 
 
 
 
 
 
 

Table 4-2-B and D). There was no significant difference between the 

percentage, intensity and IRS class of Gli3 in the tumour centre and at the invasive 

front (Table 4-3-A, -B and -C).  

There was significant correlation between the percentages, intensities and IRS 

classes of Gli1, Gli2 and Gli3 in tumour centres and invasive fronts. this indicate that as 

the percentage, intensity or IRS class of Gli1, Gli2 and Gli3 increases in the tumour 

centre, it correspondingly increases at the invasive front of the same case. The 

percentage, intensity and IRS class of Gli1 in tumour centre were significantly 

correlated (p-value=0.0001 in all) with those at invasive front (Table 4-1-A, -B and -C, 

Figure 4-12-A, and -B, and Figure 4-13-A, -B and -C) with the highest correlation seen 
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between the IRS class followed by the intensity. The percentage, intensity and IRS class 

of Gli2 staining in tumour centre were significantly correlated (p-value=0.0001 in all) 

with that at invasive front. Similar to Gli1, Gli2 the IRS class had the highest 

correlation followed by intensity (0.683 and 0.656 respectively) (Table 4-2-A, -B and -

C, Figure 4-14-A and -B, and Figure 4-15-A, -B and -C). Gli3 staining percentage, 

intensity and IRS class in tumour centre and invasive front were significantly correlated 

(p-value=0.034, p-value=0.007 and p-value=0.036 respectively). The highest 

correlation of Gli3 was seen in comparing intensity and IRS class (0.603 and 0.481 

correlation coefficient respectively) in tumour centre and at invasive front.  
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Figure 4-12, Gli1 expression was higher in invasive fronts of breast cancer samples   
Representative IHC images of the same breast cancer sample showing higher Gli1 levels in the invasive 
front (B) compared to the tumour centre (A). Images were captured using three different magnifications 
(100X, 200X and 400X) by the Leica microscope. (¨) was used to indicate area of positivity in images. 

 

 

 

 

 

 
Table 4-1: Percentage of positive tumour cells, staining intensity and IRS class of 
Gli1 showed significant difference between tumour centre and invasive front 
Tumour centre and invasive front frequency tables (A) for percentage of positive tumour cells, (B) 
intensity of staining, and (C) IRS class. Pearson Chi-square test was used to estimate the difference 
between tumour centre and invasive front. The Kendall’s Tau B correlation coefficient (between -1 and 
+1) was used to assess for degree of correlation between tumour centre and invasive front. The statistical 
significance of the correlation is indicated as follows: *P= <0.05, **P= <0.01. 
 

A Tumour centre Invasive front 
No. (%) No. (%) 

Pe
rc

en
ta

ge
 o

f 
po

si
tiv

e 
tu

m
ou

r 
ce

lls
 

0 2 (4.2) 2 (5.4) 
<10 4 (8.3) 1 (2.7) 

10-50 11 (22.9) 4 (10.8) 
51-80 22 (45.8) 19 (51.4) 
>80 9 (18.8) 11 (29.7) 

Total 48 (100) 37 (100) 
Missing 0 11 (22.9) 

Total 48 (100) 48 (100) 
Pearson Chi-Square 0.0001*** 

p-value 0.0001 
Tau B  0.458** 

 

B Tumour Centre  Invasive front  
No. (%) No. (%) 

In
te

ns
ity

 o
f 

st
ai

ni
ng

 

No colour  8 (16.7) 5 (13.5) 
Mild  9 (18.8) 2 (5.4) 

Moderate  12 (25) 10 (27) 
Intense  19 (39.6) 20 (54.1) 
Total 48 (100) 37 (100) 

Missing 0 11 (22.9) 
Total 48 (100) 48 (100) 

Pearson Chi-Square 0.0001*** 
p-value 0.0001 
Tau B 0.687** 
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C Tumour Centre Invasive front  
No. (%) No. (%) 

IR
S 

cl
as

s 
Negative 9 (18.8) 5 (13.5) 

Positive, weak expression 8 (16.7) 3 (8.1) 
Positive, mild expression 17 (35.4) 12 (32.4) 

Positive, strong expression 14 (29.2) 17 (45.9) 
Total 48 (100) 37 (100) 

System 0 11 (22.9) 
Total 48 (100) 48 (100) 

Pearson Chi-Square 0.0001*** 
p-value 0.0001 
Tau B 0.771** 
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Figure 4-13, Gli1 expression was higher at invasive fronts in breast cancer cohort 
Figure showing comparison of Gli1 levels in tumour centres (to the left) compared to the invasive front 
(to the right). (A) comparison of percentage of positive cells. (B) comparison of intensity of staining. (C) 
comparison of IRS class. 
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Figure 4-14, Gli2 expression was higher in invasive fronts of breast cancer samples   
Representative IHC images of the same breast cancer sample showing higher Gli2 levels in the invasive 
front (B) compared to the tumour centre (A). Images were captured using three different magnifications 
(100X, 200X and 400X) by the Leica microscope. (¨) was used to indicate area of positivity in images. 
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Table 4-2: Percentage of positive tumour cells, staining intensity and IRS class of 
Gli2 showed significant difference between tumour centre and invasive front 
Tumour centre and invasive front frequency tables (A) for percentage of positive tumour cells, (B) 
intensity of staining, and (C) IRS class. Pearson Chi-square test was used to estimate the difference 
between tumour centre and invasive front. The Kendall’s Tau B correlation coefficient (between -1 and 
+1) was used to assess for degree of correlation between tumour centre and invasive front. The statistical 
significance of the correlation is indicated as follows: *P= <0.05, **P= <0.01. 
 
 

 

In
te

ns
ity

 o
f 

st
ai

ni
ng

 

B Tumour centre  Invasive front  
No. (%) No. (%) 

No colour  1 (3.4) 0 
Mild  6 (20.7) 4 (13.8) 

Moderate  11 (37.9) 8 (27.6) 
Intense  11 (37.9) 17 (58.6) 
Total 29 (100) 29 (100) 

Pearson Chi-Square 0.0001*** 
p-value 0.0001 
Tau B 0.656** 

 

IR
S 

cl
as

s  

C Tumour centre Invasive front  
No. (%) No. (%) 

Negative 2 (6.9) 2 (6.9) 
Positive, weak expression 3 (10.3) 1 (3.4) 
Positive, mild expression 13 (44.8) 9 (31) 

Positive, strong expression 11 (37.9) 17 (58.6) 
Total 29 (100) 29 (100) 

Pearson Chi-Square 0.0001*** 
p-value 0.0001 
Tau B 0.683** 
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A Tumour centre Invasive front 
No. (%) No. (%) 

0 0 0 
<10 2 (6.9) 2 (6.9) 

10-50 9 (31) 1 (3.4) 
51-80 4 (13.8) 7 (24.1) 
>80 14 (48.3) 19 (65.5) 

Total 29 (100) 29 (100) 
Pearson Chi-Square 0.0001*** 

p-value 0.0001 
Tau B 0.661** 
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Figure 4-15, Gli2 expression was higher at invasive fronts in breast cancer cohort 
Figure showing comparison of Gli2 in tumour centres (to the left) compared to the invasive front (to the 
right). (A) comparison of percentage of positive cells. (B) comparison of intensity of staining. (C) 
comparison of IRS class. 
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Figure 4-16, Gli3 expression was higher in invasive fronts of breast cancer samples   
Representative IHC images of the same breast cancer sample showing higher Gli2 in the invasive front 
(B) compared to the tumour centre (A). Images were captured using three different magnifications (100X, 
200X and 400X) by the Leica microscope. (¨) was used to indicate area of positivity in images. 
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Table 4-3: Correlation between Gli3 staining percentage, intensity and IRS class in 
tumour centres and that at invasive front  
Tumour centre and invasive front frequency tables (A) for percentage of positive tumour cells, (B) 
intensity of staining, and (C) IRS class. Pearson Chi-square test was used to estimate the difference 
between tumour centre and invasive front. The Kendall’s Tau B correlation coefficient (between -1 and 
+1) was used to assess for degree of correlation between tumour centre and invasive front. The statistical 
significance of the correlation is indicated as follows: *P= <0.05, **P= <0.01. 
 

Pe
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f p
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tu
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r 
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A Tumour centre Invasive front 
No. (%) No. (%) 

0 0 0 
<10 1 (4.3) 0 

10-50 7 (30.4) 0 
51-80 7 (30.4) 6 (33.3) 
>80 8 (34.8) 12 (66.7) 

Total 23 (100) 18 (100) 
Missing 0 5 (21.7) 

Total 23 (100) 23 (100) 
Pearson Chi-Square 0.154 

p-value 0.034 
Tau B 0.477* 

 

In
te

ns
ity

 o
f s

ta
in

in
g 

 B Tumour centre  Invasive front  
No. (%) No. (%) 

No colour  0 0 
Mild  11 (47.8) 2 (11.1) 

Moderate  8 (34.8) 10 (55.6) 
Intense  4 (17.4) 6 (33.3) 
Total 23 (100) 18 (100) 

Missing 0 5 (21.7) 
Total 23 (100) 23 (100) 

Pearson Chi-Square 0.079 
p-value 0.007 
Tau B 0.602** 

 

IR
S 

cl
as

s 

C Tumour centre Invasive front  
No. (%) No. (%) 

Negative 1 (4.3) 0 
Positive, weak expression 8 (34.8) 0 
Positive, mild expression 11 (47.8) 12 (66.7) 

Positive, strong expression 3 (13) 6 (33.3) 
Total 23 (100) 18 (100) 

Missing 0 5 (21.7) 
Total 23 (100) 23 (100) 

Pearson Chi-Square 0.124 
p-value 0.036 
Tau B 0.481* 
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Figure 4-17, Gli3 expression was higher at invasive fronts in breast cancer cohort 
Figure showing comparison of Gli2 in tumour centres (to the left) compared to the invasive front (to the 
right). (A) comparison of percentage of positive cells. (B) comparison of intensity of staining. (C) 
comparison of IRS class. 
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4.3.4 Increased nuclear localisation of Gli proteins observed at the invasive front 
of breast cancer samples 

The nuclear localisation of Gli1, Gli2 and Gli3 was higher at invasive front 

compared to that in tumour centres as seen in representative images (Figure 4-18, 

Figure 4-19 and Figure 4-20). Pearson Chi-square analysis was used to assess if the 

difference between the nuclear localisation of Gli1, Gli2 and Gli3 in tumour centre and 

at invasive fronts were significant (summarised in Table 4-4-A, -B and -C). Also, 

Kendall’s Tau B test was used to assess for the correlation between the nuclear 

localisation in tumour centres and invasive fronts of Gli1, Gli2 and Gli3 staining 

(summarised in Table 4-4-A, -B and -C). 

The invasive front was identified in 37 out of 48 cases analysed for Gli1. Gli1 

was observed in 31 out of 48 cases (65%) in tumour centres and 27 out of 37 cases at 

invasive fronts (73%) was observed (Table 4-4-A). the invasive front was identified in 

all the cases analysed for Gli2. All cases were positive for nuclear Gli2 (29 cases) in the 

tumour centre and at the invasive front (Table 4-4-B and Figure 4-21-B). The invasive 

front was identified in 16 out of 23 cases analysed for Gli3. Of 23 cases, 97 (87%) 

tumour centres and 16 (96%) invasive fronts were negative for Gli3 (Table 4-4-C and 

Figure 4-21-C).  

Nuclear localisation was more evident  in the invasive front compared to the 

tumour centres for Gli1 (Figure 4-18), Gli2 (Figure 4-19) and Gli3 (Figure 4-20) (p-

value= 0.0001, p-value=0.002 and p-value=0.002, respectively) (Table 4-4-A, Figure 

4-21-A, Table 4-4-B, Figure 4-21-B, Table 4-4-C and Figure 4-21-C). The nuclear 

localisation of Gli1, Gli2 and Gli3 at the invasive front had a significantly positive 

correlation with that in the tumour centre (p-value=0.0001, p-value=0.001 and p-

value=0.002) (Table 4-4-A, Table 4-4-B and Table 4-4-C).  
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Figure 4-18, Nuclear expression of Gli1 in tumour cells is higher in invasive front 
of breast cancer   
Representative IHC images of the same breast cancer sample showing increased nuclear localisation of 
Gli1 in tumour cells in the invasive front (to right) compared to the tumour centre (to left). Images were 
captured using three different magnifications (100X, 400X and 600X) by the Leica microscope. (¨) was 
used to indicate area of positivity in images. 
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Figure 4-19, Nuclear expression of Gli2 in tumour cells is higher in invasive front 
of breast cancer   
Representative IHC images of the same breast cancer sample showing increased nuclear localisation of 
Gli2 in tumour cells in the invasive front (to right) compared to the tumour centre (to left). Images were 
captured using three different magnifications (100X, 400X and 600X) by the Leica microscope. (¨) was 
used to indicate area of positivity in images. 
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Figure 4-20, Nuclear expression of Gli3 in tumour cells is higher in invasive front 
of breast cancer   
Representative IHC images of the same breast cancer sample showing increased nuclear localisation of 
Gli3 in tumour cells in the invasive front (to right) compared to the tumour centre (to left). Images were 
captured using three different magnifications (100X, 400X and 600X) by the Leica microscope. (¨) was 
used to indicate area of positivity in images. 
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Table 4-4: Nuclear expression of Gli1, Gli2 and Gli3 increased at invasive front 
compared to tumour centre 
Tables showing nuclear expression of Gli1 (A), Gli2 (B) and Gli3 (C) in cells in tumour centre and 
invasive front. Pearson Chi-square test was used to estimate the difference between nuclear expression in 
tumour centres and invasive fronts. The Kendall’s Tau B correlation coefficient (between -1 and +1) was 
used to assess for degree of correlation between tumour centre and invasive front. The statistical 
significance of the correlation is indicated as follows: *P= <0.05, **P= <0.01. 
 

 Nuclear expression of Gli1 
A Tumour Centre Invasive Front 
 No. (%) No. (%) 

No nuclear expression 17 (35.4) 10 (27) 
<10% of tumour cells 8 (16.7) 3 (8.1) 

10% - 50% of tumour cells 14 (29.2) 9 (24.3) 
≥51% of tumour cells 9 (18.8) 15 (40.5) 

Total included 48 (100) 37 (100) 

Missing 0 11 (22.0) 
Total 48 (100) 48 (100) 

Pearson Chi-Square 0.0001*** 
p-value 0.0001 
TauB 0.642** 

 

 Nuclear expression of Gli2 
B Tumour Centre Invasive Front 
 No. (%) No. (%) 

No nuclear expression 0 0 
<10% of tumour cells 7 (24.1) 3 (10.3) 

10% - 50% of tumour cells 12 (41.4) 7 (24.1) 
≥51% of tumour cells 10 (34.5) 19 (65.5) 

Total included 29 (100) 29 (100) 
Pearson Chi-Square 0.002** 

p-value 0.001 
TauB 0.582** 

 

 Nuclear expression of Gli3 
C Tumour Centre Invasive Front 
 No. (%) No. (%) 

No nuclear expression 3 (13) 1 (4.3) 
<10% of tumour cells 11 (47.8) 3 (13) 

10% - 50% of tumour cells 5 (21.7) 7 (30.4) 
≥51% of tumour cells 4 (17.4) 5 (21.7) 

Total included 23 (100) 16 (69.6) 

Missing 0 7 (30.4) 
Total 23 (100) 23 (100) 

Pearson Chi-Square 0.002** 
p-value 0.002 
TauB 0.710** 
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Figure 4-21, Gli nuclear expression was higher at invasive fronts in breast cancer 
Figure showing comparison of Gli1 (A) Gli2 (B) and Gli3 (C) nuclear localisation in tumour centres (to 
the left) compared to the invasive front (to the right). 
 

4.3.5 Gli1 expression correlates with size and the nuclear localisation correlated 

with tumour stage at invasive front  

The percentage of Gli1 positive tumour cells increased with an increase in the 

size of the tumour. Gli1 IRS class significantly increased with tumour size with a high 

correlation coefficient (0.311, p-value= 0.046) (Figure 4-22). 
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Figure 4-22, IRS class of Gli1 staining increased in correlation with tumour size 
Figure showed correlation between IRS class of Gli1 and increased tumour size. Comparison between the 
IRS class of Gli1 in 2cm ³ tumours and 2cm < tumour sizes. Table showing the numbers of cases at two 
tumour sizes (2cm ³ or 2cm<) and the corresponding IRS class (negative, positive with weak expression, 
positive with mild expression and positive with strong expression). The correlation was calculated using 
the Kendall’s Tau B test. 

 

The increase in Gli1 nuclear localisation in the tumour centre (Figure 4-23-A) 

had a positive correlation with tumour size. A positive correlation between Gli1 nuclear 

localisation and tumour size was also observed at the invasive front (Figure 4-23-B). A 

stronger correlation was observed at invasive front (0.367, p-value = 0.018) compared 

to that seen in the tumour centre (0.295, p-value =0.027). Therefore, the increase of 

nuclear localisation of Gli1 (with increasing tumour size) was higher at the invasive 

front compared to the tumour centre. Nuclear localisation of Gli1 at the invasive front 

showed correlation with increasing clinical tumour stage (0.317, p-value = 0.043 

(Figure 4-24)).  
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Figure 4-23, Increasing Gli1 nuclear localisation correlates with tumour size in 
tumour centre and at the invasive front 
Figure showing comparison of nuclear localisation of Gli1 (0, <10%, 10-50% and >50%) in two tumour 
sizes (2cm³ or 2cm<) in tumour centre (A) and at invasive front (B). Table showing the numbers of cases 
that have 2cm ³ or 2cm < and the nuclear localisation of Gli1 (presented as 0, <10, 10-50 and >51) in 
these cases. The correlation was calculated using the Kendall’s Tau B test. 
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Figure 4-24, Increased of nuclear localisation of Gli1 at the invasive front 
correlated with tumour stage 
Figure showing correlation between increased Gli1 nuclear localisation and increased tumour stage in 
tumour centre and at invasive front. Table below the figures shows the numbers of cases, the 
corresponding tumour stage (T1, T2, T3 and T4) and the nuclear localisation of Gli1 presented. 
 

4.3.6 Gli2 expression inversely correlates with smaller tumour size, but positively 

with lower stage and grade and less lymph node involvement 

The proportion of Gli2 expression in the tumour centre negatively correlated 

with tumour size (-0.348, p-value = 0.05) (Figure 4-25) as well as with tumour stage (-

0.480, p-value = 0.009) (Figure 4-26). Tumours of smaller size (<2cm) had increased 

expression of Gli2 compared to tumours with sizes more than 2cm (Figure 4-25) and an 

increase in the proportion of Gli2 positive cells in the tumour centre was observed in 

tumours at an earlier stage (Figure 4-26). However, due to lack of cases with stages 3 

and 4, no further conclusion can be drawn. 
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Figure 4-25, The percentage of Gli2 positive tumour cells in the tumour centre 
correlated with smaller tumour size 
Figure showing increase of percentage of Gli1 positive tumour cells correlated with smaller tumour size 
in tumour centre. Table below the pie chart shows numbers of cases, tumour size (2cm ³ or 2cm <) and 
the percentage of Gli2 positive tumour cells (presented as 0, <10, 10-50, 51-80 and >80). The correlation 
was calculated using the Kendall’s Tau B test. 
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Figure 4-26, Increased percentage of Gli2 positive tumour cells in the tumour 
centre correlated with lower tumour stage 
Figure showing increase of percentage of Gli2 positive tumour cells correlated with lower tumour stage 
in tumour centre. The table below the pie chart presents the numbers of cases, tumour stage (T1, T2, T3, 
and T4) and percentage of Gli2 positive tumour cells (presented as 0, <10, 10-50, 51-80 and >80). The 
correlation was calculated using the Kendall’s Tau B test. 
 

Higher percentage of Gli2 expression in the tumour centre was correlated with 

lower lymph node involvement (-0.419, p-value = 0.003) (Figure 4-27). Cases with 

higher IRS class of Gli2 in the tumour centre showed had lower lymph node 

involvement (-0.321, p-value = 0.03) (Figure 4-28). 
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Figure 4-27, The percentage of Gli2 positive tumour cells in the tumour centre 
correlated with low lymph node involvement 
Figure showing increase of percentage of Gli2 positive tumour cells in tumour centre correlated with 
negative lymph node. Table below shows the numbers of cases, lymph node involvement (possible, 
negative or positive) and the percentage of Gli2 positive tumour cells in tumour centre. The correlation 
was calculated using the Kendall’s Tau B test. 
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Figure 4-28, Higher Gli2 IRS class in the tumour centre correlated with low lymph 
node involvement 
Figure showing higher Gli2 IRS class in tumour centre correlated with negative lymph node involvement. 
Table shows the numbers of cases, lymph node involvement (possible, negative and positive) and Gli2 
IRS class (negative, positive with weak expression, positive with mild expression and positive with 
strong expression) in tumour centre. The correlation was calculated using the Kendall’s Tau B test. 

 

4.3.7 Increased Gli3 correlated with younger mean age at diagnosis and hormone 
receptor-positive breast cancer 

The percentage of Gli3 expression at the invasive front correlated with a lower 

age at diagnosis (-0.495, p-value = 0.015). Increased percentage of Gli3 was observed 

with ER positive (0.402, p-value = 0.014) (Figure 4-29) and PR positive tumours 

(0.468, p-value = 0.006) (Figure 4-30).  
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Figure 4-29, The percentage of Gli3 positive tumour cells in tumour centre 
correlated with Oestrogen hormone-positive breast cancer 
Figure showing an increase in the percentage of Gli3 positive tumour cells in correlation with oestrogen 
hormone-positive breast cancer. Table shows the numbers of cases, oestrogen receptor status (negative 
and positive) and the percentage of Gli3 positive tumour cells (presented as 0, <10, 10-50, 51-80, and 
>80). The correlation was calculated using the Kendall’s Tau B test. 
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Figure 4-30, The percentage of Gli3 positive tumour cells in tumour centre 
correlated with progesterone hormone-positive breast cancer 
Figure showing an increase in the percentage of Gli3 positive tumour cells in correlation with hormone-
positive breast cancer. Table shows the numbers of cases, progesterone hormone status (negative and 
positive) and the percentage of Gli3 positive tumour cells (presented as 0, <10, 10-50, 51-80, and >80). 
The correlation was calculated using the Kendall’s Tau B test.  
 

4.3.8 Gli1 and Gli2 were co-expressed in breast cancer samples 
Gli1 and Gli2 were co-expressed in breast cancer samples. Gli1 intensity at the 

invasive front correlated with that of Gli2 at the invasive front (1, p-value = 0) (Figure 

4-31). 
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Figure 4-31, Correlation between Gli1 and Gli2 staining intensity at the invasive 
front 
Figure showing correlation between Gli1 and Gli2 staining intensity at invasive front. This correlation 
confirms a mutual increase of Gli1 and Gli2 intensity at the invasive front and in the tumour centre. 

 

Observation of increased Gli1 nuclear localisation at the invasive front was 

concomitant with an increase in both the proportion and intensity of Gli2 staining in the 

tumour centre (1, p-value = 0 and 1, p-value = 0) (Figure 4-32). This showed that the 

increase in nuclear localisation of Gli1 at the invasive front was co-expressed with 

increased Gli2 expression (percentage, staining intensity and IRS) and nuclear 

localisation at the invasive front.  
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Figure 4-32, Nuclear localisation of Gli1 at the invasive front is correlated with 
Gli2 staining 
Figure showing an increase in Gli1 nuclear localisation in correlation with an increase of Gli2 staining in 
the tumour centre. (A) shows correlation between the percentage of Gli2 positive tumour cells (B) Gli2 
staining intensity (C) IRS class of Gli2 (D) increased nuclear localisation of Gli2 with increased 
localisation of Gli1 at the invasive front. 
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4.3.9 Inverse correlation between Gli1 and Gli3 staining in breast cancer and 
concurrent expression of Gli2 and Gli3 in tumour centre 

Co-expression analysis was conducted on serial sections stained for all proteins. 

The increase of Gli1 staining at the invasive front correlated with a decrease of Gli3 

staining intensity in the tumour centre (0.905, p-value = 0.034) (Figure 4-33). 

 

 
 

Figure 4-33, Increased percentage of Gli1 positive tumour cells in tumour centre is 
correlated with decrease Gli3 intensity in tumour centre 
Figure showing that an increase of the percentage of Gli1 positive expressing cells in tumour centre 
correlated with decreased staining intensity of Gli3 in tumour centre. 

 

4.3.10 Gli proteins expression correlated with E-cadherin alteration in tumour 
centre and at invasive front of breast cancer samples  

Gli1 and Gli3 expression correlated negatively with E-cadherin expression in 

the tumour centre and Gli2 correlated positively with E-cadherin in breast cancer. 

Samples that had high IRS class of E-cadherin in the tumour centre concurrently has 

less nuclear localisation of Gli1 in the tumour centre (-0.700, p-value=0.044) (Figure 

4-34). Thus, suggesting a negative correlation between E-cadherin expression and the 

activation of Hh signalling, measured by the nuclear localisation of Gli1.   

Samples with high Gli2 intensity at the invasive front had high proportion of E-

cadherin positivity in tumour centre (0.728, p-value = 0.046) (Figure 4-35-A) and at the 

invasive front (0.918, p-value = 0.011) (Figure 4-35-C).  Also, samples that had high 

intensity of Gli2 staining at the invasive front concomitantly had high IRS class of E-

cadherin staining in the tumour centre (0.775, p-value = 0.04) (Figure 4-35-B). Samples 

with more evident nuclear localisation of Gli2 in the tumour centre showed high IRS 

class for E-cadherin staining in tumour centre (0.745, p-value = 0.049) (Figure 4-36). It 

is difficult to interpret this finding at Gli2 has dual action, activation and suppression 
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(Figure 0-8). So, there were positive correlation between Gli2 staining at the invasive 

front and E-cadherin staining in tumour centre and at invasive front. These findings 

showed that high Gli2 at the invasive front could be a sign of less tumour invasive, as 

E-cadherin expression is higher in those tumours. 

Similar to Gli2 finding Breast cancer samples that had higher intensity of Gli3 

staining at the invasive front had higher IRS class of E-cadherin staining in the tumour 

centre (-1, p-value = 0.000) (Figure 4-37). Correlation between higher expression of E-

cadherin in the tumour centre and increased Gli2 and Gli3 staining at the invasive front 

suggest that both proteins could indicate reduction of invasion. However, more 

investigation of the function of the Gli proteins in tumour cells is needed to confirm 

these findings.  

 

 
 
Figure 4-34, Reduction of nuclear localisation of Gli1 in tumour centre associated 
with high E-cadherin in tumour centre  
Figure showing that Gli1 nuclear localisation in the tumour centre decreased in association with an 
increase of E-cadherin IRS class at the invasive front. 
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Figure 4-35, Increased of Gli2 staining intensity at the invasive front correlated 
with E-cadherin expression in the tumour centre and at the invasive front 
Figure showing that the percentage of E-cadherin positivity (A) and IRS class (B) in the tumour centre 
correlated with an increase Gli2 intensity at the invasive front. Gli2 staining intensity at invasive front 
also correlated with increased percentage of E-cadherin in the invasive front (C). 
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Figure 4-36, Increased nuclear localisation of Gli2 in the tumour centre associated 
with increased E-cadherin IRS class in the tumour centre 
Figure showing that nuclear Gli2 localisation increased with an increased in IRS class of E-cadherin in 
the tumour centre. 
 

 
 

Figure 4-37, Intensity of Gli3 staining at the invasive front negatively correlated 
with IRS class of E-cadherin staining in the tumour centre 
Figure showing that increased E-cadherin staining in the tumour centre correlated with a decrease in Gli3 
staining at the invasive front. 
 

4.3.11 The Hedgehog signalling (Hh) pathway components were expressed in 
breast cancer cell lines 

The expression of Hh signalling components, Sonic Hedgehog (Shh), Indian 

Hedgehog (Ihh), Patched, Smoothened (Smo), Gli1, Gli2 and Gli3 were evaluated in 

breast cancer cell lines using Western blotting analysis (Figure 4-38-A). As seen in 

Figure 4-38-B the results Smoothened was detected in breast cancer cell lines (MCF7, 

MDA-MB-361, MDA-MB-453 and MDA-MB-231) but was not detected in BT20 and 

MCF10A. Patched was detected in MDA-MB-361and BT20, and was low in MDA-

MB-453 (Figure 4-38-C). The ligands Shh and Ihh were detected in all cell lines 
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(Figure 4-38-D and Figure 4-38-E). Gli1 and Gli3 were also detected in all cell lines 

(Figure 4-38-F and Figure 4-38-H). Gli2 was detected in MCF7, MDA-MB-453, BT20 

and MDA-MB-231 (Figure 4-38-G). 

 

 
 

Figure 4-38, Hedgehog signalling components were expressed in breast cancer cell 
lines 
Figure showing that the Hedgehog (Hh) signalling components (Smo, Patched, Shh, Ihh, Gli1, Gli2 and 
Gli3) were expressed in breast cancer cell lines (MCF10A, MCF7, MDA-MB-361, MDA-MB-453, BT20 
and MDA-MB-231) as seen in Western blotting (A). The corrected ratio of Smoothened (Smo) (B), 
Patched (C), Sonic Hedgehog (Shh) (D), Indian Hedgehog (Ihh) (E), Gli1 (F), Gli2 (G) and Gli3 (F). 
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4.4 Discussion 
Despite advances in the detection and treatment of breast cancer, development of 

metastatic disease remains fatal. In the UK, it is estimated that 20-70% of breast cancer 

cases diagnosed will have secondary or metastatic disease at diagnosis (Dewis and 

Gribbin, 2009). Furthermore, it was reported that the remaining cases have a 35% 

chance of developing metastases within 10 years after initial diagnosis (Dewis and 

Gribbin, 2009). Researchers are looking for new approaches to treat metastatic disease 

due to the failure of current treatment regimens. These current approaches comprise of 

systemic chemotherapy in combination with surgery or radiation, which aim to prolong 

survival rather than prevent metastatic disease. Identifying signalling pathways active 

during breast cancer metastasis is essential for the development of targeted therapy and 

to identify cases that could benefit from targeting these pathways. 

Invasion and metastasis are one of the hallmarks of cancer and the process of 

EMT is involved in the regulation of invasion and metastasis and is also involved in 

normal physiological processes. In the previous section (3.3), data showed that breast 

cancer cell lines exhibited signs of EMT when exposed to external stress by changing 

the degree of cell-cell contact. The ability of breast cancer cells ability to undergo EMT 

was not limited to a specific subtype of breast cancer, but rather depended on other 

factors that are involved in the regulation of this process. Evidence showed that b-

catenin protein, which is involved in the canonical Wnt/b-catenin signalling, has ability 

to crosstalk with other signalling pathways including the Hedgehog (Hh) signalling 

pathway (Garg, 2013). It has also been reported that Hh signalling can act on its own to 

regulate EMT in human cancers (Gonzalez and Medici, 2014). 

