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SUMMARY 

Kisspeptin is a neuropeptide that was first identified as a metastasis suppressor in 

human melanoma. It is the endogenous ligand for the G protein-coupled receptor, 

Kisspeptin 1 receptor (KISS1R). In addition to melanoma, Kisspeptin has since been 

shown to inhibit metastasis in pancreatic, lung, bladder, and ovarian cancers. 

However, in breast cancer, some data suggest that it may have a pro-metastatic effect, 

at least in oestrogen receptor-negative (ER-) breast cancers. However, the exact 

mechanisms of how this is achieved, and if this effect is universal for all ER- breast 

cancers, remains unclear. This study aimed to shed light on the ability of Kisspeptin to 

induce cell signalling related to metastasis in two triple-negative breast cancer (TNBC) 

cell lines. The non-metastatic BT-20 and the metastatic MDA-MB-231 TNBC cell lines 

were selected as they have very different migratory and metastatic characteristics. 

Real-time quantitative polymerase chain reaction (RT-qPCR) analysis was performed 

to assess KISS1R mRNA expression while Western blot analysis was used to 

investigate extracellular signal-regulated kinase 1 and 2 (ERK1/2) and protein kinase 

B (Akt/PKB) phosphorylation, and β-arrestin1/2 expression. Calcium signalling was 

measured using Fluo-3 AM, cell proliferation was measured using resazurin, and cell 

migration was assessed using an Oris™ migration assay. It was found that both cell 

lines express endogenous KISS1R mRNA. However, ERK1/2 and Akt phosphorylation 

and calcium mobilisation occurred in the BT-20 cell line after Kisspeptin-10 (KP-10) 

stimulation. ERK1/2 phosphorylation occurred late, in a β-arrestin-dependent manner. 

In contrast, only Akt phosphorylation and calcium mobilisation occurred in MDA-MB-

231 cells after stimulation with KP-10. KP-10 increased migration in a calcium-

dependent manner in the MDA-MB-231 cell line. KP-10 did not increase cell 

proliferation in either cell line. These data suggest that in these two related cell lines 

different signalling and physiological outcomes are initiated after KP-10 stimulation. 

This means that beyond the presence of Kisspeptin and KISS1R or Kisspeptin 

signalling, it is likely that other specific internal cellular signalling components also 

need to be present for Kisspeptin to act in a pro-metastatic manner in ER- breast 

cancer. The data also suggest that Kisspeptin and KISS1R may not play a pro-

metastatic role in all ER- breast cancers. 

Key words: Akt, β-arrestin1/2, Breast cancer, BT-20, Calcium, Cell migration, Cell signalling, 

ERK1/2, Kisspeptin, KISS1R, MDA-MB-231, TNBC. 
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1.1. Cancer 

 

Cancer is a heterogenous group of diseases that is characterized by uncontrolled cell 

growth in one or more body organ.1 Cancer was discovered in fossilised dinosaurs 

and the bones of humans from primeval times.2 The first cancer growths in humans 

were discovered in Egyptian mummies and the first written record of the cancer 

disease was described in 3500 B.C in two Egyptian papyri, the Edwin Smith and Ebers 

papyri. In the Edwin Smith surgical papyrus, about 48 cancer cases were described 

and 8 of them were similar to breast cancer. In one of the breast cancer cases, case 

39, breast cancer was described as a protruding head in a patient’s breast, and it was 

reported to be an untreatable disease.3 In another case, case 45, breast cancer was 

described as a disease that is cool to touch, untreatable because it had metastasized, 

and a disease with a bulging head.2 The George Ebers papyrus was more detailed 

than the Edwin Smith papyrus and it described cancer as swollen tumour vessels, and 

he provided the diagnosis, prognosis and treatment options and also gave the various 

treatment methods including mechanical, magical and pharmacological treatment.4 

Over time, more suggestions and descriptions of the cancer disease were made. In 

460 B.C, the father of modern medicine, Hippocrates (460-370 B.C), described cancer 

as a humoral disease. He predicted that the body has four different humours: phlegm, 

blood, black and yellow bile, and he suggested that breast cancer was due to black 

bile in the breast, and it should not be treated but should be allowed to harden and 

rupture so that the black bile can flow to other parts of the body.2 He was the one that 

called cancer “Karkinos”, which is a Greek word that means crab, to describe its crab-

like appearance in that the tumour had a central body and protruding extensions. He 

also said that surgery on breast tumour can be life-threatening and should therefore 

be avoided.4 Although cancer is an ancient disease, its prevalence has increased in 

current years due to the increase in the aging population and presence of many 

carcinogens in the environment resulting from modernisation and industrialisation.2 

The cancer disease is a global burden, and it is predicted that its burden will continue 

to grow for at least the next twenty years.5 Presently, after cardiovascular diseases 

cancer is the next leading cause of death in the world,6 with 8.29 million people dying 

from cancer in 2010 and 10.0 million people in 2019, and it is predicted that there will 

be an increase in the number to 13.1 million by 2030.7 In 2020, there were 19.3 million 
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cancer cases diagnosed and 10 million cancer related deaths, with over half of the 

deaths (58.3%) occurring in Asia, 19.6% deaths in Europe, 14.2% in America and 

7.2% in Africa.8 In the USA alone, it is estimated that there will be 1.9 million cancer 

cases and an estimated six hundred thousand deaths in 2022,9 with prostate cancer 

being the leading cancer type in males and breast cancer the leading cancer type in 

females.9 The distribution of the cancer cases and deaths worldwide for the ten 

cancers that are common in the world is shown in Figure 1.1. 

Although disease incidence is increasing, there have also been global increases in 

cancer research, and this has caused an improvement in the 5-year survival rates of 

cancer patients. This improvement is attributed to better cancer detection techniques 

and screening. Due to improvements in screening, cancer can be detected at its early, 

treatable stage. However, despite this improvement majority (90%) of cancer related 

deaths still led to the development of metastasis and there is currently no preventative 

therapy for metastasis.10  
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Figure 1.1: The global distribution of cancer incidence, and mortality for the 10 most common cancers 

in 2020.  
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Global cancer incidence and mortality of the 10 most common cancers are presented as a percentage 

of all cancers in both genders (A), in males (B) and in females (C).8  (reproduced with permission from 

Cancer Journal of Clinicians,8 see Appendix 6.10 for permission confirmation). 

 

1.2. Cancer biology 
 

Tumours exhibit aberrant cell proliferation. In normal cells, cell proliferation, survival, 

and differentiation occur in a meticulously regulated manner. But with cancer cells 

these regulated processes are disrupted so that cells begin to grow uncontrollably.11  

Cancer is a group of diseases that is characterised by genetic and cellular changes 

that affect genes that control apoptosis and cell cycle. In cancer, genes that promote 

cell cycle/cell growth and proliferation and/or inhibit apoptosis are affected either 

through mutation, chromosomal deletion or translocation, and aberrant activation of 

signalling pathways.12 Some of the genetic changes can be inherited mutations in 

genes that are involved in the repair of DNA such as the breast cancer associated 

genes 1 and 2 (BRCA1 and BRCA2). Other changes can be somatic mutations caused 

by exposure to environmental factors such as smoke from cigarettes, and radiation.6 

Apart from these genetic alterations, there are also epigenetic alterations (changes in 

gene expression that are not caused by alterations in the DNA sequence) such as 

methylation that can cause carcinogenesis even in cells that do not have any 

mutations. The silencing of tumour suppressor genes via epigenetics promotes tumour 

progression and inhibits apoptosis.12 

Genetic changes observed in cancer mostly affect three types of genes: the proto-

oncogenes, the tumour suppressor genes and DNA repair genes. The proto-

oncogenes are genes that regulate normal cell growth and division. However, when 

they acquire gain-of-function mutations they become constitutively active and become 

cancer promoting genes (oncogenes). Due to these mutations in these genes, cells 

grow uncontrollably.13 One example is the proto-oncogene, called MYC. Under normal 

physiological conditions this gene codes for transcription factors that regulate genes 

that are involved in cellular processes such as cell cycle progression and metabolism, 

cell survival, proliferation, and differentiation. However, in cancerous cells genetic 

aberrations (due to retroviral gene insertion, chromosomal amplification or 

translocation, activation of super-enhancers in the gene and mutation in the upstream 
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signalling pathway to enhance its stability), the MYC gene gets abnormally activated 

so that it promotes cancer progression.14 As another example, a gain-of-function 

mutation in the proto-oncogene HER2 can permanently activate the protein due to a 

loss of regulatory motifs, resulting in increased cell proliferation. Tumour suppressor 

genes, such as TP53, prevent uncontrolled cell growth. However, when they acquire 

inactivating mutations, their function is impaired, and this leads to uncontrolled cell 

growth.13,15  

DNA repair genes or stability genes such as the BRCA1 and BRCA2 genes that repair 

damage in the DNA, such as excised nucleotides and mismatched nucleotide pairs, 

which happens during normal DNA replication or when cells are exposed to mutagens. 

Therefore, when they acquire inactivating mutations, the mutation rate of a cell is 

increased resulting in the accumulation of mutations that can induce cancer 

progression.13,16 For example, an inherited mutation in BRCA1 and BRCA2 accounts 

for 5-10% of breast cancers.17 BRCA1 and BRCA2 play a role in controlling cell 

division, DNA repair, and induce apoptosis in compromised cells. Mutations in these 

genes inactivate them resulting in loss of cell division suppression leading to 

uncontrolled growth.13,15 

Tumours exhibit aberrant cell proliferation and can be either benign or malignant.11 In 

cancer pathology, it is important to be able to distinguish between benign and 

malignant tumours. Benign tumours are tumours that do not invade surrounding 

tissues and, they remain confined to their original location. They also can be treated 

through surgery, chemotherapy, or radiotherapy and when treated, they do not grow 

back. However, compared to benign tumours in other parts of the body, benign brain 

tumours can be life threatening due to the resultant effects that the presence of the 

tumours can have on vital brain functions.11,18 On the other hand, malignant tumours 

can invade surrounding tissues and spread through the lymphatic and circulatory 

system to other parts of the body.11,18 Malignant tumours are the only tumours referred 

to as cancers and they grow more quickly compared to benign tumours. 

Both benign and malignant tumours are classified based on the type of cell that they 

arise from. Most types of cancer fall into one of the three main groups; carcinomas, 

sarcomas, and leukaemias/lymphomas.11 Carcinomas arise from epithelial cells, 
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sarcomas from connective tissues, and lymphomas and leukaemia’s from cells of the 

immune system and blood forming cells, respectively.11 

The cancer disease consists of many molecular components that are constantly 

evolving. Therefore, explaining the events that drive cancer genesis and progression 

is still a major challenge for clinicians and researchers.19 In 2000, Hanahan and 

Weinberg gave a detailed logical framework for studying cancer. They demonstrated 

six characteristics that cancer cells acquire during tumorigenesis and tumour 

development. These were called the ‘hallmarks of cancer’. These hallmarks of cancer 

differentiate cancer cells from normal cells. These first six hallmarks include: 

sustaining proliferative signalling, evading growth suppressors, resisting cell death, 

enabling replicative immortality, inducing angiogenesis, and activating invasion and 

metastasis.20 In 2011, Hanahan and Weinberg extended the original six hallmarks, as 

they identified two additional characteristics, inflammation, and genome instability, that 

are important for the acquisition of the six hallmarks. Other characteristics that have 

since emerged as hallmarks of cancer include the deregulation of cellular energetics 

and avoidance of immune destruction.21 

 

1.3. Breast cancer 
 

Breast cancer is a group of heterogeneous tumours that mostly originate from the 

epithelial cells that line the breast ducts (tracks that bring the milk from the gland to 

the nipple) or lobules (the gland that secretes milk).22 In the breast ducts and lobules 

there are two types of epithelial cell lineages that are derived from a common origin, 

luminal epithelial cells (that surround a central lumen and are responsible for secretion 

of the milk) and the basal or myoepithelial cells (that are contractile and aid in milk 

ejection).23   

In 2020, breast cancer was the most diagnosed cancer overall, the fifth leading cause 

of cancer related death overall (685 000 people, which accounts for 18.4% of total 

cancer death) and the leading cause of cancer related death in women (Figure 1.1).24 

Each year breast cancer accounts for 23% (1.38 million women) of cancer diagnoses 

and 14% (458 000 women) of cancer deaths.25  
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Breast cancer has been shown to have a higher incidence in developed countries 

compared to developing countries, even though half of the diagnoses and over 50% 

of breast cancer deaths occur in developing countries.4  

Some of the most important risk factors for breast cancer are: gender (it affects both 

males and females but females are at a higher risk of the disease), age (breast cancer 

incidence increases with age), late or no childbearing, short breastfeeding time, use 

of birth controls or contraceptives (women who use hormonal contraceptives are more 

prone to contracting breast cancer compared to women that have never used 

hormonal contraceptives 26), race (Caucasian women are more at risk of developing 

breast cancer although African women are more likely to die from the disease), 

obesity, excessive alcohol consumption, and hormone replacement therapy after 

menopause.17 Also, a person with a mother, sister or daughter that has been 

diagnosed with breast cancer is at a higher risk of developing breast cancer due to the 

potential for inheriting cancer-related gene mutations.17 As previously mentioned, in 

Edwin Smith’s Papyrus, eight breast cancer cases were identified, and breast cancer 

was described as an untreatable disease.4  Fortunately, our understanding of breast 

cancer and its treatment has greatly evolved over centuries from being an untreatable 

systemic disease to a heterogeneous group of diseases that can be cured if diagnosed 

and treated early. Since 1989, there has been a decline in breast cancer mortality in 

premenopausal women.27 This is most likely because of early detection and improved 

treatments in developed economies.27  

Hippocrates described breast cancer as a black bile with crab-like tumours that should 

be allowed to harden, rupture, and release the black bile to the different parts of the 

body.4 By 203 C. E, a Greek physician known as Galen suggested that it should be 

treated using sulphuric acid, castor oil, and opium. He also suggested that the affected 

breast should be removed using hot cautery and from the Middle Ages, breast cancer 

was treated through surgery by either lumpectomy (removal of only affected breast 

cells or tumours) or mastectomy (removal of the affected breast).4,28 Many of the 

advances in breast cancer treatment were made in the 20th century, when it was 

identified that surgery was not the only treatment option for breast cancer, especially 

after the tumour cells have disseminated to other parts of the body.28 More treatment 

options such as radiotherapy and chemotherapy, were identified. Such treatments 

include chemotherapy using doxorubicin, which has shown great response with limited 
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resistance.27 It has also been found that using a combinational therapy consisting of 

lumpectomy surgery, radiation therapy, and chemotherapy was more effective in 

treating breast cancer than using only radical mastectomy or either one of the 

treatments alone.27 

Oestrogen is a steroid hormone that regulates the growth and development of the 

reproductive system. In the 20th century tamoxifen was discovered as an anti-

oestrogen drug that can be used as a more targeted therapy to treat ER+ breast 

cancers.4 By the 19th century, breast cancer was recognised to be a hormone 

(Oestrogen) dependent disease.4 The first indication of this was observed by Galen in 

203 C.E., who described breast cancer as a disease that is common in menopausal 

females and females with abnormal menstrual cycles and later, in the 18th century, 

through epidemiological studies, it was observed that breast cancer was more 

common in nuns than in married women and this observation was linked to 

childbearing.4 Therefore, it was theorized that breast cancer was caused by 

childlessness as well as depressive mental disorders and breast inflammation filled 

with pus.4 In the 19th century, it was observed that in premenopausal women with 

breast cancer, due to the high level of oestrogen, the growth of the tumour was faster, 

and it fluctuated with the menstrual cycle.4 While in postmenopausal women, since 

they have low oestrogen the tumour growth was slower.4  In addition to the use of 

oestrogen modulators such as tamoxifen, other targeted therapies for the treatment of 

breast cancer have been developed, for example trastuzumab (Herceptin), was 

discovered as a monoclonal antibody drug that can be used to treat breast cancers 

that overexpress HER2+.4  

With respect to advances in breast cancer diagnosis, during the 20th century, the 

discovery of X-rays led to the development of mammography as a novel detection tool 

for breast cancer which is more accurate compared to the physical examinations such 

as palpation and nipple inversion and retraction, which were previously used to detect 

or diagnose breast cancer.4   

By the 20th century, it was also established that in addition to hormonal and 

environment factors, breast cancer can also be inherited.  An interesting discovery 

was that there is an increased risk of breast cancer in individuals with family history of 

mutations in the breast cancer tumour suppressor genes: BRCA1 and BRCA2.4 In the 
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21st century, with the advent of the human genome being sequenced in 2003, more 

methods of studying breast cancer as well as new therapeutic and diagnostic tools 

have been, and are still being, discovered.4 One such tool is The Cancer Genome 

Atlas (TGCA), which uses bioinformatics and large-scale genome sequencing to find 

cancer-related mutations.4 These tools have helped to further the understanding of the 

molecular basis of cancer and have enabled breast cancer classification based on 

gene expression profiling. Moreover, various genetic tests have been developed such 

as the Oncotype DX Breast Cancer Assay that can stratify breast cancers to allow 

more specific or personalised treatment options and to determine which patients would 

benefit more from particular treatment options.4 

Breast cancer is a heterogenous group of diseases with different clinical, molecular, 

cellular, and histological characteristics. There are two types of tumour heterogeneity: 

intra-tumour and inter-tumour heterogeneity, and breast cancers display both types of 

heterogeneity.22 This heterogeneity has made its treatment challenging. However, 

attempts at classification/stratification have been made.  

Based on the histopathological features of the primary tumour and/or molecular 

profiling, breast cancer can be classified into at least six subtypes based on the 

presence or absence of the ER, PR, and on the overexpress HER2 oncogene and 

levels of the cell proliferation marker, Ki-67. These subtypes are Luminal A, Luminal 

B, HER2+, basal-like or triple-negative breast cancer (TNBC), normal-like breast 

cancer and claudin-low breast cancer (Table 1.1).17 This system of classification helps 

to determine the optimal treatment options for each patient. For instance, a patient 

with ER+ breast cancer will be given anti-oestrogen therapies such as tamoxifen, while 

a patient with HER2+ breast cancer will be given anti-HER2 therapies such as 

Herceptin.25 

 

Table 1.1: Classification of breast cancer based on molecular profiling. 

Subtype Features Description 

Luminal A breast cancer ER+, PR+, HER2-, low 

level of Ki-67, and high 

Accounts for 50%-60% of 

all breast cancers.  Grows 
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levels of cytokeratin 8 and 

18. 

slowly and responds to 

hormone therapy.17,29,30 

Luminal B breast cancer ER+ or PR+, HER2+, high 

level of Ki-67 and low 

levels of cytokeratin 8 and 

18. 

Accounts for less than 

15%-20% of all breast 

cancers. Grows faster 

than Luminal A cancer and 

has a slightly worse 

prognosis. Resistant to 

endocrine hormone 

therapy.17,29,30 

HER2 positive breast 

cancer 

ER-, PR-, HER2++, high 

level of Ki-67 and low 

levels of cytokeratin 8 and 

18. 

Accounts for 15-20% of 

breast cancers patients. 

Grows faster than the 

Luminal cancers and has a 

worse prognosis. 

However, it can be treated 

with targeted therapies like 

Herceptin, which target the 

HER2 protein. Over 40% 

of the patients with HER2+ 

breast cancer have 

mutations in the TP53 

gene.17 29,30 

Basal-like breast cancer 

or triple-negative breast 

cancer (TNBC) 

ER-, PR-, HER2-, high 

level of Ki-67, low levels of 

cytokeratin 8 and 18. 

Accounts for 20% of all 

breast cancers.17 Often 

diagnosed in women 

below 50 years of age.31 

Normal-like breast 

cancer 

ER+, PR+, HER2-, low 

level of Ki-67 and, low 

levels of cytokeratin 8 and 

18. 

Accounts for 5%-10% of 

all breast cancers. Has 

similar features to Luminal 

A but its prognosis is 

worse. 17,29,32  
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Claudin-low breast 

cancer 

ER-, PR-, HER2-, low level 

of Ki-67 and, low levels of 

cytokeratin 8 and 18. 

Accounts for 7%-14% of 

all breast cancers.33,34 

+, present; ++, overexpressed; -, absent; ER, oestrogen receptor; PR, progesterone 

receptor; HER2, Human epidermal growth factor receptor 2. Ki-67 is a marker for cell 

proliferation and cytokeratin 8 and 18 are epithelial cell markers.  

 

Although it accounts for only 20% of breast cancers, TNBC is an aggressive type of 

breast cancer that has a short progression time and metastasises very early. It also 

cannot be treated with targeted anti-oestrogen or anti-HER2 therapies. As a result of 

these factors, patients with TNBC have a poor overall survival. There are currently no 

targeted hormone therapies for TNBC, although about 20% of the patients are 

responsive to standard chemotherapies.35 Therefore, lots of research is currently 

ongoing to find a specific therapy for TNBC.  

 

1.4. Breast cancer metastasis 

 

Breast cancer metastasis is the cause of almost all breast cancer-related mortality. In 

the late 18th century, the French surgeon Henry LeDran first theorized that breast 

cancer was a localized disease that has the potential to spread through the 

vasculature to other parts of the body as the disease progressed.28 Metastasis is a 

multi-step process that involves a series of events or adaptations that occur 

sequentially, but are interrelated, leading to the movement of cancer cells away from 

the primary site and the establishment of secondary tumours in distant organs.36,37 

There are seven processes that are necessary for metastasis to occur: tumour cell 

detachment from the primary site, invasion and migration to the vasculature, 

intravasation into the circulation, circulation through the lymphatic or circulatory 

system, extravasation at a distant site, survival in the tissue and expansion to form a 

secondary tumour (Figure 1.2).38 Metastatic breast cancers are also called stage 4 or 

advanced breast cancers, and they can be detected in lymph nodes around the armpit 

and in distant organs including the lung, liver, bone, and brain.17,39 The different steps 

in the metastasis cascade will be discussed in the next few paragraphs. 
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Figure 1.2: Summary of the process of metastasis process.  

During metastasis, (1) cancer cells that have undergone epithelial-mesenchymal transition detach from 

the primary tumour and invade the basement membrane and migrate to the vasculature, (2) the cells 

intravasate across the endothelial barrier to the blood and lymphatic vessel, (3) they circulate in the 

blood or lymphatic vessel, evading attack by the immune system, (4) they extravasate at distant 

capillary beds, (5) they invade and colonise the distant organ (the lung) and form a microenvironment 

that facilitates angiogenesis and proliferation, leading to a macroscopic, malignant, secondary 

tumour.37,38 (Image adapted from “Tumour metastasis (Layout 2), by Bio-render.com.40). 

 

1.4.1.  Epithelial-to-mesenchymal transition (EMT) 
 

Most solid tumours or carcinomas originate from epithelial cells (carcinomas). These 

epithelial cells are separated from the underlying stroma by a basal lamina. When a 

tumour progresses from an in situ to an invasive carcinoma, epithelial cells decrease 

their cell-to-cell interactions and acquire the ability to invade the basal lamina. Invasion 

of surrounding tissue is dependent on epithelial-to-mesenchymal transition (EMT) of 

cancer cells.41 The process of breast cancer metastasis begins when cancer epithelial 

cells of the primary tumour undergo EMT. During EMT, epithelial cells that were initially 
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well organised, differentiated, and polarized, transition into cells that are 

undifferentiated, isolated and mesenchymal, with the ability to migrate and invade the 

basement membrane.36 These mesenchymal cells have the phenotype of being 

elongated and fibroblast-like in shape and they secrete enzymes such as MMPs that 

degrade the ECM and allow the cells to invade the basement membrane and the 

surrounding connective tissue.32 

EMT is an essential first step in metastasis. It is activated by transcription factors such 

as Twist, Snail, Zeb1 and Slug, as well signalling pathways such as Notch, 

transforming growth factor β (TGF-β), and Wingless-related integration site (WNT) 

signalling pathways.42 During EMT there is a change in cell-to-cell adhesion and cell-

ECM adhesion. Cell-to-cell adhesion is mediated by a family of transmembrane 

glycoproteins called cadherins.43 There are at least twenty members of the cadherin 

family and they function in a homotypic manner, for example E-cadherins in epithelial 

cells only recognise and bind to other E-cadherins on neighbouring cells in or E-

cadherin on the same cells.44 The E-cadherins are down-regulated or lost during the 

process of EMT and this allows the cells to survive after being separated from their 

cell-to-cell junctions.45 While the expression of E-cadherins is down-regulated, the 

expression of the mesenchymal marker N-cadherin is up-regulated.46 In addition to N-

cadherins, there are other mesenchymal markers that are expressed by the 

mesenchymal cells after EMT, including vimentin, desmin, alpha smooth muscle actin 

(α-SMA), and fibroblast-specific protein 1 (FSP1).47 Therefore, at the end of the EMT 

process, the epithelial cells lose their apical-basal polarity to gain a front-rear polarity, 

they lose their cell junctions, their cytoskeleton architecture is reorganised, and 

epithelial genes are down-regulated while mesenchymal genes are up-regulated. All 

these changes increase their migratory and invasive behaviour.48 

 

1.4.2. Invasion and migration 
 

After the cancer cells have transitioned from epithelial to mesenchymal cells at the 

local site, the next step in process of metastasis is invasion. This is the process by 

which the tumour cells infiltrate the basement membrane and migrate either 

collectively or individually through the ECM to their surrounding tissue or distant sites. 

Therefore, invasion and migration are prerequisites for metastasis. EMT increases the 
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invasiveness of cancer cells.42 For example, up-regulation of α5β1 integrin has been 

correlated to cancer invasiveness during cancer metastasis.36 Some integrins also 

promote invasion by activating proto-oncogenes such as the Src.49 Src encodes for 

non-receptor tyrosine kinase, which when activated releases MMPs which degrade 

the basement membrane and ECM, allowing the primary tumour cells to invade 

surrounding tissue.50  

Cancer cell invasion and migration is affected by parameters in the tumour 

microenvironment such as: the stiffness of the ECM, hypoxia, chemoattractants, and 

nutrient depletion. Tumour cells can migrate using similar mechanisms and migration 

modes as seen in normal (non-cancer) cells during physiological processes such as 

leukocyte and fibroblast migration during immune defence 36,43 and collective migration 

of epithelial and endothelial cells during early development.51 Cell migration can be 

divided into two different categories: single-cell migration and collective/ coordinated 

migration.36,43 In single cell migration the epithelial cells that have undergone EMT to 

become single/individual cells migrate independently. Whereas, in collective cell 

migration, a group of cells remain attached to each other, and they migrate as a group 

or sheet. In normal non-cancer cells, collective migration occurs mostly in epithelial 

and endothelial cells while single cell migration occurs in leukocytes and fibroblasts 

during inflammation.36,43  Metastatic tumour cells use both collective and single cell 

migration during invasive growth and metastasis.51 

During single cell migration, the tumour cells can migrate in either of two ways: (1) 

protease-dependent mesenchymal migration or (2)  protease-independent amoeboid-

like migration.36 In protease-dependent mesenchymal migration, the mesenchymal 

cells take advantage of their elongated, fibroblast-like shape to move through the ECM 

that has been degraded by MMPs secreted by the cells.36,43 While in protease-

independent amoeboid migration, cells have a similar behavioural and movement 

pattern as the single-celled organism, amoeba. Amoeboid tumour cells only weakly 

attach to the ECM through non-integrin adhesion using selectin instead of integrin-

based adhesions.51  

During collective migration cells migrate as a group that are connected to each other 

through adherens junction formed around cadherins.51 The group of moving cells are 

polarised so that they have a leading edge, containing integrins and proteases. 
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Studies have shown that there is a difference in gene expression and morphology of 

cells in the leading edge and those following them, which are called the trailing edge 

cells.51 The cells at the leading edge are usually mesenchymal-like with weaker cell-

cell adhesions and protrusions adhering to the ECM via pseudopodia and invadopodia 

while the trailing edge cells collectively form rosette-like tubular structures with tight 

junctions between them.51 

 

1.4.3. Intravasation 

 

After tumour cells have evaded surrounding tissues, they need to cross the endothelial 

barriers to get to the circulatory system, and this process is called intravasation. 

Intravasation does not only occur in tumour cells, it also occurs in normal cells during 

development and the immune response where cells are directed by growth factors and 

tissue injury, respectively, to cross blood vessels.52 The tumour cells usually cross the 

endothelial barrier of either the blood or lymphatic vessels, although intravasation 

through lymphatic vessels can also occur, most of it occur via the blood vessels.52 The 

intravasation through the blood vessels can be either a passive or active process 

depending on the type of tumour, the structure of the blood vessel and the tumour 

microenvironment.52 There is also a change in the cytoskeleton of the tumour cells as 

integrins and other adhesion molecules are upregulated to allow the tumour cells 

attach to the endothelial barrier.52 As they enter cross the barrier, shear forces from 

the blood movement can kill most of the cells before they enter the bloodstream.52 If 

intravasation occurs via the lymphatic vessels, the tumour cells encounter several 

lymph nodes before converging at the thoracic duct where they are drained into the 

blood.52  The tumour cells survive better in the lymphatic vessel than the blood vessel 

because the shear force is lower in the lymphatic vessel due to the slow flow of the 

lymph.52 

 

1.4.4. Circulation 
 

The circulatory step is usually the most difficult step for most intravasated cancer cells 

in terms of cell survival. Thus, the circulatory environment is the largest bottleneck for 
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successful metastasis and most tumour cells do not survive here. The tumour cells in 

the circulation are referred to as called circulating tumour cells (CTCs).53 The CTCs 

either move in the circulation as clusters or as single cells.53 The clustered cells consist 

of CTCs, stromal cells and some immune cells carried from the original 

microenvironment, and the heterogenicity of these clusters improves their survival in 

the circulation.53 For this reason, cells that move as clusters are more likely to 

metastasize to distant organs than those that move as single cells.53 CTCs survive by 

being resistant to anoikis (death of cells in a programmed manner due to lack of 

adhesion to the ECM), resisting shear forces of the blood flow, and evading the 

immune system.53 One way in which they are also able to protect themselves from 

shear forces and detection by the immune system is by interacting with the 

components of the circulatory microenvironment to form small emboli, which consists 

of circulating tumour cells covered by platelets.32 The circulating tumour cells that 

survived the harsh conditions of the vascular environment extravasate into the target 

tissue or organ, by arresting in the endothelial capillaries and either extravasate 

through trans-endothelial migration or by growing within the vessel before 

extravasating and colonising the target organ.53 

 

1.4.5. Extravasation to a distant organ 
 

Extravasation occurs when tumour cells exit the vasculature. CTCs get entrapped 

when they pass through small capillaries, resulting in forced extravasation and 

microvascular rupture.53 For organs such as the liver and bone with very permeable 

vessels CTCs are more likely to metastasize to these organs.53 For other organs, such 

as the lungs and brain, the CTCs must transmigrate through tight barriers and 

basement membranes, and this may require genetic modifications and changes in 

endothelial architecture including receptor expression and cell-to-cell contacts.53,54 

Tumour cell extravasation requires three sequential steps. Firstly, there is a weak 

interaction where the cells attach loosely to the vascular endothelial cells through an 

interaction between the cell surface ligands such as lectins found on the cancer cell 

and selectins, which are protein glycoproteins or receptors expressed on the 

endothelium. Following the initial weak interaction, integrin-dependent binding ensues 

allowing the cancer cell to spread on the endothelium and produce protrusions that 
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invade the cell layer. Integrins also direct the site of extravasation and colonization by 

mediating anchorage-independent survival.53,54  

The tumour cells do not migrate randomly to any organ. They migrate to specific 

organs in a process known as organotropism.53 Organotropism was observed by 

Paget in 1889,55 who noticed the preferential dissemination of tumour cells ‘seeding’ 

to target organs ‘soil’.  

 

1.4.6. Survival and outgrowth 
 

The CTCs that have made it to the target site are exposed to harsh conditions which 

they must survive for metastasis to happen. The tumour cells in the new 

microenvironment must adapt to the new environment, which has stroma components, 

tissue organization and matrix composition that are different from their original site.32 

They also express certain chemokine receptors such as chemokine receptor 4, which 

binds to locally produced CXCL12 and activates pro-survival and proliferation 

pathways.32  

In order to survive in their new environment, they induce the production of new blood 

vessels through which they can get nutrients from the blood through a process known 

as angiogenesis. Angiogenesis is regulated by the balance between pro-angiogenic 

and anti-angiogenic factors.56 Angiogenesis can be induced by tumour cell expression 

of angiogenic proteins in response to hypoxia and nutrient depletion.  

Thus, cancer progression and especially metastasis is a process largely driven by 

adaptation to changing environments and survival in hostile ones. Many of the 

receptors that detect such changes are important targets of research to investigate 

whether modulation of these can inhibit the metastatic success of breast cancer cells. 

Many of the cell surface receptors that have been implicated in cancer metastasis 

belong to the family of cell surface receptors known G protein-coupled receptors 

(GPCRs).57 

 

1.5. G protein-coupled receptors (GPCRs) 
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GPCRs are the largest family of cell surface receptors in mammals.58 Structurally, they 

consist of a transmembrane spanning domain comprised of seven transmembrane 

helixes (TMH 1-7), which are connected by three intracellular and three extracellular 

loops.59 They also have an extracellular N-terminus and intracellular C-terminus. They 

are called GPCRs because of their interaction with intracellular guanine nucleotide 

binding regulatory proteins (G proteins).60 GPCRs respond to extracellular stimuli by 

changing their conformation and transducing the extracellular signal to an intracellular 

response through this interaction.60  

Currently, there are ~800 GPCRs that have been identified in the human genome. 

They can be classified into five families based on their phylogenetic trees: Glutamate, 

Rhodopsin, Adhesion, Frizzled/Taste and Secretin.61 The Rhodopsin family comprises 

of 80% of the human GPCRs. The majority of the members of this family that have 

their ligand-binding domain in their transmembrane region, between the helices, which 

is either close to the extracellular surface or buried in the membrane. They react to 

light, hormones, and neurotransmitters.61,62  

The G proteins are proteins that bind to guanine nucleotides (guanine nucleotide 

diphosphate (GDP) and guanine nucleotide triphosphate (GTP)), and they have 

intrinsic GTPase activity.  Human G proteins can be classified into two groups; the 

small G proteins which are monomeric, and the heterotrimeric G proteins.63 It is the 

latter group with which GPCRs interact to transduce intracellular signalling. These 

heterotrimeric G proteins consist of Gα, Gβ and Gγ subunits with the latter two mostly 

existing as an obligate dimer. There are four subclasses of G proteins (Figure 1.3), 

and these are categorised based on their component the Gα subunit: Gαs, Gαi/o, 

Gαq/11, and Gα12/13.58 In its inactive state, Gα is bound to the Gβγ dimer and GDP. 