To determine the involvement of Hh signalling in breast cancer, Gli1, Gli2 and 

Gli3 were assessed in serial sections from a breast cancer sample cohort using 

immunohistochemistry (IHC). The intensity of staining and percentage of positive cells 

were evaluated in both the tumour centre and invasive front of each sample. The 

expression of E-cadherin was also assessed in serial sections as loss of this protein in 

breast cancer is an indication for poor prognosis. Nuclear localisation of Gli1, Gli2, 

Gli3 and b-catenin was also evaluated. 

The IRS scoring system was selected for estimating the levels of expression in 

breast cancer (Table 2-15). This scoring system was utilised previously for estimating 

the levels of Gli1 in breast cancer (ten Haaf et al., 2009). Kaemmerer et al. (2012) 

reported that the IRS scoring system provided a reliable and uniformed score that was 
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suitable for routine diagnosis. Nuclear localisation was assessed using the scoring 

system suggested by Volante et al. (2007) and used for HER2 scoring in combination 

with IRS scoring by Kaemmerer et al. (2012) in Table 2-16. Adjacent normal tissue 

was present in some samples, but the infrequency of this observation meant that 

comparison of level of expression between normal and breast cancer was possible (data 

not included). 

Analysis of prognostic markers (ER, PR and HER2) status and correlation with 

the clinical criteria of samples tested, showed that ER and PR receptor positivity 

correlated with smaller tumour size, stage and grade (Table 11-5). This concurs with 

previous work that found similar findings using IHC (reviewed by Rakha et al. 

(2010b)), gene-microarray analysis and expression analysis (Sorlie et al., 2001; Sotiriou 

and Pusztai, 2009).  

4.4.1 Gli proteins were expressed in breast cancer with nuclear and cytoplasmic 

distribution 

Lewis and Veltmaat (2004) found that components of the Hh signalling pathway 

were expressed in normal breast tissue. They also found that Gli1, Gli2 and Gli3 were 

expressed in invasive ductal carcinoma at a higher level than that in normal breast 

tissue (Lewis and Veltmaat, 2004). All breast cancer samples used in this study 

expressed Gli2 and Gli3 and 92% of cases were positive for Gli1 (Figure 4-6). 

Previous studies used a binary scoring outcome and included only 100 tumour 

cells from each section in the analysis (Kubo et al., 2004). Souzaki et al. (2011) scored 

five fields and counted 300 tumour cells and considered >50% Gli1 expression as a 

positive result. The combined scoring utilised by IRS method that was introduced by 

Kaemmerer et al. (2012), provided a robust method for assessing the tissue distribution 

of the Gli proteins. This method was used for scoring hormone receptor status in breast 

cancer (Kaemmerer et al., 2012). IRS scoring also uses a scale of positivity that can be 

used separately as percentage of positive tumour cells and intensity (Xu et al., 2010), or 

in combination as IRS classes (ten Haaf et al., 2009).  

The percentage of positivity of tumour cells was highest for Gli3 and Gli2 

respectively and lowest in Gli1 (Figure 4-7) yet the staining intensity of Gli2 and Gli1 

were higher than that for Gli3 (Figure 4-8). Gli2 showed the highest IRS score followed 

by Gli1 then Gli3 (Figure 4-9). In agreement with the current findings, Im et al. (2013) 

showed that Gli2 was the highest expressed Gli member in breast cancer followed by 

Gli1 and Gli3. Gli3 is the repressor form of Gli and loss of Gli3 induces Gli1 
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overexpression and loss of Hh repression. This is essential for normal mammary gland 

development (Hatsell and Cowin, 2006). Therefore, reduced Gli3 expression is 

expected in breast cancer (Figure 4-9). However, no comparison with normal tissue was 

conducted in the current study and confirmation of Gli3 loss in breast cancer samples 

compared to normal breast tissue can be recommended for future work. Similar to 

findings in a previous study reported by Im et al. (2013) nuclear and cytoplasmic 

localisation of Gli proteins was observed in the breast tumours (Figure 4-10). 

4.4.2 Increased Gli1 and Gli2 are found at the invasive front of breast tumours 
The invasive front is defined as the area where tumour cells interact with host 

tissue or organ, it is an area of three to six layers of tumour cells at the front edge (Gao 

et al., 2010; Gong et al., 2013). The expression of Gli1, Gli2 and Gli3 was compared in 

tumour centres and invasive fronts of the samples. This approach of IHC analysis was 

chosen following the notion that the invasive front was the location where EMT is 

observed in cancer (Bryne et al., 1998; Christofori, 2006; Busch et al., 2014).  

Our findings were the first to provide detailed analysis by studying the tissue 

distribution and subcellular localisation of all three Gli proteins. These findings provide 

a better understanding of Hh signalling and its involvement in breast cancer invasion. It 

was observed that the percentage of positive cells, staining intensity and IRS score of 

Gli1 and Gli2 increased significantly at invasive fronts (Table 4-1 and  

 

 

 
 
 
 
 
 

Table 4-2). Increased expression of Gli1 at the invasive front of breast cancer 

was previously reported by ten Haaf et al. (2009). The increase of Gli proteins at the 

invasive front of tumours provides a strong indication that the Hh signalling is active at 

the invasive front where many studies suggested as active site for EMT in cancer 

(Bryne et al., 1998; Christofori, 2006; Busch et al., 2014).  

The estimation of nuclear localisation of Gli proteins is essential for determining 

their function, as indicated previously. Active Hh signalling require nuclear localisation 

of Gli proteins (Figure 0-7). Nuclear localisation of Gli1, Gli2 and Gli3 were increased 

at the invasive front compared to the tumour centre with statistical significance (Figure 
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4-23). 70% of breast cancer samples showed positive Gli1 nuclear localisation (Table 

4-4-A). All samples showed positivity for Gli2 nuclear localisation (Table 4-4-B) and 

90% cases showed positivity for Gli3 nuclear localisation (Table 4-4-C). This indicate 

that Gli proteins were active in most of breast cancer samples. Therefore, further 

analysis of correlation with clinical criteria is encouraged.  

4.4.3 Gli1 overexpression correlated with higher stage, grade and size breast 
tumours  

Assessment of the subcellular localisation of Gli proteins is essential for 

determining the status of Hh signalling (Ruiz i Altaba et al., 2002). Nuclear localisation 

of Gli1 correlated with poor outcome of colon cancer (Ding et al., 2012) 

medulloblastoma (Pizem et al., 2011) and gastric cancer (Kim et al., 2012). Research to 

date alluded to a role of Gli1 in the malignant progression of breast cancer with varied 

expression reported in breast cancer samples using IHC (Kubo et al., 2004; ten Haaf et 

al., 2009). Several studies found that increased Gli1 correlated with poor breast cancer 

prognosis (Kameda et al., 2009; Kwon et al., 2011; Xu et al., 2015). Increased 

immunoreactivity for Gli1 in breast cancer samples has been correlated with high 

tumour stage in several studies Tao et al. (2011), ten Haaf et al. (2009) and Souzaki et 

al. (2011). 

The nuclear localisation of Gli1 is associated with tumour size, and shorter 

recurrence-free and overall survival (Arnold et al., 2017). In agreement with this 

finding, the nuclear localisation of Gli1 was correlated with tumour size in the tumour 

centre and at the invasive front with stronger nuclear localisation at the invasive front 

(Figure 4-23). We also showed that increased nuclear localisation of Gli1 was 

correlated with higher tumour stage with increased nuclear localisation at the invasive 

front of tumours with higher stage (Figure 4-24). Consistent with this, Li et al. (2012) 

found that nuclear localisation of Gli1 was significantly correlated with decreased life 

expectancy. 

Kubo et al. (2004), Kameda et al. (2009), Xu et al. (2010), Souzaki et al. (2011) 

and Kwon et al. (2011) all reported high expression of Gli1 in TNBC in association 

with a poor prognosis and survival. The association of Gli1 expression and HER2 

expression was also reported previously by Jeng et al. (2013). No association with 

molecular subtypes were found after analysing the expression of Gli1 tissue distribution 

and subcellular localisation in this study. This could be because the number of cases 

included in this study were less than that in previous studies. Bigger sample size is 
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required in order to find if there were correlation between Gli1 expression and 

molecular subtypes of breast cancer.  

4.4.4 Gli2 and Gli3 expression correlate with favourable clinical criteria  

Gli2 is a bi-functional protein that has two functional domains, an activator and 

a repressor, whereby proteolytic processing is required to determine function (Pan et 

al., 2006). The oncogenic property of Gli2 overexpression was reported in basal-cell 

carcinoma (Tojo et al., 2003) hepatocellular carcinoma (Zhang et al., 2014) and 

prostate cancer (Thiyagarajan et al., 2007). Gli3 is expressed as a full-length inactive 

protein that requires cleavage for translocation to the nucleus where it functions as a Hh 

signalling repressor (Ruiz i Altaba et al., 2002). Several studies reported that there was 

an activator form for Gli3, however it is not clear if this was context-dependent or 

indeed if it was tissue-specific (Wang et al., 2011a; Lee et al., 2013). 

Several studies assessed the expression Gli2 and Gli3 in human breast cancer 

samples. To date very few studies used combined assessment of all three parameters 

(expression, tissue distribution and subcellular localisation) of Gli2 and Gli3 in breast 

cancer. Lewis (2001) found that disruption of Gli2 function resulted in mammary ductal 

hyperplasia. Im et al. (2013) assessed the expression of Gli1, Gli2 and Gli3 and 

reported that Gli3 expression correlated with tumour stage and increased tumour size. 

They also reported that Gli2 correlated with ER status while Gli3 correlated with HER2 

positive status (Im et al., 2013). Contradictory to the previous finding, Gli2 expression 

correlated with smaller tumour size (Figure 4-25) whereas increased expression of Gli2 

correlated with lower tumour stage (Figure 4-26) and grade (Error! Reference source 

not found.). The percentage of and IRS class of Gli2 expression in tumour centre was 

inversely associated with lymph node involvement (Figure 4-27 and Figure 4-28). 

Thiyagarajan et al. (2007) also reported that Gli2 overexpression accelerated the growth 

of prostate tumours. Yet, loss of Gli2 was seen in high-grade and larger breast tumours 

as seen here. 

Gli3 expression correlated significantly with younger mean age at diagnosis and 

hormone-positive breast cancer (Figure 4-29) which contradicts the findings of previous 

studies (Im et al., 2013). The cause of difference between the correlation between Gli3 

expression and the molecular subtypes of breast cancer could be due to the difference in 

the method of assessment of IHC. In previous studies, Gli proteins expressions were 

assessed in all the tissue section without taking into account the importance of 

assessment of tissue distribution.  
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4.4.5 Gli1 and Gli2 were co-expressed in breast cancer samples while Gli1 
increase was associated with reduction of Gli3 

Gli1 and Gli2 were co-expressed in breast cancer samples in the tumour centre 

and at the invasive front (Figure 4-31). As seen in Figure 4-32, increased Gli2 

expression was associated with increased nuclear localisation of Gli1 in the tumour 

centre and at the invasive front. Therefore, suggesting that these Gli proteins may have 

similar functions. This finding is novel and encourages further investigation of the co-

expression and/or knockdown of Gli1 and Gli2 in cell lines. Schnidar et al. (2009) 

demonstrated that the synergistic effect of Gli1/ Gli2 and EGFR signalling promotes 

oncogenic modification of the Gli target genes, thus promoting cancer. Similar 

investigative approach is encouraged based on these findings using breast cancer cell 

lines.  

Gli3 in breast tissue was reported to have an antagonistic effect to Gli1; in fact, 

co-expression of Gli1 and Gli3 led to mutual antagonism of Hh signalling in mice (Bai 

and Joyner, 2001). Here, we found that increased Gli1 expression corresponded to 

decreased Gli3 expression (Figure 4-33). This finding confirms that increased activation 

of Hh signalling was associated with loss of Gli3 expression and increased Gli1. This is 

the first study to report co-expression analysis of both Gli1 and Gli3, but no further 

conclusion can be made until analysis of Gli1 and Gli3 expression were done on larger 

sample size.  

4.4.6 Correlation between Hh and Wnt/b-catenin in breast cancer samples 

Several studies confirmed increased nuclear localisation of b-catenin at the 

invasive front compared to the tumour centre is indicative of EMT-like change in colon 

(Zlobec and Lugli, 2009), parathyroid (Fendrich et al., 2009), and oral carcinomas 

(Wang et al., 2009). To confirm the relationship between Hh activation and increased 

EMT, Gli1, Gli2 and Gli2 expression data was correlated with that for b-catenin and E-

cadherin. Changes in b-catenin expression were found to be associated with EMT in 

colon cancer (Batlle et al., 2002) and in breast cancer (Gong et al., 2013). Tissue 

distribution of b-catenin was investigated by Wang et al. (2011b) and they reported that 

increased expression levels and nuclear localisation were observed at the invasive front 

of colon tumours. Detailed analysis of tissue distribution in combination with 

subcellular localisation of b-catenin in breast cancer was not investigated at this level of 

detail previously. 
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In the current study, no correlation was found between the expression of Gli 

proteins and b-catenin. Nuclear localisation of Gli2 was associated with increased E-

cadherin expression in the tumour centre (Figure 4-36). This finding is in disagreement 

with previous finding. Alexaki et al. (2010) found increased expression of Gli2 was 

observed at the invasive front of melanoma and was associated with a loss of E-

cadherin. Thus, indicating that there is a link between the Gli2 protein tissue 

distribution and cancer invasion by regulating E-cadherin expression in that type of 

cancer. This finding was different to the current data, which could either suggest that 

the regulation of Hh in breast tumours or that further analysis of tissue distribution and 

subcellular localisation is required. Additionally, the restriction of the small sample size 

in this study limit the ability to draw further conclusions.  

Arnold et al. (2017) was the first study to report co-expression of Gli1 and b-

catenin in breast cancer. They concluded that co-activation of Hh signalling and Wnt 

signalling occurs in breast cancer as they observed increased nuclear expression of Gli1 

and b-catenin (Arnold et al., 2017). However, their analysis did not include assessment 

of tissue distribution. Further analysis is required in the current cohort, and a larger 

sample size is needed to confirm the finding, crosstalk was also associated with loss of 

E-cadherin.  

4.4.7 The Hedgehog (Hh) signalling pathway components were expressed in 

breast cancer cell lines 

Theunissen and de Sauvage (2009) suggested that breast cancer invasion may be 

mediated through both autocrine and paracrine Hh signalling, which is also consistent 

with other studies (Habib and O'Shaughnessy, 2016; Hanna and Shevde, 2016). 

However, the difference in the roles of autocrine and paracrine Hh signalling in breast 

cancer has not been investigated. The study by Varnat et al. (2010) used human colon 

cancer cell lines and reported that expression of Shh, PTCH and Gli1 was detected in 

the epithelium,. Szczepny et al. (2017) used a mouse model of small cell lung cancer 

and found that autocrine, ligand-dependent signalling has increased tumour progression.  

In order to investigate the potentially autocrine activity of Hh signalling, and 

possible crosstalk with Wnt signalling, in vitro investigation using breast cancer cell 

lines can be performed. Several studies have investigated the expression of these 

proteins in breast cancer cell lines. Previous researchers found that all components of 

Hh signalling including; Smo, Ptch1, Ptch2, Shh, Ihh, Dhh, Gli1, Gli2, and Gli3 were 

expressed in breast cancer cell lines (Kubo et al., 2004; Mukherjee et al., 2006; 
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Kameda et al., 2009; Thomas et al., 2011; Diao et al., 2016; Song et al., 2016). Here, 

same finding is confirmed in those cell lines in order to use them for functional and 

mechanistic analysis (Figure 4-38). 

Breast cancer cell lines can be utilised to investigate the Hh signalling and 

assess for crosstalk with Wnt. MCF7 (luminal) and MDA-MB-231 (basal and triple 

negative) were used for further in vitro analysis (see chapter 5). Han et al. (2015) found 

that MDA-MB-231 cells expressed low levels of Gli1 and high Gli2 levels and Gli3 

using Western blotting similar to that observed in the current findings (Figure 4-38). Fu 

et al. (2016) and Di Mauro et al. (2017) found that MCF7 expressed Gli1 and Gli2 

proteins at a slightly higher level than that seen in MDA-MB-231, which is similar to 

our data (Figure 4-38). Mukherjee et al. (2006) found that MCF7 and MDA-MB-231 

cells expressed high levels of Gli1 compared to normal breast cells which was even 

higher in MDA-MB-231. Taken together, both cell lines (MCF7 and MDA-MB-231) 

were selected for functional and mechanistic investigation as both cell lines show 

expression of most of the Hh signalling proteins. Also, these cell lines are 

representative of both luminal, triple negative and basal-like breast cancers.  
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4.5 Conclusion 
There were signs of EMT-like in breast cancer cell lines according to the 

alteration of E-cadherin and b-catenin expression seen after culturing the cell lines in 

the density model in vitro (chapter 3). Upon reviewing the literature (Flemban and 

Qualtrough, 2015), Hh signalling was a promising target for investigation because of its 

involvement in the early developmental stages of mammary gland development. 

Here, we showed that Hh signalling was involved in breast cancer invasive front, 

the site of active EMT (Bryne et al., 1998; Christofori, 2006; Busch et al., 2014), by 

assessing expression of Gli1, Gli2 and Gli3 in a cohort of breast cancer patient samples.  

To determine whether Hh signalling may play a role in breast cancer invasion and 

metastasis, estimation of Gli1, Gli2 and Gli3 expression in both the tumour centre and 

at the invasive front was conducted. It was shown that all three Gli proteins were 

expressed in breast cancer with variation of tissue distribution and subcellular 

localisation. Gli1 and Gli2 were found higher at the invasive front of tumours with 

increased nuclear localisation for Gli1, Gli2 and Gli3. Therefore, indicating an active 

role in the regulation of breast cancer invasion. This confirmed the hypothesis that Hh 

signalling may indeed effect breast cancer prognosis and present as a potential 

therapeutic target. At the time of submitting the work, this research was the first to 

assess tissue distribution of Gli1, Gli2 and Gli3 with estimation of subcellular 

localisation at two tissue locations. 

To confirm the involvement of Hh signalling in the regulation of EMT in breast 

cancer, the expression of E-cadherin and b-catenin was analysed for association with 

Gli1, Gli2 and Gli3 expression in the tumour centre and at the invasive front. Bigger 

sample size and further analysis is required to assess the relationship between the Hh 

signalling pathway and b-catenin. This is because as analysis of the current number of 

samples did not show any significant correlation. Increased expression of Gli1 was 

correlated with loss of E-cadherin. However, increased Gli2 staining and nuclear 

localisation was correlated with increased E-cadherin, therefore, suggesting a different 

role of Gli2 in breast cancer. All these data encourage further investigation of the role 

of Hh signalling in the regulation of EMT in breast cancer using cell lines.  
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5. Chapter Five: The Effect of Inhibiting the Hedgehog Signalling 

Pathway in Breast Cancer Cell Lines 

5.1 Introduction 

 In animal models, dysregulation of Hh signalling results in an increased chance 

of developing breast cancer (Zhang et al., 2009). Several studies found a constant 

activation of Hh signalling in breast cancer cell lines, reinforcing the importance of 

autocrine signalling in this model as discussed in 4.4.7 (Kubo et al., 2004; Mukherjee et 

al., 2006; Kameda et al., 2009; Thomas et al., 2011; Diao et al., 2016; Song et al., 

2016). This sustained activation of the Hh pathway increased proliferation of breast 

cancer cells (Moraes et al., 2007). Thus, several studies suggested targeting Hh for 

breast cancer treatment. 

Researchers studied inhibiting Hh signalling in breast cancer cell lines and in 

vivo using a range of inhibitors, and also by gene silencing, and measured the effect of 

this inhibition on cancer cell proliferation, cell death and invasion. These studies are 

collected and summarised in Table 5-1. Breast cancer cell lines were treated with 

cyclopamine, a naturally-occurring inhibitor of the Hh signalling pathway, which 

caused inhibition of proliferation in a dose-dependent manner (Kubo et al., 2004; 

Mukherjee et al., 2006; Kameda et al., 2009). Zhang et al. (2009) also showed that 

inhibiting Hh signalling in both oestrogen receptor-positive and -negative breast cancer 

reduced cell growth. Several studies found that Hh inhibition in breast cancer cell lines 

resulted in the inhibition of motility and invasion (Kameda et al., 2009; Kwon et al., 

2011; Souzaki et al., 2011; Thomas et al., 2011). 

As summarised in Table 5-1 the vast majority of in vitro studies that showed 

that Hh inhibition caused decreased cell proliferation, yield and increased cell death. 

The in vivo studies showed similar outcomes and suggested that inhibition of Hh 

signalling showed promising anti-tumour effects in a therapeutic setting. The 

measurement of the effect of Hh inhibition on the level of Gli protein expression and 

localisation, which provide a direct indicator of the functional status of the pathway, 

were not explored in previous work.  
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Table 5-1: The inhibition of Hh signalling in breast cancer has been a topic of 
intense investigation. 
This table summarises some of the breast cancer studies that have inhibited the Hh signalling pathway 
and includes the type of model, inhibitor used, and general effect resulted from this inhibition. 
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(Kubo et al., 
2004) Cyclopamine 

Panel of breast cancer cell 
lines 

- ¯ - - - - 

(Mukherjee et al., 
2006) Cyclopamine  - - - -   - 

(Wolf et al., 2007) Cyclopamine  - ¯ ¯ - - Ptch  following 
inhibition 

(Zhang et al., 
2009) Cyclopamine  - ¯  - - - - 

(Tanaka et al., 
2009) Cyclopamine  - ¯  - - - - 

(Souzaki et al., 
2011) Cyclopamine  - - - ¯ - - 

(Thomas et al., 
2011) 

Small 
interfering 

RNA for Gli1 
- ¯ - ¯   ¯ following inhibition  

(Matevossian and 
Resh, 2015) 

RU-SKI43 
and LDE225 - ¯  - - - - 

(Song et al., 2016) Cyclopamine  - - - - ¯ ¯ Slug and E-
cadherin  

(Bao et al., 2016) Vismodegib - - - ¯ - 
¯ in MMPs, ¯ Smo, ¯ 

Gli1 nuclear 
localisation 

(Kameda et al., 
2009) Cyclopamine  TN  - ¯ - ¯ - - 

(Diao et al., 2016) GANT61 tamoxifen resistant - ¯ - - ¯ - 

(Liu et al., 2006a) Cyclopamine  Primary mammary cells - - - - - ¯ stem cell markers 
expression cells  

(Che et al., 2013) Cyclopamine MCF7 and MDA-MB-231 - ¯ ¯ - - ¯ cyclin D expression 

(Diao et al., 2016) GANT61 tamoxifen resistant - ¯  - ¯ - 

(Das et al., 2011) Cyclopamine TN and HER2+ve  

 
Animal xenographt 

- - ¯ - ¯ ligand secretion  

(Chai et al., 2013) Cyclopamine  TN  ¯ - -  - 

(Zhuang et al., 
2013) Cyclopamine  Panel of breast cancer cell 

lines - - -  - 

(Han et al., 2015) 
Vismodegib, 
GANT61 and 

LDE225 

Panel of breast cancer cell 
lines  ¯ - -  - 

(Benvenuto et al., 
2016) 

GDC-0449 
and GANT61 

Panel of breast cancer cell 
lines ¯ - -  - 

(Di Mauro et al., 
2017) LDE225 primary breast cancer and 

cell lines ¯ - - - - 

(Heller et al., 
2012) 

Cyclopamine 
and LDE225 - ¯ - - ¯ - 

(Ramaswamy et 
al., 2012) Vismodegib - ¯ - - - - 

 

The effect of the inhibition of Hh signalling on other EMT regulatory pathways 

including Wnt/b-catenin signalling (described in Figure 0-9 and Figure 0-10) was not 

reported previously. In fact, crosstalk between Hh and Wnt pathways in breast cancer is 

poorly understood, even though it has been proven to be co-affected in epithelial 
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tumours such as colon cancer (Qualtrough et al., 2015). Additionally, Arnold et al. 

(2017) recently concluded that there is combined activation of Hh and Wnt signalling in 

TNBC cases showing increased risk of recurrence. We confirmed in the previous 

section (Figure 4-38) that there was a correlation between Hh signalling protein 

expression and changes in the level of b-catenin expression and nuclear localisation. 

Qualtrough et al. (2015) found that inhibition of Hh signalling induced expression of E-

cadherin and reduced invasion in colon cancer cell lines whilst reducing catenin related 

proteins. 

Due to the promising data from previous cell line and in vivo work, clinical 

trials commenced to using Hh signalling inhibitors in several types of solid tumours 

including advanced breast cancer, as summarised in Table 5-2. A Phase I clinical trial 

was completed that included advanced TN, hormone receptor-positive and metastatic 

breast cancers. Two more Phase II clinical trials are currently recruiting including one 

that specifically recruits breast cancer patients (NCT02694224); no results have been 

yet been published for these trials (Martin et al., 2015). 
 

Table 5-2: Clinical trials of Hh inhibitors that involved breast cancer patients  
This table summarises the clinical trials conducted or active that involved treating breast cancer cases 
with Hh inhibitors. 
 

Clinical trails Conditions Phase/Aims Drug Status 

NCT01576666 
Advanced solid tumours 
including triple-negative, 
(ER+ve, ER-ve, HER2-ve) 
metastatic breast cancer 

Phase Ib Oral LDE225 in 
combination with BKM120 Completed 

NCT02465060 
Solid tumours or lymphomas 

including breast cancers 
(metastatic) 

Phase II  Several Recruiting 

NCT02027376 Triple-negative advanced breast 
cancer Phase Ib LDE225 in combination 

with docetaxel 

Active, not 
recruiting 

(estimated end in 
May 2017) 

NCT02694224 Breast cancer Phase II  
Vismodegib in 

combination with 
neoadjuvant chemotherapy 

Recruiting 
(estimated end in 
December 2018) 

NCT01071564 Metastatic breast cancers that 
cannot be removed by surgery Phase I Vismodegib or other drugs 

(Notch inhibitor) Terminated 

NCT01757327 Stage II-III ER+ve and HER2-ve 
breast cancer Phase II LDE225 Withdrawn (Poor 

accrual) 
 

 The NCT01071564 and NCT01757327 clinical trials recruited TNBC and 

advanced metastatic breast cancers specifically. However, the NCT01071564 trial was 

terminated, and NCT01757327 was withdrawn before completion due to poor accrual. 

The preliminary data published showed that there is a lack of therapeutic efficacy as 
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seen in these two trials that were terminated (Habib and O'Shaughnessy, 2016). In the 

absence of results from other trials, it is difficult to determine the cause of failure of the 

treatment regimens used (Habib and O'Shaughnessy, 2016). Also, the efficacy of Hh 

inhibition on breast cancer might not be specific to a particular subtype of breast cancer. 

Increased activation of Hh signalling was not restricted to advanced TNBC, it was also 

shown in advanced hormone-positive tumours (Sun et al., 2014b; Diao et al., 2016). It 

would seem prudent therefore, to assess the level of expression and activity of Hh 

signalling in breast cancer patient samples prior to administration of treatment to ensure 

proper selection of patients that would benefit. 

Alteration of the expression levels of the Hh pathway components in breast 

cancer is not well-defined. Thus, understanding the functional consequences of the 

activation of Hh signalling in the breast cancer cells requires analysis and studies at the 

cellular level in a tractable model. The relationship between both the expression and the 

localisation of Gli proteins within the cellular compartments of breast cancer cells, and 

the functional consequence of this, remains poorly understood. Additionally, the 

potential crosstalk between Hh and Wnt signalling has not been elucidated in breast 

cancer. Further investigation of these pathways in breast cancer could lead to the 

identification of novel therapeutic targets particularly for advanced and metastatic 

disease which is currently incurable and has a poor prognosis. 
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5.1.1 Aims 

• To study the effect of inhibiting hedgehog signalling (Hh) on breast cancer cells 

in vitro. 

• To investigate the potential crosstalk between the Hh pathway and Wnt 

signalling in the regulation of EMT in breast cancer. 

5.1.2 Objectives 

• To inhibit Hh signalling in breast cancer cell lines using cyclopamine or 

LDE225 at three concentrations (1, 5 and 10µM) then: 

o To assess the effect of Hh inhibition on cell yield, viability and cell 

death in a panel of cell lines representing the different molecular 

subtypes of breast cancer. 

o To analyse the expression level and subcellular localisation of E-

cadherin, b-catenin, Gli1, Gli2, and Gli3 in the breast cancer cell lines in 

response to Hh inhibition. 

o Evaluate the effect of Hh inhibition on cellular motility and invasion of 

breast cancer cell lines. 

o To assess the effect of these treatments on output of canonical Wnt 

signalling activity. 
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5.2 Results 

5.2.1 Hedgehog inhibition with cyclopamine or LDE225 reduces cell yield in 

breast cancer cell lines 

To understand the effect of Hh inhibition on growth, viability and cell death of 

breast cancer cells, two breast cancer cell lines were treated for 48hours with either 

cyclopamine or LDE225 (1, 5 or 10µM), and cell yield, viability, and cell death were 

assessed. Cells were harvested following 48hours of treatment and the number of live 

and dead cells were counted using viability staining (acridine orange and propidium 

iodide (AO/PI)). Viability and cell death are presented as mean viable and dead cells as 

a percentage of the total. 

Treatment with cyclopamine or LDE225 caused a reduction in both cell yield 

and the viability of MCF7 cells (luminal A), shown in Figure 5-1. The viability of 

MCF7 decreased by 4% following 5µM and 10µM cyclopamine treatment (p-

value<0.001 and p-value<0.001, respectively) as seen in Figure 5-1-B. MCF7 cell death 

doubled following 5µM and 10µM cyclopamine treatment (p-value<0.01 and p-

value<0.001, respectively) shown in Figure 5-1-C. MCF7 cell yield showed a 20% and 

46% reduction following 5µM (p-value<0.001) and 10µM (p-value<0.0001) LDE225 

treatment, respectively compared to the vehicle control as summarised in Figure 5-1-D. 

Viability of MCF7 showed a 3% and 5% reduction following 5µM (p-value<0.0001) 

and 10µM (p-value<0.0001) LDE225 treatment, respectively, as seen in Figure 5-1-E. 

MCF7 cell death doubled following 5µM and 10µM LDE225 treatment (p-

value<0.0001 and p-value<0.0001, respectively) as shown in Figure 5-1-F. 
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Figure 5-1, Reduction of cell yield and viability of MCF7 cell line following 
treatment with either cyclopamine or LDE225. 
Comparison of the cell yields (A and D), viability (B and E) and percentage of dead (C and F) MCF7 
cells following 48 hours of treatment with two Hh inhibitors (cyclopamine or LDE225) at three 
concentrations (1µM, 5µM and 10µM) compared to vehicle control. Change in yield following inhibition 
with cyclopamine (A) or LDE225 (D) treatment. Results displayed as bars of means of numbers of cells ± 
S.D. Changes in the viability of MCF7 cells following inhibition by cyclopamine (B) and LDE225 (E). 
Change in percentage of dead MCF7 cells following inhibition with cyclopamine (C) and LDE225 (F). 
Results displayed as bars of mean percentages of cells ± S.D. This figure is representative of n=3 
experiments in triplicate. Statistical analysis was conducted, and significant differences between samples 
were indicated by *=p-value<0.05, **=p-value<0.01, ***=p-value<0.001 and ****=p-value<0.0001. 