When a ligand binds to a GPCR it adopts a conformation that allows it to activate the 

heterotrimeric G proteins. The ligand-receptor-G-protein-complex catalyses the 

exchange of GDP for GTP on the Gα subunit thereby promoting the dissociation of the 

GTP bound Gα subunit from the Gβγ subunit. The dissociated Gα-GTP and Gβγ 

proteins activate downstream effector molecules as shown in Figure 1.3. The free 

active receptor can bind and activate another G protein complex thereby resulting in 

signal amplification.62 Gαq/11 activates phospholipase C, which hydrolyses 

phosphatidylinositol-4,5-bisphosphate (PIP2) to produce the second messengers, 

inositol-1,4,5-trisphosphate (IP3) and diacylglycerol (DAG). DAG activates different 
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isoforms of protein kinase C (PKC) while IP3 binds to the IP3 receptors (calcium 

channels) on the endoplasmic reticulum to release calcium into the cytosol which 

regulates cell processes such as cell proliferation, contraction, secretion, gene 

transcription, and apoptosis.64,65 Gαs activates adenylyl cyclase enzyme, which 

produces the second messenger molecule, cyclic AMP (cAMP).  cAMP activates 

protein kinase A (PKA). PKA phosphorylates activates several intracellular proteins 

that regulate different cellular processes to modulate their activity. Gαi/o inhibits 

adenylyl cyclase enzyme thereby reducing cAMP production. Lastly, Gα12/13 activates 

the small GTPase RhoA.66  

 

 

Figure 1.3: G protein-coupled receptors (GPCRs), G protein and its sub-classes. 

The GPCRs are receptors that span the membrane seven times and transduce extracellular signals 

into intracellular responses via interaction with intracellular heterotrimeric G proteins. G proteins 

comprise of three subunits (αβγ). In their inactive state, the heterotrimeric αβγ protein are together. The 

Gα subunit is classified into four sub-classes: Gαq/11, Gαs, Gαi/o, or Gα12/13. The Gαq/11 activates the 

enzyme phospholipase C (PLC), which cleaves phosphatidylinositol-4,5-bisphosphate (PIP2) to inositol-

1,4,5-triphosphate (IP3) and diacylglycerol (DAG), which are second messengers. The IP3 binds to IP3 

receptors on the endoplasmic reticulum (ER) and causes Ca2+ release. Whereas the DAG activates 

protein kinase C (PKC). The Gαs activates the enzymes adenylyl cyclase which produces the second 

messenger, cyclic adenosine monophosphate (cAMP) from adenosine triphosphate (ATP) and this 
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cAMP activates protein kinase A (PKA). Gαi inhibits the activity of adenylyl cyclase and therefore 

reduces the production of cAMP and activation of PKA. Gα12/13 activates RhoA which is a family of 

GTPases that exchange guanosine diphosphate (GDP) for guanosine triphosphate (GTP).66 (Image 

adapted from “GPCR effector pathway”, by Bio-render.com.67) 

GPCR signalling is regulated tightly to ensure that the required degree of signal 

transduction is elicited. Thus, continued signalling by activated GPCRs is inhibited by 

receptor desensitization.62 Desensitization is a two-step process that involves GPCR 

cytoplasmic phosphorylation and the binding of β-arrestin which then leads to receptor 

internalisation.66 GPCRs are phosphorylated on serine and threonine residues in the 

third intracellular loop and in the carboxy-terminal tail. Heterologous desensitization is 

mediated by proteins such as PKC and PKA that are activated by second messenger 

molecules. PKC and PKA phosphorylate amino residues at in the receptor’s third 

intracellular loop and C terminus to inhibit further G protein coupling resulting in the 

inhibition of signalling. This heterologous desensitization can occur regardless of the 

activation state of the GPCR. Conversely, homologous desensitization only affects 

activated receptors. This method is desensitization is mediated by a family of kinases 

known as GPCR receptor kinases (GRKs).66 GRKs recognise activated GPCRs and 

mediate receptor phosphorylation of serine and threonine residues within their 

carboxyl C terminus. Regardless of the method of phosphorylation, phosphorylation 

of GPCRs mediates β-arrestin binding, which prevents further G protein interaction 

signalling and promotes receptor internalisation.66  

Due to the ability of GPCRs to control various physiological responses and due to their 

relevance in various diseases they have been an important source of drug targets in 

the pharmaceutical industry. Approximately 36% of drugs on the market target 

GPCRs.57 Based on the notion that GPCR activation is in two states and its activation 

is dependent on its association with heterotrimeric G proteins, most available 

therapeutic targets of GPCRs include agonists (which activate the receptor), partial 

agonists (which only partially activate the receptor), and antagonists (occupy the 

receptor and inhibit activation by endogenous ligands).62,68  

Recent studies have shown that GPCR signalling is more complicated than the 

dualistic active/inactive on-and-off switch model that was the previous dogma. This is 

because it has been shown that activation by different ligands can induce different 

signalling responses e.g. coupling to different G proteins or altered signalling via other 
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adaptor proteins that are not dependent on G protein coupling. For example, protease 

activated receptor 1 (PAR1) is able to couple to Gαi/o when activated by elastase, and 

couple to Gαq and Gα12/13 when activated by Factor Xa.69 Therefore, it is now believed 

that they can adopt many different active states, each with specific downstream 

signalling preferences.  

Furthermore, it has become evident that receptor oligomerisation (either homo-

oligomerisation of like receptors or hetero-oligomerisation of different receptors) can 

affect receptor pharmacology, with respect to their activation, signalling, and 

internalisation. The clustering of receptors in membrane microdomains has also been 

postulated to affect receptor signalling and trafficking.68 Additionally, complexity in 

signalling is further increased due to the ability of a GPCR to couple to different 

heterotrimeric G proteins to elicit unique signalling in a cell-type specific manner. For 

example, β2-adrenergic receptor is a GPCR that has been shown to couple to Gαs in 

a healthy heart and Gαi in an unhealthy heart. 70  

 

1.6. GPCR signalling pathways implicated in cancer 
 

The altered expression of several GPCRs has been linked to tumorgenicity. Due to 

their involvement in cancer initiation and progression, a few of them have been 

exploited to develop drugs that can inhibit signalling pathways associated with 

cancer.57 For example, in colon cancer when the GPCR, called formylpeptide receptor 

2 (FPR2), is highly expressed it leads to rapid growth and cell migration.71 Also, FPR2 

signalling through Akt pathway (an intracellular signalling pathway involved in 

regulating apoptosis) leads to drug resistance in colon cancer.72 In prostate cancer, a 

GPCR known as prostate G protein-coupled receptor (PSGR) is expressed at low 

levels in normal prostate tissues but highly expressed in prostate cancer tissues, 

where it increases metastasis. Another GPCR called G protein-coupled receptor family 

C group 6 member A (GPRC6A) increases prostate cancer cell migration and invasion 

through ERK1/2 signalling.57,73 In breast cancer the overexpression of GPR161 in 

TNBC has been linked with increased cell proliferation and invasion.57,74 Another 

GPCR called the G protein-coupled oestrogen receptor (GPER), which is a GPCR that 

is known to also activate oestrogen signalling, induces Ca2+ mobilization when it is 

activated by its ligand and this leads to the regulation of expression of genes that are 
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involved in breast cancer cell migration and growth.75  In melanoma, GPR55 has been 

linked with tumour development where it causes tumour cell proliferation, invasion and 

anchorage independent growth.57,76 Therefore, GPCRs are important as potential 

targets in treating cancer, and, in some cases, this has been exploited to develop 

drugs that can inhibit signalling pathways associated with cancer.57 Some of these 

signalling pathways, which were also assessed in this study will be discussed further 

in the next few sections. 

 

1.6.1.  ERK1/2 signalling (ERK1/2) 

 

Extracellular signal regulated kinase 1/2 (ERK1/2) is a member of the mitogen 

activated protein kinase (MAPK) family. These kinases that transmit extracellular 

signals from cell surface receptors to intracellular targets.77 There are four different 

MAPKs they are; i. ERK1/2, ii. c-Jun N-terminal kinase (JNK), iii. ERK5, and iv. p38 

MAPK (p38).78  The ERK1/2 pathway is activated when cell surface receptors are 

activated by growth factors, while JNK, p38 and ERK5 are activated by stress and 

growth factors.79 The ERK1/2 pathway is the prototypical MAPK/ERK pathway and is 

made up of a group of core kinases that sequentially phosphorylate each other starting 

with rapidly accelerated fibrosarcoma (RAF), then mitogen-activated protein kinase 

kinase (MEK) and lastly ERK1/2.80  

The ERK1/2 signalling pathway is activated as a downstream result of activation of by 

either receptor tyrosine kinases (RTKs) or and GPCRs.80 The activation of the ERK1/2 

pathway by these receptors results in a change in the conformation of the Rat sarcoma 

virus (RAS) GTPase.80  RAS is a central small GTPase that acts as a central present 

as an initial regulator of  pathways such as the PI3K/Akt, and ERK1/2 pathways.78 So 

far, four types of RAS have been identified, they are: Harvey Rat sarcoma virus 

(HRAS), neuroblastoma Rat sarcoma virus (NRAS), Kirsten Rat sarcoma virus 4A 

(KRAS4A) and Kirsten Rat sarcoma virus 4B (KRAS4B).81 KRAS4A and KRAS4B are 

products of the same gene. Under normal physiological conditions, when cell surface 

receptors get activated by their ligands, RAS is switched from its inactive GDP bound 

state to its active GTP bound state.80 However, when they acquire certain mutations 

they become constitutively active and therefore stimulate continuous cell growth or 

differentiation.81,82 In fact 19% of human tumours have been shown to harbour RAS 
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mutations.83 Patients with tumours containing RAS mutations show poorer prognosis 

and a shorter overall survival times.81 RAS activation is mediated by the binding of an 

adaptor protein called growth factor receptor bound protein 2 (Grb2), which after 

receptor stimulation binds and interacts with the guanine nucleotide exchange factor 

called son of sevenless (SOS). Once bound, SOS activates RAS by displacing the 

bound GDP to induce Ras GTP binding leading to RAF activation.84 

RAF is an oncogene, and it is found as 3 isoforms: RAF-1 (also known as C-RAF), B-          

RAF, and A-RAF. Mutations in RAF-1 and A-RAF are quite rare, while many activating 

mutations have been detected in the B-RAF isoform. Indeed, mutations in B-RAF have 

been identified in 100% of cell leukaemia, 50-60% of melanoma and 40-60% of thyroid 

cancer.85 RAF is the direct effector protein of RAS and the activator of the dual 

mitogen-activated protein kinase kinase 1 and 2 (MEK1 and MEK2).78 RAF has three 

conserved regions. The conserved region 1 (CR1) consists of the RAS-binding 

domain, which interacts with RAS and with membrane phospholipids that are needed 

to recruit the RAF protein to the membrane. The second conserved region (CR2) has 

phosphorylation inhibitory sites that negatively regulate RAS binding and RAF 

activation. The third conserved region (CR3) contains the kinase domain, which is 

necessary for initiating kinase activity.86,87 In its inactive state, RAF is present in the 

cytosol.86 Upon activation by RAS-GTP, it moves to the plasma membrane and it 

changes its conformation through the dephosphorylation of the negative regulatory 

sites by phosphatases and phosphorylation of different domains by either protein 

kinase B or protein kinase C.86,88 After binding to RAS, RAF can phosphorylate MEK1 

and 2.77  

MEK1 and MEK2 are 85% homologous to one another. They contain a catalytic kinase 

domain where phosphorylation occurs, a regulatory N-terminal domain for ERK1/2 

binding, and a shorter C-terminal region around it. MEK1 and 2 are activated by the 

phosphorylation of two serine residues. When they are activated, they act as dual 

specific kinases and phosphorylate the threonine and tyrosine residues of ERK1 and 

ERK2.89 MEK2 mediates cell morphology and survival while MEK1 mediates cell 

proliferation.90  

ERK1 and 2 are 44 and 42 kDa proteins, respectively,  that have 85% sequence 

homology to one another and are expressed ubiquitously.84 When ERK1/2 gets 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



 

25 
 

activated it either gets translocated from the cytoplasm to the nucleus where it 

phosphorylates transcription factors such as c-Fos, Elk-1, c-Jun and c-Myc, which are 

protooncogenes that promote cell survival, growth and proliferation, or it 

phosphorylates molecules in the cytoplasm such as ribosomal S6 kinases and 

cytoskeletal proteins, which then regulate cell movement, metabolism and adhesion.80 

It also plays an important role in regulating apoptosis through the post-translational 

phosphorylation of regulatory molecules such as Bad, Bim and caspase 9 that promote 

apoptosis.88 ERK1/2 is also involved in cell motility and is found in adherens junctions 

and focal adhesions, and cell-cell and cell-matrix contact sites.91 The subcellular 

localization of ERK1/2 is important for their physiological function and regulation. Their 

accumulation in the nucleus after being stimulated have been shown to be necessary 

for inducing proliferation.92  

The ERK1/2 signalling pathways are activated by several stimulating factors such as 

viruses, growth factors, and GPCR ligands.77 Moreover, intracellularly, ERK1/2 can be 

activated through calcium release, receptor tyrosine kinase RAS activation, and PKC 

activation.77 ERK1/2 activation has many different effects in different cellular 

compartments. When stimulated, ERK1/2 can relocate to specific sites such as the 

nucleus, plasma membrane, and cytoplasmic microtubules.91 

Activation of ERK1/2 by mitogens results in a biphasic ERK1/2 response, with a peak 

in phosphorylation of the protein peaking 5 to 10 min after stimulation followed by a 

second peak of ERK phosphorylation which is lower but more sustained lasting up to 

2 hrs and yields a ERK1/2 cytoplasmic accumulation.93  

 

1.6.2.  PI3K/Akt signalling 
 

The phosphoinositide 3 kinase (PI3K)/Akt (also known as or protein kinase B; (PKB)) 

is a serine/threonine protein kinase that plays an important role in various physiological 

processes such as metabolism, migration, cell cycle progression, and survival.94 There 

are three isoforms of Akt, Akt1, Akt2, and Akt3.95 These three isoforms of Akt have 

different and sometimes opposing functions in breast cancer. In breast cancer, the 

Akt1 isomer is necessary for the initiation and growth of the primary tumour while the 

Akt2 isomer plays an important in tumour progression so that metastasis can 
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occur.96,97 The Akt3 isomer inhibits metastasis but promotes proliferation and acts as 

an oncogene in some cell types.97 In fact, Akt3 has been shown to be highly expressed 

in TNBC where it promotes cell proliferation.98 

The PI3K consists of three classes, class I, II, and III, which differ in terms of their 

structure and function. They are heterodimeric enzymes that consist of the catalytic 

subunit called p110 (it consists of three isoforms: β, γ and δ) and the regulatory 

subunit, which could either be p85 or p101.99 Akt consists of three domains. An N-

terminal pleckstrin homology (PH) domain that binds to phosphoinositide molecules, 

a central kinase domain, which contains a regulatory threonine residue Thr308, and 

C-terminal domain that contains a regulatory serine residue known as Ser473, which 

is the phosphorylation site.95   

The Akt signalling pathway is usually activated in response to extracellular signals that 

activate integrins, RTKs or GPCRs.80 Downstream of the receptors RAS is activated 

to induce the translocation and activation of PI3K subunit p110. The activated PI3K 

phosphorylates PIP2 to phosphatidylinositol-3,4,5-triphosphate (PIP3) in the plasma 

membrane. PIP3 recruits phosphoinositol dependent kinase (PDK1) and binds to the 

PH domain of Akt to localise it at the plasma membrane where it is phosphorylated on 

Thr308 by PDK1.80 In order for Akt to be fully activated, several kinases such integrin-

linked kinase (ILK) phosphorylate Akt at Ser473.95 Akt activation is terminated through 

dephosphorylation by protein phosphatase 2 A (PP2A), and by removal of PIP3 

through the activity of phosphatase and tension homolog (PTEN), which 

dephosphorylates PIP3 to PIP2.97 Activated Akt dissociates from the plasma 

membrane and re-localises to the nucleus where it inhibits the transcription of genes 

that promote apoptosis such as the Forkhead box O (FOXO) and Bad genes, and in 

this way cell survival is enhanced. When Akt phosphorylates the FOXO transcription 

factors they become inactive and move from the nucleus to the cytoplasm where they 

are degraded.95 Akt can also phosphorylate proteins on the plasma membrane or in 

the cytosol to further regulate cell survival.95  

GPCRs can activate the PI3K/Akt pathway through their Gα and Gβγ subunits.58,94 

Gβγ binds to and directly activates PI3K heterodimeric proteins that contain either the 

p110β or the p110γ subunits.58,94 The activation of PI3K by Gα has not been observed 

directly, but Akt activation also occurs as a result of crosstalk of GPCR signalling with 
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integrins, RTKs and other growth factor receptors.94 β-arrestins have also been shown 

to mediate PI3K/Akt signalling.66 

 

1.6.3. Calcium signalling 
 

Calcium is the fifth most abundant element in the earth’s crust, and it belongs to the 

alkaline earth metal group in the periodic table.100 Calcium ions (Ca2+) play an 

important role in many biological processes, as a second messenger or as a mediator 

of protein binding. Calcium signalling is mediated through changes in the 

concentration of calcium inside or outside the cell and this is regulated by a network 

consisting of calcium channels and pumps, and exchangers.101 Calcium signalling has 

an impact on cell survival and function because it controls cellular processes such as 

gene transcription, cell death, metabolism, and secretion.102 It was first shown to be 

important in cellular function in a study by Sydney Ringer in 1883, where he showed 

that saline solution that was made from tap water (and thus contained calcium) allowed 

contraction in isolated frog hearts, while the saline made from distilled water (which 

did not have calcium) did not support frog heart contraction.103 

Ca2+ signals have spatiotemporal properties.102 In terms of time, Ca2+ concentrations 

in the cytoplasm can often only be increased for a short time only, while it remains for 

longer periods inside organelles such as the ER and mitochondria. Spatially, Ca2+ can 

be released intracellular from the ER or exported through the plasma membrane. 

Inside the ER, Ca2+ is necessary to mediate molecular chaperone activity,102 while 

Ca2+ is also present in the mitochondria. Ca2+ homeostasis in the mitochondria is 

required to maintain mitochondria function, dynamics, and metabolism.104 Spatially, 

Ca2+ can be released into the cytoplasm intracellularly from organelles such as the ER 

or can be im-/exported through the plasma membrane.102 

In resting cells, the concentration of intracellular or cytosolic Ca2+ is around 100 nM 

but this can increase to approximately 1 µM due to calcium mobilisation from either 

the ER or, sarcoplasmic reticulum (SR), and also to some extent, lysosomes or Golgi 

apparatus.105 Cytosolic calcium is increased by intracellular calcium store release via 

IP3, which activates the IP3 receptor (IP3R) on the ER and through the ryanodine 

receptor (RYR) of the SR.101,106  IP3R is expressed ubiquitously while RYR is 
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expressed only in skeletal muscles, cardiac muscle and some regions of the 

brain.101,106 Thus, Ca2+ is released from these cytoplasmic stores to the cytosol. 

Cytosolic calcium can also be derived from the extracellular fluid.106 For Ca2+ to be 

imported from the extracellular fluid, three major classes of plasma membrane Ca2+-

permeable channels are involved. They are the voltage-gated calcium channels (they 

couple membrane depolarization for calcium to enter the cell), transient receptor 

potential channels and the calcium release-activated Ca2+ channels (they function 

through the mechanism of store-operated calcium entry).106  

When GPCRs or RTKs are activated, they can cause release of IP3 through the 

activation of phospholipase C β (PLCβ) and PLCγ, respectively.101 Upon GPCR 

activation, the PLCβ enzyme is activated which hydrolyses PIP2 to IP3 and DAG. The 

IP3 binds to the IP3R on the ER and result in an increase in cytosolic Ca2+.102 Apart 

from increasing cytosolic [Ca2+], the release of Ca2+ from the ER also leads to an 

increase in [Ca2+] in the mitochondria and lysosomes as well as other organelles.102  

Following Ca2+ release into the cytoplasm, the Ca2+-ATPases move the cytosolic Ca2+ 

back to the extracellular fluid or to the ER. This is done to maintain a low cytosolic 

Ca2+ concentration.101  

Calcium signalling plays an important role in different cellular processes as described 

above (Section 1.5). It has also been implicated in cancer. In many cell-types, calcium 

signalling has been found to play a role in cell migration. For example, it has been 

shown that in RAW macrophages stimulated with growth factors, Ca2+ influx regulates 

the contraction of the trailing edge in migrating cells. Also, the inhibition of extracellular 

Ca2+ leads to a loss of PI3K activity at the leading edge of migrating cells, the 

disassembly of actin filament and ruffling (formation of protrusions that are rich in actin) 

cessation.107 It has been shown that the leading edge of the macrophages is enriched 

with Ca2+-sensitive protein kinase Ca (PKCa), and its enrichment is affected by Ca2+ 

influx, PI3K inhibition or F-actin depolymerization.107  In intestinal epithelial cells Ca2+ 

signalling has been shown to regulate chemokine ligand (CXCL12) induced cell 

migration in a PLCβ dependent manner.108 Indeed, in ovarian cancer, Ca2+ has been 

shown to modulate cell motility and invasion.109 Furthermore, the transfer of Ca2+ 

between the ER and mitochondria induces apoptosis through the p53 pathway. The 

p53 is a protein that promotes apoptosis, and one of the mechanisms through which 
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it promotes apoptosis is through a Ca2+-dependent mechanism. The p53 protein 

interacts with the Sarco/ER Ca2+ ATPase pumps increasing Ca2+ load to the 

mitochondria. This causes a change in the morphology of the mitochondria and 

induction of apoptosis. As a result of the increased Ca2+ levels mitochondrial 

depolarization occurs, and this leads to a decrease in ATP synthesis and subsequent 

cell death.104 Therefore, disruption of these signalling pathways can impact cell 

survival in cancer cells.  

 

1.7. β-Arrestin mediated signalling and signalling bias 
 

There are four arrestin proteins, which can be grouped into two subfamilies; the visual 

arrestins which consist of arrestin-1 and arrestin-4, and β-arrestins or non-visual 

arrestins, which consist of β-arrestin1 and β-arrestin2 (also known as arrestin 2 and 

3, respectively). Arrestin 1 is expressed in the rod and cone cells of the retina, while 

arrestin 4 is only expressed in cone cells. β-arrestin1 and 2 are expressed ubiquitously 

in most cell types and mammalian tissues, and they have 78% amino acid sequence 

homology.110  

The main proteins that have been shown to transduce signals in a G protein 

independent manner are β-arrestin1 and 2. As described in Section 1.5, β-arrestin1 

and 2 bind to phosphorylated GPCRs and stop heterotrimeric G protein coupling while 

mediating receptor endocytosis.68 β-arrestins link with clathrin and clathrin adaptor 

protein 2 (AP2), which are components of the endocytic machinery, thereby targeting 

the receptor to the clathrin coated pit resulting in receptor internalisation. These 

internalised receptors first move to the early endosomes where they are either 

recycled back to the plasma membrane or moved to lysosomes where they are 

degraded. It has been shown that internalised receptors can activate downstream 

pathways in the endosomes resulting in sustained signalling.66 Apart from 

desensitizing GPCRs, they have also been shown to act as scaffolds that bring 

members of various signalling cascades closer to one another so that the signalling 

pathway activated can function with more strength and efficiency.111 β-arrestin 

mediated ERK1/2 activation mediates antiapoptotic signalling through the regulation 

of BCL2-associated agonist of cell death (BAD) phosphorylation. β-arrestin-mediated 
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ERK1/2 signalling is slower and sustained.66 Apart from the ERK1/2 signalling 

pathway, β-arrestins also activate PI3K/Akt signalling.66 

β-arrestins were first discovered to be activators of GPCR signalling in 1998, in a study 

by Daaka et al., where they showed that in β2-adrenergic receptor (β2AR) the 

activation of MAPK was halted when cells were transfected with dominant-negative 

mutants of β-arrestin. They have since been shown to mediate signalling downstream 

of many other GPCRs, including, proteinase activated receptor 2 (PAR-2), angiotensin 

II type 1 receptor (AT1R), neurokinin-1 receptor, vasopressin receptor 2 (V2R), 

parathyroid hormone 1 receptor (PTH1R), chemokine receptor type 4 (CXR4) and 

chemokine receptor type 7 (CCR7).68,111 For example, β-arrestins are able to interact 

with tyrosine kinase c-Src, resulting in the formation of receptor-Src complexes and 

activation of ERK signalling.112 

β-arrestins are also required for the activation of various proteins such as MAPK, the 

small GTPase RhoA, the actin filament severing protein cofilin, and the inhibitor of 

nuclear factor kappa B (NF-κB), LIM domain kinase (LIMK), and nuclear factor of 

kappa light polypeptide chain gene enhancer in B-cells inhibitor (IκB). The role of β-

arrestin in these processes has been determined through siRNA knockdown, use of 

dominant negative mutants, and genetic deletion. Both β-arrestins can act as inhibitors 

or activators of some signalling pathways. For example, β-arrestin1 is known to both 

facilitate and inhibit the PI3K pathway.68 Whereas with ERK1/2 signalling one of the 

β-arrestins is known to activate while the other one inhibits. In some GPCRs β-

arrestin1 inhibits ERK1/2 while β-arrestin2 activates ERK1/2.113 

Apart from the PI3K/Akt and ERK1/2 signalling pathways, the p38 and JNK pathways 

are also known to be activated in a β-arrestin dependent manner. In some cases, the 

activation of the signalling pathways by β-arrestin results in its sequestration to the 

cytosol. β-arrestin dependent ERK1/2 activation can occur in the presence or absence 

of receptor internalisation.68  
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1.8.  Kisspeptin/KISS1R 
 

Kisspeptin is a neuropeptide that is encoded by the KISS1 gene. The KISS1 gene was 

first discovered as a metastasis suppressor gene by Lee et al.  in 1996.114 They 

showed through Northern blotting that the KISS1 mRNA was expressed in non-

metastatic melanoma cells but not in metastatic melanoma cell lines. They proved that 

KISS1 was an anti-metastasis gene by xenografting athymic nude mice with human 

metastatic melanoma cancer cell lines, C8161, and MelJuso, overexpressing KISS1 

cDNA and, they observed that metastasis was suppressed in these mice.114  

The KISS1 gene is located on chromosome 1q32, it has four exons, with two spanning 

the open reading frame. The initial product of the KISS1 translation is a 145 amino 

acid peptide, called prepro-Kisspeptin. Following synthesis, a signal peptide at the 

amino-terminal of prepro-Kisspeptin directs the nascent peptide to the secretory 

pathway. Cleavage of this signal peptide during processing results in the release of 

pro-Kisspeptin which is then proteolytically cleaved further by furin or prohormone 

convertases to produce different shorter active peptides, designated by their 

respective amino acid lengths: Kisspeptin 54 (KP-54), Kisspeptin 14 (KP-14), 

Kisspeptin 13 (KP-13) and Kisspeptin 10 (KP-10) as shown in (Figure 1.3).115,116  

 

 

 

 

 

 

 

 

Figure 1.4:KISS1 and Kisspeptin peptides.  

The KISS1 gene gets transcribed to the KISS1 mRNA and the mRNA gets translated to prepro-

Kisspeptin, which is a 145 amino acid peptide that gets cleaved to, Kisspeptin-54 (KP-54), Kisspeptin-

14 (KP-14), Kisspeptin-13 (KP-13) and Kisspeptin-10 (KP-10). Kisspeptin-10 is the minimum peptide 

that is needed to activate the Kisspeptin receptor. (Image created in Microsoft PowerPoint). 
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The shorter peptides (KP-14, KP-13, KP-10) are thought to be degradation products 

of Kisspeptin-54 since there are no cleavage sites to explain their presence. All the 

Kisspeptins share the same ten amino acids at their carboxy-terminus, and it is the 

minimum length that is required to activate the Kisspeptin receptor.117 All 4 four 

peptides are collectively called Kisspeptins, and they all have the same affinity and 

efficacy for the Kisspeptin receptor in vitro,116 although they do exhibit differences in 

activity in vivo.116,118 They belong to the RF amide (Arg-Phe-NH2) family of peptides. 

The RF amide is a superfamily of neuropeptides that end with the sequence Arg-Phe-

NH2.
119 

Under normal physiological conditions, KISS1 is expressed in various tissues in the 

body such as the testes, ovaries, pancreas, pituitary gland, hypothalamus, and the 

intestine.120 It is also highly expressed in the placenta where it regulates placental 

growth, migration, and invasion. Kisspeptin is the endogenous ligand of the G protein 

coupled receptor, Kisspeptin receptor (KISS1R; previously termed GPR54 and known 

as AXOR12, metastin receptor and hOT7T175).120 

KISS1R is located on chromosome 19p13.3 in humans.117 It consists of five coding 

exons and four introns and an open reading frame that is 1197 base pairs long, which 

translates to a 398 amino acid sequence protein. Like all GPCRs, it has seven 

hydrophobic transmembrane domains connected by three intracellular and three 

extracellular loops and an extracellular N-terminus and a cytoplasmic C-terminus.119  

KISS1R was discovered in 1999 by Lee et al.121 Through phylogenetic analysis, the 

receptor was classified as a member of the galanin receptor sub-family of Rhodopsin 

GPCRs. However, it does not show specific binding with galanin, and only shares 45% 

homology to galanin receptor. Thus, since its ligand was not known (it was an orphan 

receptor), it was designated called GPR54.121 However, in 2001, three independent 

groups; Kotani et al. 2001,122 Ohtaki et al. 2001,123 and Muir et al. 2001,124 showed 

that Kisspeptin is the endogenous ligand for GPR54, hence it being named the 

Kisspeptin receptor/KISS1R. Through Northern blotting and in situ hybridization 

analyses, it was shown that KISS1R is expressed in various areas of the brain such 

as the amygdala, hippocampus, hypothalamus, midbrain, pons, thalamus, cortex, and 

striatum as well as peripheral tissues such as the liver, pancreas, and the intestine.114 
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Upon the binding of Kisspeptin to KISS1R coupling occurs with Gαq/11 (see Section 1.5 

for Gαq/11 activation).119 Figure 1.4 shows the process of KISS1R signalling through 

the Gαq/11 pathway.  

 

Figure 1.5: Activation of KISS1R by its endogenous ligand, Kisspeptin.  

Binding of Kisspeptin to KISS1R results in coupling through Gαq/11, which activates the phospholipase 

C (PLC) enzyme which results in the production of the second messenger molecules, 1,4,5-triphosphate 

(IP3) and diacylglycerol (DAG) through the cleavage of phosphatidylinositol-4,5-bisphosphate. The IP3 

binds to the IP3 receptor on the endoplasmic reticulum resulting in the release of calcium ion (Ca2+) 

from the endoplasmic reticulum. The DAG activates the protein kinase C (PKC) enzyme, which 

phosphorylates the cascade of proteins leading to ERK1/2 phosphorylation. In cancer, the 

phosphorylated ERK1/2 regulates the transcription factors of genes that are responsible for cell 

proliferation and survival. The coupling of Kisspeptin to KISS1R is stopped through a two-step process. 

First, the KISS1R gets phosphorylated by G protein coupled receptor kinases. Secondly, the 

phosphorylated receptors attract β-arrestin1 and 2, which bind to the phosphorylated receptor and stops 

signalling. Although β-arrestin1 and 2 can also activate the ERK1/2 signalling pathway in a G protein-

independent manner. (Image adapted from “GPCR effector pathway”, by Bio-render.com,67). 

Activation of KISS1R by Kisspeptin results in the phosphorylation and activation of 

ERK1/2 in a G protein-dependent manner via PLC but also in a G protein-independent 

manner via β-arrestin1/2. Moreover, activation of Akt pathway via either Gα or Gβγ 

subunits, reorganization of stress fibres in the cell and inhibition of cell movement by 

inducing focal adhesion kinase has been shown to occur.115,117 
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Although Kisspeptin was first discovered as a metastasis suppressor, its normal 

physiological function is in the regulation of gonadotropin-releasing hormone (GnRH) 

secretion from the hypothalamus during puberty, thereby controlling the hypothalamic-

pituitary-gonadal (HPG) axis.115 It is secreted along with other neuropeptides such as 

neurokinin B and dynorphin and together these three neuropeptides regulate the 

release of the gonadotrophin releasing hormone (GnRH) from the hypothalamus.115 

The GnRH in turn stimulates the release of gonadotrophic hormones, luteinizing 

hormone (LH) and follicle stimulating hormone (FSH) from the anterior pituitary gland. 

The gonadotrophin hormones then stimulate the gonads (ovaries and testes), to 

facilitate gametogenesis and secretion of the steroid sex hormones, oestrogen 

progesterone and testosterone.  It may also act directly on the pituitary and the 

gonads.115 The importance of the Kisspeptin/KISS1R system in reproduction was 

proven in mice and humans where it was shown that inactivating mutations in 

KISS1/KISS1R led to hypogonadotropic hypogonadism, characterised by a lack of 

pubertal maturation and sterility.125 While mice lacking KISS1R had idiopathic 

hypogonadotropic hypogonadism (IHH), which was characterised by small testes in 

male mice, and in female mice delayed vaginal opening and lack of follicular 

development.126  KISS1 has also been shown to play an important role in 

spermatogenesis, ovulation, and folliculargenesis. It was proven to control 

folliculargenesis and ovulation because female mice lacking a functional KISS1 had a 

defective oestrus cycle, thread-like uteri, small ovaries, and no mature Graffian 

follicles.125 It was shown to control spermatogenesis as male mice lacking a functional 

KISS1 gene had rudimentary testes and incomplete spermatogenesis because of its 

arrest at the early haploid spermatid stage.125 

 

1.8.1. Kisspeptin and cancer 

 

In pathology, Kisspeptin and KISS1R have been shown to suppress metastasis in 

several other cancers including colorectal,127 bladder,128 oesophageal,129 prostate,130 

ovarian,131 and pancreatic cancer 132. In colorectal cancer, Ji et al. (2014), showed that 

KISS1 and KISS1R mRNA expression decreased in higher grade tumours.127 Also, 

there was a significant decrease in expression of KISS1R mRNA in tumour tissues 

compared to normal background tissues. The study also showed that in patients 
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undergoing a combination of chemotherapy and radiotherapy there was higher 

KISS1R expression compared to those patients without therapy. While KISS1 

expression correlated negatively with tumour metastasis and invasion.127  

Upon the activation of KISS1R by binding of Kisspeptin, coupling occurs with Gαq/11 G 

proteins (see Section 1.5), which results in increased intracellular Ca2+, and 

downstream activation of PKC. In tumours, activation of PKC results in the activation 

of the RAS-mediated MAP kinase pathway that leads to the phosphorylation and 

activation of ERK1/2 (which can result in altered transcription of selected genes, such 

as MMP-9, via NF-κB and p38 MAP kinase. Indeed, Kisspeptin signalling has been 

shown to suppress metastasis in these cancers by repressing matrix 

metalloproteinase 9 (MMP-9) activity thereby inhibiting cancer cell invasion and 

migration.133  

 

1.8.2. Kisspeptin/KISS1R in breast cancer 
 

In breast cancer, the role of Kisspeptin and KISS1R is not yet clearly understood. 