 

Treatment with cyclopamine or LDE225 caused a reduction in MDA-MB-231 

(triple-negative and basal-like) cell yield and viability in a dose-dependent manner as 

summarised in Figure 5-2. Following cyclopamine treatment MDA-MB-231 cell yield 

showed a 6% decrease at 5µM (p-value<0.05) and 20% decrease at 10µM (p-

value<0.0001) seen in Figure 5-2-A. The viability of MDA-MB-231 cells reduced in a 

dose-dependent manner following 1µM, 5µM and 10µM cyclopamine treatment (p-

value<0.01, p-value<0.0001 and p-value 0.0001) seen in Figure 5-2-B. Cell death 

showed a 2% (p-value<0.01), 2.5% (p-value<0.0001) and 4% (p-value<0.0001) 

increase following 1µM, 5µM and 10µM treatment with cyclopamine, respectively, as 

seen in Figure 5-2-C. Following treatment with LDE225 cell yield decreased by 24% at 
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1µM (p-value<0.05), 19% at 5µM and 43% 10µM (p-value<0.01) as seen in Figure 

5-2-D. The viability of MDA-MB-231 decreased in a dose-dependent manner following 

LDE225 treatment, however, the change was not statistically significant (Figure 5-2-E). 

The percentage of dead cells increased accordingly following LDE225 treatment 

without significant difference (Figure 5-2-F). 

 

 
 
Figure 5-2, Reduction of cell yield and viability of MDA-MB-231 cell line following 
treatment with either cyclopamine or LDE225. 
Comparison of the cell yields (A and D), viability (B and E) and percentage of dead (C and F) MDA-
MB-231 cells following 48 hours of treatment with two Hh inhibitors (cyclopamine or LDE225) at three 
concentrations (1µM, 5µM and 10µM) compared to vehicle control. Change in yield following inhibition 
with cyclopamine (A) or LDE225 (D) treatment. Results displayed as bars of means of numbers of cells ± 
S.D. Changes in the viability of MDA-MB-231 cells following inhibition with cyclopamine (B) and 
LDE225 (E). Change in percentage of dead MDA-MB-231 cells following inhibition with cyclopamine 
(C) and LDE225 (F). Results displayed as bars of means percentages of cells ±S.D. This figure is 
representative of n=3 experiments in triplicate. Statistical analysis was conducted, and significant 
differences between samples were indicated by *=p-value<0.05, **=p-value<0.01, ***=p-value<0.001 
and ****=p-value<0.0001. 
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5.2.2 Higher apoptosis in MCF7 than MDA-MB-231 following inhibition of Hh 
signalling 

An apoptosis assay (Casciola-Rosen et al., 1996) was utilised to see if the 

reduction in cell yield was caused by increased cell death of breast cancer cell lines 

after treatment with either cyclopamine or LDE225. FITC Annexin V detection was 

used to identify levels of apoptosis in MCF7 and MDA-MB-231 cells following 

48hours of treatment. Probing the cells with Annexin V in combination with PI allowed 

distinction between early and late apoptotic cells, or dead cells (final stages of apoptotic 

death or might have undergone necrosis) in samples by means of flow cytometry. 

In MCF7 cells, 1, 5 and 10µM of cyclopamine orLDE225 caused an increase in 

the percentage of dead cells (10%, 20% and 20% respectively) compared to the vehicle 

control (Figure 5-5-A and B). The percentage of dead cells following treatment showed 

a highly significant difference when compared with the vehicle control (p-

value<0.0001) (Figure 5-5-A and B). 
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Figure 5-3, Increase in MCF7 cells (luminal A) apoptosis following cyclopamine or 
LDE225 treatment. 
Comparison of the mean percentages of live (Blue), early apoptotic (Green), late apoptotic (Orange) and 
dead (Red) MCF7 cells following 48 hours of treatment with cyclopamine or LDE225 at 1µM, 5µM and 
10µM. Stacked bars of apoptosis assay results of percentages of live, early and late apoptosis and dead 
cells following cyclopamine (A) or LDE225 treatment (B). Below are tables that summarise the statistical 
comparisons between all variables. Results displayed as stacked columns of means percentage of cells ± 
S.D. This figure is representative of n=3 experiments in triplicate. Statistical analysis was conducted, and 
significant differences between samples were indicated by *p-value<0.05, **p-value<0.01, ***p-value< 
0.001 and ****p-value<0.0001 

 

The triple-negative and basal-like breast cancer cell line MDA-MB-231 (Figure 

5-4) showed less cell death following treatment compared to MCF7 (Figure 5-3). The 

percentage of cell death increased in a dose-dependent manner following treatment of 

MDA-MB-231 with cyclopamine or LDE225 for 48hours (Figure 5-4-A and B). 

Treatment of MDA-MB-231 cells with cyclopamine showed an increased in cell death 

to 2% at the highest concentration with statistical significance (Figure 5-4-A). The 

percentage of cell death following 48hours of LDE225 treatment (Figure 5-4-B) was 

higher than that seen following cyclopamine treatment (Figure 5-4-A). The increase in 

apoptosis following 5 and 10µM LDE225 treatment was twice as much as that seen in 

the vehicle control which was statistically significant (Figure 5-4-B). It should be noted 

that MCF7 cell line showed increased early apoptosis compared to increased late 

apoptosis percentage in MDA-MB-231 cell lines.  
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Figure 5-4, Increase MDA-MB-231 (triple-negative and basal) apoptosis following 
cyclopamine or LDE225 treatment. 
Comparison of the mean percentages of live (Blue), early apoptotic (Green), late apoptotic (Orange) and 
dead (Red) MDA-MB-231 cells following 48 hours of treatment with cyclopamine or LDE225 at 1µM, 
5µM and 10µM. Stacked bars of apoptosis assay results of percentages of live, early and late apoptosis 
and dead cells following cyclopamine (A) or LDE225 treatment (B). Below are tables that summarise the 
statistical comparisons between all variables. Results displayed as stacked columns of means percentage 
of cells ± S.D. This figure is representative of n=3 experiments in triplicate. Statistical analysis was 
conducted, and significant differences between samples were indicated by *p-value<0.05, **p-
value<0.01, ***p-value< 0.001 and ****p-value<0.0001. 
 

5.2.3 Localisation and level of Gli1 in breast cancer cell lines (MCF7 and MDA-

MB-231) 

Gli1, Gli2 and Gli3 were expressed in MCF7 and MDA-MB-231 cell lines in 

the vehicle control as seen in Figure 5-5. Gli1 showed cytoplasmic and nuclear 

localisation in MCF7 and MDA-MB-231 as shown in Figure 5-5-A and Figure 5-5-B. 

Gli2 showed relatively high cytoplasmic and low nuclear localisation in MCF7 cells as 

seen in Figure 5-5-B and showed high nuclear and low cytoplasmic localisation in 

MDA-MB-231 cells as seen in Figure 5-5-E. Gli3 was mainly nuclear in both cell lines 

with low cytoplasmic levels as seen in Figure 5-5-C and Figure 5-5-F. 
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Figure 5-5, Expression of Gli1, Gli2, and Gli3 in MCF7 and MDA-MB-231. 
Immunofluorescence Z stacked images of MCF7 and MDA-MB-231 cells captured under confocal 
microscope at 630x magnifications. MCF7 and MDA-MB-231 cells were double stained by b-catenin 
(Red) and Gli1 (green) antibodies (A and D). MCF7 and MDA-MB-231 cells were stained by Gli2 (Red) 
(B and E). MCF7 and MDA-MB-231 cells were double stained with E-cadherin (Red) and Gli3 (Green) 
(C and F). Cells were visualised by fluorescence labelled secondary antibodies Alexa Fluor® (488 and 
594). DAPI stain was used to stain nuclei of cells (Blue). 
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5.2.4 Decreased Gli1 expression and nuclear localisation is concomitant with 
increased nuclear localisation of Gli2 and Gli3 in breast cancer cell lines 

following treatment with cyclopamine or LDE225 

The expression of the Gli proteins following treatment were assessed for 

changes in level of expression using flow cytometry and for changes in localisation of 

proteins using Immunocytofluorescence (ICF). As seen in the histograms and bar charts 

that represent flow cytometry data, Gli1 expression increased following treatment with 

cyclopamine or LDE225 in MCF7 (Figure 5-6) and MDA-MB-231 (Figure 5-7). A 

notable decrease in Gli1 expression was observed following 5µM and 10µM LDE225 

treatment in both cell lines compared to the alteration observed following cyclopamine 

treatment (Figure 5-6). ICF images of MCF7 (Figure 5-6) and MDA-MB-231 (Figure 

5-7) apparently contradicted the flow cytometry expression results and showed that the 

overall protein level was decreased following treatment with either cyclopamine or 

LDE225 (Figure 5-6 and Figure 5-7). 

Increased Gli1 expression in MCF7 (Figure 5-6-A, B and Figure 5-7-A, B) and 

MDA-MB-231 cells (Figure 5-8-A, B, and Figure 5-9-A and B) showed by flow 

cytometry analysis could be a result of cytoplasmic accumulation of Gli1 due to 

inhibition of Hh signalling by cyclopamine (Figure 5-6-E and F and Figure 5-7-E and 

F) or 1µM LDE225 (Figure 5-8-A and B, Figure 5-9-A and B). The increase in 

cytoplasmic protein shown in flow cytometry as an increase in expression level and 

then decreased in cells treated with more than 5µM of cyclopamine or LDE225. There 

was increased punctate Gli1 in the cytoplasm of MCF7 and MDA-MB-231 cells 

following treatment as seen in ICF images of Figure 5-6 and Figure 5-7. 
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Figure 5-6, Alteration of Gli1 protein localisation and expression level in MCF7 
following cyclopamine treatment. 
Flow cytometry analysis of expression of Gli1 protein in MCF7 cells (A) percentage expression (B) MFI 
and (C) overlay histogram chart. Immunofluorescence Z stacked images of MCF7 cells captured using 
confocal microscope at 630x magnifications. MCF7 cells were double stained with b-catenin (Red) and 
Gli1 (green) antibodies. Vehicle control (D) MCF7 cells following 1µM and 10µM (F) treatment with 
cyclopamine for 48hours. Cells were visualised with fluorescence labelled secondary antibodies Alexa 
Fluor® (488 and 594). DAPI stain was used to stain cell nuclei (Blue). 
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Figure 5-7, Alteration of Gli1 localisation and expression MCF7 following 
treatment with LDE225. 
Flow cytometry analysis of expression of Gli1 protein in MCF7 cells (A) percentage expression (B) MFI 
and (C) overlay histogram chart. Immunofluorescence Z stacked images of MCF7 cells captured using 
confocal microscope at 630x magnifications. MCF7 cells were double stained with b-catenin (Red) and 
Gli1 (green) antibodies. Vehicle control (D) MCF7 cells following 1µM and 10µM (F) treatment with 
LDE225 for 48hours. Cells were visualised with fluorescence labelled secondary antibodies Alexa 
Fluor® (488 and 594). DAPI stain was used to stain cell nuclei (Blue). 
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Figure 5-8, Alteration of Gli1 protein expression and localisation in MDA-MB-231 
following cyclopamine treatment. 
Flow cytometry analysis of expression of Gli1 protein in MDA-MB-231 cells (A) percentage expression 
(B) MFI and (C) overlay histogram chart. Immunofluorescence Z stacked images of MDA-MB-231 cells 
captured using confocal microscope at 630x magnifications. MDA-MB-231 cells were double stained 
with b-catenin (Red) and Gli1 (green) antibodies. Vehicle control (D) MDA-MB-231 cells following 
1µM and 10µM (F) treatment with cyclopamine for 48hours. Cells were visualised with fluorescence 
labelled secondary antibodies Alexa Fluor® (488 and 594). DAPI stain was used to stain cell nuclei 
(Blue). 
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Figure 5-9, Alteration in Gli1 expression and localisation in MDA-MB-231 
following treatment with LDE225. 
Flow cytometry analysis of expression of Gli1 protein in MDA-MB-231 cells (A) percentage expression 
(B) MFI and (C) overlay histogram chart. Immunofluorescence Z stacked images of MDA-MB-231 cells 
captured using confocal microscope at 630x magnifications. MDA-MB-231 cells were double stained 
with b-catenin (Red) and Gli1 (green) antibodies. Vehicle control (D) MDA-MB-231 cells following 
1µM and 10µM (F) treatment with LDE225 for 48hours. Cells were visualised by fluorescence labelled 
secondary antibodies Alexa Fluor® (488 and 594). DAPI stain was used to stain nucleus of cells (Blue). 
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Gli2 level decreased in MCF7 cells following treatment with either cyclopamine 

or LDE225 as seen in, Figure 5-10-A and B, and Figure 5-11-A and B. Nuclear 

localisation of Gli2 increased in MCF7 cells without observable alteration of 

cytoplasmic levels following cyclopamine treatment (Figure 5-10-E and F), while 

showing notable reduction in cytoplasmic levels following LDE225 treatment (Figure 

5-11-E and F). In MCF7, the inhibition by LDE225 increased nuclear localisation of 

Gli2 (Figure 5-11-E and F) which was reflected as a reduction in expression seen by 

flow cytometry (Figure 5-11-A and B). 
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Figure 5-10, Reduction of Gli2 expression following cyclopamine treatment in 
MCF7. 
Flow cytometry analysis of expression of Gli2 protein in MCF7 cells (A) percentage expression (B) MFI 
and (C) overlay histogram chart. Immunofluorescence Z stacked images of MCF7 cells captured using 
confocal microscope at 630x magnifications. MCF7 cells were stained with Gli2 (Red) antibody. Vehicle 
control (D) MCF7 cells following 1µM and 10µM (F) treatment with cyclopamine for 48hours. Cells 
were visualised by fluorescence labelled secondary antibodies Alexa Fluor® (594). DAPI stain was used 
to stain cell nuclei (Blue).  
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Figure 5-11, Increased nuclear Gli2 and reduction of overall Gli2 expression in 
MCF7 following treatment with LDE225. 
Flow cytometry analysis of expression of Gli2 protein in MCF7 cells (A) percentage expression (B) MFI 
and (C) overlay histogram chart. Immunofluorescence Z stacked images of MCF7 cells captured using 
confocal microscope at 630x magnifications. MCF7 cells were stained with Gli2 (Red) antibody. Vehicle 
control (D) MCF7 cells following 1µM and 10µM (F) treatment with LDE225 for 48hours. Cells were 
visualised with fluorescence labelled secondary antibodies Alexa Fluor® (594). DAPI stain was used to 
stain cell nuclei (Blue). 
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Figure 5-12, Alteration of Gli2 expression and localisation in MDA-MB-231 
following cyclopamine treatment. 
Flow cytometry analysis of expression of Gli2 protein in MDA-MB-231 cells (A) percentage expression 
(B) MFI and (C) overlay histogram chart. Immunofluorescence Z stacked images of MDA-MB-231 cells 
captured using confocal microscope at 630x magnifications. MDA-MB-231 cells were stained with Gli2 
(Red) antibody. Vehicle control (D) MDA-MB-231 cells following 1µM and 10µM (F) treatment with 
cyclopamine for 48hours. Cells were visualised with fluorescence labelled secondary antibodies Alexa 
Fluor® (594). DAPI stain was used to stain cell nuclei (Blue). 
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Figure 5-13, Alteration of Gli2 expression and localisation in MDA-MB-231 
following treatment with LDE225. 
Flow cytometry analysis of expression of Gli2 protein in MDA-MB-231 cells (A) percentage expression 
(B) MFI and (C) overlay histogram chart. Immunofluorescence Z stacked images of MDA-MB-231 cells 
captured using confocal microscope at 630x magnifications. MDA-MB-231 cells were stained with Gli2 
(Red) and antibody. Vehicle control (D) MDA-MB-231 cells following 1µM and 10µM (F) treatment 
with LDE225 for 48hours. Cells were visualised with fluorescence labelled secondary antibodies Alexa 
Fluor® (594). DAPI stain was used to stain cell nuclei (Blue). 
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Following cyclopamine treatment, the overall expression of Gli3 decreased in 

MCF7 as seen in Figure 5-14-A and B and ICF images showed increase of Gli3 nuclear 

accumulation in Figure 5-14-E and F. Gli3 decreased to a lesser degree following 

LDE225 treatment of MCF7 as shown in Figure 5-15-A and B with less nuclear 

localisation as observed in Figure 5-15-E and F. Gli3 expression in MDA-MB-231 

increased as seen in Figure 5-16-A and B with a dose-dependent increase in nuclear 

localisation as observed in ICF images in Figure 5-16-E and F. Treatment with LDE225 

decreases Gli3 expression in MDA-MB-231 cells as seen by flow cytometry results in 

Figure 5-17-A and B, concurrent with increased nuclear localisation, as observed in ICF 

images in Figure 5-17-E and F. 
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Figure 5-14, Alteration of Gli3 expression following cyclopamine treatment in 
MCF7. 
Flow cytometry analysis of expression of Gli2 protein in MCF7 cells (A) percentage expression (B) MFI 
and (C) overlay histogram chart. Immunofluorescence Z stacked images of MCF7 cells captured using 
confocal microscope at 630x magnifications. MCF7 cells were stained with Gli3 (Green) and E-cadherin 
(Red) antibodies. Vehicle control (D) MCF7 cells following 1µM and 10µM (F) treatment with 
cyclopamine for 48hours. Cells were visualised with fluorescence labelled secondary antibodies Alexa 
Fluor® (488 and 594). DAPI stain was used to stain cell nuclei (Blue). 
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Figure 5-15, Alteration of Gli3 localisation and expression in MCF7 following 
treatment with LDE225. 
Flow cytometry analysis of expression of Gli3 protein in MCF7 cells (A) percentage expression (B) MFI 
and (C) overlay histogram chart. Immunofluorescence Z stacked images of MCF7 cells captured under 
confocal microscope at 630x magnifications. MCF7 cells were stained with Gli3 (Green) and E-cadherin 
(Red) antibodies. Vehicle control (D) MCF7 cells following 1µM and 10µM (F) treatment with LDE225 
for 48hours. Cells were visualised by fluorescence labelled secondary antibodies Alexa Fluor® (488 and 
594). DAPI stain was used to stain cell nuclei (Blue). 
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Figure 5-16, Alteration of Gli3 expression and localisation following cyclopamine 
treatment of MDA-MB-231. 
Flow cytometry analysis of expression of Gli3 protein in MDA-MB-231 cells (A) percentage expression 
(B) MFI and (C) overlay histogram chart. Immunofluorescence Z stacked images of MDA-MB-231 cells 
captured under confocal microscope at 630x magnifications. MDA-MB-231 cells were stained with Gli3 
(Green) and E-cadherin (Red) antibodies. Vehicle control (D) MDA-MB-231 cells following 1µM and 
10µM (F) treatment with cyclopamine for 48hours. Cells were visualised with fluorescence labelled 
secondary antibodies Alexa Fluor® (488 and 594). DAPI stain was used to stain cell nuclei (Blue). 



The Potential Role of the Hedgehog Signalling Pathway in the Regulation of Epithelial-Mesenchymal Transition in Breast Cancer	

May	30,	2018	
 

  
203 

 
  

 
 

Figure 5-17, Alteration of Gli3 expression and localisation in MDA-MB-231 
following treatment with LDE225. 
Flow cytometry analysis of expression of Gli3 protein in MDA-MB-231 cells (A) percentage expression 
(B) MFI and (C) overlay histogram chart. Immunofluorescence Z stacked images of MDA-MB-231 cells 
captured under confocal microscope at 630x magnifications. MDA-MB-231 cells were stained with Gli3 
(Green) and E-cadherin (Red) antibodies. Vehicle control (D) MDA-MB-231 cells following 1µM and 
10µM (F) treatment with LDE225 for 48hours. Cells were visualised with fluorescence labelled 
secondary antibodies Alexa Fluor® (488 and 594). DAPI stain was used to stain cell nuclei (Blue). 
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5.2.5 Reduction of b-catenin expression in MCF7 and MDA-MB-231 cells 

following inhibition of Hh signalling 

b-catenin protein is involved in the regulation of EMT via Wnt signalling and 

changes in the expression of this protein are implicated in EMT-associated change in 

human cancers (Shan et al., 2015). Hence, assessment of nuclear accumulation and 

changes in expression of b-catenin was assessed following treatment of breast cancer 

cell lines with either cyclopamine or LDE225 using flow cytometry, whereby, changes 

in positivity (percentage of positive cells) and MFI (level of expression) were 

evaluated. 

Positivity of b-catenin expression was represented at percentage of positive cells 

and changes in the level of expression in the population of positive cells were 

represented in the graph as median fluorescence intensity (MFI). b-catenin positivity 

decreased in MCF7 cells following cyclopamine or LDE225 treatment and the level of 

b-catenin expression increased as summarised in Figure 5-31. The positivity of b-

catenin decreased by 2% (p-value<0.01), 4% (p-value<0.0001) and 5% (p-

value<0.0001) following 1µM, 5µM and 10µM cyclopamine treatment as seen in 

Figure 5-31. The level of b-catenin expression in MCF7 increased by 20% (p-

value<0.01), by 40% (p-value<0.0001) and 30% (p-value<0.0001) as presented in 

(Figure 5-31-B). Following treatment of MCF7 with 1µM, 5µM and 10µM LDE225, b-

catenin positivity decreased by 45% (p-value<0.0001), 45% (p-value<0.0001) and 51% 

(p-value<0.0001), respectively as seen in Figure 5-31-D. The overlay histograms 

showed a population of low expressing cells that increased in number in dose-

dependent manner following cyclopamine (Figure 5-31-C) or LDE225 treatment 

(Figure 5-31-F).  

The positivity and level of b-catenin expression in MDA-MB-231 cells 

decreased in a dose-dependent manner following treatment with either cyclopamine or 

LDE225 as summarised in Figure 5-19. The positivity of b-catenin decreased by 0.5% 

(p-value<0.01), 0.5% (p-value<0.01) and 1 % (p-value<0.0001) following 1µM, 5µM 

and 10µM cyclopamine treatment as seen in Figure 5-19-A. The level of b-catenin 

expression following cyclopamine treatment in MDA-MB-231 cells decreased by 8% 

(p-value<0.0001) and 20% (p-value<0.0001) as presented in Figure 5-19-B. As shown 

in Figure 5-19-D, b-catenin positivity decreased by 1% (p-value<0.0001), 1% (p-

value<0.0001) and 2% (p-value<0.0001) at 1µM, 5µM 10µM LDE225, respectively. 
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MFI, as shown in Figure 5-19-E, decreased by 13% (p-value<0.0001), 17% (p-

value<0.0001) and 24% (p-value<0.0001) at 1µM, 5µM and 10µM LDE225 treatment, 

respectively. Overlay histograms showed a population of low to none expressing cells 

that increase at the highest concentration of both cyclopamine and LDE225 treatment 

(Figure 5-19-C and F). 

 

 
 

Figure 5-18, Reduction of b-catenin in luminal breast cancer cell line MCF7 
following treatment with either cyclopamine or LDE225. 
Presentation of percentage of b-catenin protein expression in MCF7 following treatment with either 
cyclopamine or LDE225 at 1µM, 5µM and 10µM. Percentage of positive cells were estimated using flow 
cytometry, and SW480 cell line was used as positive control for b-catenin protein expression. Bars 
present the percentage of b-catenin positive cells and MFI of b-catenin following treatment with 
cyclopamine (A and B) or LDE225 (D and E). Results displayed as bars of MFI ± S.D. Overlap 
histograms of the b-catenin protein in MCF7 cells, comparing (unstained cells, vehicle control, 1µM, 
5µM, and 10µM) of cyclopamine treatment (C) and LDE225 treatment (F). This figure is representative 
of n=3 experiments in triplicate. Statistical analysis was conducted, and significant difference between 
samples was indicated by * p-value<0.05, ** p-value<0.01, *** p-value<0.001 and **** p-
value<0.0001. 
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Figure 5-19, Reduction of b-catenin in the triple-negative and basal-like breast 
cancer cell line MDA-MB-231 following treatment with cyclopamine or LDE225. 
Presentation of percentage of b-catenin protein expression in MDA-MB-231 following treatment with 
either cyclopamine or LDE225 at 1µM, 5µM and 10µM. Percentage of positive cells were estimated 
using flow cytometry, and SW480 cell line was used as positive control for b-catenin protein expression. 
Bars present the percentage of b-catenin positive cells and MFI of b-catenin following treatment with 
cyclopamine (A and B) or LDE225 (D and E). Results displayed as bars of MFI ± S.D. Overlap 
histograms of the b-catenin protein in MDA-MB-231 cells, comparing (unstained cells, vehicle control, 
1µM, 5µM, and 10µM) of cyclopamine treatment (C) and LDE225 treatment (F). This figure is 
representative of n=3 experiments in triplicate. Statistical analysis was conducted, and significant 
difference between samples was indicated by * p-value<0.05, ** p-value<0.01, *** p-value<0.001 and 
**** p-value<0.0001. 
 

5.2.6 Increased E-cadherin in breast cancer cell lines following treatment with 

cyclopamine or LDE225 

The expression level of E-cadherin protein was assessed to evaluate the effect of 

Hh inhibition on epithelial marker expression in MCF7 and MDA-MB-231 cells. E-

cadherin increased in a dose-dependent manner in MCF7 following treatment with 

either cyclopamine or LDE225 as summarised in Figure 5-33. The positivity of E-

cadherin in MCF7 cells increased by 5% (p-value<0.01) and 7% (p-value<0.001) at 

1µM and 10µM, respectively as shown in Figure 5-33-A. MFI of E-cadherin in MCF7 

cells decreased by 18% (p-value<0.0001) and 6% (p-value 0.05) as seen in Figure 5-33-
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B. Using Western blotting, E-cadherin in MCF7 showed a four-fold increase (p-

value<0.05) and 5-fold increase (p-value<0.05) in MCF7 following 5µM and 10µM 

cyclopamine treatment compared to the vehicle control as seen in Figure 5-33-D and 

Figure 5-33-E. By flow cytometry the positivity of E-cadherin in MCF7 following 

1µM, 5µM and 10µM LDE225 treatment increased by 5% (p-value<0.001), 8% (p-

value<0.0001) and 9% (p-value<0.0001), respectively as seen in Figure 5-33-F. The 

level (MFI) of E-cadherin expression in MCF7 following 10µM LDE225 treatment 

increased by 35% (p-value<0.0001) compared to the vehicle control as presented in 

Figure 5-20-G. The ratio of E-cadherin expression in MCF7 following 1µM, 5µM and 

10µM LDE225 treatment showed 1.8-fold increase (p-value<0.01), 5.2-fold increase 

(p-value<0.0001) and eight-fold increase (p-value<0.0001) compared to the vehicle 

control as seen in Figure 5-33-I and Figure 5-33-J. The overlap histogram showed that 

there was a population of low-to-negative expressing cells observed before and after 

treatment with all concentrations cyclopamine or LDE225 (Figure 5-33-C and H). 

The positivity of E-cadherin in MDA-MB-231 cells increased following 

treatment with cyclopamine or LDE225 as summarised in Figure 5-21. As seen in 

Figure 5-21-A, the positivity of E-cadherin in MDA-MB-231 cells increased by 16% 

(p-value<0.0001) following 10µM cyclopamine treatment. E-cadherin protein showed 

1.5% increase and 3.5% increase following 5µM and 10µM cyclopamine treatment in 

MDA-MB-231 compared to the vehicle control (Figure 5-21). The positivity and MFI 

of E-cadherin in MDA-MB-231 cells decreased by 6% (p-value<0.0001) following 

1µM LDE225 treatment as seen in Figure 5-21-F and Figure 5-21-G. Positivity of E-

cadherin showed a 4% increase (p-value<0.0001) in MDA-MB-231 after 10µM 

treatment with LDE225, as shown in Figure 5-21-I and Figure 5-21-J. 
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Figure 5-20, E-cadherin expression increased in a dose-dependent manner 
following treatment with cyclopamine or LDE225 of MCF7 cell line. 
Expression of E-cadherin protein in MCF7 following treatment with two types of Hh inhibitors 
(cyclopamine or LDE225) at 1µM, 5µM and 10µM. Percentage of positive cells were estimated by flow 
cytometry (A, B, C, F, G, and H). HT29 cell line was used as a positive control for E-cadherin protein 
expression. The relative expression of E-cadherin protein was estimated by Western blotting and was 
corrected against loading control a-tubulin. The ratios presented were calculated as relative expression 
against vehicle control (D, E, I, and J). Bars present the percentage of E-cadherin positive cells following 
cyclopamine treatment (A) or LDE225 (F). Results displayed as bars of means of percentages of cells ± 
S.D. Bars present MFI of E-cadherin following cyclopamine treatment (B) or LDE225 treatment (G). 
Results displayed as bars of MFI ± S.D. Overlap histograms of E-cadherin protein in MCF7 cells, 
comparing (unstained cells, vehicle control, 1µM, 5µM, and 10µM) of cyclopamine treatment (C) or 
LDE225 treatment (H). The relative expression of E-cadherin in MCF7 cells following treatment with 
cyclopamine (E) or LDE225 (J) at three concentrations for 48 hours. Results displayed as bars of 
averages of corrected ratio of E-cadherin protein ± S.D. E-cadherin protein band at 120 kDa following 
cyclopamine treatment (D) or LDE225 treatment (I) compared against vehicle control and bands of 
loading control protein a-tubulin at 50 kDa band sizes. This figure is representative of n=3 experiments 
in triplicate. Statistical analysis was conducted, and significant differences between samples were 
indicated by * p-value<0.05, ** p-value<0.01, *** p-value<0.001 and **** p-value<0.0001. 
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Figure 5-21, E-cadherin expression increased in MDA-MB-231 cells following 
treatment with cyclopamine or LDE225. 
Expression of E-cadherin protein in MDA-MB-231 following treatment with two types of Hh inhibitors 
(cyclopamine or LDE225) at 1µM, 5µM and 10µM. Percentage of positive cells were estimated by flow 
cytometry (A, B, C, F, G, and H). HT29 cell line was used as a positive control for E-cadherin protein 
expression. The relative expression of E-cadherin protein was estimated by Western blotting and was 
corrected against loading control a-tubulin. The ratios presented were calculated as relative expression 
against vehicle control (D, E, I, and J). Bars present the percentage of E-cadherin positive cells following 
cyclopamine treatment (A) or LDE225 (F). Results displayed as bars of means of percentages of cells ± 
S.D. Bars present MFI of E-cadherin following cyclopamine treatment (B) or LDE225 treatment (G). 
Results displayed as bars of MFI ± S.D. Overlap histograms of E-cadherin protein in MCF7 cells, 
comparing (unstained cells, vehicle control, 1µM, 5µM, and 10µM) of cyclopamine treatment (C) or 
LDE225 treatment (H). The relative expression of E-cadherin in MDA-MB-231 cells following treatment 
with cyclopamine (E) or LDE225 (J) at three concentrations for 48 hours. Results displayed as bars of 
averages of corrected ratio of E-cadherin protein ± S.D. E-cadherin protein band at 120 kDa following 
cyclopamine treatment (D) or LDE225 treatment (I) compared against vehicle control and bands of 
loading control protein a-tubulin at 50 kDa band sizes. This figure is representative of n=3 experiments 
in triplicate. Statistical analysis was conducted, and significant differences between samples were 
indicated by * p-value<0.05, ** p-value<0.01, *** p-value<0.001 and **** p-value<0.0001. 
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5.2.7 Inhibition of Hh signalling with cyclopamine or LDE225 decreases motility 
and invasion of breast cancer cells 

The number of migrated and invaded cells were counted and presented as 

average cells/field and compared against the vehicle control. One concentration of 

treatment (1µM) was selected, to eliminate the bystander reduction of motility of cells 

due to increased apoptosis (Figure 5-3 and Figure 5-4). 