Studies by Stark and colleagues (2005)134 showed that KISS1 mRNA expression was 

lower in the brain metastases of breast cancer patients compared to the primary 

tumours. However, studies by Martin et al. (2005),135 Cvetkovic et al. (2013),136 

Goertzen et al. (2016),137 and Blake et al. (2017),138 show that KISS1 and KISS1R 

protein are highly expressed in metastatic breast cancer cells compared to primary 

tumours.  This high expression has been correlated with aggressive behaviours such 

as increased invasion and migration in metastatic breast cancer cells in vitro and 

resistance to chemotherapy.136 In breast cancer cell lines, activation of KISS1R by 

Kisspeptin has been shown to promote EMT and invadopodia formation (F-actin rich 

protrusions that are formed by tumour cells to degrade the matrix), which allow 

increased migration and invasion.137,138 One issue here is that most studies are done 

with cell lines exogenously overexpressing KISS1R. One study suggests that the loss 

of the ER alpha (ERα) in breast cancer cells allows the pro-metastatic signalling of 

KISS1R to occur.138 One of the hallmarks of cancer is metabolism reprograming and 

this feature enables the cancer cells to proliferate and survive in an environment with 

fluctuating nutrients. In a study by Dragan et al. 2020, KISS1R signalling was shown 

to reprogram a KISS1R transfected ER- breast cancer cell line to be glutamine-
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dependent during tumorigenesis.139 In a previous study from our laboratory 

(unpublished data), we showed, through scratch assays, that Kisspeptin-10 (KP-10) 

could increase cell migration in the MDA-MB-231 breast cancer cell lines, thereby 

suggesting that Kisspeptin plays a pro-migratory role in breast cancer. 

There is therefore still such uncertainty regarding if/how Kisspeptin/KISS1R promotes 

or inhibits metastasis in breast cancer and one issue is that most studies are done 

with cell lines exogenously overexpressing KISS1R. Therefore, the aim of this the 

present study was to delineate the Kisspeptin signalling pathways and its role in breast 

cancer biology utilising cell lines that endogenously express KISS1R. Our hypothesis 

was that Kisspeptin signalling results in the activation of signalling pathways such as 

ERK1/2, Akt and calcium signalling pathways and one or more of these signalling 

pathways is associated with the pro-migratory effect which we observed previously in 

the MDA-MB-231 cells stimulated with KP-10. 

 

AIM 
 

This study aimed to identify the signalling pathways that are activated in response to 

Kisspeptin signalling in breast cancer cell lines, and to determine the role of these 

pathways in breast cancer cell behaviour. 

OBJECTIVES 

 The objectives of this research study were: 

1. To assess whether the intracellular signalling pathways: ERK1/2 and Akt/PI3K, 

are activated in response to Kisspeptin signalling using Western blot analysis 

of protein phosphorylation and to determine the role of β-arrestin1/2 in 

activation of this pathway. 

2. To assess whether the second messenger, calcium, is released in response to 

Kisspeptin signalling through confocal microscopy. 

3. To inhibit the Kisspeptin any signalling pathways identified in objectives 1 and 

2 using chemical inhibitors, and to determine the role of these pathways in 

breast cancer cell proliferation and migration.    
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2.1.  Cell culture 
 

2.1.1. Materials for cell culture 
 

Table 2.1: List of equipment and materials used for cell culture that are commercially 

available. 

Item name Catalogue 

number/serial 

number 

Supplier 

Dulbecco’s Modified Eagle 

Medium, high glucose, 

GlutaMAXTM supplement 

(DMEM) 

10566016 Thermo Fisher Scientific, 

Waltham, Massachusetts, USA. 

Dulbecco’s Modified Eagle 

Medium-F12 (DMEM-F12) 

11320033 Thermo Fisher Scientific, 

Waltham, Massachusetts, USA. 

Minimum Essential Media 

(MEM) 

11095080 Thermo Fisher Scientific, 

Waltham, Massachusetts, USA. 

Foetal bovine serum (FBS) 10270106 Thermo Fisher Scientific, 

Waltham, Massachusetts, USA. 

BT-20 HTB-19™ ATCC, Manassas, Virginia, 

USA. 

MDA-MB-231 HTB-26™ ATCC, Manassas, Virginia, 

USA. 

 Cell culture flask, 50 ml, 25 

cm2 (T-25 cell culture flask) 

690940 Greiner Bio-one, 

Kremsmunster, Austria. 

Cell culture flask, 250 ml, 75 

cm2 (T-75 cell culture flask) 

658940 Greiner Bio-one, 

Kremsmunster, Austria. 

Cell culture flask, 650 ml, 175 

cm2 (T-175 cell culture flask) 

661940 Greiner Bio-one, 

Kremsmunster, Austria. 
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GlutaMAX™ supplement 35050061 Thermo Fisher Scientific, 

Waltham, Massachusetts, USA. 

Trypsin-EDTA (0.25%), 

phenol red 

25200072 Thermo Fisher Scientific, 

Waltham, Massachusetts, USA. 

Glass Pasteur Pipette 

Unplugged 

GLAS2P20M230 Lasec, Randburg, South Africa. 

Trypan blue T10282 Thermo Fisher Scientific, 

Waltham, Massachusetts, USA. 

Countess™ Cell Counting 

Chamber Slides 

C10228 Thermo Fisher Scientific, 

Waltham, Massachusetts, USA. 

Countess™ Automated Cell 

Counter 

AMQAX1000 Thermo Fisher Scientific, 

Waltham, Massachusetts, USA. 

Cryogenic vials (Cryo vials) 126280 Greiner Bio-one, 

Kremsmunster, Austria. 

Nalgene® Mr Frosty Cryo 1⁰C 

freezing container 

5100-0001 Thermo Fisher Scientific, 

Waltham, Massachusetts, USA. 

5 ml serological pipette 606180 Greiner Bio-one, 

Kremsmunster, Austria. 

10 ml serological pipette 607107 Greiner Bio-one, 

Kremsmunster, Austria. 

25 ml serological pipette 760107 Greiner Bio-one, 

Kremsmunster, Austria. 

15 ml falcon tube 188161 Greiner Bio-one, 

Kremsmunster, Austria. 

50 ml falcon tube 227250 Greiner Bio-one, 

Kremsmunster, Austria. 

ZEISS Primo vert inverted 

microscope  

3842003871 ZEISS, Jena, Germany. 

Centrifuge 5702 5702FG240241 Eppendorf, Hamburg, 

Germany. 
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Table 2.2: List of materials used for cell culture that were prepared in house. 

Item name Components 

1× phosphate buffered saline (PBS) • 137 mM sodium chloride (NaCl) 

• 2.7 mM potassium chloride (KCl) 

• 10 mM Disodium hydrogen 

phosphate (Na2HPO4) 

• 1.8 mM Potassium dihydrogen 

phosphate (KH2PO4) 

• pH: 7.4 

 

Cryopreservation media • 10% Dimethyl sulfoxide (DMSO) 

• 40% Foetal calf serum (FCS) 

 

2.1.2. Methods for cell culture 

 

The human TNBC cell lines, BT-20 and MDA-MB-231, were purchased from ATCC. 

The MDA-MB-231 cells were cultured in DMEM media supplemented with 10% (v/v) 

FBS. While the BT-20 cells were cultured in either DMEM-F12 or MEM media 

supplemented with 10% (v/v) FBS. The MEM media was supplemented with 1% (v/v) 

of GlutaMAX. Both cell lines were maintained in a humidified incubator at 37⁰C, with 

5% CO2 and 95% relative humidity (RH) and in either T-25, T-75, and T-175 tissue 

culture flasks. The cells were passaged at least twice a week when they were about 

80% confluent. To passage the cells, the old media was removed by aspiration 

followed by two gentle washes with 10 ml of 1× PBS, using a 10 ml serological pipette, 

to remove any FBS that might interfere with trypsinisation. Thereafter, the cells were 

detached from the tissue culture flasks by trypsinisation for 8 min at 37⁰C in a 

humidified incubator and inspected under the Zeiss Primo vert inverted microscope to 

ensure that the cells are rounded up and were detached from the surface. 

Trypsinisation was stopped by adding 9 ml of complete media to the cells in trypsin 

using a 10 ml serological pipette and the cells in suspensions were transferred to 15 

ml falcon tubes and centrifuged at 1 000 ×g for 3 min. Afterwards, the supernatant was 
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aspirated, and the pellet was resuspended in 3 ml of DMEM-F12 or MEM complete 

media for BT-20 and 10 ml of DMEM complete media for MDA-MB-231 cells. Using a 

5 ml serological pipette, 1 ml of the cells in suspensions was transferred to T-75 flasks 

containing 12 ml of complete media. And the flasks were checked under the Primo 

vert inverted microscope to ensure that cells were present. Thereafter, the cells were 

grown in a humidified incubator at 37⁰C with 5% CO2 and 95% RH. 

Stocks of each cell were cryopreserved in liquid nitrogen. Cryopreservation was 

performed by first mixing 1 ml of the cells in suspension (achieved following 

resuspension of cell pellets during cell passaging) with 1 ml of the cryopreservation 

media and transferring 1 ml of the resultant mixture into cryovials and the cryovials 

were placed into a Mr Frosty Cryo 1⁰C freezing container. The freezing container with 

the Cryovials inside were stored at -80ºC overnight. The following day, the cryovials 

were removed from the freezing container and transferred to liquid nitrogen. 

In order to thaw the frozen cells and bring them back for culturing, the frozen vials of 

cells were taken from the liquid nitrogen and thawed at room temperature. When they 

were fully thawed, the contents of the vials were transferred into 15 ml falcon tubes 

and complete media was added to dilute the DMSO in the cryopreservation media. 

Thereafter, the cells were centrifuged at 1 000 ×g for 3 min, to remove the DMSO-

containing media. Subsequently, the supernatant was aspirated, and the cell pellet 

was resuspended in 5 ml of complete media and the entire volume was transferred 

into T-25 tissue culture flasks. Thereafter, the cells were grown in a humidified 

incubator at 37⁰C with 5% CO2 and 95% RH. 

In order to seed the cells for the different experiments, after trypsinization, 10 µl of the 

cells in suspension (achieved following resuspension of cell pellets during cell 

passaging) was mixed with 10 µl of trypan blue and 10 µl of this mixture was pipetted 

into a Countess™ counting chamber slide, and the number of viable cells was counted 

using the Countess™ automated cell counter. The Countess™ automated cell counter 

is an instrument that counts the number of viable cells by using trypan blue staining 

and light. After counting, the cells were diluted in complete media at a density suitable 

for each experiment and in different tissue culture plates as required by the 

experiment. 
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2.2. Western blotting to determine the expression of β-arrestin 1 and 2 protein 

 

2.2.1 Materials for Western blotting 

 

Table 2.3: List of materials, equipment, and reagents used for Western blotting that 

are available commercially. 

Name Catalogue number Supplier 

Pierce™ BCA Protein 

Assay Kit 

23225 Thermo Fisher Scientific, 

Waltham, Massachusetts, 

USA. 

Phosphatase inhibitor 

cocktail Tablets 

04906837001 Roche, Basel, 

Switzerland. 

cOmplete™, Mini 

Protease inhibitor cocktail  

04693124001 Roche, Basel, 

Switzerland. 

Novex™ Wedgewell™ 4-

20% Tris Glycine Gel 1.0 

mm 15 well 

XP04205BOX Thermo Fisher Scientific, 

Waltham, Massachusetts, 

USA. 

Novex™ Wedgewell™ 4-

20% Tris Glycine Gel 1.0 

mm 10 well 

XP04200BOX Thermo Fisher Scientific, 

Waltham, Massachusetts, 

USA. 

Tween® 20 for Synthesis 9005-64.5 Merck kGaA, Darmstadt, 

Germany. 

Amersham™ Hybond™ P 

0.45 PVFD blotting 

membrane 

10600023 Cytiva, Marlborough, 

Massachusetts, USA.  

Western blot filter paper 

(thin) 

GB003 Cytiva, Massachusetts, 

USA. 

Clarity™ Western ECL 

substrate 

170-5061 Bio-Rad, Hercules, 

California, USA. 

Sigma 1-14K centrifuge 162104 Sigma Laborzentrifuge 

GmbH, Osterode, 

Germany. 
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Mini Gel Tank  A25977 Thermo Fisher Scientific, 

Waltham, Massachusetts, 

USA. 

Mini Trans-Blot Wet 

transfer apparatus 

153 BR 100953 Bio-Rad, Hercules, 

California, USA. 

Roller mixer  VM-370B Gemmy Industrial Corp, 

Taipei, Taiwan. 

ChemiDoc™ MP imaging 

system 

73BR02464 Bio-Rad, Hercules, 

California, USA. 

 

Table 2.4: List of materials used for Western blotting that were prepared in house. 

Name Composition 

RIPA buffer (radioimmunoprecipitation 

buffer) supplemented with protease 

inhibitors 

• 150 mM NaCl 

• 1% NP-40/Igepal 

• 0.5% sodium deoxycholate 

• 0.1% sodium dodecyl sulphate (SDS) 

• 50 mM Tris-HCl, pH 8.0 

• cOmplete™, Mini Protease inhibitor 

cocktail Protease inhibitor (1 tablet per 

10 ml) 

10× Tris-Glycine-SDS running buffer • 250 mM Tris base 

• 1.9 M glycine 

• 1% sodium Dodecyl sulphate (SDS) 

• pH adjusted to 8.5 

10× Towbin buffer • 250 mM Tris base 

• 1.9 M glycine 

• pH adjusted to 8.3 

1× Tris-Glycine-SDS running buffer • 25 mM Tris base 

• 190 mM glycine 

• 0.1% SDS 

• pH adjusted to 8.5 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



 

44 
 

1× Towbin buffer • 25 mM Tris base 

• 190 mM glycine 

• pH adjusted to 8.3 

1× PBS • 137 mM NaCl 

• 2.7 mM KCl 

• 10 mM Na2HPO4 

• 1.8 mM KH2PO4 

• pH adjusted to 7.4 

1× PBS+  • 137 mM NaCl 

• 2.7 mM KCl 

• 10 mM Na2HPO4 

• 1.8 mM KH2PO4 

• 0.9 M Calcium chloride (CaCl2) 

• 0.5 M Magnesium chloride (MgCl2) 

• pH adjusted to 7.4 

4× Loading buffer • 8% (w/v) SDS 

• 20% (v/v) 2-mercaptoethanol 

• 40% (v/v) glycerol 

• 0.008% (w/v) bromophenol blue 

• 0.2 M Tris-HCl 

• pH adjusted to 6.8 

0.2% Tween® PBS • 0.2% (v/v) 2 ml of Tween® 20 in 1 × 

PBS  

5% blocking solution 1 • 5% of skimmed (w/v) milk in 10 ml of 

0.2% (v/v) Tween® PBS buffer 

5% blocking solution 2 • 5% bovine serum albumin (BSA) in 10 

ml of 0.2% (v/v) Tween® PBS buffer 
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Table 2.5: List of primary and secondary antibodies used for Western blotting. 

Antibody Catalogue 

number 

Dilution Manufacturer 

Anti-β1-Arrestin 

mAb 

A47520 1:1 000 Transduction 

Laboratories™/BD 

Biosciences, New 

Jersey, USA. 

Goat pAb to Beta 

Arrestin2 

Ab31294 1:1 000 Abcam, Cambridge, 

UK. 

Monoclonal Anti-β-

tubulin antibody 

produced in mouse 

T5293-2 mL 1:1 000 Sigma-Aldrich, St. 

Louis, Missouri, 

USA. 

Goat Anti-Mouse 

HRP conjugate 

1705047 1:10 000 Bio-Rad, Hercules, 

California, USA. 

Alexa Fluor® 555 

Donkey anti-goat 

IgG (H + L) 

A21432 1:5 000  Invitrogen, Waltham, 

Massachusetts, USA 

 

2.2.2. Method for Western blotting to determine the expression of protein expression 

 

The expression of β-arrestin 1 and 2 protein was assessed in the BT-20 and MDA-

MB-231 cells via Western blotting. The BT-20 and or MDA-MB-231 cells were seeded 

in a 6-well tissue culture plates at densities of 8 × 105 cells/well and 4 × 105 cells/well, 

respectively, and were then incubated overnight to allow for cell attachment in a 

humidified incubator at 37ºC with 5% CO2 and 95% RH. The following day, when the 

cells had attached to the plate, the media was aspirated, and the cells were washed 

once with 1 ml of ice-cold PBS+ and then solubilised in radioimmunoprecipitation 

assay (RIPA) lysis buffer supplemented with protease inhibitors. The lysates were 

vortexed briefly and incubated on ice for 15 min. After incubation, the lysates were 
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centrifuged at 16 600 ×g for 10 min at 4⁰C. Thereafter, the supernatant was transferred 

into new 1.5 ml microcentrifuge tubes. Protein concentrations were determined using 

a BCA assay kit, following the manufacturer’s protocol.  

After protein extraction, prior to sample loading the 4× sample loading buffer was 

mixed to 1× with the protein lysates. Equal amounts of the protein lysates (10 µg) were 

the separated by electrophoresis using the Novex™ 10-well or 15-well gradient SDS-

PAGE gels at a voltage of 120 for 90 min, using a Mini Gel Tank. Subsequently, the 

protein bands were transferred to polyvinylidene difluoride (PVDF) membranes on ice 

at a voltage of 90 for 90 min, using a Bio-Rad Wet transfer apparatus. The wet transfer 

is a method of transferring protein bands from the gel to the membrane, where a 

sandwich, which consists of the membrane and the gel, is formed and this gel-

membrane sandwich is completely submerged in the transfer buffer. The sandwich 

was assembled in the following order. Firstly, the cassette for the assembly was placed 

on a clean surface and a pre-wet fibre pad was placed on the cathode (black side) 

side of the cassette. Pre-wetting was performed with the 1× Towbin buffer. Secondly, 

two pieces of pre-wet thin blotting papers were placed on top of the fibre pad. Thirdly, 

the gel was inverted and placed on top of the filter papers. Fourthly, the PVDF 

membrane, which was first activated by soaking in 100% methanol for at least 1 min, 

was placed on top of the gel. Next, two pre-wet filter papers were placed on top of the 

membrane. Finally, a second pre-wet fibre pad was placed on top of the blotting 

papers, and the cassette was closed and immersed in the gel transfer tank containing 

the 1× Towbin buffer. After transfer, the membranes were transferred put into 50 ml 

falcon tubes containing 5% (w/v) blocking solution 1, in order to block for non-specific 

binding. After blocking, the membranes were washed three times with 0.2% (v/v) 

Tween® PBS at 5 min intervals with gentle agitation on a roller mixer. Afterwards, 

immunoblotting analysis was performed for β-arrestin 1 and β-arrestin 2 using the 

primary antibodies, Anti-β1-Arrestin mAb (1: 1 000), or Goat pAb to Beta Arrestin2 (1:1 

000), respectively, diluted in 2.5% (w/v) BSA in 0.2% (v/v) Tween® PBS. The 

membranes were incubated with these primary antibodies overnight at 4ºC, on a roller 

mixer. After overnight incubation, the membranes were washed three times with 0.2% 

(v/v) Tween® PBS, at 5 min intervals with gentle agitation on a roller mixer. This was 

followed by a 1 hr incubation with the secondary antibodies, Goat Anti-Mouse HRP 

conjugate (1:10 000) and or Alexa Fluor® 555 Donkey anti-goat IgG (1:5 000), diluted 
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in the 5% (w/v) blocking solution 1. Thereafter, the membranes were washed three 

times with 0.2% (v/v) Tween® PBS at 10 min intervals at room temperature with gentle 

agitation on the roller mixer. Subsequently, the β-arrestin 1 membrane was incubated 

with the Clarity™ Western ECL chemiluminescent reagents, as per manufacturer’s 

instructions, Clarity Western ECL substrate and Clarity ECL luminol in a 1:1 ratio, for 

at least 1 min before image acquisition. Thereafter, chemiluminescence detection was 

performed (30 s exposure time) using a ChemiDoc system. The chemiluminescence 

channel was adjusted manually to 30 sec so that a proper image can be acquired. 

Whereas for the β-arrestin 2 membrane, image acquisition was performed by 

fluorescence because a fluorescently tagged secondary antibody was used, using the 

ChemiDoc system.  Bands were detected by doing a manual exposure on the Alexa 

Fluor 546 channel for a 10 secs exposure time.  

 

β-tubulin was used as a loading internal control.  

Therefore, in order to detect the level of β-tubulin in the protein lysates, after image 

acquisition the membranes were washed once with 0.2% (v/v) Tween® PBS 

containing 0.02% (v/v) sodium azide, in order to remove the previous secondary 

antibody for 10 min at room temperature on the roller mixer. Thereafter, the 

membranes were incubated with Monoclonal Anti-β-tubulin antibody (1:1 000) and 

were incubated overnight at 4⁰C on the roller mixer. After overnight incubation, the 

membranes were washed three times at 5 min intervals with 0.2% (v/v) Tween® PBS 

and then incubated at room temperature for 1 hr with horseradish peroxidase- 

conjugated goat anti-mouse secondary antibody (1:10 000). After the secondary 

antibody incubation, the membranes were washed three times with 0.2% (v/v) Tween® 

PBS at 10 min intervals with gentle agitation on the roller mixer. Thereafter, 

chemiluminescence detection was performed using the ChemiDoc system, following 

the method described above. All immunoblots were quantified by densitometric 

analysis by normalising the β-arrestin 1 and β-arrestin 2 bands to β-tubulin in the same 

lanes, using the Image Lab 6.0 software (Bio-Rad). The experiment was repeated 

three times independently. 
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2.3.  Western blotting to assess phospho-activation of ERK1/2 and Akt 

 

2.3.1. Materials used for Western blotting to assess phospho-activation ERK1/2 and 

Akt 

Table 2.6: List of antibodies used for ERK and Akt signalling assay. 

Name of antibody Catalogue 

number 

Dilution and 

Concentration 

Manufacturer  

P-p44/42 MAPK 

(T202/Y204) rabbit 

Ab 

9101S 1:750 Cell signalling 

Technology, 

Danvers, 

Massachusetts, 

USA. 

p44/42 MAPK 

(ERK1/2) Rabbit Ab 

9102S 1:750 Cell Signalling 

technology, 

Danvers, 

Massachusetts, 

USA. 

p-Akt (S473) Rabbit 

Ab 

9271S 1:750 Cell Signalling, 

Danvers, 

Massachusetts, 

USA. 

Akt Rabbit Ab 9272S 1:750 Cell Signalling 

Technology, 

Danvers, 

Massachusetts, 

USA. 

Monoclonal Anti-β-

tubulin antibody 

produced in mouse 

T5293-2 mL 1:10 000 Sigma-Aldrich, St. 

Louis, Missouri, 

USA. 

Goat Anti-Rabbit 

HRP conjugate 

1705046 1:10 000 Bio-Rad, Hercules, 

California, USA. 
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Goat Anti-Mouse 

HRP conjugate 

1705047 1:10 000 Bio-Rad, Hercules, 

California, USA. 

 

Table 2.7: List of ligands and inhibitors used in this study. 

Name Catalogue 

number 

Stock 

concentration 

Manufacturer 

Kisspeptin-10 (KP-

10): Tyr-Asn-Trp-

Asn-Ser-Phe-Gly-

Leu-Arg-Phe-NH2 

205403 1 mM in 100% 

DMSO 

GL Biochem 

(Shanghai) Ltd, 

Shanghai, China. 

Barbadin 2774 100 mM in 100% 

DMSO 

Axon Medchem, 

Groningen, 

Netherlands. 

 

2.3.2. Methods for assessing activation of phospho-ERK1/2 and phospho-Akt 

signalling pathways 

 

The activation of the ERK1/2 and Akt signalling pathways in response to stimulation 

with KP-10 was assessed in the BT-20 and MDA-MB-231 cells by measurement of 

phosphorylated ERK1/2 and Akt, respectively, via Western blotting. Therefore, BT-20 

and MDA-MB-231 cells were seeded in 12-well cell culture plates at densities of 1.5 

×105/well and 1.2 ×105/well, respectively, in a final volume of 1 mL per well and were 

allowed to attach by incubating overnight in a humidified incubator at 37ºC with 5% 

CO2 and 95% RH 37⁰C in a humidified incubator. The following day the cells were 

starved for at least 4 hr in serum-free media (SFM) before stimulation with 100 nM KP-

10 diluted in SFM for 5, 10, 30, 45, and 60 min. Unstimulated (0 min) and vehicle (0.1 

% (v/v) DMSO in SFM) controls were included. The cells were treated with the vehicle 

control for only 60 min. For measurement of the effects of β-arrestin inhibition assay, 

after the 4 hrs starvation, the BT-20 cells were pre-treated for 30 min with 0.1 µM, 0.5 

µM, 1 µM, 2 µM, and 3 µM of Barbadin (a β-arrestin inhibitor 140), diluted in SFM, and 

then stimulated for 60 min with 100 nM KP-10. After stimulation, the cells were 

solubilized with RIPA lysis buffer, protein concentration of the lysates measured using 
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BCA assay protein quantification kit, following the manufacturer’s protocol and 

samples diluted with 4 × sample loading buffer, following the method described above 

(see Section 2.2.2).  

Prior to sample loading, the 4× loading buffer was mixed to 1× with the protein lysates 

and denatured by boiling at 95⁰C for 5 min. Equal amounts (10 µg for BT-20 ERK1/2 

assay or 15 µg for MDA-MB-231 ERK1/2 assay and BT-20 and MDA-MB-231 Akt 

assay) of the lysates were separated by electrophoresis, and  using the Novex™ 10 

well or 15 well gradient SDS-PAGE gels and transferred onto PVDF membranes, 

following the method described above (see Section 2.2.2). After transfer, the 

membranes were transferred to 50 ml falcon tubes containing 5% (w/v) blocking 

solution 2, in order to block for non-specific binding. Thereafter, the membranes were 

washed three times at 5 min intervals using 0.2% (v/v) Tween® PBS on a roller mixer. 

Phosphorylated ERK1/2 and phosphorylated Akt were detected by immunoblotting 

with the following primary antibodies, rabbit polyclonal anti-phospho-p44/42 MAPK 

(1:750), or rabbit polyclonal anti-phospho-Akt (1:750) primary antibodies, respectively. 

The primary antibody incubation was performed overnight at 4⁰C. After the primary 

antibody incubation, the membranes were washed three times with 0.2% (v/v) Tween® 

PBS at 5 min interval on a roller mixer. Subsequently, the membranes were incubated 

with the horseradish conjugated secondary antibody, goat Anti-Rabbit HRP conjugate 

(1:10 000), for 1 hr at room temperature. Followed by three washes at 10 min interval. 

The bands were detected by chemiluminescence following the chemiluminescence 

protocol as described above (see Section 2.2.2).  

After acquiring the images for the phosphorylated proteins, the membranes were 

stripped (as described above, Section 2.2.2) and re-probed with total ERK1/2 or total-

Akt antibodies, respectively, and incubated overnight at 4⁰C. After overnight incubation 

at 4⁰C, the membranes were washed, three times at 5 min interval and incubated at 

room temperature for 1 hr with secondary antibody (horseradish peroxidase 

conjugated goat anti-rabbit) (1:10 000). After the secondary antibody incubation, the 

membranes were washed again, and bands detected by chemiluminescence as 

described above (see Section 2.2.2). β-tubulin was used as an internal control. 

Therefore, after acquiring the images for total ERK1/2 and total-Akt, the membranes 

were once again stripped and were re-probed with for 10 min using 0.2% Tween® 
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(v/v) PBS containing 0.02% sodium azide. Thereafter, the membranes were re-probed 

with β-tubulin antibody using the method described above (see Section 2.2.2).  

All immunoblots were quantified by densitometry using the Image Lab 6.0 software 

(Bio-Rad). The phosphorylated ERK1/2, phosphorylated Akt, and total-ERK1/2 and 

total Akt bands were normalised to β-tubulin in the same lanes. Each KP-10 treatment 

or different concentrations of bardadin or barbadin + KP-10 were then divided by their 

respective normalised total ERK1/2 or total Akt signals and then finally divided by the 

DMSO vehicle control, in order to plot a graph of relative ERK1/2 and Akt 

phosphorylation over time or relative ERK1/2 over the different concentrations of 

Barbadin. The experiment was repeated at least three times independently.  

 

2.4. Calcium mobilization assay using Fluo-3 am 

 

2.4.1. Materials used for calcium signalling assay 

 

Table 2.8: Materials used for calcium signalling that available commercially. 

Name Catalogue number Manufacturer 

Fluo-3-AM, 1 mM stock 

dissolved in 100% DMSO, 

diluted to 2.5 uM in HBSS-

BSA-probenecid buffer + 

Pluronic® F-127 

F1241 Thermo Fisher Scientific, 

Waltham, Massachusetts, 

USA. 

8-well µ-slide ibidi plate 80826 Ibidi, Grafelfing, Germany. 

Ionomycin, Calcium salt, 5 

mM stock dissolved in 

100% DMSO, diluted to 1 

µM in HBSS-BSA-

probenecid buffer 

124222 Thermo Fisher Scientific, 

Waltham, Massachusetts, 

USA. 

Kisspeptin-10 (KP-10), 1 

mM stock dissolved in 

100% DMSO, then diluted 

205403 GL Biochem (Shanghai) 

Ltd, Shanghai, China. 
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to 100 nM in HBSS-BSA-

probenecid 

Albumin, Bovine (BSA) 0332-500G VWR chemicals, Radnor, 

Pennsylvania, USA.  

Pluronic® F-127 P2443-250G Sigma-Aldrich, St. Louis, 

Missouri, USA. 

Probenecid P8761-25G Sigma-Aldrich, St. Louis, 

Missouri, USA. 

 

 

Table 2.9: List of materials used for calcium signalling assay that were prepared in 

house. 

Name Composition 

10 × Hank’s balanced salt 

solution (HBSS) 

• 5.4 mM Potassium chloride (KCl)  

• 0.5 mM Magnesium chloride hexahydrate 

(MgCl2-6H2O)  

• 0.4 mM magnesium sulphate heptahydrate 

(MgSO4-7H2O)  

• 0.4 mM potassium dihydrogen phosphate 

(KH2PO4) 

• 0.34 mM disodium hydrogen phosphate 

heptahydrate (Na2HPO4-7H2O) in 1000 ml of 

distilled water added and stored at 4⁰C.  

 

1 × HBSS For 1000 ml final volume, 100 ml of 10× HBSS was 

mixed with 800 ml of distilled water. Then 1.3 mM of 

anhydrous CaCl2, 5.5 mM of d-glucose and 4.2 mM of 

NaHCO3  was added. And the volume was brought to 

1000 mL with distilled water, pH 7.4 and it was stored 

at 4⁰C.  

 

1 M probenecid (an 

organic anion transporter 

inhibitor, to avoid leakage) 

Dissolved 7.135 g of probenecid powder in 25 ml of 1 

M NaOH and heated for about 30 min on a magnetic 

stirrer. Stored at -20⁰C 
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20% Pluronic F127 Dissolved 2 g of Pluronic F-127 in 10 ml of 100% 

DMSO and solubilised by heating at 40⁰C for 20 min. 

Stored at room temperature 

HBSS-BSA-probenecid 45 mL of 1× HBSS + 1 mg/ml mg (w/v) of BSA + 2.5 

mM Probenecid. The buffer was stored at 4°C and 

taken out of the pre-warmed to room-temperature 

before being used. 

0.9 M CaCl2 10 g of CaCl2 in 100 ml of distilled water. 

N/B: All the reagents used to make the buffers were purchased from Sigma-Aldrich. 

 

2.4.2. Method for calcium signalling assay 

 

The release of calcium into the cytosol, in response to KP-10 stimulation, was 

assessed in the BT-20 and MDA-MB-231 cells. Intracellular calcium mobilization was 

measured using Fluo-3-AM calcium indicator dye from Invitrogen, following the 

protocol described here. The BT-20 and MDA-MB-231 cells were seeded in 200 µl of 

complete culture media at a density of 6 × 104 cells/well and 5 × 104 cells/well, 

respectively, in an 8-well microslide ibidi plate with glass bottom and were incubated 

overnight in a humidified incubator at 37⁰C with 5% CO2 and 95% RH. The following 

day, when the cells had attached to the plate, 180 µl of the old media was removed 

and replaced with 180 µl of the dye loading solution. The cells were then incubated for 

30 min in the dark at 37⁰C in a humidified incubator with 5% CO2 and 95% RH. 

Thereafter, the dye loading solution was removed, and the wells were washed three 

times with 180 µl of the HBSS-BSA-probenecid buffer. After the washing, the cells 

were incubated for another 30 min with HBSS-BSA-probenecid at 37⁰C in a humidified 

incubator with 5% CO2 and 95% RH. Calcium measurement was then detected using 

a laser scanning confocal microscope using the Fluo-3 channel, with an excitation 

wavelength of 506 nm and emission at 527 nm. The cells were viewed at a 20× 

objective with a numerical aperture of 0.5. The confocal scanning system was set at a 

fast-scanning mode and the image was created from 512 × 512 pixels every 1.5 sec 

with 401 frames. The size of the pinhole was set at 2.27 AU. The experiment was 

performed at 37⁰C using the microscope’s heated chamber. The microscope was 

switched on at least 30 min before the imaging in order to get the incubator warm. 
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Thereafter, the plate was put in the slide chamber of the microscope and the lid was 

removed and videos of the cells prior to the addition of KP-10 were taken in order to 

make a baseline fluorescence measurement. After about 20 secs, 100 nM KP-10 was 

added, followed by 1 µM ionomycin + with 0.9 M CaCl2 (positive control) after at least 

300 secs. The fluorescence was quantified using the Bio-format plugin in ImageJ 

software. The analysis steps were as follows; Bio-format importer > select file > 

analyse > set measurement > select mean grey value only > analyse > tools > ROI 

manager > add > select background (sections with no cells) > 20 cells per frame were 

selected for analysis using the oval shape (the video was fast tracked to the time were 

Ionomycin was added since that was when the cells were more visible) > multi 

measure > measure all slices and save Excel sheet generated. Three background or 

blank controls (which where regions with no cells) were also included in the analysis. 