The inhibition of Hh signalling in MCF7 cells with cyclopamine (Figure 5-22-

A) or LDE225 (Figure 5-22-B) caused a decrease in the number of migrated cells 

without reaching statistical significance (Figure 5-22-A and B). There was a 20 % 

reduction in the average number of cells that invaded the Matrigel® following both 

treatments. The average number of cells/field that invaded was reduced following 

cyclopamine (p-value < 0.01) or LDE225 (p-value<0.01) (Figure 5-22-C and D). 

Treatment of MDA-MB-231 with either cyclopamine or LDE225 resulted in a 

significant reduction in cell migration by 8% and 16% respectively (p-value<0.05 and 

p-value<0.0001 respectively), as shown in Figure 5-23-A and B. The average number 

of cells that invaded the Matrigel® matrix was reduced in both treatments by 12 and 

20% respectively with a significant decrease seen following LDE225 treatment (p-

value<0.01) (Figure 5-23-D). 
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Figure 5-22, Reduction in the cellular motility and invasion of MCF7 cells 
following treatment with cyclopamine or LDE225. 
Average number of cells/field of MCF7. A and B show average of migrated cells following cyclopamine 
(A) or LDE225 (B) treatment for 24 hours compared to the vehicle control (Blue). C and D representing 
averages of invading MCF7 cells following treatment with either cyclopamine (C) or LDE225 (D) 
compared to the vehicle control (Blue). Representatives microscopic images of fields of inserts (vehicle 
control, cyclopamine, or LDE225 treated cells) visualised by haematoxylin staining (blue cells). Results 
displayed as bars of mean ± S.D. This figure is representative of n=3 experiments in triplicate. Statistical 
analysis was conducted, and significant differences between samples were indicated by * p-value<0.05, 
***p-value<0.01 and **** p-value<0.0001. 
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Figure 5-23, Reduction in the cellular motility and invasion of MDA-MB-231 cells 
following treatment with cyclopamine or LDE225. 
Average number of cells/field of MDA-MB-231. A and B show average of migrated cells following 
cyclopamine (A) or LDE225 (B) treatment for 24 hours compared to the vehicle control (Blue). C and D 
representing averages of invading MDA-MB-231 cells following treatment with either cyclopamine (C) 
or LDE225 (D) compared to the vehicle control (Blue). Representatives microscopic images of fields of 
inserts (vehicle control, cyclopamine, or LDE225 treated cells) visualised by haematoxylin staining (blue 
cells). Results displayed as bars of mean ± S.D. This figure is representative of n=3 experiments in 
triplicate. Statistical analysis was conducted, and significant differences between samples were indicated 
by * p-value<0.05, ***p-value<0.01 and **** p-value<0.0001. 
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5.2.8 Treatment with cyclopamine or LDE225 reduced b-catenin-related 

transcription in MCF7 and MDA-MB-231 

A TOPFLASH reporter assay for Wnt/b-catenin signalling was used to assess 

the effect of treatment with either cyclopamine or LDE225 on canonical Wnt signalling 

by measuring the catenin-related transcription (CRT). Following reporter plasmid 

transfection, cells were treated for 24hours with either cyclopamine or LDE225 (1µM), 

and then lysed to measure CRT. 

The colorectal cancer cell line SW480 was included as a positive control for the 

transfection procedure (high TOPFLASH activity). This cell line was transfected 

previously by Qualtrough et al. (2015) and the results obtained here were similar to 

those observed previously, confirming successful transfection. Furthermore, treatment 

of SW480 with cyclopamine showed an equivalent inhibition of CRT reporter activity 

to that reported by Qualtrough et al. (2015). It was also noted that treatment with 

LDE225 resulted in a 50% reduction in CRT in SW480, which was greater than the 

effect observed with cyclopamine treatment (Figure 5-24-C). 

The data showed CRT reduction in MCF7 (Figure 5-24-A) and MDA-MB-231 

cells (Figure 5-24-B) with either cyclopamine or LDE225. The reduction of CRT level 

in MCF7 was significant following cyclopamine (p-value<0.0001). The difference 

between the CRT level in MCF7 following treatment with either cyclopamine or 

LDE225 treatments were also significant (p-value<0.001) (Figure 5-24-A). A 

statistically significant reduction in CRT was observed in MDA-MB-231 following 

treatment with cyclopamine (p-value<0.05) or LDE225 (p-value<0.0001) compared to 

the vehicle control (Figure 5-24-B). 
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Figure 5-24, CRT of MCF7, MDA-MB-231 and SW480 cells reduced following 
treatment with cyclopamine of LDE225 
The b-CRT reporter levels (fold control) following 24 hours of treatment with 1µM of cyclopamine or 
1µM of LDE225 compared to vehicle control for A- MCF7 cells, B- MDA-MB-231 cells, and SW480. 
Data showed activity of TOPFLASH reporter, corrected against FOPFLASH and normalised to Renilla 
control plasmid (transfection efficiency control). The data represented mean from three separate 
experiments performed in triplicate and value shown as fold control ±S.D. Statistical analysis was 
conducted, and significant differences between samples were indicated by * p-value<0.05, ** p-
value<0.01, *** p-value<0.001 and **** p-value<0.0001.  
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5.3 Discussion 

5.3.1 Inhibition of Hedgehog (Hh) signalling in MCF7 (luminal) and MDA-MB-

231 (triple-negative and basal-like) reduced cell yield and increased cell 

death 

Two cell lines were selected to assess the effect of Hh inhibition by treatment 

with cyclopamine or LDE225. MCF7 (luminal) and MDA-MB-231 (TNBC and basal-

like) are considered representative for their molecular subtypes of breast cancer. MCF7 

cells have epithelial morphology with low metastatic ability, while MDA-MB-231 cells 

have mesenchymal morphology with high metastatic ability (Kenny et al., 2007a; 

Rizwan et al., 2015). 

Several previous studies reported the effect of inhibiting Hh signalling using 

cyclopamine on breast cancer cell lines, summarised in Table 5-1, as cyclopamine is a 

naturally-occurring plant alkaloid and the first identified Hh inhibitor (Bryden et al., 

1971). High concentrations (higher than 10µM) of cyclopamine may cause off-target 

effects (Yauch et al., 2008) and non-specific cytotoxicity (Lipinski et al., 2008). Thus, 

doses over 10µM for both treatments were avoided in experimentations. 

Previous work has shown that high concentrations of cyclopamine (20µM) 

caused significantly reduced proliferation of both MCF7 and MDA-MB-231 

(Mukherjee et al., 2006; Zhang et al., 2009). However, Kubo et al. (2004) showed that 

at 10µM, cyclopamine reduced viability but not proliferation of MCF7 and MDA-MB-

231. As shown in Figure 5-1-A, treatment with cyclopamine caused a dose-dependent 

decrease of MCF7 cell yield, however, this decrease did not reach statistical 

significance potentially due to inter-experimental variation. Whereas, treatment of 

MDA-MB-231 cells with 5µM and 10µM cyclopamine caused a decrease of cell yield 

(p-value<0.05, and p-value<0.0001, respectively as shown in Figure 5-2-A. 

Cyclopamine also decreased the viability of MCF7 and MDA-MB-231 in a dose-

dependent manner, as seen in Figure 5-1-B and Figure 5-2-B. In concurrence, Thomas 

et al. (2011) showed that cyclopamine treatment decreased proliferation in breast 

cancer cell lines. 

LDE225 was discovered in 2010 in a high throughput in vitro screen (Pan et al., 

2010). It is a small molecule inhibitor that antagonises Smoothened (Smo) preventing it 

from transducing the downstream Hh signal and activating the Gli transcription factors 

(Jain et al., 2017). This inhibitor was approved by the US Food and Drug 
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Administration for the treatment of basal-cell carcinoma following a successful Phase II 

clinical trial (Dummer et al., 2016). 

LDE225 treatment causes reduced proliferation of several other cancer types 

including melanoma (Jalili et al., 2013), non-small cell lung carcinoma (Della Corte et 

al., 2015) and ovarian cancer (Steg et al., 2012). Since its success in preliminary 

clinical trials, relatively few studies have used it for inhibiting Hh signalling to 

investigate its potential therapeutic effect in breast cancer cells. Heller et al. (2012) and 

Matevossian and Resh (2015) reported that LDE225 reduced breast cancer cell line 

proliferation in vitro. Their findings concur with the current results. We showed that 

inhibition of Hh signalling in MCF7 and MDA-MB-231 by LDE225 resulted in 

reduction of cell yield and cell viability in a dose-dependent manner as summarised in 

Figure 5-1 and Figure 5-2. Treatment with LDE225 in animal xenografts also dose-

dependently caused inhibition of breast cancer cell proliferation (Han et al., 2015; Di 

Mauro et al., 2017). 

In combination with a reduction in cell yield, we showed that treatment with 

cyclopamine or LDE225 increased apoptosis in MCF7 and MDA-MB-231 cells as seen 

in Figure 5-3 and Figure 5-4. Previous studies reported that cyclopamine reduced cell 

yield by increasing MCF7 and MDA-MB-231 apoptosis (Mukherjee et al., 2006; Zhang 

et al., 2009; Zhuang et al., 2013). The effect of LDE225 on apoptosis in breast cancer 

cells has not, however, been previously reported. Nonetheless, LDE225 is known to 

induce apoptosis in other human cancer cell lines including melanoma (Jalili et al., 

2013), gastric cancer (Han et al., 2009), and prostate cancer (Shigemura et al., 2011). 

In summary, the inhibition of Hh signalling in breast cancer cell lines showed a 

dose-dependent decrease in cell yield with a concomitant induction of cell death. The 

MCF7 cell line proved more sensitive to this growth inhibition than MDA-MB-231. 

Correspondingly, more cell death was seen in MCF7 cells than in MDA-MB-231 

following treatment with either cyclopamine or LDE225. Also, it was notable that most 

apoptosis seen in MCF7 is early apoptosis whereas most apoptosis seen in MDA-MB-

231 cells were late apoptosis. This could be due to the duration of treatment, or a 

difference in mechanisms of oncogene/tumour suppressor imbalances between the two 

cell lines. 
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5.3.2 Gli protein expression levels and localisation were altered following 
inhibition of Hh signalling by cyclopamine and LDE225 

Gli proteins are zinc-finger transcription factors that have activator and 

repressor forms (Ruiz i Altaba et al., 2007). Gli1 is expressed as an active from while 

Gli2 and Gli3 have two forms (active and inactive) (Figure 0-8) (Ruiz i Altaba et al., 

2007). The level of expression and localisation of the three Gli proteins reflects the 

status of the Hh signalling pathway (Figure 0-7) (Ruiz i Altaba et al., 2007) and 

alteration in expression levels and subcellular localisation were documented previously 

in human cancers (Ruiz i Altaba et al., 2002). Estimation of nuclear localisation of Gli 

proteins in breast cancer samples indicated the status of Hh signalling and assessing 

nuclear localisation correlated with several clinicopathological characteristics (ten Haaf 

et al., 2009; Li et al., 2012). Here we used flow cytometry to assess Gli proteins 

expression levels and immunocytofluorescence (ICF) for investigation of subcellular 

localisation changes in response to hedgehog pathway inhibition. 

Herein, Gli proteins levels were not compared between cell lines and 

observation of variation of localisation following treatment was assessed visually using 

confocal microscopy. Most of previously published work focussed on studying the 

alteration of Gli1 only. Until the time of submitting this work, regulation of Gli1, Gli2 

and Gli3 proteins localisation following Hh inhibition has not been reported and this is 

the first study to show alteration of level and subcellular localisation of Gli proteins in 

breast cancer cells after Hh inhibition using either cyclopamine or LDE225. 

The data showed that MCF7 and MDA-MB-231 expressed Gli1, Gli2 and Gli3 

(Figure 5-5) which was similar to the findings of previous studies (Kubo et al., 2004; 

Dennler et al., 2007; ten Haaf et al., 2009; Zhang et al., 2009; Ramaswamy et al., 2012; 

Wang et al., 2014; Song et al., 2016; Kurebayashi et al., 2017). Also, nuclear 

localisation of Gli1 was higher in MCF7 than MDA-MB-231, which concurs with 

finding of Wolf et al. (2007). They also reported that high expression of Gli1 in MCF7 

correlated with higher Gli reporter activity than that seen in MDA-MB-231 which 

confirmed that the nuclear localisation of Gli1 indicates increased Hh activity in breast 

cancer (Wolf et al., 2007). Other studies also showed that Gli1 had nuclear and 

cytoplasmic localisation in MCF7 but cytoplasmic in MDA-MB-231 (Kubo et al., 

2004; Kameda et al., 2009). 

Alteration of Gli1 localisation following LDE225 treatment in breast cancer cell 

lines was not reported previously. Decreased expression of Gli1 was reported in 

previous work on breast cancer cell lines (Kubo et al., 2004; Zhang et al., 2009; 
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Thomas et al., 2011). Kubo et al. (2004) also showed Gli1 expression in MCF7 cells 

was reduced following treatment with cyclopamine without changing subcellular 

localisation. However, current data were captured under higher magnification and co-

localisation using Z-stack confocal microscopy imaging which is more suitable and 

sensitive for assessing alteration of subcellular localisation. In MDA-MB-231 cells, 

treatment with cyclopamine decreased both nuclear and cytoplasmic localisation of 

Gli1 (Figure 5-8-A and B). However, LDE225 caused a reduction in nuclear and 

cytoplasmic localisation of Gli1 in multiple myeloma (Blotta et al., 2012). Treatment of 

MCF7 and MDA-MB-231 cells with LDE225 caused reduced nuclear Gli1 in a dose-

dependent manner greater than that observed following cyclopamine treatment (Figure 

5-8). This suggests a more potent effect of LDE225 in reducing of Hh activity in breast 

cancer cell lines. The reduction in nuclear localisation was visibly pronounced in MCF7 

cells especially after treatment with LDE225 at the highest dose (10µM). 

In breast cancer, overexpression of Gli1 was also associated with active 

proliferation and high mitotic activity in an animal model (Fiaschi et al., 2009). The 

inhibition of Hh signalling caused a reduction in Gli1 expression in MCF7 and MDA-

MB-231 cells (Table 5-5 and Table 5-6) and this reduction was associated with 

decrease in cell yield after 48hours (Figure 5-3 and Figure 5-4). Kameda et al. (2009) 

and Colavito et al. (2014) showed that knocking down of Gli1 caused a significant 

reduction in cell proliferation compared to vehicle control. Diao et al. (2016) indicated 

that inhibiting Gli1 by siRNA resulted in a significant reduction in cell proliferation. 

MCF7 and MDA-MB-231 showed reduced cell yield following 48hours treatment with 

cyclopamine or LDE225 which is consistent with previous findings (Figure 5-3 and 

Figure 5-4).  

Im et al. (2013) evaluated Hh related protein expression in breast cancer 

samples and showed that expression of Gli2 was associated with the worst overall 

survival. Alteration of Gli2 protein localisation in breast cell lines following Hh 

inhibition by cyclopamine or LDE225 was not previously reported. Inhibition of Hh 

signalling by GANT61 (a Gli1 and Gli2 blocker and inhibitor of Gli mediated 

transcription) in MCF7 resulted in reduction of Gli2 expression, however no analysis of 

treatment effect on the nuclear localisation was assessed in this study (Kurebayashi et 

al., 2017). Here, data showed that Gli2 expression was reduced following treatment 

with either cyclopamine or LDE225 (Figure 5-3). 
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Song et al. (2016) showed that MDA-MB-231 had strong expression of Gli1 

and Gli2 and that inhibition of Hh signalling by cyclopamine resulted in a reduction of 

both Gli1 and Gli2. This agrees with our data as we showed that inhibition of Hh 

signalling in MDA-MB-231 cells by 1µM and 5µM cyclopamine significantly 

decreased Gli2 expression (Figure 5-12-A and B). The inhibition by cyclopamine also 

caused increased nuclear localisation of Gli2 in MDA-MB-231 (Figure 5-12-E and F). 

Following LDE225 treatment, there was increased expression of Gli2 in a dose-

dependent manner (Figure 5-12 and Figure 5-13–A and B) with a notable reduction in 

cytoplasmic localisation (Figure 5-13-E and F). 

Gli3 is the suppressor form of the Gli proteins and it is expressed as a full-length 

inactive form that requires cleavage for activation (Figure 0-8) (Ruiz i Altaba et al., 

2007). High expression of Gli3 in colorectal cancer was associated with a poorly-

differentiated histological grade (Iwasaki et al., 2013). None of the previous work in 

breast cancer studied the effect of inhibiting Hh signalling on expression and 

localisation of Gli3 in breast cancer cell lines. High expression of Gli3 was seen in 

luminal epithelial cells of the developing mammary gland (Hatsell and Cowin, 2006). 

This increased expression was associated with decreased activation of Hh signalling 

that is required during that stage of breast cancer development (Hatsell and Cowin, 

2006). 

5.3.3 Reduction in catenin related transcription following treatment with 

cyclopamine or LDE225 in MCF7 and MDA-MB-231 cells 

To ascertain whether there is crosstalk between Hh and Wnt signalling, the 

expression of b-catenin protein was assessed by flow cytometry and ICF following Hh 

pathway inhibition. CRT was measured using the TOPFLASH reporter assay (Korinek 

et al., 1997) and compared following treatment with either cyclopamine or LDE225 at 

1µM (Figure 5-24). Qualtrough et al. (2015) showed that CRT was reduced following 

inhibiting Hh signalling with cyclopamine in colon cancer cell lines in a dose-

dependent manner compared to the vehicle control. Here, SW480 (a colon cancer cell 

line), used previously by Qualtrough et al. (2015), was used as a positive control, and 

similar reduction of CRT was seen following treatment with 1µM cyclopamine (Figure 

5-24-C). In addition, following treatment with 1µM LDE225 CRT was reduced to half 

the level of the vehicle control, which is greater than the reduction seen following 

cyclopamine treatment (Figure 5-24-C). 
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This is the first study to investigate the effect of inhibiting Hh signalling on the 

Wnt/b-catenin pathway in breast cancer cells. Recently, Arnold et al. (2017) showed 

that there was a correlation between the simultaneous activation of both signalling 

pathways and a poorer prognosis in TNBC patients.  

The expression and subcellular localisation of b-catenin in response to Hh 

inhibition has not previously been reported in breast cancer. Inhibition of Hh, by 

cyclopamine or LDE225, led to reduction of b-catenin expression in both cell lines 

studied here (Table 5-3). This decrease in expression was also accompanied by 

increased cell membrane localisation and decreased cytoplasmic and nuclear 

localisation, noted especially in the luminal cell line MCF7 (Table 5-11 and Table 5-

12). 

Ulloa et al. (2007) showed that Gli3 which is synthesised in the absence of Hh 

signalling can antagonise b-catenin. This offers a potential explanation for the findings 

presented here, as inhibition of Hh caused an increase in the nuclear localisation of Gli3 

in both cell lines ( 

Table 5-5), and this was associated with a decrease in CRT. Furthermore, 

Maeda et al. (2006) showed that Gli1 transcriptional activity was enhanced by b-

catenin, whereas here we showed that a decrease in nuclear localisation of Gli1, 

following inhibition of Hh signalling, is associated with reduced activity of b-catenin. 

Therefore, the findings presented here suggest that there is an interaction between these 

signalling pathways in breast cancer cells, and although further analysis is required, this 

may have serious relevance for the clinical management of breast cancer. 

 

Table 5-3: Decrease in b-catenin protein in a dose-dependent manner following 
cyclopamine or LDE225 in MCF7 and MDA-MB-231 cell lines. 
Summary of changes in the level of b-catenin expression following the inhibition of Hh signalling by two 
treatments (cyclopamine or LDE225) at three concentrations (1µM, 5µM, and 10µM). Arrows indicate 
the change in expression of b-catenin compared to vehicle control. 
 

Treatment 1µM 
cyclopamine 

5µM 
cyclopamine 

10µM 
cyclopamine 

1µM 
LDE225 

5µM 
LDE225 

10µM 
LDE225 

MCF7 ¯ ¯¯ ¯¯¯ ¯¯¯ ¯¯¯ ¯¯¯ 

MDA-MB-231 ¯ ¯ ¯ ¯ ¯ ¯ 

 

 

 



The Potential Role of the Hedgehog Signalling Pathway in the Regulation of Epithelial-Mesenchymal Transition in Breast Cancer	

May	30,	2018	
 

  
221 

 
  

Table 5-4: Decrease in cytoplasmic b-catenin in MCF7 cell line following inhibition 
of Hh pathway by either cyclopamine or LDE225. 
Summary of changes in b-catenin cytoplasmic localisation following treatment with cyclopamine or 
LDE225 at two concentrations of treatment (1µM and 10µM) for 48 hours. Arrows indicate qualitative 
observation of level of cytoplasmic localisation of b-catenin compared to that seen in vehicle control. 
 

Treatment 1 µM 
cyclopamine 

10 µM 
cyclopamine 

1 µM LDE225 10 µM LDE225 

MCF7 ¯ ¯¯ ¯ ¯¯ 

MDA-MB-231 - - - - 

 
Table 5-5: Decrease in the nuclear localisation of b-catenin in MCF7 cells 
following inhibition of the Hh signalling. 
This table summarises the effect of Hh inhibition by cyclopamine and LDE225 on the nuclear 
localisation of b-catenin protein at two concentrations of the treatment (1 µM and 10 µM) for 48 hours. 
Arrows indicate the qualitative observation of the level of expression of the marker compared to the 
vehicle control. 
 

Treatment 1 µM 
cyclopamine 

10 µM 
cyclopamine 1 µM LDE225 10 µM LDE225 

MCF7 ¯ ¯ ¯ ¯¯ 

MDA-MB-231 - - - - 

 

5.3.4 Inhibition of Hh signalling by cyclopamine and LDE225 induced the 
expression of E-cadherin and reduced motility and invasion in both MCF7 

and MDA-MB-231 cells 

Cellular changes associated with EMT is a critical component in human cancer 

metastasis including breast cancer (Sarrio et al., 2008; Wang and Zhou, 2013). In 

associated with EMT-like changes many of the transcription factors act as repressors 

for the epithelial adhesion molecule E-cadherin and subsequently promote invasion and 

metastasis (Hajra et al., 2002; Peinado et al., 2004). Therefore, E-cadherin expression 

levels were assessed following inhibition of Hh signalling by either cyclopamine or 

LDE225. The effect of Hh inhibition on motility and invasion of breast cancer cell lines 

by a single concentration of treatments (1µM) was also measured. The selection of this 

dose was based on previous findings (Figure 5-3 and Figure 5-4). At 1µM, no 

significant induction of cell death was seen, which would cause decreased motility and 

invasion scores due to the presence of fewer cells in the assay. 

In human breast cancer samples, Fiaschi et al. (2009) showed that cells with 

high Gli1 expression lacked expression of E-cadherin and increased possibility of 

metastatic spread. Also, O'Toole et al. (2011) used in vivo models to show that 
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increased tumour grade and invasion was associated with an increased activation of Hh 

signalling in breast cancer cells by manipulating Hh ligand secretion. 

E-cadherin protein expression increased in both cell lines assessed in this study 

following 48 hours treatment with cyclopamine or LDE225 in a dose-dependent manner 

(Table 5-10). 

Membrane localisation of E-cadherin increased in MCF7 cells following 

inhibition by either cyclopamine or LDE225 while cytoplasmic localisation increased in 

MDA-MB-231 (Table 5-7 and Table 5-8). Concurring with this finding, Song et al. 

(2016) showed that E-cadherin increased in breast cancer cells following inhibition of 

Hh signalling using cyclopamine for 72 hours. They concluded that canonical Hh 

pathway activation is essential for enhancing migration capacity of breast cancer cells 

by reducing E-cadherin and increasing the production of matrix metalloproteases (Song 

et al., 2016). In colon cancer, Qualtrough et al. (2015) showed that inhibition of Hh 

signalling by cyclopamine stimulated the expression of E-cadherin in benign and 

malignant colorectal tumour cell lines. 
 
Table 5-6: Increase in E-cadherin expression following treatment with 
cyclopamine or LDE225 in MCF7 and MDA-MB-231. 
Alteration in E-cadherin expression following inhibition of Hh signalling by cyclopamine or LDE225 at 
three concentrations (1µM, 5µM, and 10µM). Arrows indicate change in expression of protein compared 
to vehicle control. 
 

 Treatment 1µM 
cyclopamine 

5µM 
cyclopamine 

10µM 
cyclopamine 

1µM 
LDE225 

5µM 
LDE225 

10µM 
LDE225 

E-cadherin 
MCF7       

MDA-MB-231 -   - -  

 
Table 5-7: Increase in the membrane localisation of E-cadherin in MCF7 cell line 
following inhibition of the Hh signalling by cyclopamine and LDE225. 
Effect of inhibiting Hh signalling by cyclopamine or LDE225 on membrane localisation of E-cadherin at 
two concentrations (1µM and 10µM) for 48hours. Arrows indicate qualitative observation of level of 
membrane localisation of E-cadherin compared to vehicle control. 
 

 Treatment 1µM 
cyclopamine 

10µM 
cyclopamine 1µM LDE225 10µM LDE225 

E-cadherin 
MCF7 -    

MDA-MB-231 - - - - 
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Table 5-8: Increase in E-cadherin cytoplasmic localisation in both cell lines 
following inhibition of Hh signalling. 
Effect of Hh signalling inhibition by cyclopamine or LDE225 on the cytoplasmic localisation of E-
cadherin following treatment with two concentrations (1µM and 10µM) for 48hours. Arrows indicate 
qualitative observation of level of cytoplasmic E-cadherin compared to vehicle control. 
 

 Treatment 1 µM 
cyclopamine 

10 µM 
cyclopamine 

1 µM 
LDE225 

10 µM 
LDE225 

E-cadherin 
MCF7     

MDA-MB-231     

 

The inhibition of Hh signalling in breast cancer cell lines (MCF7 and MDA-

MB-231) by cyclopamine or LDE225 caused significant reduction in the motility and 

invasion of both cell lines (Table 5-9). The MCF7 cell line was less motile than MDA-

MB-231, which is expected because MDA-MB-231 is a more aggressive cell line and 

displays a more mesenchymal phenotype (Rizwan et al., 2015). Furthermore, treatment 

with either one of the inhibitors resulted in a significant decrease in MCF7 cell invasion 

through Matrigel™ (Table 5-9). In MDA-MB-231 cells, the reduction of both motility 

and invasion was more significant following inhibition by LDE225 (Table 5-9) 

suggesting a differential effect of inhibitors dependent on the breast cancer subtype. 

Kameda et al. (2009) showed that treatment of MDA-MB-231 with 10µM and 30µM 

cyclopamine reduced invasion in a dose-dependent manner. A similar inhibition of 

invasion was observed following knocking down Gli1 in MDA-MB-231 (Kameda et 

al., 2009; Kwon et al., 2011). Here, the assessment of Gli1 localisation and level of 

expression showed that decreased expression and nuclear localisation of Gli1 was 

associated with decrease in motility and invasion of breast cancer cells. 

 
Table 5-9: inhibition of Hh signalling caused decrease in motility and invasion of 
breast cancer cells. 
Effect of inhibiting Hh signalling by 1µM cyclopamine or LDE225 on motility and invasion of MCF7 
and MDA-MB-231 cells. Changes in motility and invasion of cells was indicated as arrows compared to 
vehicle control. 
 

Cell lines Assay 
Treatment 

1µM cyclopamine 1µM LDE225 

MCF7 Motility ¯ ¯ 
Invasion  ¯¯¯ ¯¯¯ 

MDA-MB-231 Motility ¯ ¯¯ 
Invasion  ¯ ¯¯¯ 
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5.4 Conclusion 
The cell viability, cell yield and apoptosis showed that the inhibition of the Hh 

signalling using either cyclopamine or LDE225 resulted in reduction of cellular 

viability and cell yield. This is the first study to show this effect and compared it 

between two cell lines that represent to two molecular subtypes of breast cancer 

(luminal and TNBC). Most of the cell death were early apoptosis in MCF7 (luminal) 

seen following Hh inhibition, whereas, in MDA-MB-231 (Basal and TNBC) most cell 

death was late cell death. 

Assessment of the level of expression and localisation of the Gli proteins was 

novel in this study and was not investigated previously. Also, comparing the expression 

level and subcellular localisation following Hh inhibition using either cyclopamine or 

LDE225 in two cell lines that belong to two molecular subgroup of breast cancer was 

not conducted previously. The Gli protein expression analysis and changes of 

localisation of the proteins showed that there was a difference in the mechanism of 

action of the pathway in the two breast cancer cell lines. Suggesting a key difference in 

the way the two cell lines respond to each drug and difference in the cell trafficking of 

the Gli proteins between both cell lines. This can also explain why the changes in 

viability, cell yield and apoptosis levels varied between the two cell lines.  

The Hedgehog (Hh) signalling pathway is potentially involved in tumour invasion 

and it may be facilitated by stimulating EMT-like changes in the cells.  

Evaluation of the effect of Hh inhibition on CRT is also novel for the current 

study. We were able to show reduction in CRT for the first time in vitro as a result of 

Hh inhibition in breast cancer, thereby, confirming the potential crosstalk between these 

signalling pathways and highlighting them as a potential regulator of EMT in this 

disease. The association between decreased CRT and the decrease in expression and 

nuclear localisation of Gli1 support this conclusion. Also, the increase in nuclear Gli3 

indicates that in breast cancer this protein may have an inhibitory effect on b-catenin, 

which merits further investigation. Inhibition of Hh signalling by cyclopamine or 

LDE225 treatment caused significant reduction of motility and invasion of MCF7 and 

MDA-MB-231 cells.  
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6. Chapter Six: General Discussion 
90% of breast cancer-related deaths are caused by distant metastasis (Tsai and 

Yang, 2013). Identifying pathways involved the regulation of metastasis is crucial for 

developing targeted treatments. Understanding alteration of these pathways could lead 

to better selection of patients that would benefit from such treatment. EMT is a 

regulatory process that is involved in many normal physiological processes and is also 

involved in cancer metastasis (Wang and Zhou, 2013). This study aimed to investigate 

the process of EMT in breast cancer and to understand the regulation of this process. 