The average of these background controls was then subtracted from the signals and 

raw data for each cell at the different time points was blank corrected by subtracting 

each value at each time point by the average of the three background/blank controls. 

Data was then calculated as a percentage maximal response by subtraction of the 

average baseline signals and calculating. These blank corrected values were 

subtracted from the average of the baseline values and then converted to percentage 

by dividing each value by the signals as a percentage of the highest signal obtained 

in response to Ionomycin value and multiplying by 100. The experiment was repeated 

three times independently. The graphs were in Microsoft Excel. The maximum 

amplitude of calcium released was calculated by taking the average of the maximum 

amount of calcium released after the addition of KP-10, for the 20 cells that were 

selected per cell line. The time of maximum amplitude was calculated by taking the 

average of the time in which the maximum amplitude was attained for the 20 cells in 

each independent experiment per cell line.  
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2.5. Migration assay using the ORIS™ migration assay kit 

 

2.5.1. Materials for migration assay 

 

Table 2.10: List of materials used for migration assay. 

Name Catalogue number Supplier 

96-well optical btm plt 

polymerbase black w/Lid cell 

culture sterile 

165305 Thermo Fisher Scientific, 

Waltham, Massachusetts, 

USA  

Oris migration assay kit 

consisting of Oris™ cell 

seeding stoppers, Oris™ 

stopper removal tool, Oris™ 

detection mask 

CMAU101 Platypus Technologies, 

Fitchburg, Wisconsin, 

USA. 

Dil (DiIC16(1,1’-Dihexadecyl-

3,3,3’,3’-

Tetramethylindocarbocyanine 

Perchlorate)) 

D384 Thermo Fisher Scientific, 

Waltham, Massachusetts, 

USA 

Minimum Essential Media 

(MEM), no glutamine, no 

phenol red 

51200038  Thermo Fisher Scientific, 

Waltham, Massachusetts, 

USA 

1.5 ml VWR microcentrifuge 

tubes 

10025-724 VWR International, 

Radnor, Pennsylvania, 

USA 

Centrifuge 5702 5702FG240241 Eppendorf, Hamburg, 

Germany 

BMG LABTECH microplate 

reader and BMG LABTECH 

MARS data analysis software 

version 3.20 R2 

415-2443 BMG LABTECH, Ortberg, 

Germany 

BAPTA-AM (1,2-bis-(o-

aminophenoxy)-ethane-

A1076 Sigma-Aldrich, St. Louis, 

Missouri, USA. 
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N,N,N’,N’-tetra-acetic acid, 

tetra-acetoxymethyl ester), 

dissolved to 100 mM in 100% 

DMSO 

 

2.5.2. Method for migration assay 

 

In a previous study in our lab through scratch assay it was shown that KP-10 induced 

migration in the MDA-MB-231 cells but not the BT-20 cells, under serum free culture 

conditions. Therefore, in this study the result of the scratch assay was confirmed using 

a more sensitive migration assay. The effect of KP-10 on cell migration was assessed 

in the MDA-MB-231 cell line using the Oris™ Cell Migration Assay. This migration 

assay uses fluorescence to quantify cell migration. In summary, fluorescently labelled 

cells are seeded in a the 96-well optical bottom, black-walled microplate in the 

presence of silicone stoppers, which serve as barriers that create cell free zones that 

are each about 2 mm in diameter, in the centre of the plate. These cells are then 

allowed to attach and spread around the stoppers. Thereafter, the stoppers are 

removed thereby creating a cell-free centre surrounded by a monolayer of cells. Using 

a luminometer the centre is measured and the increase in fluorescence is used to 

quantify cell migration. 

MDA-MB-231 cell suspensions (achieved following resuspension of cell pellets during 

cell passaging, see Section 2.1.2) were diluted to 4 ×104 cells/well in phenol red-free 

media and the cells were stained by mixing in a final concentration of 2.5 µM of dil with 

1 ml of the cells in suspension, in a 1.5 ml microcentrifuge tube and inversion. The 

cells mixed with diI by inverting gently at least four times, Thereafter, they were 

incubated in a humidified incubator at 37⁰C for 30 min, so that the dye could be 

incorporated in their plasma membrane.  After the 30 min incubation, the cells were 

centrifuged at 1 000 ×g for 3 min. The supernatant was removed by aspirating and the 

pellet was resuspended in complete DMEM media. Thereafter, 4 ×104 cells were 

seeded per well (100 µl per well) in a 96-well clear bottom, black-walled plate with and 

without the Oris™ stoppers and were incubated overnight in a humidified incubator at 

37ºC with 5% CO2 and 95% RH, to allow cell attachment. The wells without stoppers 

served as a positive control. The following day, the stoppers were removed using the 
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Oris™ stopper removal tool and the complete media in each well was aspirated and 

replaced with either untreated 0.1% phenol-red-free MEM media and either untreated 

(media-only control) or treated with 100 nM KP-10 or 0.1% DMSO in 0.1% phenol red-

free MEM media. In a subsequent experiment, the cells were treated under serum-

free conditions and either untreated (phenol red-free serum-free MEM media only) or 

treated with 100 nM KP-10, 10 µM BAPTA-AM, 100 nM KP-10 + 10 µM BAPTA-AM 

or vehicle (0.1% DMSO) in phenol red- free serum-free MEM media (treated). 

Thereafter, a detection mask was inserted into the bottom of the plates, and the plates 

were transferred to a fluorometer with incubator chamber which was set at 37⁰C with 

5% CO2. Blanks were included, which were wells with the phenol red-free serum-free 

media MEM without cells. Cell migration was measured in real-time using the BMG 

LABTECH microplate reader.  Fluorescence was measured with excitation at 544 nm 

and emission at 590 nm and readings were taken at 20 min intervals for 18 hrs using 

the bottom optics. The gain was adjusted using the positive control.  After the assay, 

the data were analysed using the BMG LABTECH MARS data analysis software. The 

raw data were first corrected to subtract the blank readings. Graphs were then 

smoothed using the moving average function of the software and the software made 

a calculation of the slope of linear regression. The experiment was performed three 

times independently, each with four to eight technical repeats of each data point.   

 

2.6. Cell viability assay using resazurin 

 

2.6.1. Materials used for cell viability assay 

 

Table 2.11: List of materials used for cell viability assay that are commercially 

available. 

Name Catalogue number Supplier 

Resazurin sodium powder, 

dissolved in DPBS to a final 

concentration of 0.6 mM in 

order to make a stock 

62758138 Sigma-Aldrich, Missouri, 

St. Louis, USA. 
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solution. The stock solution 

was then filter sterilized 

using a 5 ml syringe and 0.4 

µm pore membrane filter. 

96-well cell culture plate F-

bottom with lid  

655180 Greiner Bio-one, 

Kremsmunster, Austria. 

Minimum Essential Media 

(MEM), no glutamine, no 

phenol red 

51200038 Thermo Fisher Scientific, 

Waltham, Massachusetts, 

USA 

DPBS (1 ×) 14040091 Thermo Fisher Scientific, 

Waltham, Massachusetts, 

USA 

MF-Millipore™ Membrane 

Filter, 0.45 µm pore size 

HAWP04700 Merck kGaA, Darmstadt, 

Germany. 

10 ml syringe  Avacare Health, Kempton 

Park, South Africa. 

BMG LABTECH microplate 

reader and BMG LABTECH 

MARS data analysis 

software version 3.30 R2 

415-2443 BMG LABTECH, Ortberg, 

Germany 

 

 

2.6.2. Methods for cell viability assay 

 

The effect of KP-10 on cell viability was assessed using a resazurin assay. This assay 

measures the viability of cells by determining the amount of the non-fluorescent blue 

resazurin dye that is reduced to a pink, fluorescent resorufin through cellular 

metabolism. The BT-20 and MDA-MB-231 cells were seeded in a 96-well tissue 

culture plates at densities of 1.5 × 104 cells/well and 3 ×103 cells/well, respectively, and 

were incubated overnight in a humidified incubator with 5% CO2 and 95% RH at 37⁰C, 

to allow for cell attachment. The next day, the complete media was aspirated, and the 

cells were either untreated (serum-free media only) or treated with 100 nM KP-10 or 
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vehicle (0.1% DMSO), in serum-free media, and incubated for 24, 48, 72, 96 or 120 

hrs. The untreated condition contained only media in order to assess how the cells 

grow normally compared to when treated with KP-10, while the vehicle control was 

included to ensure that the DMSO, which was used to dissolve the KP-10 has no effect 

on cell proliferation. The media was changed every 24 hrs and each treatment was 

performed in quadruplicate.  At the end of each time point, the phenol-red containing 

media was replaced with 100 µl of phenol red-free MEM media containing 20 µl of 

resazurin dye (final concentration of 0.15 mg/ml) and the cells were incubated in the 

dark at 37⁰C for 4 hr. Blank controls, which contained only the phenol-red free media 

and resazurin dye (no cells) were included. Thereafter, the optical density of each well 

was measured at a wavelength of 590 nm with a BMG LABTECH microplate reader 

to measure cell viability indirectly. The data were analysed using BMG LABTECH 

MARS data analysis software. The raw data were corrected by subtraction of blank 

values and the average of the blank corrected values at each timepoint were used to 

plot a graph of time versus relative fluorescence unit. The standard error of the mean 

was calculated by dividing the standard deviation by the square root of the sample 

size. The experiment was repeated three times independently. The values obtained 

after blank subtraction were used to create an average and the values were used to 

plot a graph of time versus fluorescence intensity in Microsoft Excel.  

 

2.7. Statistical analysis 
 

All statistical analyses were performed using Microsoft. A paired Student’s T-test was 

used compare the means between two groups. One-Way ANOVA followed by 

Dunnett’s posthoc test was used to compare the means of three or more groups. 

Significance was defined as a value of p ≤ 0.05. 
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Chapter 3 RESULTS 
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3.1. ERK1/2 is differentially activated in the BT-20 and MDA-MB-231 cell lines 

 

The ERK1/2 signalling pathway is an intracellular signalling pathway that is a member 

of the MAPK family, which transmit extracellular signals from cell surface receptors 

such as RTKs and GPCRs, to intracellular targets such as transcription factors for 

genes that are involved in cell survival and proliferation (see Section 1.6.1). Activation 

of ERK1/2 by mitogens or GPCR ligands results in a biphasic ERK1/2 response, with 

a strong response, which peaks after 5 to 10 min, which yields a nuclear accumulation 

of ERK1/2, followed by a second response, which is lower but sustained and lasts for 

up to 2 hrs, and yields a cytoplasmic accumulation of ERK1/2.93  

Preliminary RT-qPCR data (Appendix 6.1) suggested that the TNBC cell lines, BT-20 

and MDA-MB-231 express endogenous KISS1R at mRNA level. However, previous 

study using Western blot analysis with different antibodies targeting KISS1R failed to 

conclusively demonstrate the presence of KISS1R in these cell lines. Therefore, to 

confirm that KISS1R is indeed present in these cell lines, cellular response to 

stimulation with Kisspeptin was examined. It was hypothesized that both cell lines 

would respond to KP-10 exposure by activating ERK1/2 since the KISS1R mRNA was 

present. To test this both cell lines were treated with 100 nM KP-10 for different times 

and ERK1/2 phosphorylation (as a downstream response to KISS1R activation) was 

quantified using Western blotting. The concentration of KP-10 (100 nM) was selected 

since it has been shown to lead to ERK1/2 activation by KISS1R in previous 

studies.113,141 To assess the temporal profile of ERK1/2 pathway activation, both cell 

lines were stimulated with 100 nM KP-10 for 5, 10, 30, 45 or 60 min or with the vehicle 

control (0.1% DMSO; VC) and unstimulated control, 0 min (Figure 3.1). The cells were 

treated with the VC for only 60 min because previous data (see Appendix 6.2) showed 

that there was minimal ERK1/2 activation at 60 min. 
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Figure 3.1: KP-10 stimulates ERK1/2 phosphorylation in BT-20 but not in MDA-MB-231 cells. 

BT-20 and MDA-MB-231 cells were serum starved for 4 hrs and then treated with 100 nM KP-10 for 5, 

10, 30, 45, and 60 min. Unstimulated (0 min) and vehicle treated controls, VC (0.1% DMSO) were 

included. Thereafter, the cells were lysed with RIPA lysis buffer and ERK1/2 phosphorylation was 

assessed via Western blotting, using phospho-p44/42 MAPK and p44/42 MAPK antibodies. 

Representative Western blot images showing ERK1/2 phosphorylation (Top panel) and total ERK1/2 

expression (Bottom panel) in (A) BT-20 or and (B) MDA-MB-231 cells. Images are representative of 

three independent experiments (see Appendix 6.3 for individual blots from the other biological repeats 

and 6.7A and 6.7D Tubulin blots). The numbers on the left-hand side of the blot represent the molecular 

weights (kilodalton; kDa) of the BLUelf prestained protein ladder (Genedirex).  (C) Densitometric 

analysis of relative ERK1/2 phosphorylation is depicted after treatment with 100 nM KP-10 for 0 

(unstimulated control), VC (0.1% DMSO), 5, 10, 30, 45 and 60 min in (C) (dark grey) BT-20 and (D) 

(light grey) MDA-MB-231 cells. The graphs represent the mean ± SEM of three independent 

experiments. A One-Way ANOVA, followed by Dunnett’s posthoc test was used to determine significant 

differences in ERK1/2 phosphorylation between each time point and the vehicle control (VC), **p < 0.01. 

RIPA; radioimmunoprecipitation assay, MAPK; mitogen activated protein kinase, ERK1/2; extracellular 

signal regulated kinase. 
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These results show that ERK1/2 was phosphorylated in the BT-20 cells with a 

significant four-fold increase only after 60 min exposure (Figure 3.1C, dark grey bars). 

Although, no change in ERK1/2 phosphorylation was measured at the other time 

points. In contrast, MDA-MB-231 cells displayed no significant ERK1/2 

phosphorylation at any timepoint measured in the assay (Figure 3.1C, light grey bars).   

Therefore, these data suggest that KP-10 mediates the activation of the ERK1/2 

signalling pathway in the BT-20 cells, but not in the MDA-MB-231 cells. This suggests 

that BT-20 cells do express KISS1R protein while MDA-MB-231 cells may not express 

protein or the KISS1R protein in these cells does not activate a pathway leading to 

ERK1/2 phosphorylation. This data also suggests that in the BT-20 cells stimulated 

with KP-10, ERK1/2 could be activated in a β-arrestin-dependent manner and not in a 

G protein-dependent manner, since the robust increase in ERK1/2 phosphorylation 

only occurred after 60 min of stimulation.142   

  

3.2 BT-20 cells activate ERK1/2 in a β-arrestin-dependent manner. 

 

The phosphorylation of ERK1/2 in response to KP-10 stimulation on BT-20 cells, only 

at 60 min suggests that, in these cells, ERK1/2 could be activated in a β-arrestin- 

dependent manner and not in a G protein-dependent manner. Activation of the ERK1/2 

signalling pathway by GPCRs can be activated through both G protein-dependent and 

β-arrestin-dependent pathways. The G protein-dependent ERK1/2 signalling pathway 

is usually transient and short-lived, lasting for 5-10 min, while the G protein-

independent (β-arrestin-mediated) pathway is long-lasting, sustained and persists for 

more than 1 hr.142 

As discussed earlier (Section 1.5), following activation by their ligands, GPCRs get 

phosphorylated by GRKs and these phosphorylated GPCRs attract β-arrestin1/2, 

which bind to the phosphorylated GPCRs and target them for internalization, following 

which they are either degraded or recycled back to the plasma membrane. In addition 

to inducing receptor desensitization and internalization, β-arrestin1/2 have also been 

shown to act as scaffold proteins for intracellular signalling pathways such as the 

ERK1/2 signalling pathway, and this induces a G protein-independent ERK1/2 

activation.143  
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The previous data showed that the ERK1/2 response in the BT-20 cells occurred at 

60 min. Thus, it was hypothesised that the ERK1/2 phosphorylation in response to KP-

10 after 60 min in the BT-20 cells is β-arrestin-dependent. The expression of β-

arrestin1 and 2 protein was assessed in the BT-20 and MDA-MB-231 cells through 

Western blotting (Figure 3.2A).  

 

Figure 3.2: β-arrestin1 and 2 are differentially expressed in the BT-20 and MDA-MB-231 cells: 

BT-20 and MDA-MB-231 cells were lysed with RIPA lysis buffer and β-arrestin1 and 2 expression was 

analysed through Western blotting. (A) Western blot image showing three biological repeats of the 
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expression of endogenous β-arrestin1 (Top panel, left blot) and β-arrestin2 (Top panel, right blot), and 

β-Tubulin (bottom panel) in BT-20 and MDA-MB-231. The numbers on the left-hand side of the blot 

represent the molecular weights (kilodalton; kDa) of the BLUelf prestained protein ladder (Genedirex).  