This study also aimed to identify a pathway potentially involved in the regulation of 

EMT in breast cancer and to investigate the effect of inhibiting this pathway. 

6.1 Breast cancer cell lines undergo changes associated with EMT when 
subjected to a stimulus using a cell-density-based model 

An in vitro cell density-based model was developed to investigate EMT using breast 

cancer cell lines. This model produces a stimulus that provokes EMT in breast cancer 

cells by reducing the degree of cell-cell contact. To evaluate the effect of these changes 

in cell-cell interaction, cellular morphology and the expression of E-cadherin, b-catenin 

and vimentin were assessed. Using this model, we were able to show that breast cancer 

cell lines undergo morphological changes associated with EMT. Assessment of E-

cadherin, b-catenin and vimentin confirmed that breast cancer cell lines undergo 

alteration in expression levels, and localisation of proteins indicative of EMT-

associated change. 

Initially, we hypothesised that the molecular subtype of breast cancer can influence 

their ability to undergo EMT. Upon investigating a panel of breast cancer cell lines 

representing the major molecular subtypes of breast cancers, we were able to confirm 

that all cell lines were able to undergo EMT-associated change. All cell lines showed 

morphological alteration with associated changes in both the level and localisation of E-

cadherin, b-catenin and vimentin proteins. However, the propensity of breast cancer 

cell lines to undergo EMT was not dictated by the molecular subtype to which they 

belong to. All breast cancer cell lines were equally able to undergo EMT when 

subjected density-based stimulus. Also, the confirmation that breast cancer cell lines 

from different molecular subtypes were able to undergo EMT, has an impact on 

understanding breast cancer invasion and metastasis in vivo. 
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Changes in b-catenin localisation indicated potential activation of Wnt/b-catenin 

signalling in breast cancer cell lines. The morphology, and both the expression and 

localisation of EMT-related proteins showed that in the high-density culture the cells 

had more epithelial phenotype and in the lower density they showed a more 

mesenchymal phenotype. In one cell line the opposite was observed. Furthermore, two 

TNBC cell lines showed significant changes in the medium density with increased 

epithelial phenotype. Thus, medium density was standardised as the seeding density for 

all further analysis. 

6.2 Gli1, Gli2 and Gli3 expression showed that Hh signalling may be involved in 

breast cancer metastasis and suggests crosstalk with Wnt/b-catenin 

signalling 

Previous work showed that Hh signalling works in parallel with Wnt/b-catenin 

during the phases of mammary gland development (reviewed by Flemban and 

Qualtrough, 2015). Thus, investigation of the co-activation of Wnt and Hh signalling in 

a cohort of breast cancer samples was carried out in combination with of assessment of 

tissue distribution and subcellular localisation. Recent work showed that there was co-

expression of Wnt/b-catenin and Hh signalling in breast cancer samples (Arnold et al., 

2017).  

Most previous works focused on studying Gli1 and b-catenin, alone or in 

combination. What previous studies overlooked was assessing the tissue distribution of 

these proteins together with their subcellular localisation. Also, in our data, we 

combined evaluating Hh and Wnt/b-catenin proteins with the estimation of E-cadherin 

status in both the tumour centre and at the invasive front. Altogether this approach 

provided new insight into the assessment of EMT in breast cancer. 

Analysis showed that Hh signalling was expressed in breast cancer samples and that 

the expression of Gli proteins was higher at the invasive front where EMT is thought to 

be active. The analysis confirmed that there was a correlation between Hh and Wnt/b-

catenin signalling activation that occurred at the invasive front. Also, activation of Hh 

signalling in breast cancer correlated with decreased E-cadherin. Previous work 

confirmed overexpression of specific components compared to normal mammary cells 

(Mukherjee et al., 2006). Activation of Hh signalling in the tumour may suggests that 

breast cancer cells develop an autocrine activation loop of Hh signalling instead of 

depending on paracrine signalling (Theunissen and de Sauvage, 2009).  
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6.3 Inhibition of Hh signalling with cyclopamine or LDE225 caused an alteration 
in EMT and reduced CRT 

Two cell lines were selected (MCF7 and MDA-MB-231) and treated with 

cyclopamine or LDE225 to assess the effect on viability, cell yield and cell death. 

Analysis showed that breast cancer cell lines showed inhibition of proliferation, 

measured as cell yield, following 48hours treatment. The treatments increased cell 

death, with reduced viability, in a dose-dependent manner. Treatment with cyclopamine 

or LDE225 caused an alteration of both the localisation and level of expression of Gli 

proteins that confirmed a direct effect of the drug on the Hh signalling pathway activity. 

Also, the effect of Hh inhibition on cell yield and cell death concurred with in vivo 

observations, as we showed that Gli1 expression and nuclear localisation correlated 

with increased tumour size. This was in agreement with previous findings showing the 

effect of Hh inhibition in vivo and found that treatment with a Hh inhibitor resulted in a 

reduction of tumour size (Benvenuto et al., 2016).  

Hh inhibition reduced both cell motility and invasion through extracellular matrix in 

vitro. This reduced of motility was associated with altered levels and localisation of E-

cadherin and b-catenin. Together with the increase in E-cadherin expression these data 

suggest that inhibition of Hh signalling with cyclopamine or LDE225 resulted in a 

reduction of EMT in breast cancer and decreased cancer cell motility. This showed that 

inhibition of Hh signalling using either cyclopamine or LDE225 cause reduction in 

EMT-associated changes, which could translate to utilising the Hh signalling for 

metastatic cancer therapy.  

To further investigate the potential crosstalk between Hh and Wnt/b-catenin, CRT 

was measured using the TOPFLASH reporter assay (Korinek et al., 1997). Data showed 

that inhibition of Hh signalling in breast cancer cell lines resulted in the reduction of 

CRT which was reflected in the changes in both the expression and localisation of b-

catenin. Thus, we were able to confirm the crosstalk between Hh and Wnt signalling 

pathways.  
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7. General Conclusion 
Our data confirmed that breast cancer cells undergo EMT-like change that is not 

governed by the molecular subtype of breast cancer cell lines. The in vitro density 

model provides a useful tool for understanding EMT in breast cancer.  

Screening for the expression of Gli1, Gli2 and Gli3 in a cohort of patient samples 

showed that Hh signalling is active in breast cancer. Correlation of increased expression 

of Gli proteins with the invasive front suggests an association between Hh signalling 

and EMT. Expression of the components of the Hh pathway in breast cancer human 

samples and also in cell lines led to the investigation of autocrine signalling in vitro 

using cell lines. In vitro data showed that inhibition of Hh signalling has both anti-

tumour growth and anti-metastatic effects which could be exploited therapeutically to 

reduce mortality due to this incurable disease. Following the treatment of two cell lines 

with cyclopamine or LDE225 both cell yield and viability decreased, while cell death 

increased, in a dose-dependent manner. Activated Hh signalling observed in vivo 

correlated with increased tumour size, which is a prognostic indicator and can be 

explained by the in vitro data showing that Hh inhibition causes reduced cell yield. 

However, further investigation is required to understand the mechanism of this 

correlation. These findings support utilising Gli proteins as prognostic markers to 

identify patients that could benefit from targeted therapy. This also may reduce clinical 

trial failure in the future.  

Further analysis of tissue distribution and subcellular localisation showed that Hh 

signalling activation was associated with Wnt/b-catenin and E-cadherin expression. b-

catenin expression and localisation and CRT levels showed that Hh inhibition with 

cyclopamine or LDE225 treatment co-inhibited Wnt/b-catenin signalling. Hh inhibition 

may be of therapeutic benefit in a percentage of breast cancer patients. These patients 

once correctly identified and treated using Hh inhibitors could show reduced tumour 

growth and reduced propensity for metastasis, thereby greatly improving prognosis for 

this subset of breast cancer patients.  
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8. Limitations 
Due to limitations in time and resources, the assessment of EMT transcription 

factors including Slug, Snail, and Twist was not conducted after subjecting breast 

cancer cell lines to EMT-associated change using the seeding density model. Also, 

these transcription factors were not evaluated after inhibition of Hh signalling using 

cyclopamine and LDE225. There was a limitation of the number of patient samples 

used in this study by staining and evaluation of the full patient samples cohort. To 

improve statistical analysis the sample size should be at least 48 cases for Fisher’s exact 

test and 220 cases for Chi-square test (calculated with GPower 3.0.10). This would 

allow confirmation of the relationship between Gli1, Gli2, Gli3, b-catenin and E-

cadherin expression and the clinicopathological characteristics. Assessing Gli1, Gli2, 

and Gli3 in a full cohort could provide additional information and strengthen the 

statistical significance and conclusions drawn. Further confirmation of the effect of Hh 

inhibition on the outputs of Hh signalling could have been assessed using Gli reporters. 

Despite these limitations, this study has furthered our knowledge of the role of Hh 

signalling in breast cancer, its potential influence on patient prognosis, and highlights 

its therapeutic potential in the globally most common cancer diagnosed in females.  
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9. Future Direction 

- To assess the changes of EMT-related transcription factors such as Slug, Snail 

and Twist in response to changes in seeding density.  
- To investigate the effect of Hh signalling inhibition on the levels of Hh and 

Wnt-specific target genes together with EMT transcription factors such as Slug, 

Snail, Twist, Zeb and LEF-1. 
- To evaluate the expression of other Hh signalling components including Smo, 

Patched and Shh in breast cancer samples. 
- To investigate the expression of Gli1, Gli2, Gli3, b-catenin and E-cadherin in a 

larger cohort of breast cancer samples. To improve statistical analysis the 

sample size should be at least 48 cases for Fisher’s exact test and 220 cases for 

Chi-square test (calculated with GPower 3.0.10) then to analyse for correlation 

between marker expression and clinical criteria.  
- Determine the effect of expression of Gli1, Gli2 and Gli3 expression on both the 

short-term and long-term survival of patients to assess whether these proteins 

have prognostic value together with meta-analysis of associated pathological 

report criteria. 
- Analysis of changes in nuclear co-localisation of Gli proteins in breast cancer 

cell lines using imaging software to provide semi-quantitative data, such as 

velocity software.  
- Use monoclonal antibodies specific for the activator form of Gli proteins and 

compare to the repressor forms.  
- To eliminate the possibility of off-target effect,s using Shh rescue (by Shh add 

back to the system) and checking the effect of Hh inhibition using treatments on 

CRT and E-cadherin expression and localisation. 
- To assess the effect of Hh signalling inhibition on the cell cycle of breast cancer 

cell lines. 
- To confirm the effect of cyclopamine or LDE225 treatment on outputs of Hh 

signalling using Gli reporters. 
- Cell sorting of treated cell lines could provide analysis of subpopulations of 

breast cancer cells. 
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11. Appendices 

11.1 Summary of the morphological changes associated with decrease 
in seeding densities 

The scores in Table 3-2 were then presented as bar charts of changes at different 

densities. It was noted that cellular spreading increased in all cell lines with decrease in 

densities (Figure 11-1). Also, the spreading of all the basal-cell lines (BT20, MDA-MB-

231 and MCF10A) were more significant than that seen in all the luminal breast cancer 

cell lines. The two basal-cell lines (BT20 and MDA-MB-231) showed high cellular 

spreading even in dense cultures. All the other cell lines (MCF7, MDA-MB-361, and 

MDA-MB-453) showed less cellular spreading in the highest density. 

Both luminal breast cancer cell line (MCF7 and MDA-MB-361) and the TNBC 

cell line (MDA-MB-453) showed strong cell-cell contact morphology at the highest 

density (Figure 11-2). The basal-like/normal-like breast cancer cell line (MCF10A) 

showed tight cellular contact as seen in the luminal cell lines that correlated with 

density. The basal breast cancer cell lines (BT20 and MDA-MB-231) showed non-

linear association in response to decrease in density. Both cell lines showed increase in 

cell-cell contact at the medium density then, lost at the lower density. This pattern was 

specific to these cell lines only and was the reason the medium density was selected for 

further analysis. 
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Figure 11-1, Bar charts of qualitative score of the increase in morphological 
spreading seen at the three densities of breast cancer cell lines 
Bar chart presenting the qualitative scores of the increase in morphological spreading associated with 
decrease in seeding density. In general, all the breast cancer cell lines showed increase in cellular 
spreading with decrease in seeding density. Highlighted below in red are the subclassification of the 
breast cancer cell lines including; Luminal, HER2+ve (human EGF receptor two positive), TN (triple-
negative), NL, (normal-like), and Basal-like (BL) (basal-like). 

 

 
 

Figure 11-2, Bar charts of the cell-cell contact morphological changes seen at three 
seeding densities of breast cancer cell lines 
Bars charts presenting the qualitative scores summarising the cell-cell contact morphological changes 
associated with decreasing the seeding density. All the cell lines, except BT20 and MDA-MB-231, 
showed gradual decrease in cell-cell contact with decreasing density. The basal-cell lines (BT20 and 
MDA-MB-231) showed a specific pattern in increase in contact at the medium density. Highlighted 
below in red are the subclassification of the breast cancer cell lines including; Luminal, HER2+ve (human 
EGF receptor2 positive), TN (triple-negative), NL, (normal-like), and BL (basal-like). 



The Potential Role of the Hedgehog Signalling Pathway in the Regulation of Epithelial-Mesenchymal Transition in Breast Cancer	

May	30,	2018	
 

  
300 

 
  

Four cell lines showed an increase in spindle cells morphology inversely 

associated with seeding density including two luminal cell lines (MCF7 and MDA-MB-

361), the normal-like breast cancer cell line (MCF10A) and the TNBC cell line (MDA-

MB-453) (Figure 11-3). Also, both basal breast cancer cell lines (BT20 and MDA-MB-

231) showed a decrease in the spindle morphology at the medium density which then 

increased of spindle morphology at the high and low density. 

 

 
 

Figure 11-3, Bar charts of the change in spindle cells morphology seen at three 
seeding densities of breast cancer cell lines 
Bars represent the qualitative scores for the spindle morphology seen at three densities of breast cancer 
cell lines. The luminal cell lines (MCF7 and MDA-MB-361) and the triple-negative cell line (MDA-MB-
453) showed increase in spindle morphology with decreasing density. Both of the basal breast cancer cell 
lines (BT20 and MDA-MB-231) showed a dip in the spindle morphology at the medium density. 
Highlighted below in red are the subclassification of the breast cancer cell lines including; Luminal, 
HER2+ve (human EGF receptor2 positive), TN (triple-negative), NL, (normal-like), and BL (basal-like). 
 

Taken together, it can be seen that all the cell lines showed increase in the 

mesenchymal morphological features with decrease in seeding density. All cell lines 

showed increase in spindle morphology and cellular spreading with decrease in cell-cell 

contact, which are all morphological features of mesenchymal morphological change. 

The luminal cell lines (MCF7 and MDA-MB-361) and the TNBC cell line (MDA-MB-

453) showed less significant morphological mesenchymal change compared to that 

observed in all the basal breast cancer cell lines (BT20, MDA-MB-231 and MCF10A). 
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It was also noted that there was a specific morphological pattern captured in the 

medium density of some of the cell lines. As seen at the medium density of the basal-

like breast cancer cell lines (BT20 and MDA-MB-231) there was morphological 

increase in the cell-cell contact at the medium density. Also, there was decrease in the 

spindle shape at the medium density of both cell lines in the medium density. These 

observations together supported the importance of including the medium density in 

further analysis. 

11.2 Confirmation of subtype of breast cancer samples showed that all 
selected cases followed the classification specified in the pathology 
report 

 

 
 

Figure 11-4, Verification of tumour identification in samples 
Representative images of nine slides that showed verification of presence of tumour in sections. Sections 
were stained with H&E and images were captured using GT Vision (GT Vision, UK). Scale bar is added 
in the bottom right corner of the images. 
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Table 11-1: Summary table of number of cases stained and investigated for b-
catenin, E-cadherin, Gli1, Gli2 and Gli3 used and the corresponding 
clinicopathological parameters 
Numbers of sections in each of the clinicopathological parameters (A) Size, (B) Stage and (C) Grade and 
the total number of cases stained by either b-catenin, E-cadherin, Gli1, Gli2 or Gli3. 
 

Clinical criteria 
Count 

b-catenin E-cadherin Gli1 Gli2 Gli3 

Size 2cm ³ 14 11 25 12 10 
2cm< 23 12 23 17 13 

Stage 

T1 13 14 23 14 11 
T2 17 7 19 11 9 
T3 2 0 3 1 1 
T4 0 0 0 0 0 
TX 5 0 3 3 2 

Grade 
1 1 1 1 1 1 
2 18 12 23 11 9 
3 18 10 24 17 13 

Total 37 23 48 29 23 
TX= stage not determined in the clinical reports 
 
Table 11-2: Numbers of sections included in the investigation and the 
corresponding histological subtype 
Summary of numbers of cases stained with each antibody (b-catenin, E-cadherin, Gli1, Gli2 and Gli3) 
and the histological subtype identified in the pathology report. DCIS= ductal carcinoma in situ, IDC= 
invasive ductal carcinoma, LCIS=lobular carcinoma in situ, ILC= invasive lobular carcinoma, NST= 
none specific type. 
 

Histological 
subtype 

Count 
b-catenin E-cadherin Gli1 Gli2 Gli3 

DCIS 1 1 2 1 0 
DCIS/IDC 15 8 12 11 7 

IDC 12 7 18 9 8 
LCIS 0 0 0 0 0 

LCIS/ILC 1 0 2 0 1 
ILC 1 1 4 1 0 

Mixed 2 1 3 0 1 
Metastatic 1 1 2 2 0 

NST 4 4 5 5 6 

Total  37 23 48 29 23 
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Table 11-3: Number of sections and the lymph node and metastasis status as 
identified in the pathology reports 
Summary table that shows the number of sections stained by either b-catenin, E-cadherin, Gli1, Gli2 or 
Gli3 and the lymph node and metastasis status as reported in the pathology report. 
 

 
Count 

b-catenin E-cadherin Gli1 Gli2 Gli3 

Lymph node 
involvement 

Positive 16 5 17 12 9 
Negative 18 14 27 13 13 
Possible 2 3 3 3 1 

Metastasis 
Yes 1 1 2 2 0 
No 35 21 45 26 23 

Possible 0 0 0 0 0 

 Total 36 (UI=1) 23 47 (UI=1) 28 (UI=1) 23 

UI= undefined in the clinical reports 

 
Table 11-4: Numbers of sections stained for investigation and the molecular 
subgroup they represent according to the pathology report and after confirmation 
Summary of the percentages (A), intensity of the immune staining (B) and IRS score (C) for E-cadherin 
in human cohort. The tables summarise the numbers and percentages of cases observed in each category 
of the scale in tumour 
 

A 
Count 

b-catenin E-cadherin Gli1 Gli2 Gli3 

ER Status Negative 23 14 34 23 14 
Positive 14 9 14 6 9 

PR status Negative 29 17 39 25 18 
Positive 8 6 9 4 5 

HER2 
status 

Positive 15 9 14 12 8 
Negative 22 14 34 17 15 

Molecular 
subgroup 

Luminal A 10 8 11 5 7 
Luminal B 4 1 3 1 2 

HER2 11 8 11 11 6 
TN 12 6 23 12 8 

Total 37 23 48 29 23 
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Figure 11-5, Representative immunohistochemistry images for the molecular 
classification defined by expression of prognostic markers (ER, PR and HER2) 
Samples were stained for the prognostic markers ER, PR) and HER2 (human EGF receptor 2) in order to 
verify their molecular subgroup. Images were captured at 400x magnification and scale bars were added 
to the bottom right corner. 

 

11.3 Associations between histological subtypes, molecular subgroups and 
clinicopathological parameters 

Statistical analysis was conducted on the total numbers of cases (n=48). There 

was no difference in age at diagnosis between the histological subtypes (p=-0.136, one-

way ANOVA) or molecular subgroups (p=0.574). There was no difference in tumour 
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size between the histological subtype (p=0.107) or the molecular subgroup (p=0.489). 

A single case in the cohort was classified as grade 1. 

The expression of the ER prognostic marker was negatively correlated with size 

(-0.340, p=0.02), stage (-0.279, p=0.057), and grade (-0.560, p=0.000) (Table 11-5 and 

Figure 11-6). PR showed negative correlation with size (-0.247, p=0.09), stage (-0.314, 

p=0.003), and grade (-0.451, p=0.002) (Table 11-5 and Figure 11-6). The molecular 

subgroup correlated with size (0.228, p=0.094), stage (0.245, p=0.074), and grade 

(0.484, p=0.000) (Table 11-5 and Figure 11-6). Statistical analysis showed that the 

lymph node involvement correlated with stage (0.401, p=0.005) and grade (0.331, 

p=0.02) (Table 11-6 and Figure 11-7). 

 
Table 11-5: Statistical correlation between expression of prognostic markers and 
the molecular subgroup (ER, PR and HER2) with clinicopathological parameters 
(size, stage, grade and histological subtype) 
Statistical correlation was analysed using the Kendall’s Tau B test. highlighted are the comparisons that 
showed correlations and highly significant correlations were indicated in bold. 

 

 ER status PR status HER2 status Molecular 
subgroup 

Size 
Correlation coefficient -0.340* -0.247 -0.027 0.228 

Sig. (2-tailed) 0.02 0.09 0.854 0.094 
N 48 48 48 48 

Stage 
Correlation Coefficient -0.279 -0.314* -0.017 0.245 

Sig. (2-tailed) 0.057 0.033 0.91 0.074 
N 45 45 45 45 

Grade 
Correlation Coefficient -0.560** -0.451** -0.101 0.484** 

Sig. (2-tailed) 0 0.002 0.484 0 
N 48 48 48 48 

Histological 
subtype 

Correlation Coefficient 0.12 0.229 0.212 -0.045 
Sig. (2-tailed) 0.359 0.08 0.105 0.713 

N 48 48 48 48 
The Kendall’s TauB correlation coefficient (between -1 and +1). The statistical significance of the 
correlation is indicated as follows: *P= <0.05, **P= <0.01. 
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(A) (B)  

 

(C)  

 
Figure 11-6, Summary of statistical analysis for tumour size (A), stage (B) and 
grade (C) 
Kendall’s Tau B test was used to assess the correlations. Figure showing correlation of hormone negative 
and TN breast cancer cases with increase tumour size, stage, and grade. HER2= Human EGF receptor 2, 
TN= triple-negative. 
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Table 11-6: Statistical correlation of lymph node involvement and metastasis with 
clinicopathological parameters (size, stage, grade, histological subtype, prognostic 
markers expression and molecular subgroup) 
Statistical correlation was analysed using the Kendall’s Tau B test. highlighted are the comparisons that 
showed correlations and highly significant correlations were indicated in bold. 
 

 Lymph node 
involvement Metastasis 

Size 
Correlation coefficient 0.203 -0.198 

Sig. (2-tailed) 0.157 0.18 
N 47 47 

Stage 
Correlation Coefficient 0.401** -0.14 

Sig. (2-tailed) 0.005 0.341 
N 45 45 

Grade 
Correlation Coefficient 0.331* -0.211 

Sig. (2-tailed) 0.02 0.148 
N 47 47 

Histological 
subtype 

Correlation Coefficient -0.159 0.254 
Sig. (2-tailed) 0.22 0.055 

N 47 47 

ER status 
Correlation Coefficient -0.122 -0.137 

Sig. (2-tailed) 0.394 0.352 
N 47 47 

PR status 
Correlation Coefficient -0.182 -0.103 

Sig. (2-tailed) 0.204 0.487 
N 47 47 

HER2 status 
Correlation Coefficient -0.129 -0.105 

Sig. (2-tailed) 0.369 0.475 
N 47 47 

Molecular 
subgroup 

Correlation Coefficient 0.057 0.059 
Sig. (2-tailed) 0.674 0.67 

N 47 47 
The Kendall’s TauB correlation coefficient (between -1 and +1). The statistical significance of the 
correlation is indicated as follows: *P= <0.05, **P= <0.01. 
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Figure 11-7, Correlation between lymph node involvement of investigated breast 
cancer cases and the stage of tumour 
Kendall’s Tau B test was used to assess the correlation between lymph node involvement and the stage of 
tumour. Figure shows correlation between lymph node involvement and high stage of tumour. 
 

11.3.1 Comparing Gli3 expression in tumour centres and invasive fronts  

The percentage of Gli3 positive expressing cells showed an increase at the 

invasive front compared to the tumour centre, however, this difference did not reach 

significance (Figure 11-8-A and Table 11-7-A). The intensity of staining showed a 

significant increase at the invasive front compared to tumour centre (p-value= 0.075) 

(Figure 11-8-B and Table 11-7-B). Gli3 IRS showed that the IRS class at the invasive 

front was higher than that in the tumour centre, however this difference did not reach 

statistical significance (p-value= 0.124) (Figure 11-8-C and Table 11-7-C). 
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Figure 11-8, Gli3 expression was higher at invasive fronts in breast cancer cohort 
Figure showing comparison of Gli2 in tumour centres (to the left) compared to the invasive front (to the 
right). (A) comparison of percentage of positive cells. (B) comparison of intensity of staining. (C) 
comparison of IRS class. 
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Table 11-7: Gli3 staining intensity showed increase at invasive front compared to 
tumour centre 
Tumour centre and invasive front frequency tables (A) for percentage of positive tumour cells, (B) 
intensity of staining, and (C) IRS class. The numbers are indicated for each score and the percentages 
were calculated from the total number of samples. Pearson Chi-square test was used to estimate the 
difference between tumour centre and invasive front. 
 

Pe
rc

en
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ge
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r 
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lls
 

A Tumour centre Invasive front 
No. (%) No. (%) 

0 0 0 
<10 1 (4.3) 0 

10-50 7 (30.4) 0 
51-80 7 (30.4) 6 (33.3) 
>80 8 (34.8) 12 (66.7) 

Total 23 (100) 18 (100) 
Missing 0 5 (21.7) 

Total 23 (100) 23 (100) 
p-value 0.154 

 

In
te

ns
ity

 o
f s

ta
in

in
g 

 B Tumour centre  Invasive front  
No. (%) No. (%) 

No colour  0 0 
Mild  11 (47.8) 2 (11.1) 

Moderate  8 (34.8) 10 (55.6) 
Intense  4 (17.4) 6 (33.3) 
Total 23 (100) 18 (100) 

Missing 0 5 (21.7) 
Total 23 (100) 23 (100) 

p-value 0.075 
 

IR
S 

cl
as

s 

C Tumour centre Invasive front  
No. (%) No. (%) 

Negative 1 (4.3) 0 
Positive, weak expression 8 (34.8) 0 
Positive, mild expression 11 (47.8) 12 (66.7) 

Positive, strong expression 3 (13) 6 (33.3) 
Total 23 (100) 18 (100) 

Missing 0 5 (21.7) 
Total 23 (100) 23 (100) 

p-value 0.124 
 

11.3.2 Gli1 expression correlated with increased tumour size and hormone 
receptor negative breast cancer 

The percentage of Gli1 positive tumour cells in the tumour centre was correlated 

with an increasing of tumour size (0.288, p-value= 0.065) (Figure 11-9). The 

percentage of Gli1 positive tumour cells also increased with an increased in size.  
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Figure 11-9, Increased percentage of Gli1 positive tumour cells correlated with an 
increase in tumour size 
Figure showing comparison of percentage of tumour positive cells in correlation with tumour size (2cm ³ 
or 2cm <). Table showing numbers of cases that correspond to two groups of tumour size (2cm ³ or 
2cm<) and the corresponding percentage of positive tumour cells (0, <10, 10-50, 51-80 or >80). The 
correlation was calculated using the Kendall’s Tau B test. 
 

Nuclear localisation of Gli1 in the tumour centre and at the invasive front 

showed correlation with increasing clinical tumour stage (0.223, p-value = 0.098) 

(Figure 11-10). Increase in tumour stage correlated with more Gli1 nuclear localisation 

at invasive fronts. 
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Figure 11-10, Increased of nuclear localisation of Gli1 in the tumour centre 
correlated with tumour stage 
Figure showing correlation between increased in Gli1 nuclear localisation and increased in tumour stage 
in tumour centre. Table below the figures shows the numbers of cases, the corresponding tumour stage 
(T1, T2, T3 and T4) and the nuclear localisation of Gli1 (presented as 0, <10, 10-50, and >51). The 
correlation was calculated using the Kendall’s Tau B test. 
 

The percentage of Gli1 positive tumour cells in the tumour centre were 

correlated with the molecular subgroups of breast cancer (0.222, p-value = 0.078) 

(Figure 11-11-A). The percentage of Gli1 positivity was higher in TNBC (0.238, p-

value = 077). The nuclear localisation of Gli1 in the tumour centre showed correlation 

with subgroup (0.195, p-value = 0.091) (Figure 11-11-B). Increased nuclear localisation 

of Gli1 was higher in TNBC (0.225, p-value = 0.093) and Luminal B breast cancer 

subtype (0.28, p-value = 073). 
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Figure 11-11, The percentage of Gli1 positive tumour cells and nuclear localisation 
in tumour centre correlated with TNBC  
Figure showing an increase of the percentage of Gli1 positive tumour cells and nuclear localisation of 
Gli1 in tumour centre of TNBC. Tables below the pie charts shows the numbers of cases, the molecular 
subgroup (LumA, LumB, HER2, and TN) and the percentage of positive tumour cells for Gli1 (presented 
as 0, <10, 10-50 and >51). The correlation was calculated using the Kendall’s Tau B test. LumA = 
Luminal A, LumB = Luminal B, HER2 = Human EGF receptor 2, TNBC = Triple-negative breast cancer. 
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11.3.3 Gli2 expression correlated with lower stage, lower grade and negative 
lymph node involvement 

Gli2 staining intensity was also higher in lower grade tumours, with low 

statistical significance (-0.309, p-value = 0.077) (Figure 11-12-A). The intensity of Gli2 

staining at the invasive front increased in lower grade tumours (-0.266, p-value = 0.098) 

(Figure 11-12-B). Gli2 IRS class in the tumour centre also increased in lower grade 

tumours (-0.287) with low significance (p-value = 0.071) (Figure 11-13). In addition, 

increased Gli2 nuclear localisation was observed within lower grade tumours (-0.282, 

p-value = 0.08) (Figure 11-14). 

 

 
 

Figure 11-12, Intensity of Gli2 staining in the tumour centre and at the invasive 
front correlated negatively with tumour grade 
Figure showing increase of Gli2 staining intensity in tumour centre and at invasive front correlated with 
lower tumour grade. Table below shows the numbers of cases, tumour grade (grade1, grade2, and grade 
3) and the intensity of Gli3 staining in tumour centre and at invasive front. The correlation was calculated 
using the Kendall’s Tau B test. 



The Potential Role of the Hedgehog Signalling Pathway in the Regulation of Epithelial-Mesenchymal Transition in Breast Cancer	

May	30,	2018	
 

  
315 

 
  

 
 

Figure 11-13, Gli2 IRS class in the tumour centre correlated with lower tumour 
grade 
Figure showing increase of Gli2 IRS class in tumour centre correlated with lower tumour grade. Table 
shows the numbers of cases, tumour grade (grade1, grade2, and grade3) and the IRS class of Gli2 
staining. The correlation was calculated using the Kendall’s Tau B test. 
 

 
 

Figure 11-14, Increased nuclear localisation of Gli2 at the invasive front correlated 
with lower tumour grade 
Figure showing increase of nuclear localisation of Gli2 at invasive front correlated with lower tumour 
grade. Table shows the numbers of cases, tumour grade (grade1, grade2 and grade3) and nuclear 
localisation of Gli2 (presented as 0, <10, 10-50, and >51). The correlation was calculated using the 
Kendall’s Tau B test. 
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Lymph node involvement correlated negatively with the percentage of Gli2 

positive expressing cells at the invasive front (-0.296, p-value = 0.06) (Figure 11-15). 

Higher Gli2 staining intensity was observed in tumours with negative lymph node 

involvement (-0.295, p-value = 0.077) (Figure 11-16). Increased nuclear localisation of 

Gli2 at the invasive front correlated with negative lymph node involvement (-0.32, p-

value = 0.067) (Figure 11-17). 

 

 
 

Figure 11-15, The percentage of Gli2 positive tumour cells at the invasive front 
correlated with negative lymph node involvement 
Figure showing increase of percentage of Gli2 positive tumour cells at invasive front correlated with 
negative lymph node. Table below shows the numbers of cases, lymph node involvement (possible, 
negative or positive) and the percentage of Gli2 positive tumour cells at invasive front. The correlation 
was calculated using the Kendall’s Tau B test. 
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Figure 11-16, Increased intensity of Gli2 staining correlated with negative lymph 
node involvement 
Figure showing increase of intensity of Gli2 staining correlated with negative lymph node involvement. 
Table below shows the numbers of cases, lymph node involvement (possible, negative and positive), and 
the intensity of Gli2 staining (no colour, mild, moderate and intense) in tumour centre. The correlation 
was calculated using the Kendall’s Tau B test. 
 

 
 

Figure 11-17, Higher Gli2 IRS class in the tumour centre correlated with lymph 
node negativity 
Figure showing higher Gli2 IRS class in tumour centre correlated with negative lymph node involvement. 
Table shows the numbers of cases, lymph node involvement (possible, negative and positive) and Gli2 
IRS class (negative, positive with weak expression, positive with mild expression and positive with 
strong expression) in tumour centre. The correlation was calculated using the Kendall’s Tau B test. 
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11.3.4 Increased Gli3 correlated with younger mean age at diagnosis and hormone 
receptor-positive breast cancer 

The percentage of Gli3 positive expressing cells in the tumour centre and at the 

invasive front correlated with a lower mean age at diagnosis (-0.302, p-value = 0.069). 

The percentage of Gli3 positivity in the tumour centre negatively correlated with 

molecular subgroup (-0.329, p-value = 0.074) (Figure 11-18). A lower percentage of 

Gli3 positive tumour cells was observed with TNBC (-0.331, p-value = 0.096). 

 

 
 

Figure 11-18, The percentage of Gli3 positive tumour cells correlated with 
hormone-positive breast cancer 
Figure showing an increase in the percentage of Gli3 positive tumour cells in correlation with hormone-
positive breast cancer. Table shows the numbers of cases, the molecular subgroup (LumA, LumB, 
HER2+ve, and TNBC) and the percentage of Gli3 positive tumour cells (presenter as 0, <10, 10-50, 51-
80, and >80). The correlation was calculated using the Kendall’s Tau B test. LumA = Luminal A, LumB 
= Luminal B, HER2 = Human EGF receptor 2, TNBC = Triple-negative breast cancer. 

 

11.3.5 Gli1 and Gli2 were co-expressed in breast cancer samples 

Table 11-8 summarises that the numbers and clinical criteria of the samples that 

were stained for all three Gli proteins. Gli1 and Gli2 were co-expressed in breast cancer 
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samples. The intensity of Gli1 staining in the tumour centre correlated with that of Gli2 

in the tumour centre (0.596, p-value = 0.064) (Figure 11-19).  

 

 
 

Figure 11-19, Correlation between Gli1 and Gli2 staining intensity in the tumour 
centre and at the invasive front 
Figure showing correlation between Gli1 and Gli2 staining intensity in tumour centre and at invasive 
front. This correlation confirms a mutual increase of Gli1 and Gli2 intensity at the invasive front and in 
the tumour centre. 
 

The increase in Gli2 staining in the tumour centre and at the invasive front was 

in parallel with increased Gli1 nuclear localisation at the invasive front (Figure 11-20). 

Increased Gli1 nuclear localisation at the invasive front was concomitant with an 

increase in proportion and intensity of Gli2 staining at the invasive front with high 

correlation coefficient at the invasive front (0.74, p-value = 0.063 and 0.745, p-value = 

0.083). 
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Figure 11-20, Nuclear localisation of Gli1 at the invasive front is correlated with 
Gli2 staining 
Figure showing an increase in Gli1 nuclear localisation in correlation with an increase of Gli2 staining in 
the tumour centre and at the invasive front. (A and B) shows correlation between the percentage of Gli2 
positive tumour cells and an increase in nuclear localisation of Gli1 at the invasive front. (C and D) 
showed correlation between Gli2 staining intensity and the increase in Gli1 localisation at the invasive 
front. (E and F) showed correlation between IRS class of Gli2 staining and the increase in nuclear 
localisation of Gli1 at the invasive front. (G and H) shows the correlation between increased nuclear 
localisation of Gli2 with increased localisation of Gli1 at the invasive front. 
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11.3.6 Expression of Gli occurs concomitantly with the expression of b-catenin in 

breast cancer samples, a marker EMT 

b-catenin expression increased at the invasive front significantly (11.3.7). The 

increase in intensity and IRS class of Gli1 staining was positively correlated with 

increased in staining intensity and IRS class of b-catenin  in serial sections(0.655, p-

value = 0.094 and 0.745, p-value = 0.083, respectively) (Figure 11-21-A and Figure 

11-21-B). The nuclear localisation of Gli1 increased concomitantly with b-catenin 

staining intensity (Figure 11-22-A) (0.745, p-value = 0.083) and IRS class (0.745, p-

value = 0.083) (Figure 11-22-B). 

 

 
 

Figure 11-21, Co-expression of Gli1 and b-catenin in breast cancer samples in 
tumour centre and at invasive front 
Figure showing an increase of Gli1 expression in parallel with b-catenin increased expression in the 
tumour centre and at the invasive front. 
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Figure 11-22, Correlation between nuclear localisation of Gli1 and b-catenin 
staining intensity and IRS class at invasive front 
Figure showing increased nuclear localisation of Gli1 in association with an increase of b-catenin 
staining intensity (A) and IRS class (B) at the invasive front. 
 

The percentage of Gli2 positivity decreased as the percentage of b-catenin 

tumour expressing cells increased in the tumour centre (-0.606, p-value = 0.085) 

(Figure 11-23). The staining intensity of Gli2 increased in the tumour centre and at the 

invasive front with increased intensity of b-catenin at the invasive front (0.739, p-value 

= 0.061 and 0.655, p-value = 0.094, respectively) (Figure 11-24-A and Figure 11-24-B). 

The IRS class of Gli2 in the tumour centre and at the invasive front correlated with IRS 

class of b-catenin at the invasive front (0.739, p-value = 0.061 and 0.655, p-value = 

0.094, respectively) (Figure 11-25-A and Figure 11-25-B). The increase in IRS class of 

b-catenin at the invasive front was associated with increased IRS class of Gli2 in the 

tumour centre and at the invasive front. 

The nuclear localisation of Gli2 in the tumour centre and the invasive front were 

associated with increased of b-catenin staining at the invasive front (Figure 11-26). 

Increased nuclear localisation of Gli2 in the tumour centre was observed to increase 
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with b-catenin intensity (0.739, p-value =0.061) (Figure 11-26-A) and IRS class 

(0.0739, p-value = 0.061) (Figure 11-26-B) at the invasive front. Gli2 nuclear 

localisation at the invasive front correlated also with intensity (0.655, p-value = 0.094) 

(Figure 11-26-C) and IRS class (0.0655, p-value = 0.094) (Figure 11-26-D) of b-catenin 

staining at the invasive front. 

 

 
 

Figure 11-23, Gli2 expression is negatively correlated with b-catenin expression in 
tumour centre 
Figure showing a decreased percentage of Gli2 expressing cells in association with an increased 
percentage of b-catenin tumour expressing cells. 
 

 
 

Figure 11-24, Increased Gli2 staining intensity in the tumour centre and invasive 
front in association with increased b-catenin staining intensity at the invasive front 
Figure showing that increased intensity of Gli2 in the tumour centre and at the invasive front correlated 
with increased staining intensity of b-catenin at the invasive front. 
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Figure 11-25, IRS class of Gli2 in the tumour centre and at the invasive front 
correlated with IRS class of b-catenin at the invasive front 
Figure showing increase Gli2 IRS class in the tumour centre and at the invasive front in parallel with an 
increase of b-catenin at the invasive front. 
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Figure 11-26, Gli2 nuclear localisation in the tumour centre and at the invasive 
front were associated with increased b-catenin at the invasive front 
Figure showing that the nuclear localisation of Gli2 in the tumour centre (A and B) and at the invasive 
front (C and D) correlated with b-catenin staining intensity (A and C) and IRS class (B and D). 
 

Gli3 staining intensity (Figure 11-27-A) and IRS class (Figure 11-27-B) in the 

tumour centre correlated negatively with the percentage of b-catenin expressing tumour 

cells at the invasive front. Gli3 staining intensity was lower in the tumour centre of 

samples that had high expression of b-catenin at the invasive front (-0.653, p-value = 
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0.094). IRS class of Gli3 staining also showed a decrease with in samples that had a 

high percentage of positive tumour cells at the invasive front (-0.653, p-value = 0.094). 

Percentage of Gli3 positivity in the tumour centre decreased with increase nuclear 

localisation of b-catenin in the tumour centre (-0.601, p-value = 0.08) (Figure 11-28). 

 

 
 

Figure 11-27, Gli3 staining intensity and IRS class in tumour centre correlate 
negatively with the percentage of b-catenin staining at the invasive front 
Figure showing a decrease of Gli3 staining intensity and IRS class in tumour centre correlated with an 
increase of percentage of b-catenin positive tumour cells. 
 

 
 
Figure 11-28, Decreased percentage of Gli3 positive tumour cells in the tumour 
centre correlate with increased b-catenin nuclear score in the tumour centre 
Figure showing that increased nuclear localisation of b-catenin in the tumour centre correlated with lower 
percentage of Gli3 positive tumour cells in the tumour centre. 
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Table 11-8: Numbers and clinical criteria of breast cancer samples used for cross 
comparing Gli1, Gli2, Gli3, b-catenin and E-cadherin 
Tables showing the number of breast cancer samples that were stained by Gli1, Gli2, Gli3, b-catenin and 
E-cadherin. The table also summarise the clinical parameters and the numbers of cases that correspond to 
each parameter. DCIS = Ductal carcinoma in situ, IDC = Invasive ductal carcinoma, NST = None 
specific type, HER2 = Human EGF receptor 2, ER, PR = progesterone receptor. 

 
 Number % 

Tumour size 
2cm ³ 1 11.1 
2cm < 8 88.9 
Stage 
T1 4 44.4 
T2 5 55.6 
Grade 
Grade 1 1 11.1 
Grade 2 2 22.2 
Grade 3 6 66.7 
Histological Subtype 
DCIS/IDC 4 44.4 
IDC 4 44.4 
NST 1 11.1 
ER status 
Negative 7 77.8 
Positive 2 22.2 
PR status 
Negative 8 88.9 
Positive 1 11.1 
HER2 status 
Positive 4 44.4 
Negative 5 55.6 
Molecular subgroup 
Luminal A 2 22.2 
HER2 4 44.4 
Triple-negative 3 33.3 
Lymph node involvement 
Positive 3 33.3 
Negative 5 55.6 
Possible 1 11.1 
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Table 11-9: Table showing the correlation of Gli1 expression with Age, tumour 
size, stage, grade, histological subtype, molecular subgroup and prognostic 
receptor status 
Tables showing the correlation between the pathological parameters (age, tumour size, stage, grade, 
histological subtype, molecular subgroup, prognostic receptor status) with the (percentage of positivity, 
intensity of immune reaction, IRS class and nuclear score) of Gli1 in tumour centres and at the invasive 
fronts. DCIS = Ductal carcinoma in situ, IDC = Invasive ductal carcinoma, NST = None specific type, 
HER2 = Human EGF receptor 2, ER, PR = progesterone receptor. Highlighted in bold are the parameters 
that showed significance and close to significant correlation values.  
 

 
Tumour centre Invasive front Nuclear score 

% Intensity IRS 
Class % Intensity IRS 

Class 
Tumour 
centre 

Invasive 
front 

Age 
Correlation 
Coefficient 0.043 -0.09 -0.007 0.14 0.064 0.126 0.168 0.066 

Sig. (2-tailed) 0.698 0.417 0.948 0.282 0.622 0.33 0.13 0.608 
N 48 48 48 37 37 37 48 37 

Tumour 
size 

Correlation 
Coefficient 0.187 0.22 0.192 0.288 0.229 .311* .295* .367* 

Sig. (2-tailed) 0.164 0.1 0.152 0.065 0.146 0.046 0.027 0.018 
N 48 48 48 37 37 37 48 37 

Tumour 
stage 

Correlation 
Coefficient 0.093 0.135 0.168 0.212 0.08 0.231 0.223 .317* 

Sig. (2-tailed) 0.498 0.318 0.212 0.187 0.617 0.146 0.098 0.043 
N 45 45 45 34 34 34 45 34 

Tumour 
grade 

Correlation 
Coefficient 0.027 -0.063 0.027 0.055 -0.061 -0.043 0.048 0.042 

Sig. (2-tailed) 0.837 0.638 0.84 0.727 0.7 0.781 0.717 0.785 
N 48 48 48 37 37 37 48 37 

Histological 
subtype 

Correlation 
Coefficient -0.067 0.004 0.014 0.114 0.064 -0.037 0.005 0.042 

Sig. (2-tailed) 0.582 0.977 0.908 0.419 0.65 0.791 0.969 0.762 
N 48 48 48 37 37 37 48 37 

ER status 
Correlation 
Coefficient -0.162 0.234 0.078 0.024 0.194 0.104 -0.081 -0.092 

Sig. (2-tailed) 0.228 0.081 0.562 0.877 0.218 0.506 0.546 0.55 
N 48 48 48 37 37 37 48 37 

PR status 
Correlation 
Coefficient -0.111 0.158 0.026 -0.035 0.15 0.014 -0.074 -0.084 

Sig. (2-tailed) 0.407 0.24 0.847 0.822 0.339 0.929 0.582 0.587 
N 48 48 48 37 37 37 48 37 

HER2 
status 

Correlation 
Coefficient 0.114 -0.024 0.002 0.014 -0.159 -0.125 0.09 0.103 

Sig. (2-tailed) 0.399 0.859 0.991 0.928 0.313 0.422 0.5 0.506 
N 48 48 48 37 37 37 48 37 

Molecular 
subgroup 

Correlation 
Coefficient 0.222 -0.186 0.006 0.025 -0.172 -0.045 0.195 0.108 

Sig. (2-tailed) 0.078 0.137 0.96 0.862 0.244 0.756 0.119 0.455 
N 48 48 48 37 37 37 48 37 

Lymph 
node 

involvement 

Correlation 
Coefficient -0.073 0.044 0.023 0.033 0.07 -0.071 0.073 -0.169 

Sig. (2-tailed) 0.582 0.741 0.861 0.828 0.649 0.645 0.582 0.265 
N 47 47 47 36 36 36 47 36 
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Tumour centre Invasive front Nuclear score 

% Intensity IRS 
Class. % Intensity IRS 

Class. 
Tumour 
centre 

Invasive 
front 

DUCTAL 
Correlation 
Coefficient 0.192 0.014 0.04 -0.044 -0.028 0.067 0.034 -0.174 

Sig. (2-tailed) 0.153 0.918 0.767 0.781 0.861 0.669 0.802 0.261 
N 48 48 48 37 37 37 48 37 

LOBULAR 
Correlation 
Coefficient -0.004 -0.103 -0.1 0.038 -0.066 -0.007 0.111 .311* 

Sig. (2-tailed) 0.974 0.443 0.455 0.808 0.677 0.962 0.407 0.044 
N 48 48 48 37 37 37 48 37 

DCIS 
Correlation 
Coefficient -0.097 0.024 -0.011 -0.182 -0.086 -0.009 -0.049 0.046 

Sig. (2-tailed) 0.469 0.859 0.934 0.246 0.584 0.955 0.714 0.765 
N 48 48 48 37 37 37 48 37 

IDC 
Correlation 
Coefficient 0.263 0.004 0.067 -0.032 -0.073 0.013 0.055 -0.227 

Sig. (2-tailed) 0.05 0.973 0.617 0.837 0.641 0.933 0.681 0.142 
N 48 48 48 37 37 37 48 37 

LCIS 

Correlation 
Coefficient -0.118 -0.091 -0.13 0.126 -0.152 -0.101 0.036 0.109 

Sig. (2-tailed) 0.38 0.499 0.333 0.419 0.335 0.516 0.788 0.479 
N 48 48 48 37 37 37 48 37 

ILC 
Correlation 
Coefficient -0.004 -0.103 -0.1 0.038 -0.066 -0.007 0.111 .311* 

Sig. (2-tailed) 0.974 0.443 0.455 0.808 0.677 0.962 0.407 0.044 
N 48 48 48 37 37 37 48 37 

LUMA 
Correlation 
Coefficient -0.16 0.157 -0.038 -0.035 0.043 -0.086 -0.17 -0.044 

Sig. (2-tailed) 0.235 0.242 0.778 0.822 0.785 0.58 0.206 0.778 
N 48 48 48 37 37 37 48 37 

LUMB 

Correlation 
Coefficient -0.027 0.168 0.211 0.086 0.246 0.28 0.143 -0.086 

Sig. (2-tailed) 0.839 0.212 0.115 0.584 0.117 0.073 0.287 0.577 
N 48 48 48 37 37 37 48 37 

HER2 
Correlation 
Coefficient -0.107 -0.071 -0.123 -0.073 0.013 -0.046 -0.18 -0.057 

Sig. (2-tailed) 0.426 0.598 0.357 0.643 0.935 0.766 0.179 0.712 
N 48 48 48 37 37 37 48 37 

TNBC 
Correlation 
Coefficient 0.238 -0.154 0.033 0.039 -0.177 -0.051 0.225 0.127 

Sig. (2-tailed) 0.077 0.252 0.805 0.803 0.26 0.743 0.093 0.413 
N 48 48 48 37 37 37 48 37 
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Table 11-10: Table showing the correlation of Gli2 expression with Age, tumour 
size, stage, grade, histological subtype, molecular subgroup and prognostic 
receptor status 
Tables showing the correlation between the pathological parameters (age, tumour size, stage, grade, 
histological subtype, molecular subgroup, prognostic receptor status) with the (percentage of positivity, 
intensity of immune reaction, IRS class and nuclear score) of Gli2 in tumour centres and at the invasive 
fronts. DCIS = Ductal carcinoma in situ, IDC = Invasive ductal carcinoma, NST = None specific type, 
HER2 = Human EGF receptor 2, ER, PR = progesterone receptor. Highlighted in bold are the parameters 
that showed significance and close to significant correlation values.  
 

 
Tumour centre Invasive front Nuclear score 

% Intensity IRS 
Class % Intensity IRS 

Class 
Tumour 
centre 

Invasive 
front 

Age 
Correlation 
Coefficient -0.132 0.044 0.003 0.003 -0.032 -0.042 -0.006 0.058 

Sig. (2-tailed) 0.37 0.763 0.984 0.982 0.83 0.78 0.968 0.702 
N 29 29 29 29 29 29 29 29 

Tumour 
size 

Correlation 
Coefficient -.348* -0.138 -0.239 -0.201 -0.146 -0.183 -0.165 -0.077 

Sig. (2-tailed) 0.05 0.437 0.18 0.268 0.421 0.313 0.356 0.673 
N 29 29 29 29 29 29 29 29 

Tumour 
stage 

Correlation 
Coefficient -.480** -0.136 -0.216 -0.232 -0.145 -0.178 -0.184 -0.292 

Sig. (2-tailed) 0.009 0.462 0.251 0.219 0.44 0.344 0.324 0.125 
N 26 26 26 26 26 26 26 26 

Tumour 
grade 

Correlation 
Coefficient -0.269 -0.309 -0.287 0.009 -0.266 -0.25 -.383* -0.282 

Sig. (2-tailed) 0.124 0.077 0.102 0.958 0.136 0.162 0.03 0.118 
N 29 29 29 29 29 29 29 29 

Histological 
subtype 

Correlation 
Coefficient 0.31 0.154 0.241 .330* 0.164 0.21 0.132 0.162 

Sig. (2-tailed) 0.057 0.344 0.14 0.048 0.323 0.206 0.422 0.334 
N 29 29 29 29 29 29 29 29 

ER status 
Correlation 
Coefficient 0.119 0.213 0.187 -0.105 0.122 0.112 0.247 0.199 

Sig. (2-tailed) 0.503 0.229 0.295 0.564 0.501 0.539 0.167 0.275 
N 29 29 29 29 29 29 29 29 

PR status 
Correlation 
Coefficient 0.067 0.167 0.146 -0.082 -0.013 -0.026 0.193 0.096 

Sig. (2-tailed) 0.707 0.346 0.412 0.651 0.943 0.885 0.279 0.598 
N 29 29 29 29 29 29 29 29 

HER2 
status 

Correlation 
Coefficient 0.093 .401* 0.329 0.154 0.191 0.174 .368* 0.27 

Sig. (2-tailed) 0.598 0.024 0.065 0.399 0.291 0.337 0.039 0.14 
N 29 29 29 29 29 29 29 29 

Molecular 
subgroup 

Correlation 
Coefficient -0.069 0.04 0.007 0.14 -0.043 -0.047 -0.011 -0.083 

Sig. (2-tailed) 0.678 0.813 0.965 0.412 0.8 0.782 0.948 0.629 
N 29 29 29 29 29 29 29 29 

Lymph 
node 

involvement 

Correlation 
Coefficient .419* 0.295 0.321 0.296 0.193 0.252 0.207 0.32 

Sig. (2-tailed) 0.016 0.091 0.068 0.097 0.276 0.156 0.238 0.074 
N 28 28 28 28 28 28 28 28 
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Tumour centre Invasive front Nuclear score 

% Intensity IRS 
Class. % Intensity IRS 

Class. 
Tumour 
centre 

Invasive 
front 

DUCTAL 
Correlation 
Coefficient -.416* -0.023 -0.151 -.423* -0.171 -0.222 -0.033 -0.149 

Sig. (2-tailed) 0.019 0.897 0.398 0.02 0.346 0.221 0.855 0.416 
N 29 29 29 29 29 29 29 29 

LOBULAR 
Correlation 
Coefficient . . . . . . . . 

Sig. (2-tailed) . . . . . . . . 
N 29 29 29 29 29 29 29 29 

DCIS 
Correlation 
Coefficient -0.17 -0.167 -0.226 -0.278 -0.137 -0.174 -0.114 -0.145 

Sig. (2-tailed) 0.338 0.346 0.204 0.126 0.451 0.337 0.523 0.429 
N 29 29 29 29 29 29 29 29 

IDC 
Correlation 
Coefficient -0.33 0.071 -0.045 -.460* -0.223 -0.273 0.068 -0.195 

Sig. (2-tailed) 0.063 0.688 0.799 0.012 0.218 0.132 0.705 0.286 
N 29 29 29 29 29 29 29 29 

LCIS 

Correlation 
Coefficient . . . . . . . . 

Sig. (2-tailed) . . . . . . . . 
N 29 29 29 29 29 29 29 29 

ILC 
Correlation 
Coefficient 0.172 0.203 0.207 0.129 0.148 0.149 0.217 0.13 

Sig. (2-tailed) 0.333 0.252 0.245 0.477 0.416 0.414 0.225 0.476 
N 29 29 29 29 29 29 29 29 

LUMA 
Correlation 
Coefficient 0.144 0.251 0.234 -0.013 0.208 0.203 0.281 0.314 

Sig. (2-tailed) 0.417 0.158 0.19 0.945 0.251 0.263 0.116 0.085 
N 29 29 29 29 29 29 29 29 

LUMB 

Correlation 
Coefficient -0.034 -0.045 -0.069 -0.207 -0.16 -0.173 -0.034 -0.208 

Sig. (2-tailed) 0.846 0.799 0.698 0.255 0.378 0.34 0.848 0.255 
N 29 29 29 29 29 29 29 29 

HER2 
Correlation 
Coefficient -0.082 -.390* -0.308 -0.078 -0.134 -0.112 -.361* -0.196 

Sig. (2-tailed) 0.644 0.028 0.084 0.669 0.459 0.539 0.044 0.284 
N 29 29 29 29 29 29 29 29 

TNBC 
Correlation 
Coefficient -0.017 0.209 0.149 0.163 0.032 0.018 0.152 0.029 

Sig. (2-tailed) 0.924 0.239 0.402 0.37 0.86 0.92 0.394 0.874 
N 29 29 29 29 29 29 29 29 
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Table 11-11: Table showing the correlation of Gli3 expression with Age, tumour 
size, stage, grade, histological subtype, molecular subgroup and prognostic 
receptor status 
Tables showing the correlation between the pathological parameters (age, tumour size, stage, grade, 
histological subtype, molecular subgroup, prognostic receptor status) with the (percentage of positivity, 
intensity of immune reaction, IRS class and nuclear score) of Gli3 in tumour centres and at the invasive 
fronts. DCIS = Ductal carcinoma in situ, IDC = Invasive ductal carcinoma, NST = None specific type, 
HER2 = Human EGF receptor 2, ER, PR = progesterone receptor. Highlighted in bold are the parameters 
that showed significance and close to significant correlation values.  
 

 
Tumour centre Invasive front Nuclear score 

% Intensity IRS 
Class % Intensity IRS 

Class 
Tumour 
centre 

Invasive 
front 

Age 
Correlation 
Coefficient -0.302 0.167 0.005 -.495* 0.067 0.057 -0.08 -0.079 

Sig. (2-tailed) 0.069 0.325 0.977 0.015 0.731 0.779 0.629 0.699 
N 23 23 23 18 18 18 23 16 

Tumour 
size 

Correlation 
Coefficient -0.162 0.219 0.075 -0.081 -0.095 -0.161 0.039 -0.084 

Sig. (2-tailed) 0.415 0.28 0.711 0.74 0.684 0.506 0.842 0.729 
N 23 23 23 18 18 18 23 16 

Tumour 
stage 

Correlation 
Coefficient 0 0.174 0.201 0 0 0 -0.09 -0.188 

Sig. (2-tailed) 1 0.406 0.331 1 1 1 0.658 0.438 
N 21 21 21 17 17 17 21 15 

Tumour 
grade 

Correlation 
Coefficient -0.069 0.119 0.053 0.038 0.034 -0.038 0.006 0.038 

Sig. (2-tailed) 0.724 0.55 0.791 0.873 0.883 0.873 0.974 0.87 
N 23 23 23 18 18 18 23 16 

Histological 
subtype 

Correlation 
Coefficient 0.269 0 0.118 0.089 .502* .512* .391* .671** 

Sig. (2-tailed) 0.143 1 0.525 0.693 0.021 0.023 0.032 0.003 
N 23 23 23 18 18 18 23 16 

ER status 
Correlation 
Coefficient .402* -0.007 0.207 0.081 0.095 0.161 0.093 0.068 

Sig. (2-tailed) 0.043 0.973 0.305 0.74 0.684 0.506 0.637 0.778 
N 23 23 23 18 18 18 23 16 

PR status 
Correlation 
Coefficient .468* 0.074 0.204 0.316 0.062 0 0.284 0.19 

Sig. (2-tailed) 0.019 0.715 0.312 0.192 0.79 1 0.151 0.431 
N 23 23 23 18 18 18 23 16 

HER2 
status 

Correlation 
Coefficient -0.121 -0.299 -0.304 -0.322 -0.048 0.081 -0.061 0.204 

Sig. (2-tailed) 0.541 0.14 0.132 0.184 0.839 0.74 0.756 0.398 
N 23 23 23 18 18 18 23 16 

Molecular 
subgroup 

Correlation 
Coefficient -0.329 -0.091 -0.226 -0.12 -0.212 -0.272 -0.202 -0.112 

Sig. (2-tailed) 0.074 0.628 0.226 0.592 0.325 0.223 0.27 0.615 
N 23 23 23 18 18 18 23 16 

Lymph 
node 

involvement 

Correlation 
Coefficient -0.025 -0.159 -0.184 -0.025 -0.235 -0.19 0.044 -0.104 

Sig. (2-tailed) 0.898 0.425 0.353 0.915 0.304 0.424 0.819 0.659 
N 23 23 23 18 18 18 23 16 
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Tumour centre Invasive front Nuclear score 

% Intensity IRS 
Class. % Intensity IRS 

Class. 
Tumour 
centre 

Invasive 
front 

DUCTAL 
Correlation 
Coefficient -0.209 -0.078 -0.17 0 -.688** -.750** -.403* -.585* 

Sig. (2-tailed) 0.292 0.699 0.4 1 0.003 0.002 0.042 0.015 
N 23 23 23 18 18 18 23 16 

LOBULAR 
Correlation 
Coefficient 0 0.117 0.099 -0.343 0.303 0.343 -0.096 -0.028 

Sig. (2-tailed) 1 0.566 0.623 0.157 0.194 0.157 0.629 0.908 
N 23 23 23 18 18 18 23 16 

DCIS 
Correlation 
Coefficient -0.279 0.118 -0.007 -0.088 -0.207 -0.175 -0.219 -.567* 

Sig. (2-tailed) 0.16 0.561 0.971 0.718 0.376 0.47 0.268 0.019 
N 23 23 23 18 18 18 23 16 

IDC 
Correlation 
Coefficient -0.209 -0.078 -0.17 0 -.688** -.750** -.403* -.585* 

Sig. (2-tailed) 0.292 0.699 0.4 1 0.003 0.002 0.042 0.015 
N 23 23 23 18 18 18 23 16 

LCIS 

Correlation 
Coefficient 0 0.117 0.099 -0.343 0.303 0.343 -0.096 -0.028 

Sig. (2-tailed) 1 0.566 0.623 0.157 0.194 0.157 0.629 0.908 
N 23 23 23 18 18 18 23 16 

ILC 
Correlation 
Coefficient 0 0.117 0.099 -0.343 0.303 0.343 -0.096 -0.028 

Sig. (2-tailed) 1 0.566 0.623 0.157 0.194 0.157 0.629 0.908 
N 23 23 23 18 18 18 23 16 

LUMA 
Correlation 
Coefficient 0.217 -0.059 0.029 -0.088 0.207 0.351 0.184 0.247 

Sig. (2-tailed) 0.276 0.771 0.885 0.718 0.376 0.148 0.353 0.305 
N 23 23 23 18 18 18 23 16 

LUMB 

Correlation 
Coefficient 0.342 0.084 0.31 0.25 -0.147 -0.25 -0.138 -0.245 

Sig. (2-tailed) 0.085 0.678 0.123 0.303 0.528 0.303 0.484 0.31 
N 23 23 23 18 18 18 23 16 

HER2 
Correlation 
Coefficient -0.088 0.271 0.13 0.175 0.155 0.088 0.155 -0.044 

Sig. (2-tailed) 0.658 0.183 0.518 0.47 0.506 0.718 0.432 0.856 
N 23 23 23 18 18 18 23 16 

TNBC 
Correlation 
Coefficient -0.331 -0.242 -0.332 -0.25 -0.246 -0.25 -0.239 -0.031 

Sig. (2-tailed) 0.096 0.233 0.099 0.303 0.293 0.303 0.227 0.897 
N 23 23 23 18 18 18 23 16 
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Table 11-12: Table showing the correlation between Gli and Gli2 
Tables showing the correlation between with the (percentage of positivity, intensity of immune reaction, 
IRS class and nuclear score) of Gli1 and Gli2 in tumour centres and at the invasive fronts.  
 

 

Gli2 
Tumour centre Invasive front Nuclear score 

% Intensity IRS Class % Intensity IRS Class Tumour 
centre 

Invasive 
front 

G
li1

 

Tu
m

ou
r c

en
tre

 

% 
Correlation 
Coefficient -0.138 -0.432 -0.432 -0.073 -0.227 -0.271 -0.332 -0.253 

Sig. (2-tailed) 0.648 0.175 0.175 0.814 0.469 0.389 0.293 0.451 
N 9 9 9 9 9 9 9 8 

Intensity 
Correlation 
Coefficient 0.5 0.596 0.596 0.491 0.393 0.602 0.301 0.476 

Sig. (2-tailed) 0.102 0.064 0.064 0.118 0.217 0.059 0.346 0.161 
N 9 9 9 9 9 9 9 8 

IRS Class 

Correlation 
Coefficient .715* 0.497 0.497 .755* 0.55 .762* 0.215 0.582 

Sig. (2-tailed) 0.019 0.123 0.123 0.016 0.084 0.017 0.501 0.087 
N 9 9 9 9 9 9 9 8 

In
va

siv
e 

fro
nt

 

% 
Correlation 
Coefficient 0.167 -0.405 -0.405 0.273 0 0 -0.405 0 

Sig. (2-tailed) 0.671 0.343 0.343 0.503 1 1 0.343 1 
N 6 6 6 6 6 6 6 6 

Intensity 
Correlation 
Coefficient 0.418 0.674 0.674 0.545 0.804 0.804 0.674 .818* 

Sig. (2-tailed) 0.289 0.114 0.114 0.181 0.051 0.051 0.114 0.045 
N 6 6 6 6 6 6 6 6 

IRS Class 

Correlation 
Coefficient 0.74 0.745 0.745 0.804 1.000* 1.000* 0.745 0.704 

Sig. (2-tailed) 0.063 0.083 0.083 0.051 . . 0.083 0.087 
N 6 6 6 6 0 6 6 6 

N
uc

le
ar

 sc
or

e  Tumour 
centre 

Correlation 
Coefficient 0.379 0 0 0.546 0 0.232 -0.249 0.253 

Sig. (2-tailed) 0.209 1 1 0.078 1 0.46 0.43 0.451 
N 9 9 9 9 9 9 9 8 

Invasive 
front 

Correlation 
Coefficient 0.74 0.745 0.745 0.804 1.000* 1.000* 0.745 0.704 

Sig. (2-tailed) 0.063 0.083 0.083 0.051 . . 0.083 0.087 
N 6 6 6 6 6 6 6 6 
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Table 11-13: Table showing the correlation of Gli1 and Gli3 
Tables showing the correlation between with the (percentage of positivity, intensity of immune reaction, 
IRS class and nuclear score) of Gli1 and Gli3 in tumour centres and at the invasive fronts.  
 

 

Gli3 
Tumour centre Invasive front Nuclear score 

% Intensity IRS Class % Intensity IRS Class Tumour 
centre 

Invasive 
front 

G
li1

 

Tu
m

ou
r c

en
tre

 

% 
Correlation 
Coefficient -0.182 -0.455 -0.455 -0.408 0.102 . -0.291 0 

Sig. (2-tailed) 0.557 0.148 0.148 0.29 0.791 . 0.347 1 
N 9 9 9 7 7 7 9 6 

Intensity 
Correlation 
Coefficient -0.038 0.354 0.354 0.297 0 . 0.377 0.087 

Sig. (2-tailed) 0.904 0.267 0.267 0.432 1 . 0.229 0.827 
N 9 9 9 7 7 7 9 6 

IRS Class 

Correlation 
Coefficient -0.34 -0.118 -0.118 -0.198 -0.198 . 0.189 -0.087 

Sig. (2-tailed) 0.279 0.711 0.711 0.6 0.6 . 0.547 0.827 
N 9 9 9 7 7 7 9 6 

In
va

siv
e 

fro
nt

 

% 
Correlation 
Coefficient -0.364 -.905* -.905* -0.405 . . -0.545 0 

Sig. (2-tailed) 0.372 0.034 0.034 0.343 . . 0.181 1 
N 6 6 6 6 6 6 6 5 

Intensity 
Correlation 
Coefficient 0 0.201 0.201 0.135 . . 0.545 0.617 

Sig. (2-tailed) 1 0.637 0.637 0.752 . . 0.181 0.197 
N 6 6 6 6 6 6 6 5 

IRS Class 

Correlation 
Coefficient -0.402 0 0 0 . . 0.302 0 

Sig. (2-tailed) 0.328 1 1 1 . . 0.463 1 
N 6 6 6 6 6 6 6 5 

N
uc

le
ar

 sc
or

e  Tumour 
centre 

Correlation 
Coefficient -0.546 -0.379 -0.379 -0.297 0.198 . 0.109 0.261 

Sig. (2-tailed) 0.078 0.228 0.228 0.432 0.6 . 0.724 0.511 
N 9 9 9 7 7 7 9 6 

Invasive 
front 

Correlation 
Coefficient -0.402 0 0 0 . . 0.302 0 

Sig. (2-tailed) 0.328 1 1 1 . . 0.463 1 
N 6 6 6 6 6 6 6 5 
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Table 11-14: Table showing the correlation of Gli1 and b-catenin 
Tables showing the correlation between with the (percentage of positivity, intensity of immune reaction, 
IRS class and nuclear score) of Gli1 and b-catenin in tumour centres and at the invasive fronts.  
 

 

b-catenin 
Tumour centre Invasive front Nuclear score 

% Intensity IRS Class % Intensity IRS Class Tumour 
centre 

Invasive 
front 

G
li1

 

Tu
m

ou
r c

en
tre

 

% 

Correlation 
Coefficient 0.215 . . 0.537 -0.396 -0.396 -0.048 -0.519 

Sig. (2-tailed) 0.536 . . 0.155 0.295 0.295 0.886 0.153 
N 8 8 8 7 7 7 8 7 

Intensity 
Correlation 
Coefficient -0.296 . . -0.507 0.655 0.655 0.316 0.571 

Sig. (2-tailed) 0.414 . . 0.195 0.094 0.094 0.365 0.128 
N 8 8 8 7 7 7 8 7 

IRS Class 
Correlation 
Coefficient -0.165 . . 0.077 0.594 0.594 0.391 0.194 

Sig. (2-tailed) 0.638 . . 0.839 0.116 0.116 0.247 0.592 
N 8 8 8 7 7 7 8 7 

In
va

siv
e 

fro
nt

 

% 

Correlation 
Coefficient 0.107 . . 0.539 -0.405 -0.405 -0.201 -0.64 

Sig. (2-tailed) 0.803 . . 0.206 0.343 0.343 0.637 0.134 
N 6 6 6 6 6 6 6 6 

Intensity 
Correlation 
Coefficient 0.213 . . 0.135 0.674 0.674 0.201 0.64 

Sig. (2-tailed) 0.617 . . 0.752 0.114 0.114 0.637 0.134 
N 6 6 6 6 6 6 6 6 

IRS Class 
Correlation 
Coefficient 0 . . 0 0.745 0.745 0.556 0.589 

Sig. (2-tailed) 1 . . 1 0.083 0.083 0.197 0.171 
N 6 6 6 6 6 6 6 6 

N
uc

le
ar

 sc
or

e Tumour 
centre 

Correlation 
Coefficient 0.054 . . 0.447 0.481 0.481 0.622 0.378 

Sig. (2-tailed) 0.877 . . 0.232 0.199 0.199 0.063 0.294 
N 8 8 8 7 7 7 8 7 

Invasive 
front 

Correlation 
Coefficient 0 . . 0 0.745 0.745 0.556 0.589 

Sig. (2-tailed) 1 . . 1 0.083 0.083 0.197 0.171 
N 6 6 6 6 6 6 6 6 
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Table 11-15: Table showing the correlation of Gli1 and E-cadherin 
Tables showing the correlation between with the (percentage of positivity, intensity of immune reaction, 
IRS class and nuclear score) of Gli1 and E-cadherin in tumour centres and at the invasive fronts.  
 

 

E-cadherin 
Tumour centre Invasive front Nuclear score 

% Intensity IRS Class % Intensity IRS Class Tumour 
centre 

Invasive 
front 

G
li1

 

Tu
m

ou
r c

en
tre

 

% 
Correlation 
Coefficient 0.405 -0.215 -0.054 -0.096 -0.473 -0.473 0.405 -0.215 

Sig. (2-tailed) 0.228 0.536 0.877 0.775 0.174 0.174 0.228 0.536 
N 8 8 8 8 8 8 8 8 

Intensity 
Correlation 
Coefficient -0.278 -0.118 -0.118 0.211 0.434 0.434 -0.278 -0.118 

Sig. (2-tailed) 0.426 0.744 0.744 0.546 0.232 0.232 0.426 0.744 
N 8 8 8 8 8 8 8 8 

IRS Class 

Correlation 
Coefficient 0.556 -0.474 -0.059 0.211 -0.173 -0.173 0.556 -0.474 

Sig. (2-tailed) 0.111 0.191 0.87 0.546 0.633 0.633 0.111 0.191 
N 8 8 8 8 8 8 8 8 

In
va

siv
e 

fro
nt

 

% 
Correlation 
Coefficient 0.625 -0.53 . 0.267 0 0 0.625 -0.53 

Sig. (2-tailed) 0.167 0.264 . 0.557 1 1 0.167 0.264 
N 5 5 5 5 5 5 5 5 

Intensity 
Correlation 
Coefficient 0 0.612 . 0.617 0.408 0.408 0 0.612 

Sig. (2-tailed) 1 0.221 . 0.197 0.414 0.414 1 0.221 
N 5 5 5 5 5 5 5 5 

IRS Class 

Correlation 
Coefficient 0.53 -0.25 . 0.756 0.25 0.25 0.53 -0.25 

Sig. (2-tailed) 0.264 0.617 . 0.114 0.617 0.617 0.264 0.617 
N 5 5 5 5 5 5 5 5 

N
uc

le
ar

 sc
or

e  Tumour 
centre 

Correlation 
Coefficient 0 -0.431 -.700* -0.383 -0.315 -0.315 0 -0.431 

Sig. (2-tailed) 1 0.216 0.044 0.253 0.365 0.365 1 0.216 
N 8 8 8 8 8 8 8 8 

Invasive 
front 

Correlation 
Coefficient 0.53 -0.25 . 0.756 0.25 0.25 0.53 -0.25 

Sig. (2-tailed) 0.264 0.617 . 0.114 0.617 0.617 0.264 0.617 
N 5 5 5 5 5 5 5 5 
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Table 11-16: Table showing the correlation of Gli2 and Gli3 
Tables showing the correlation between with the (percentage of positivity, intensity of immune reaction, 
IRS class and nuclear score) of Gli2 and Gli3 in tumour centres and at the invasive fronts.  
 

 

Gli3 
Tumour centre Invasive front Nuclear score 

% Intensity IRS Class % Intensity IRS Class Tumour 
centre 

Invasive 
front 

G
li2

 

Tu
m

ou
r c

en
tre

 

% 
Correlation 
Coefficient -0.364 -0.038 -0.038 -0.481 -0.096 . 0.109 -0.167 

Sig. (2-tailed) 0.24 0.904 0.904 0.199 0.797 . 0.724 0.672 
N 9 9 9 7 7 7 9 6 

Intensity 
Correlation 
Coefficient 0.203 0.632 0.632 -0.167 -0.167 . 0.608 . 

Sig. (2-tailed) 0.535 0.056 0.056 0.683 0.683 . 0.063 . 
N 9 9 9 7 7 7 9 6 

IRS Class 

Correlation 
Coefficient 0.203 0.632 0.632 -0.167 -0.167 . 0.608 . 

Sig. (2-tailed) 0.535 0.056 0.056 0.683 0.683 . 0.063 . 
N 9 9 9 7 7 7 9 6 

In
va

siv
e 

fro
nt

 

% 
Correlation 
Coefficient -0.308 0 0 -0.546 0.109 . 0.308 0.204 

Sig. (2-tailed) 0.333 1 1 0.163 0.78 . 0.333 0.623 
N 9 9 9 7 7 7 9 6 

Intensity 
Correlation 
Coefficient 0.04 0.167 0.167 0.109 -0.546 . 0.04 -0.408 

Sig. (2-tailed) 0.901 0.611 0.611 0.78 0.163 . 0.901 0.325 
N 9 9 9 7 7 7 9 6 

IRS Class 

Correlation 
Coefficient -0.164 0.085 0.085 0.109 -0.546 . 0.123 -0.408 

Sig. (2-tailed) 0.613 0.795 0.795 0.78 0.163 . 0.704 0.325 
N 9 9 9 7 7 7 9 6 

N
uc

le
ar

 sc
or

e  Tumour 
centre 

Correlation 
Coefficient 0.395 0.639 0.639 -0.167 -0.167 . 0.439 . 

Sig. (2-tailed) 0.223 0.052 0.052 0.683 0.683 . 0.176 . 
N 9 9 9 7 7 7 9 6 

Invasive 
front 

Correlation 
Coefficient -0.054 0 0 -0.327 -0.327 . 0.212 0.204 

Sig. (2-tailed) 0.875 1 1 0.403 0.403 . 0.539 0.623 
N 8 8 8 7 7 7 8 6 
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Table 11-17: Table showing the correlation of Gli2 and b-catenin  
Tables showing the correlation between with the (percentage of positivity, intensity of immune reaction, 
IRS class and nuclear score) of Gli2 and b-catenin in tumour centres and at the invasive fronts.  
 

 

b-catenin  
Tumour centre Invasive front Nuclear score 

% Intensity IRS Class % Intensity IRS Class Tumour 
centre 

Invasive 
front 

G
li2

 

Tu
m

ou
r c

en
tre

 

% 

Correlation 
Coefficient -0.606 . . -0.307 0.594 0.594 0.196 -0.065 

Sig. (2-tailed) 0.085 . . 0.417 0.116 0.116 0.563 0.858 
N 8 8 8 7 7 7 8 7 

Intensity 
Correlation 
Coefficient -0.501 . . -0.572 0.739 0.739 0 0.161 

Sig. (2-tailed) 0.172 . . 0.147 0.061 0.061 1 0.67 
N 8 8 8 7 7 7 8 7 

IRS Class 
Correlation 
Coefficient -0.501 . . -0.572 0.739 0.739 0 0.161 

Sig. (2-tailed) 0.172 . . 0.147 0.061 0.061 1 0.67 
N 8 8 8 7 7 7 8 7 

In
va

siv
e 

fro
nt

 

% 

Correlation 
Coefficient -0.507 . . -0.163 0.632 0.632 0.3 -0.069 

Sig. (2-tailed) 0.156 . . 0.676 0.105 0.105 0.382 0.854 
N 8 8 8 7 7 7 8 0 

Intensity 
Correlation 
Coefficient -0.059 . . -0.338 0.655 0.655 -0.105 0.286 

Sig. (2-tailed) 0.87 . . 0.388 0.094 0.094 0.763 0.447 
N 8 8 8 7 7 7 8 7 

IRS Class 
Correlation 
Coefficient -0.25 . . -0.338 0.655 0.655 0.223 0.286 

Sig. (2-tailed) 0.491 . . 0.388 0.094 0.094 0.524 0.447 
N 8 8 8 7 7 7 8 7 

N
uc

le
ar

 sc
or

e Tumour 
centre 

Correlation 
Coefficient -0.25 . . -0.572 0.739 0.739 -0.334 0.161 

Sig. (2-tailed) 0.491 . . 0.147 0.061 0.061 0.34 0.67 
N 8 8 8 7 7 7 8 7 

Invasive 
front 

Correlation 
Coefficient -0.231 . . 0 0.655 0.655 -0.231 0.071 

Sig. (2-tailed) 0.554 . . 1 0.094 0.094 0.554 0.849 
N 7 7 7 7 7 7 7 7 
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Table 11-18: Table showing the correlation of Gli2 and E-cadherin   
Tables showing the correlation between with the (percentage of positivity, intensity of immune reaction, 
IRS class and nuclear score) of Gli2 and E-cadherin in tumour centres and at the invasive fronts.  
 

 

E-cadherin   
Tumour centre Invasive front Nuclear score 

% Intensity IRS Class % Intensity IRS Class Tumour 
centre 

Invasive 
front 

G
li2

 

Tu
m

ou
r c

en
tre

 

% 
Correlation 
Coefficient 0.106 -0.563 0 0.35 0.412 0.412 0.106 -0.563 

Sig. (2-tailed) 0.759 0.115 1 0.307 0.248 0.248 0.759 0.115 
N 8 8 8 8 8 8 8 8 

Intensity 
Correlation 
Coefficient 0.275 -0.293 0.488 0.347 0.143 0.143 0.275 -0.293 

Sig. (2-tailed) 0.45 0.439 0.197 0.339 0.705 0.705 0.45 0.439 
N 8 8 8 8 8 8 8 8 

IRS Class 

Correlation 
Coefficient 0.275 -0.293 0.488 0.347 0.143 0.143 0.275 -0.293 

Sig. (2-tailed) 0.45 0.439 0.197 0.339 0.705 0.705 0.45 0.439 
N 8 8 8 8 8 8 8 8 

In
va

siv
e 

fro
nt

 

% 
Correlation 
Coefficient 0.056 -0.652 -0.237 0.105 0.173 0.173 0.056 -0.652 

Sig. (2-tailed) 0.874 0.072 0.514 0.763 0.633 0.633 0.874 0.072 
N 8 8 8 8 8 8 8 8 

Intensity 
Correlation 
Coefficient .728* 0.258 .775* .918* 0.378 0.378 .728* 0.258 

Sig. (2-tailed) 0.046 0.495 0.04 0.011 0.317 0.317 0.046 0.495 
N 8 8 8 8 8 8 8 8 

IRS Class 

Correlation 
Coefficient 0.564 -0.067 0.467 0.711 0.293 0.293 0.564 -0.067 

Sig. (2-tailed) 0.121 0.86 0.217 0.05 0.439 0.439 0.121 0.86 
N 8 8 8 8 8 8 8 8 

N
uc

le
ar

 sc
or

e  Tumour 
centre 

Correlation 
Coefficient 0.42 0.149 .745* 0.53 0.218 0.218 0.42 0.149 

Sig. (2-tailed) 0.248 0.693 0.049 0.144 0.564 0.564 0.248 0.693 
N 8 8 8 8 8 8 8 8 

Invasive 
front 

Correlation 
Coefficient 0.169 0.4 0.4 0.653 0.645 0.645 0.169 0.4 

Sig. (2-tailed) 0.666 0.327 0.327 0.094 0.114 0.114 0.666 0.327 
N 7 7 7 7 7 7 7 7 
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Table 11-19: Table showing the correlation of Gli3 and b-catenin  
Tables showing the correlation between with the (percentage of positivity, intensity of immune reaction, 
IRS class and nuclear score) of Gli2 and b-catenin in tumour centres and at the invasive fronts.  
 

 

b-catenin 
Tumour centre Invasive front Nuclear score 

% Intensity IRS Class % Intensity IRS Class Tumour 
centre 

Invasive 
front 

G
li3

 

Tu
m

ou
r c

en
tre

 

% 

Correlation 
Coefficient 0.282 . . -0.079 -0.102 -0.102 -0.601 0 

Sig. (2-tailed) 0.43 . . 0.838 0.791 0.791 0.08 1 
N 8 8 8 7 7 7 8 7 

Intensity 
Correlation 
Coefficient -0.237 . . -0.653 0.422 0.422 -0.105 0.276 

Sig. (2-tailed) 0.514 . . 0.094 0.28 0.28 0.763 0.461 
N 8 8 8 7 7 7 8 7 

IRS Class 
Correlation 
Coefficient -0.237 . . -0.653 0.422 0.422 -0.105 0.276 

Sig. (2-tailed) 0.514 . . 0.094 0.28 0.28 0.763 0.461 
N 8 8 8 7 7 7 8 7 

In
va

siv
e 

fro
nt

 

% 

Correlation 
Coefficient 0.632 . . -0.2 -0.2 -0.2 0.447 0.632 

Sig. (2-tailed) 0.157 . . 0.655 0.655 0.655 0.317 0.157 
N 6 6 6 6 6 6 6 6 

Intensity 
Correlation 
Coefficient . . . . . . . . 

Sig. (2-tailed) . . . . . . . . 
N 6 6 6 6 6 6 6 6 

IRS Class 
Correlation 
Coefficient . . . . . . . . 

Sig. (2-tailed) . . . . . . . . 
N 6 6 6 6 6 6 6 6 

N
uc

le
ar

 sc
or

e Tumour 
centre 

Correlation 
Coefficient -0.059 . . -0.163 0.632 0.632 0.105 0.414 

Sig. (2-tailed) 0.87 . . 0.676 0.105 0.105 0.763 0.269 
N 8 8 8 7 7 7 8 7 

Invasive 
front 

Correlation 
Coefficient 0.617 . . 0.756 . . -0.617 0 

Sig. (2-tailed) 0.197 . . 0.114 . . 0.197 1 
N 5 5 5 5 5 5 5 5 
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Table 11-20: Table showing the correlation of Gli3 and E-cadherin   
Tables showing the correlation between with the (percentage of positivity, intensity of immune reaction, 
IRS class and nuclear score) of Gli2 and E-cadherin in tumour centres and at the invasive fronts.  
 

 

E-cadherin  
Tumour centre Invasive front Nuclear score 

% Intensity IRS Class % Intensity IRS Class Tumour 
centre 

Invasive 
front 

G
li3

 

Tu
m

ou
r c

en
tre

 

% 
Correlation 
Coefficient 0.111 0.355 0.355 0.053 -0.087 -0.087 0.111 0.355 

Sig. (2-tailed) 0.75 0.327 0.327 0.88 0.811 0.811 0.75 0.327 
N 8 8 8 8 8 8 8 8 

Intensity 
Correlation 
Coefficient -0.056 -0.059 0.237 -0.105 -0.173 -0.173 -0.056 -0.059 

Sig. (2-tailed) 0.874 0.87 0.514 0.763 0.633 0.633 0.874 0.87 
N 8 8 8 8 8 8 8 8 

IRS Class 

Correlation 
Coefficient -0.056 -0.059 0.237 -0.105 -0.173 -0.173 -0.056 -0.059 

Sig. (2-tailed) 0.874 0.87 0.514 0.763 0.633 0.633 0.874 0.87 
N 8 8 8 8 8 8 8 8 

In
va

siv
e 

fro
nt

 

% 
Correlation 
Coefficient 0.135 0.316 0.2 0.135 -0.2 -0.2 0.135 0.316 

Sig. (2-tailed) 0.752 0.48 0.655 0.752 0.655 0.655 0.752 0.48 
N 6 6 6 6 6 6 6 6 

Intensity 
Correlation 
Coefficient -0.405 -0.632 -1.000* -0.539 -0.2 -0.2 -0.405 -0.632 

Sig. (2-tailed) 0.343 0.157 . 0.206 0.655 0.655 0.343 0.157 
N 6 6 6 6 6 6 6 6 

IRS Class 

Correlation 
Coefficient . . . . . . . . 

Sig. (2-tailed) . . . . . . . . 
N 6 6 6 6 6 6 6 6 

N
uc

le
ar

 sc
or

e  Tumour 
centre 

Correlation 
Coefficient -0.111 -0.237 -0.237 -0.421 -0.434 -0.434 -0.111 -0.237 

Sig. (2-tailed) 0.75 0.514 0.514 0.227 0.232 0.232 0.75 0.514 
N 8 8 8 8 8 8 8 8 

Invasive 
front 

Correlation 
Coefficient -0.261 0 -0.645 -0.348 -0.129 -0.129 -0.261 0 

Sig. (2-tailed) 0.511 1 0.12 0.381 0.756 0.756 0.511 1 
N 6 6 6 6 6 6 6 6 
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Figure 11-29, Representation of percentage of Gli3 positive tumour cells and the 
intensity of immune reaction in breast cancer sections   
Representative sections stained for Gli3 by IHC. Images were captured by Leica microscope in 400x 
magnification. (A) the percentage of Gli3 positive tumour cells. (B) the intensity of the staining. Scale 
bars were added to the bottom right corner of each image. (¨) was used to indicate area of positivity in 
images. 
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Figure 11-30, Gli3 expression was higher in invasive fronts of breast cancer 
samples   
Representative IHC images of the same breast cancer sample showing higher Gli2 in the invasive front 
(B) compared to the tumour centre (A). Images were captured using three different magnifications (100X, 
200X and 400X) by the Leica microscope. (¨) was used to indicate area of positivity in images. 
 

11.3.7 b-catenin and E-cadherin expression is higher in invasive front compared 

to tumour centre  

Expression of b-catenin and E-cadherin were compared in tumour centres and 

invasive fronts of breast cancer cases. The percentage of positive cells and intensity of 

staining of b-catenin was assessed according to the scores presented in Figure 11-31. 

Out of 37 cases stained with b-catenin, invasive front was not identifiable in two (5.4%) 

of cases (Table 11-21-A).  
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Out of 37 cases, 23 (62.2%) showed b-catenin positivity in more than 80% of 

tumour cells in the tumour centres compared to 29 (66.6%) invasive fronts (Table 

11-21-A and Figure 11-32-A). 28 (75.7%) tumour centres showed intense b-catenin 

staining compared to 34 (82.9%) invasive fronts (Table 11-21-B and Figure 11-32-B). 

26 (70.3%) cases had the highest IRS scores for b-catenin staining in tumour centres 

compared to 28 (80%) in the invasive front (Table 11-21-C and -Figure 11-32-C). This 

was confirmed by looking at breast cancer cases as seen in the representative images 

(Figure 11-33). The percentage of positive expressing cells and IRS classes of b-catenin 

were correlated in tumour centre and invasive front (0.477** and 0.293, respectively).  

 

 

 

 

 



The Potential Role of the Hedgehog Signalling Pathway in the Regulation of Epithelial-Mesenchymal Transition in Breast Cancer	

May	30,	2018	
 

  
346 

 
  

 
 

Figure 11-31, Representation of percentage of b-catenin positive tumour cells and 
the intensity of immune reaction in breast cancer sections   
Representative sections stained for b-catenin by IHC. Images were captured by Leica microscope in 400x 
magnification. (A) the percentage of b-catenin positive tumour cells. (B) the intensity of the staining. 
Scale bars were added to the bottom right corner of each image. (¨) was used to indicate area of 
positivity in images. 
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Table 11-21: Frequency tables for percentage of positive cells, intensity of staining, 
and IRS class of the sections included in the analysis of b-catenin in breast cancer 
cohort 
Tumour centre and invasive front frequency tables (A) for percentage of positive tumour cells, (B) 
intensity of staining, and (C) IRS class. The numbers are indicated for each score and the percentages 
were calculated from the total number of samples. Kendell’s tau B test was used to assess the correlations 
with in each parameter in the tumour centre and invasive front. 
 

Pe
rc

en
ta

ge
 o

f p
os

iti
ve

 
tu

m
ou

r 
ce

lls
 

A Tumour centre Invasive front 
No. (%) No. (%) 

0 0 0 
<10 1 (2.7) 0 

10-50 2 (5.4) 2 (5.7) 
51-80 11 (29.7) 9 (25.7) 
>80 23 (62.2) 24 (66.6) 

Total 37 (100) 35 (100) 
Missing 0 2 (5.4) 

Total 37 (100) 37 (100) 
TauB 0.477* 

 

In
te

ns
ity

 o
f s

ta
in

in
g 

 B Tumour Centre  Invasive front  
No. (%) No. (%) 

No colour  0 0 
Mild reaction 1 (2.7) 1 (2.9) 

Moderate reaction 8 (21.6) 5 (14.3) 
Intense reaction 28 (75.7) 29 (82.9) 

Total 37 (100 35 (100) 
Missing 0 2 (5.4) 

Total 37 (100) 37 (100) 
TauB - 

 

IR
S 

cl
as

s 

C Tumour Centre Invasive front  
No. (%) No. (%) 

Negative 0 0 
Positive, weak expression 1 (2.7) 0 
Positive, mild expression 10 (27) 7 (20) 

Positive, strong expression 26 (70.3) 28 (80) 
Total 37 (100) 35 (100) 

Missing 0 2 (5.4) 
Total 37 (100) 37 (100) 

TauB 0.293 
The Kendall’s TauB correlation coefficient (between -1 and +1). The statistical significance of the 
correlation is indicated as follows: *P= <0.05, **P= <0.01. 
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Figure 11-32, b-catenin expression was higher in invasive fronts in breast cancer 
cohort   
Figure showing comparison of b-catenin in tumour centres (to the left) compared to the invasive front (to 
the right). (A) comparison of percentage of positive cells. (B) comparison of intensity of staining. (C) 
comparison of IRS class.  
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Figure 11-33, b-catenin expression was higher in invasive fronts of breast cancer 
samples   
Representative IHC images of the same breast cancer sample showing higher b-catenin in the invasive 
front (B) compared to the tumour centre (A). Images were captured using three different magnifications 
(100X, 200X and 400X) by the Leica microscope.  

 

Two cases (5.4%) showed negative nuclear staining of b-catenin in tumour 

centres compared to none of the cases in the invasive front (Table 11-22). In tumour 

centre, b-catenin nuclear positivity was higher than 50% in 13 (35.1%) cases compared 

to 15 (42.9%) cases in the invasive front (Figure 11-34). The nuclear localisation of b-

catenin in tumour cells was correlated in tumour centres and invasive fronts (0.463**). 
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Table 11-22: Frequency tables of b-catenin nuclear localisation in breast cancer 
cases showing increased nuclear expression of b-catenin in tumour invasive front  
Tables showing nuclear expression of b-catenin in cells in tumour centre and invasive front. The numbers 
are indicated for each score and the percentages were calculated from the total number of samples. 
Kendell’s tau B test was used to assess the correlations with in each parameter in the tumour centre and 
invasive front. 
 

 Nuclear expression of b-catenin 
A Tumour Centre  Invasive Front  
 No. (%) No. (%) 

No nuclear expression 2 (5.4) 0 
 <10% of tumour cells 9 (24.3) 5 (14.3) 

10% - 50% of tumour cells 13 (35.1) 15 (42.9) 
≥51% of tumour cells  13 (35.1) 15 (42.9) 

Total included 37 (100) 35 (100) 

Missing 0 2 (5.4) 
Total 37 (100) 37(100) 
TauB 0.463** 

The Kendall’s TauB correlation coefficient (between -1 and +1). The statistical significance of the 
correlation is indicated as follows: *P= <0.05, **P= <0.01. 

 

 
 

Figure 11-34, b-catenin expression was higher in invasive fronts in breast cancer 
cohort   
Figure showing comparison of b-catenin in tumour centres (to the left) compared to the invasive front (to 
the right).  
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Figure 11-35, Nuclear expression of b-catenin in tumour cells is higher in invasive 
front of breast cancer   
Representative IHC images of the same breast cancer sample showing increased nuclear localisation of b-
catenin in tumour cells in the invasive front (to right) compared to the tumour centre (to left). Images 
were captured using three different magnifications (100X, 400X and 600X) by the Leica microscope.  
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The percentage of positive cells and intensity of E-cadherin staining were 

assessed according to the scores presented in Figure 11-36. Invasive fronts were 

identifiable in all cases stained for E-cadherin (23) (Table 11-23-A).  

Out of 23 cases, 14 (60.9%) cases showed E-cadherin positivity in more than 

80% of tumour cells in the tumour centres compared to 16 (69.6%) invasive fronts 

(Table 11-23-A and Figure 11-37-A). 14 (60.9%) tumour centres showed intense E-

cadherin staining compared to 19 (82.6%) invasive fronts (Table 0-1-B and Figure 

11-37-B). 13 (56.5%) cases had the highest IRS scores of E-cadherin in tumour centres 

compared to 19 (82.6%) in the invasive front (Table 0-1-C and Figure 11-37-C). This 

was confirmed by looking at breast cancer cases as seen in the representative images 

(Figure 11-38). The percentage of positive expressing cells, staining intensity and IRS 

classes were correlated in tumour centre and invasive front (0.466*, 0.406* and 0.513*, 

respectively).  
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Figure 11-36, Representation of percentage of E-cadherin positive tumour cells 
and the intensity of immune reaction in breast cancer sections   
Representative sections stained for E-cadherin by IHC. Images were captured by Leica microscope in 
400x magnification. (A) the percentage of E-cadherin positive tumour cells. (B) the intensity of the 
staining. Scale bars were added to the bottom right corner of each image. (¨) was used to indicate area of 
positivity in images. 
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Table 11-23: Frequency tables for percentage of positive cells, intensity of staining, 
and IRS class of the sections included in the analysis of E-cadherin in breast 
cancer cohort 
Tumour centre and invasive front frequency tables (A) for percentage of positive tumour cells, (B) 
intensity of staining, and (C) IRS class. The numbers are indicated for each score and the percentages 
were calculated from the total number of samples. Kendell’s tau B test was used to assess the correlations 
with in each parameter in the tumour centre and invasive front. 
 

Pe
rc

en
ta

ge
 o

f 
po

si
tiv

e 
tu

m
ou

r 
ce

lls
 

A Tumour centre Invasive front 
No. (%) No. (%) 

0 0 0 
<10 0 1 (4.3) 

10-50 3 (13) 1 (4.3) 
51-80 6 (26.1) 5 (21.7) 
>80 14 (60.9) 16 (69.6) 

Total 23 (100) 23 (100) 
TauB 0.466* 

 

In
te

ns
ity

 o
f 

st
ai

ni
ng

  

B Tumour Centre  Invasive front  
No. (%) No. (%) 

No colour  0 0 
Mild reaction 1 (4.3) 2 (8.7) 

Moderate reaction 8 (34.8) 2 (8.7) 
Intense reaction 14 (60.9) 19 (82.6) 

Total 23 (100) 23 (100) 
TauB 0.406* 

 

IR
S 

cl
as

s 

C 
Tumour Centre Invasive front  

No. (%) No. (%) 
Negative 0 1 (4.3) 

Positive, weak expression 0 0 
Positive, mild expression 10 (43.5) 3 (13) 

Positive, strong expression 13 (56.5) 19 (82.6) 
Total 23 (100) 23 (100) 

TauB 0.513* 
The Kendall’s TauB correlation coefficient (between -1 and +1). The statistical significance of the 
correlation is indicated as follows: *P= <0.05, **P= <0.01. 
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Figure 11-37, E-cadherin expression was higher in invasive fronts in breast cancer 
cohort   
Figure showing comparison of E-cadherin in tumour centres (to the left) compared to the invasive front 
(to the right). (A) comparison of percentage of positive cells. (B) comparison of intensity of staining. (C) 
comparison of IRS class.  
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Figure 11-38, E-cadherin expression was higher in invasive fronts of breast cancer 
samples   
Representative IHC images of the same breast cancer sample showing higher E-cadherin in the invasive 
front (B) compared to the tumour centre (A). Images were captured using three different magnifications 
(100X, 200X and 400X) by the Leica microscope.  
 

11.3.8 Alteration in localisation and level of Gli1 in breast cancer cells following 

treatment with cyclopamine or LDE225 

Alteration of Gli1 and b-catenin localisation in the cell lines was evaluated to 

determine whether localisation changed following treatment with cyclopamine or 

LDE225. The morphology of MCF7 and MDA-MB-231 was observed under a phase 
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contrast microscope in both cell lines and did not change following treatment with 1µM 

and 10µM cyclopamine or LDE225. 

Gli1 protein was highly visible in cytoplasm and nucleus of MCF7 cells with b-

catenin showing localisation in regions area of cell-cell contact. Following 1µM and 

10µM cyclopamine treatment, Gli1 was visibly reduced with less nuclear localisation in 

MCF7 cells. b-catenin localisation in MCF7 cells was not visibly changed following 

1µM and 10µM cyclopamine. Nuclear localisation of Gli1 protein reduced following 

1µM and 10µM of LDE225 treatment in MCF7. The cytoplasmic localisation was 

notably reduced following the highest concentration of LDE225. 

b-catenin protein was visible in the cytoplasm and in areas of cell-cell contact of 

MDA-MB-231 in both the vehicle control and following 1µM and 10µM treatment 

with cyclopamine or LDE225. There was an increase in cell-cell contact localisation of 

b-catenin at the highest concentration of either treatment. Gli1 protein was highly 

expressed in the cytoplasm and nucleus of MDA-MB-231. The Gli1 protein visibly 

decreased in the cytoplasm and nucleus of cells following either treatment. 

11.3.9 Hedgehog inhibition regulates the expression of Gli1 in both MCF7 and 

MDA-MB-231 

Gli1 is the active form of Gli, upon activation of Hh pathway, this protein 

translocates to the nucleus where it acts as a transcription factor (Ruiz i Altaba et al., 

2007) (Figure 0-7). Therefore positivity (the percentage of Gli1 positive cells) and 

(level of expression (MFI)) were evaluated following pathway inhibition with either 

cyclopamine or LDE225 using flow cytometry and compared against the vehicle 

control. 

In MCF7 cells, Gli1 positivity showed a 10% increase compared to the vehicle 

control following 1µM, 5µM and 10µM cyclopamine treatment (p-value<0.0001). MFI 

(level of Gli1 expression) showed a 40% increase in level compared to that of the 

vehicle control following cyclopamine treatment at all concentrations (p-value<0.0001). 

Gli1 positivity following LDE225 treatment increased by 12% (p-value<0.0001) and 

8% (p-value<0.0001) at 1µM and 5µM, respectively, while decreasing at 10µM 

treatment by 5% (p-value<0.0001). The level of Gli1 expression (MFI) in MCF7 

increased following LDE225 treatment at 1µM by 40% (p-value<0.0001) and at 5µM 

by 30% (p-value<0.0001) . 
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Treatment of MDA-MB-231 with 1µM cyclopamine or LDE225 increased Gli1 

positivity by 5% (p-value<0.0001) and 2%, respectively. Gli1 positivity in MDA-MB-

231 increased by 2% (p-value<0.01) at 5µM and 10µM treatment with cyclopamine. 

The positivity of Gli1 decreased by 3% (p-value<0.05). Gli1 level of expression (MFI) 

increased following cyclopamine treatment at 1µM, 5µM and 10µM by 78% (p-

value<0.0001), 17% (p-value<0.0001) and 8% (p-value<0.001). MFI (level of Gli1 

expression) of MDA-MB-231 increased following 1µM and 5µM LDE225 treatment by 

17% (p-value<0.01), 13% (p-value<0.05). 

 

 
 
Figure 11-39, Increase of Gli1 positivity (percentage positive cells) of MCF7 
following cyclopamine or LDE225 treatment. 
Presentation of percentage of Gli1 protein expression in MCF7 following treatment with either 
cyclopamine or LDE225 at 1µM, 5µM and 10µM. Percentage of positive cells were estimated using flow 
cytometry, and K562 cell line was used as positive control for Gli1 protein expression. Bars present the 
percentage of Gli1 positive cells and MFI of Gli1 following treatment with cyclopamine (A and B) or 
LDE225 (D and E). Results displayed as bars of MFI ± S.D. Overlap histograms of the Gli1 protein in 
MCF7 cells, comparing (unstained cells, vehicle control, 1µM, 5µM, and 10µM) of cyclopamine (C) or 
LDE225 treatment (F). This figure is representative of n=3 experiments in triplicate. Statistical analysis 
was conducted, and significant difference between samples was indicated by **** p-value<0.0001. 
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Figure 11-40, Increase of Gli1 positivity in MDA-MB-231 cells following 
cyclopamine or LDE225 treatment. 
Presentation of percentage of Gli1 protein expression in MDA-MB-231 following treatment with either 
cyclopamine or LDE225 at 1µM, 5µM and 10µM. Percentage of positive cells were estimated using flow 
cytometry, and K562 cell line was used as positive control for Gli1 protein expression. Bars present the 
percentage of Gli1 positive cells and MFI of Gli1 following treatment with cyclopamine (A and B) or 
LDE225 (D and E). Results displayed as bars of MFI ± S.D. Overlap histograms of the Gli1 protein in 
MDA-MB-231 cells, comparing (unstained cells, vehicle control, 1µM, 5µM, and 10µM) of cyclopamine 
(C) or LDE225 treatment (F). This figure is representative of n=3 experiments in triplicate. Statistical 
analysis was conducted, and significant difference between samples was indicated by * p-value<0.05, ** 
p-value<0.01, *** p-value<0.001 and **** p-value<0.0001. 
 

11.3.10Alteration of Gli2 expression following treatment with cyclopamine or 

LDE225. 

Positivity of Gli2 (percentage of positive cells) and level of expression (MFI) 

were evaluated using flow cytometry. Those parameters were evaluated in the cells 

following pathway inhibition with either cyclopamine or LDE225 and compared 

against the vehicle control. Gli2 has been shown to have two forms with opposing 

actions (activator and repressor) depending on post-transcriptional modification (Figure 

0-8) (Ruiz i Altaba et al., 2007). 

Gli2 positivity (percentage of positive cells) and MFI (level of Gli2 expression) 

in MCF7 cells decreased following cyclopamine or LDE225. The positivity of Gli2 

decreased following 10µM cyclopamine treatment by 5% (p-value<0.001). Level of 

Gli2 expression in MCF7 cells decreased by 17% (p-value<0.0001) at 1µM and 

decreased by 40% (p-value<0.0001) at 5µM of LDE225 treatment. The overlay 
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histogram of MCF7 cells after cyclopamine treatment showed that there were two 

populations of positive cells, one showing a higher expression level (MFI) than the 

other. The overlay histogram of vehicle control, 1µM and 5µM LDE225 showed that 

there were two populations of positively expressing cells, one having a higher level of 

expression than the other. 

Gli2 positivity in MDA-MB-231 decreased by less than 2% following 1µM and 

5µM cyclopamine and following 10µM cyclopamine treatment which did not reach 

statistical significance in all comparisons. MFI (level of Gli2 expression) showed a 

sharp decrease following 1µM and 10µM cyclopamine treatment (p-value0.01 and p-

value<0.001 respectively) summarised in Error! Reference source not found.-B. MFI 

increased following 5µM treatment in MDA-MB-231 cells to reach a level similar to 

that in the vehicle control. MFI showed a dropped to half the level of vehicle control 

following 1µM LDE225 treatment (p-value<0.0001). MFI increased following 5µM to 

reach a level similar to the vehicle control (p-value<0.0001). Following 10µM 

treatment by LDE225, MFI of MDA-MB-231 cells doubled compared to the level seen 

in vehicle control (p-value<0.0001). 
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Figure 11-41, Reduction of Gli2 in a dose-dependent manner following treatment 
with cyclopamine or LDE225 
Presentation of percentage of Gli2 protein expression in MCF7 following treatment with either 
cyclopamine or LDE225 at 1µM, 5µM and 10µM. Percentage of positive cells was estimated using flow 
cytometry, and K562 cell line was used as a positive control for Gli2 protein expression. Bars present the 
percentage of Gli2 positive cells and MFI of Gli2 following treatment with cyclopamine (A and B) or 
LDE225 (D and E). Results displayed as bars of MFI ± S.D. Overlap histograms of the Gli2 protein in 
MCF7 cells, comparing (unstained cells, vehicle control, 1µM, 5µM, and 10µM) of cyclopamine 
treatment (C) and LDE225 treatment (F). This figure is representative of n=3 experiments in triplicate. 
Statistical analysis was conducted, and significant difference between samples was indicated by ** p-
value<0.01, *** p-value<0.001 and **** p-value<0.0001. 
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Figure 11-42, Alteration in Gli2 level of expression in MDA-MB-231 cells following 
treatment with cyclopamine or LDE225. 
Presentation of percentage of Gli2 protein expression in MDA-MB-231 following treatment with either 
cyclopamine or LDE225 at 1µM, 5µM and 10µM. Percentage of positive cells were estimated using flow 
cytometry, and K562 cell line was used as positive control for Gli2 protein expression. Bars present the 
percentage of Gli2 positive cells and MFI of Gli2 following treatment with cyclopamine (A and B) or 
LDE225 (D and E). Results displayed as bars of MFI ± S.D. Overlap histograms of the Gli2 protein in 
MDA-MB-231 cells, comparing (unstained cells, vehicle control, 1µM, 5µM, and 10µM) of cyclopamine 
(C) or LDE225 treatment (F). This figure is representative of n=3 experiments in triplicate. Statistical 
analysis was conducted, and significant difference between samples was indicated by ** p-value<0.01, 
*** p-value<0.001 and **** p-value<0.0001. 
 

11.3.11Alteration of Gli3 expression following cyclopamine or LDE225 treatment 

of breast cancer cell lines 

Gli3 is the repressor form of the Gli proteins (Figure 0-8) (Ruiz i Altaba et al., 

2007), therefore, assessing changes in Gli3 expression was essential for determining the 

effect of inhibiting the Hh signalling pathway using cyclopamine or LDE225. The 

expression of Gli3 was evaluated in the cells using flow cytometry to estimate the 

percentage of positive cells (positivity) and MFI (level of expression). 

Gli3 positivity of MCF7 decreased significantly following 1µM and 10µM 

cyclopamine by 13% (p-value<0.01) and by 16% (p-value<0.0001). The level of Gli3 

expression (MFI) decreased by 12% (p-value<0.01) at 1µM and by 20% (p-

value<0.001) 5µM treatment with cyclopamine. The histograms of 5µM and 10µM 

cyclopamine or LDE225 treatments showed that there was a separate population of low 

Gli3 expressing cells that was not distinct in vehicle or 1µM treatment.  
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Figure 11-43, Dose-dependent decrease of Gli3 in MCF7 cells following either 
cyclopamine or LDE225 treatment. 
Presentation of percentage of Gli3 protein expression in MCF7 following treatment with either 
cyclopamine or LDE225 at 1µM, 5µM and 10µM. Percentage of positive cells were estimated using flow 
cytometry, and K562 cell line was used as positive control for Gli3 protein expression. Bars present the 
percentage of Gli3 positive cells and MFI of Gli3 following treatment with cyclopamine (A and B) or 
LDE225 (D and E). Results displayed as bars of MFI ± S.D. Overlap histograms of the Gli3 protein in 
MCF7 cells, comparing (unstained cells, vehicle control, 1µM, 5µM, and 10µM) of cyclopamine 
treatment (C) and LDE225 treatment (F). This figure is representative of n=3 experiments in triplicate. 
Statistical analysis was conducted, and significant difference between samples was indicated by * p-
value<0.05, ** p-value<0.01, and **** p-value<0.0001. 

 

In MDA-MB-231, Gli3 positivity dropped following 1µM treatment with 

cyclopamine by 6% (p-value<0.0001). Gli3 positivity was higher than the vehicle 

control following 5µM and 10µM cyclopamine treatment without statistical 

significance. MFI (level of Gli3 expression) in MDA-MB-231 cells decreased by 30% 

following 1µM cyclopamine (p-value<0.0001). MFI of Gli3 in MDA-MB-231 

following 5µM and 10µM treatment was greater than the vehicle control with statistical 

significance between the vehicle control and 5µM treatment (p-value 0.001). Gli3 

positivity increased following 1µM and 5µM treatment with LDE225 in MDA-MB-231 

cells by 1% without reaching statistical significance. The positivity of Gli3 decreased 

following treatment with LDE225 at the highest concentration compared to vehicle 

control, but without significance. MFI increased following 1µM and 5µM LDE225 

treatment in MDA-MB-231 cells by 17% (p-value<0.01) and 13% (p-value<0.05), 

respectively compared to the vehicle control. 
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Figure 11-44, Alteration of Gli3 positivity and MFI of MDA-MB-231 cells 
following treatment with either cyclopamine or LDE225. 
Percentage of positive cells were estimated using flow cytometry, and K562 cell line was used as positive 
control for Gli3 protein expression. Bars present the percentage of Gli3 positive cells and MFI of Gli3 
following treatment with cyclopamine (A and B) or LDE225 (D and E). Results displayed as bars of MFI 
± S.D. Overlap histograms of the Gli3 protein in MDA-MB-231 cells, comparing (unstained cells, 
vehicle control, 1µM, 5µM, and 10µM) of cyclopamine (C) or LDE225 treatment (F). This figure is 
representative of n=3 experiments in triplicate. Statistical analysis was conducted, and significant 
difference between samples was indicated by * p-value<0.05, ** p-value<0.01, *** p-value<0.001 and 
**** p-value<0.0001. 
 
 



The Potential Role of the Hedgehog Signalling Pathway in the Regulation of Epithelial-Mesenchymal Transition in Breast Cancer	

May	30,	2018	
 

  
365 

 
  

 
 

Figure 11-45, Morphology of MCF7 cells and visual alteration of Gli1 and b-
catenin localisation following treatment with cyclopamine or LDE225. 
Visual presentation of MCF7 following treatment for 48 hours with either cyclopamine or LDE225 at 
1µM or 10µM compared to vehicle control. Phase contrast images of MCF7 cells captured under 400x 
magnification using black and white camera of a Leica phase contrast microscope (A and B). 
Immunofluorescence Z stacked images of MCF7 cells captured under confocal microscope at 630x 
magnification. MCF7 cells were double stained for b-catenin (Red) and Gli1 (green) and visualised by 
fluorescence labelled secondary antibodies Alexa Fluor® (488 and 594). DAPI was used to stain nucleus 
of cells (Blue). Yellow arrows were used to highlight localisation of the protein in nucleus of cells and 
light blue arrows were used to highlight cytoplasmic localisation of protein. Visual localisation of b-
catenin and Gli1 proteins in MCF7 cells treated with cyclopamine (C) or LDE225 (D). This figure is a 
representative of three biological repeats with similar observations. 
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Figure 11-46, Morphology of MDA-MB-231 cells and visual alteration of Gli1 and 
b-catenin localisation following treatment with cyclopamine or LDE225. 
Visual presentation of MDA-MB-231 following treatment for 48 hours with either cyclopamine or 
LDE225 at 1µM or 10µM compared to vehicle control. Phase contrast images of MDA-MB-231 cells 
captured under 400x magnification using black and white camera of a Leica phase contrast microscope 
(A and B). Immunofluorescence Z stacked images of MDA-MB-231 cells captured under confocal 
microscope at 630x magnification. MDA-MB-231 cells were double stained for b-catenin (Red) and Gli1 
(green) and visualised by fluorescence labelled secondary antibodies Alexa Fluor® (488 and 594). DAPI 
was used to stain nucleus of cells (Blue). Yellow arrows were used to highlight localisation of the protein 
in nucleus of cells and light blue arrows were used to highlight cytoplasmic localisation of protein. Visual 
localisation of b-catenin and Gli1 proteins in MDA-MB-231 cells treated with cyclopamine (C) or 
LDE225 (D). This figure is a representative of three biological repeats with similar observations. 
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11.3.12Alteration of nuclear localisation of Gli2 and Gli3 in MCF7 and MDA-MB-
231 following treatment with Hh inhibitors 

Gli2 and Gli3 were visually observed under a confocal microscope (following 

immunocytochemistry) to determine whether Hh inhibition with 1µM or 10µM of 

either cyclopamine or LDE225 affects the localisation of both proteins. Gli2 protein 

was cytoplasmic in MCF7 and no clear nuclear localisation of the protein was noted in 

the vehicle control. No changes in the level nor the localisation of Gli2 were observed 

in MCF7 following cyclopamine treatment with 1µM or 10µM in MCF7 were 

observed. The cytoplasmic localisation of Gli2 was visibly reduced in cells at 1µM and 

10µM of LDE225 whereas conversely, the nuclear localisation increased. 

The localisation of b-catenin in MCF7 cells was cytoplasmic and at area of cell-

cell contact. It was observed that the level of expression of b-catenin protein was 

visibly reduced following treatment with cyclopamine or LDE225 in MCF7 cells. Gli3 

protein was both cytoplasmic and in the nucleus of MCF7 cells. Following inhibition 

with cyclopamine, the cytoplasmic Gli3 reduced with a concomitant increase in nuclear 

localisation, especially at 10µM cyclopamine or LDE225. Gli3 was reduced in MCF7 

cells following inhibition with LDE225 and the nuclear localisation increased at the 

highest dose compared to the vehicle control. Cytoplasmic Gli3 in MCF7 cells was 

reduced following LDE225 in parallel with increased nuclear localisation in a dose-

dependent manner. 
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Figure 11-47, Alteration of Gli2, Gli3 and b-catenin localisation in MCF7 cells 
following treatment with cyclopamine or LDE225. 
Immunofluorescence Z stacked images of MCF7 cells captured under confocal microscope at 630x 
magnification. MCF7 cells were double stained for Gli2 or b-catenin (Red) and Gli3 (green) and 
visualised by fluorescence labelled secondary antibodies Alexa Fluor® (488 and 594). DAPI was used to 
stain nucleus of cells (Blue). Yellow arrows were used to highlight localisation of the protein in nucleus 
of cells. Light blue arrows were used to highlight cytoplasmic localisation of protein. Visual localisation 
of Gli2 in MCF7 cells treated with cyclopamine (A) or LDE225 (B). Localisation of b-catenin (Red) and 
Gli3 (Green) in MCF7 cells following treatment with cyclopamine (C) or LDE225 (D) at 1 and 10µM 
compared to the vehicle control. This figure is a representative of three biological repeats with similar 
observations. 
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Gli2 localisation in MDA-MB-231 cells was both nuclear and cytoplasmic. Gli2 

was visibly reduced in the cytoplasm and nucleus of MDA-MB-231 cells following 

cyclopamine treatment with no clear difference in localisation of protein at both 1µM 

and 10µM. Following LDE225 treatment of MDA-MB-231 cells, cytoplasmic 

localisation of Gli2was notably reduced. The localisation of b-catenin in MDA-MB-231 

cells was at the border of cells in the vehicle control. The expression of b-catenin in 

MDA-MB-231 cells increased with concentration of cyclopamine and showed cell-cell 

contact localisation. 

The expression of Gli3 in MDA-MB-231 cells was cytoplasmic without visible 

nuclear localisation. The nuclear localisation of Gli3 increased following cyclopamine 

treatment, and no difference was observed following treatment at both concentrations. 

Gli3 cytoplasmic localisation was reduced following treatment without clear difference 

between treatments at both concentrations of cyclopamine. Cytoplasmic localisation of 

Gli3 was reduced following LDE225 treatment in MDA-MB-231 with a notable 

reduction in nuclear protein following treatment at 10 µM. 

In MCF7 cells, the expression of E-cadherin was strong with notable 

cytoplasmic and membrane localisation in the vehicle control. E-cadherin expression in 

MDA-MB-231 cells was cytoplasmic showing punctate deposits of protein without 

clear membrane localisation in the vehicle control. Following cyclopamine treatment of 

MCF7, membrane localisation of E-cadherin increased without visible changes in the 

level of protein. E-cadherin localisation was not visually changed in MDA-MB-231 

following cyclopamine treatment. In MCF7 cells, localisation of E-cadherin was not 

visually altered following LDE225 treatment. In the MDA-MB-231 cell line, E-

cadherin protein level increased without cell-cell contact localisation. 
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Figure 11-48, Changes in localisation of Gli2, Gli3 and b-catenin proteins in MDA-
MB-231 cells following treatment with cyclopamine or LDE225. 
Immunofluorescence Z stacked images of MDA-MB-231 cells captured under confocal microscope at 
630x magnification. MDA-MB-231 cells were double stained for Gli2 or b-catenin (Red) and Gli3 
(green) and visualised by fluorescence labelled secondary antibodies Alexa Fluor® (488 and 594). DAPI 
was used to stain nucleus of cells (Blue). Yellow arrows were used to highlight localisation of the protein 
in nucleus of cells. Light blue arrows were used to highlight cytoplasmic localisation of protein. Visual 
localisation of Gli2 in MDA-MB-231 cells treated with cyclopamine (A) or LDE225 (B). Localisation of 
b-catenin (Red) and Gli3 (Green) in MDA-MB-231 cells following treatment with cyclopamine (C) or 
LDE225 (D) at 1 and 10µM compared to the vehicle control. This figure is a representative of three 
biological repeats with similar observations. 
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Figure 11-49, Alteration of Gli3 and E-cadherin localisation in MCF7 and MDA-
MB-231 cells following treatment with cyclopamine or LDE225. 
Immunofluorescence Z stacked images of MCF7 (A and B) and MDA-MB-231 (C and D) captured under 
confocal microscope at 630x magnifications. MCF7 and MDA-MB-231 cells were double stained for E-
cadherin (Red) and Gli3 (green) and visualised by fluorescence labelled secondary antibodies Alexa 
Fluor® (488 and 594). DAPI was used to stain nucleus of cells (Blue). Yellow arrows were used to 
highlight localisation of protein in nucleus of cells. Light blue arrows were used to highlight cytoplasmic 
localisation of protein. Visual localisation of Gli3 (Green) and E-cadherin (Red) in MCF7 and cells 
treated with cyclopamine (A) or LDE225 (B) at 1 and 10µM compared to the vehicle control. localisation 
of E-catenin (Red) and Gli3 (Green) in MDA-MB-231 cells following treatment with cyclopamine (C) or 
LDE225 (D) at 1 and 10µM compared to the vehicle control. This figure is a representative of three 
biological repeats with similar observations. 
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The alteration in level of expression of Gli1, Gli2 and Gli3 in MCF7 and MDA-

MB-231 cell lines following treatment with cyclopamine or LDE225 were summarised 

in Table 11-24, the nuclear and cytoplasmic localisation of the proteins as seen by 

confocal microscopy are also summarised in Table 11-25 and Table 11-26. 

 
Table 11-24: Gli1 expression increased in MCF7 and MDA-MB-231 concurrent 
with decreased Gli2 and Gli3 expression as seen by flow cytometry following 
treatment with Hh inhibitors. 
This table summarises changes in Gli proteins expression following treatment with cyclopamine or 
LDE225 at 1µM, 5µM and 10µM. Arrows indicate the change of expression compared to the vehicle 
control. 
 

 1 µM 
cyclopamine 

5 µM 
cyclopamine 

10 µM 
cyclopamine 

1 µM 
LDE225 

5 µM 
LDE225 

10 µM 
LDE225 

Gli1 
MCF7       

MDA-MB-231     - ¯ 

Gli2 
MCF7 - ¯ - ¯ - ¯¯ 

MDA-MB-231 ¯ - ¯¯ ¯¯ ¯  

Gli3 
MCF7 ¯¯ - ¯¯ - - ¯ 

MDA-MB-231 ¯¯  -  - - 

 
Table 11-25: Decreased nuclear Gli1 with increased nuclear Gli3 following 
treatment with cyclopamine or LDE225. 
This table summarises the effect of inhibiting Hh signalling on nuclear localisation of Gli1, Gli2, and 
Gli3 after treatment with cyclopamine or LDE225 at 1µM and 10µM for 48hours as seen by confocal 
microscopy. Arrows indicate qualitative observation of expression compared to the vehicle control. 
 

 Treatment 1 µM 
cyclopamine 

10 µM 
cyclopamine 

1 µM 
LDE225 

10 µM 
LDE225 

Gli1 
MCF7 ¯ ¯ ¯ ¯¯¯ 

MDA-MB-231 ¯ ¯ ¯¯ ¯¯ 

Gli2 
MCF7     

MDA-MB-231 ¯¯ ¯ - - 

Gli3 
MCF7   -  

MDA-MB-231     
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Table 11-26: Decrease of cytoplasmic localisation of Gli1, Gli2 and Gli3 in MCF7 
and MDA-MB-231 cells following inhibition of Hh signalling. 
This table summarises the effect of cyclopamine or LDE225 treatment on cytoplasmic localisation of 
Gli1, Gli2 and Gli3 at 1µM and 10µM as seen by confocal microscopy. Arrows indicate observation of 
expression compared to the vehicle control. 
 

 Treatment 1 µM 
cyclopamine 

10 µM 
cyclopamine 

1 µM 
LDE225 

10 µM 
LDE225 

Gli1 
MCF7 ¯ ¯ ¯ ¯¯¯ 

MDA-MB-231 ¯ ¯ 
¯¯¯ ¯¯¯ 

Gli2 
MCF7 

- - ¯¯ ¯¯ 

MDA-MB-231 
¯¯¯ ¯¯¯ ¯¯ ¯¯ 

Gli3 
MCF7 

- - 
¯ ¯¯ 

MDA-MB-231 ¯ ¯¯ 
¯¯ ¯¯ 
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4) The investigation of Epithelial Mesenchymal Transition in Triple Negative 
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basal like breast cancer. In the postgraduate conference. 26th June 2015. 

6) The investigation of epithelial mesenchymal transition in triple negative and 
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