Densitometric analysis showing the expression of (B) β-arrestin1 and (C) β-arrestin2 normalised to β-

tubulin, in the BT-20 and MDA-MB-231 cells. A Paired Student’s t-test was performed comparing β-

arrestin expression between the two cell lines, ***p ≤ 0.001, n=3.  

These analyses revealed that β-arrestin1 and 2 are differentially expressed in the BT-

20 and MDA-MB-231 cells (Figure 3.2B and C). While BT-20 cells expressed 

significantly higher levels of β-arrestin1 (Figure 3.2B), MDA-MB-231 cells expressed 

higher levels of β-arrestin 2 (Figure 3.2C). It has to be noted that the blots appear to 

show that overall, there is a higher expression level of β-arrestin1 than β-arrestin2, but 

this could also be due to differences in the efficiency with which the antibody 

recognised the protein.  Therefore, the differential expression levels of β-arrestin1/2 in 

the different cell lines could be correlated to the differences in ERK1/2 

phosphorylation, since the BT-20 cells, which had an ERK1/2 response at 60 min 

express β-arrestin1, while the MDA-MB-231 cells, which did not have an ERK1/2 

response express β-arrestin2. 

Since these data showed that the BT-20 cells express endogenous β-arrestin1 at high 

levels, it was hypothesised that ERK1/2 phosphorylation in BT-20 following KP-10 

exposure may be β-arrestin-dependent. Therefore, the ability of KP-10 to induce 

ERK1/2 phosphorylation β-arrestin-dependent manner was assessed using a β-

arrestin inhibitor called barbadin.    

To test this, the effect of the β-arrestin inhibitor, barbadin, on ERK1/2 phosphorylation 

was assessed in the BT-20 cells. Barbadin inhibits β-arrestin-dependent ERK1/2 

phosphorylation by preventing GPCR endocytosis.140 The BT-20 cells were pre-

treated with different concentrations of barbadin for 30 min before being stimulated 

with 100 nM KP-10 for 60 min. Unstimulated (0 min), vehicle (0.1% DMSO) and 

barbadin-only treated cells were included as controls. Subsequently, ERK1/2 

phosphorylation was assessed through Western blotting (Figure 3.3). 
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Figure 3.3: KP-10 stimulates ERK1/2 phosphorylation in a β-arrestin-dependent manner in the BT-20 

cells. 

BT-20 cells were serum starved for 4 h and pre-treated for 30 min with the indicated concentration of 

barbadin before being stimulated with 100 nM KP-10 for 60 min. Cell lysates were analysed for ERK1/2 

phosphorylation by Western blotting with protein loading assessed by Tubulin expression. (A) Western 

blot image showing the expression of phosphorylated ERK1/2 (top panel) and total ERK1/2 (bottom 

panel) in BT-20 cells that were pre-treated with Barbadin and stimulated with KP-10 as indicated in the 

table. Images are representative of four independent experiments (see Appendix 6.4 for individual blots 

from the other biological repeats and Appendix 6.9A for Tubulin blot). The numbers on the left-hand 

side of the blot represent the molecular weights (kilodalton; kDa) of the BLUelf prestained protein ladder 

(Genedirex). (B) Densitometric analysis of four independent repeats of relative ERK1/2 phosphorylation 

after treatment depicted as fold difference over vehicle control (VC). Data are presented as mean 

average as error bar is depicted with a ± SEM, with *** indicating a significant difference p<0.001. One-

Way ANOVA followed by Dunnett’s posthoc test was used to compare the vehicle treated cells and the 

cells treated with KP-10 only or Barbadin + KP-10. VC, vehicle control (0.1% DMSO). 

The results show that KP-10 stimulation increased ERK1/2 phosphorylation 

significantly by about 5-fold. The control cells which were pre-treated with barbadin 

alone did not significantly alter ERK1/2 phosphorylation. Interestingly, barbadin-

treated cells stimulated with KP-10 did not present any significant increase in ERK1/2 
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phosphorylation. Therefore, in conclusion KP-10 activated ERK1/2 in BT-20 cells is 

dependent on β-arrestin. 

 

3.3. KP-10 activates the Akt signalling pathway in BT-20 and MDA-MB-231 cells  

The Akt/PKB signalling pathway has been shown to be activated in response to 

Kisspeptin signalling.144 KISS1R activation can direct PI3K activity to phosphorylate 

PIP2 to produce PIP3 which in turn attracts inactive Akt in the cytosol to the plasma 

membrane via the PH domain of Akt. Akt signalling has been shown to play a vital role 

in regulating cellular processes such as cell proliferation, migration, survival and 

invasion (see Section 1.6.2.). Since a cell line-specific ERK1/2 response was observed 

after KP-10 stimulation, the presence of other signalling pathways downstream of 

KISS1R that may also be differentially regulated was sought. However, it was 

hypothesised that both cell lines would activate Akt signalling since it is a signalling 

pathway that is required for cell survival. 

To assess Akt signalling, BT-20 and MDA-MB-231 cells were stimulated with 100 nM 

KP-10 for 5, 10, 30, 45 and 60 min. Unstimulated (0 min) and vehicle controls, VC 

(0.1% DMSO) were included. After stimulation, Akt signalling was assessed through 

Western blotting (Figure 3.4).  
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Figure 3.4: KP-10 stimulation activates Akt phosphorylation in BT-20 and MDA-MB-231 cells. 

BT-20 and MDA-MB-231 cells were serum starved for 4 hrs before being treated with 100 nM KP-10 

for 5, 10, 30, 45, or 60 min. Unstimulated (0 min) and vehicle (VC, 0.1% DMSO) controls were included. 

Cells were lysed with RIPA lysis buffer and Akt signalling was assessed through Western blotting using 

the phospho-Akt and Akt antibodies. Representative Western blot images showing Akt phosphorylation 

(Top panel) and total Akt expression (Bottom panel) in (A) BT-20 and (B) MDA-MB-231 cells.  Images 

are representative of three independent experiments (see Appendix 6.5 for individual blots from the 

other biological repeats and Appendix 6.8A and 6.8C for Tubulin blots). The numbers on the left-hand 

side of the blot represent the molecular weights (kilodalton; kDa) of the BLUelf prestained protein ladder 

(Genedirex).  (C) Composite graphs of three independent repeats showing average relative Akt 

phosphorylation in BT-20 and MDA-MB-231 cells. Data are presented as mean ± SEM, with ** indicating 

a significant difference p<0.01 and * indicating a significant difference p<0.05. A One-Way ANOVA 

followed by Dunnett’s posthoc test was performed to compare the 100 nM KP-10 treatment at different 

timepoints to the vehicle control (VC), DMSO, dimethyl sulfoxide. 

 

These results showed that, in the BT-20 cells, Akt phosphorylation was biphasic as 

there were statistically significant three-fold, three-fold and two-fold increases in Akt 

phosphorylation at 10, 45, and 60 min, respectively. In contrast, MDA-MB-231 cells 
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stimulated with KP-10 only induced a two-fold increase in Akt phosphorylation at 10 

min.  

Therefore, these data shows that KP-10 stimulates Akt signalling in both the BT-20 

and MDA-MB-231 cells. This suggests that both cell lines express KISS1R protein and 

the KISS1R protein in these cells activate a pathway leading to Akt phosphorylation.  

 

3.4. KP-10 stimulation results in calcium mobilisation in BT-20 and MDA-MB-231 cells 

 

When Kisspeptin binds to its cognate receptor, KISS1R, it can couple through the 

Gαq/11 pathway thereby activating PLC, which hydrolyses PIP2 to IP3 and DAG. IP3 

binds to the IP3R on the endoplasmic reticulum resulting in calcium release into the 

cytosol (see Section 1.6.3). Since Akt and ERK1/2 signalling pathways were observed 

to be phosphorylated after KP-10 stimulation either in both or one of the cell lines, it 

was postulated a Gαq/11 pathway activation might also occur, resulting in calcium 

mobilisation after KP-10 stimulation. The hypothesis was that stimulation of BT-20 and 

MDA-MB-231 cells with KP-10 will lead to intracellular calcium release. Therefore, 

intracellular calcium levels were assessed in both breast cancer cell lines using the 

calcium indicator dye, Fluo-3 AM, via confocal microscopy (Figure 3.5). 
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Figure 3.5: KP-10 induces calcium mobilisation in BT-20 and MDA-MB-231 cells. 

BT-20 and MDA-MB-231 cells were incubated with 2 µM Fluo-3 AM for 30 min.  Cells were then 

analysed for calcium release by confocal imaging at 200× magnification using a 20× objective and 506 

nm excitation and 527 nm emission. Images were taken every 1.5 sec with at least 20 sec imaging to 

acquire a baseline before stimulation with 100 nM KP-10. Cells were stimulated with 100 nM KP-10 and 

imaged for a further 350 sec. To determine maximum fluorescence, cells were exposed to 1 µM 

ionomycin + 0.9 µM CaCl2. Fluorescence images of BT-20 (A) and MDA-MB-231 (B) before stimulation 

(left panel) and after stimulation with 100 nM KP-10 (right panel). Line traces of individual cells within a 

representative experiment showing percentage intracellular calcium mobilisation over time of twenty 

cells of the BT-20 (C) and MDA-MB-231 (D) cell lines before and after stimulation with KP-10 and after 

ionomycin + CaCl2 treatment. Graphs are representative of three independent experiments (see 

Appendix 6.6 for individual graphs from the other biological repeats) (E) Mean ± SEM from three 

independent experiments showing the KP-10 response as a percentage of the maximum amplitude 

(ionomycin + CaCl2) response in the BT-20 and MDA-MB-231 cells from three independent 

experiments. A paired student’s t-test was performed to compare the maximum KP-10 response 

amplitude in the BT-20 and MDA-MB-231 cells, p > 0.05 (no significant difference). (F) Mean ± SEM 

from three independent experiments showing the time of maximum KP-10 response amplitude in the 

BT-20 and MDA-MB-231 cells. A paired Student’s t-test was performed to compare the time to 

maximum KP-10 response between the two cell lines, p > 0.05 (no significant difference).  

 

Interestingly, calcium mobilisation occurred after KP-10 stimulation in both cell lines to 

a similar extent, with ~25% (in BT-20) and ~45% (in MDA-MB-231) (Figure 3.5E) of 

the total fluorophore loaded being bound. Mobilisation occurred rapidly, with similar 

time to maximum amplitude after KP-10 exposure reached after ~61 secs in (BT-20) 

and ~45 secs in (MDA-MB-231) (Figure 3.5F). 

Therefore, these data shows that KP-10 stimulates calcium mobilisation in BT-20 and 

MDA-MB-231 cells.  

Thus, the data presented thus far, shows that stimulation with KP-10 in BT-20 cells 

activates the ERK1/2, Akt, and calcium signalling pathways. Whereas in the MDA-MB-

231 cells, KP-10 stimulates Akt and calcium signalling. It does suggest that both cell 

lines do express KISS1R protein but there are cell context-dependent differences 

mediating differential KP-10 responses.  
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3.5 KP-10 stimulates migration in the MDA-MB-231 cells in a calcium-dependent 

manner  

 

Cell migration is one of the prerequisites for metastasis to occur.145 Kisspeptin was 

originally identified as an inhibitor of metastasis.132 Since it was observed that there 

was KP-10-dependent signalling in both cell lines the effect of the activation of these 

signalling pathways on cell migration was assessed. However, previously performed 

experiments showed that BT-20 cells are not migratory even with stimulation by KP-

10 or other strong migration inducers. Thus, the effect of KP-10 on migration was only 

assessed in MDA-MB-231 cells. MDA-MB-231 migration was analysed using the 

Oris™ migration assay, which creates cell-free zones in 96-well plates. Following 

stimulation, the coverage of these zones can be monitored. Migration was measured 

under low-serum (0.1% FBS-containing media) conditions, since previous data 

showed that normal serum conditions (10% FBS-containing media) induced rapid 

migration which would overrule any effects of KP-10 (Figure 3.6). 

 

 

Figure 3.6: KP-10 exposure has no effect on the migration of MDA-MB-231 cells under low-serum 

culture conditions. 

MDA-MB-231 cells were stained with 2.5 uM DiI and seeded in a 96-well black walled clear bottom plate 

and allowed to attach by incubation overnight. The following day, complete media was replaced with 

0.1% serum media and exposed to 100 nM KP-10 or vehicle control (0.1% DMSO). Migration was 

measured in real- time over 18 hrs in a BMG Labtech Omega with 37⁰C and 5% CO2. Three independent 

repeats were performed, each with at least four technical repeats per treatment condition. The graph 

depicts the average slope of the linear regression from each curve, mean +/- SEM. A paired student’s 
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t-test was performed to compare the VC to the KP-10 treated cells.  p > 0.05. VC; vehicle control, 

DMSO; dimethyl sulfoxide, relative migration was measured as a slope of linear regression. 

The migration data shows that KP-10 exposure in the presence of low serum had no 

significant effect in the migration rate of MDA-MB-231 cells. Therefore, the experiment 

was repeated under serum free conditions. 

Since KP-10 exposure led to calcium mobilisation in MDA-MB-231 cells (Figure 3.5D), 

it was hypothesized that the effect of KP-10 on cell migration may be dependent on 

calcium mobilisation. To determine if this is the case, cells were pre-treated with the 

calcium-chelating compound BAPTA-AM, before migration rates were assessed in 

response to KP-10 stimulation. Cells were loaded with dil dye, serum-starved and 

treated with 100 nM KP-10, 10 µM BAPTA-AM, or 10 µM BAPTA-AM + 100 nM KP-

10 for 18 hrs. Vehicle (0.1% DMSO) control was included (Figure 3.7).  

 

 

Figure 3.7: KP-10 increases migration in a calcium-dependent manner in MDA-MB-231 cells under 

serum-free culture conditions. 

MDA-MB-231 cells were stained with diI and seeded in a 96-well black walled clear bottom plate and 

allowed to attach overnight. The following day, complete media was replaced with serum-free media 

and cells were treated with either (A) 0.1% DMSO (VC) or 100 nM KP-10 and (B) 10 µM BAPTA-AM + 

100 nM KP-10, or 100 nM KP-10. Migration was measured in real-time over 18 hrs in a BMG Labtech 

Omega at 37⁰C with 5% CO2. Three independent repeats were performed, each with at least four 

technical repeats per treatment condition. The graph depicts the average slope of the linear regression 

from each curve, mean +/- SEM.  A paired Student’s t-test was performed comparing the VC to the KP-

10, and BAPTA-AM + KP-10 to the KP-10 treated cells.  *p ≤ 0.05. VC, vehicle control (0.1% DMSO), 

DMSO, dimethyl sulfoxide, relative migration was measured as a slope of linear regression. 
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The data (Figure 3.7A) shows that compared to the vehicle control KP-10 exposure 

increased migration by approximately 30% in MDA-MB-231 cells in the absence of 

serum. However, co-treatment with the calcium inhibitor BAPTA-AM negated this 

increase with the migration rate of these cells being similar to the vehicle control 

(Figure 3.7B). 

Together, these data suggest that KP-10 and KISS1R can induce cell migration in a 

calcium-dependent manner. 

 

3.6. KP-10 does not stimulate BT-20 or MDA-MB-231 cell proliferation 

 

Previous studies have suggested that Kisspeptin and KISS1R may influence cell 

proliferation.146 ERK1/2 signalling and Akt signalling are both known to be involved in 

the regulation of cell proliferation.147 Therefore, the effect of KP-10 on cell proliferation 

in the two cell lines was determined. It was hypothesised that KP-10 would influence 

proliferation in both cell lines since it stimulates different growth-related signalling 

pathways. The effect of KP-10 on cell proliferation was assessed in the BT-20 and 

MDA-MB-231 cells using a resazurin assay, for a periods of 24, 48, 72, 96 and 120 

hrs. Cells were cultured during this assay under serum-free conditions to enable the 

visualisation of smaller effects on proliferation which would normally be overshadowed 

by the pro-proliferative effects of serum on cells. The resazurin assay measured 

reductive capacity of cells as a proxy for metabolically active cell numbers which is 

commonly used as a measure of cell proliferation (Figure 3.8). 
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Figure 3.8: KP-10 exposure does not significantly affect cell proliferation of BT-20 and MDA-MB-231 

cells. 

BT-20 and or MDA-MB-231 cells were seeded in 96-well plates and incubated overnight. The following 

day, the complete media was replaced with serum-free media containing 100 nM KP-10 or vehicle 

control (0.1% DMSO), and plates were incubated for 24, 48, 72, 96, and 120 hrs after which phenol-red 

free media containing 0.56 mg/ml resazurin was added. Fluorescence was measured at a wavelength 

of 590 nm.  Composite graphs of three independent repeats, mean ± SEM, showing growth curve of 

(A) BT-20 and (B) MDA-MB-231 cells at 24, 48, 72, 96 and 120 hrs. A paired Student’s t-test was 

performed comparing the VC to the KP-10 treated cells at each timepoint. No statistically significant 

effect was measured with p > 0.05. VC; vehicle control, DMSO; dimethyl sulfoxide. 

KP-10 stimulation of either BT-20 (Figure 3.8A) or MDA-MB-231 (Figure 3.8B) cells 

did not affect the growth curve over 120 hrs, with similar curves being obtained with 

DMSO-treated cells.  
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Therefore, even though KP-10 does affect cell signalling, no change in cell proliferation 

was observe in any of the cell lines as a result of KP-10 stimulation.  
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Kisspeptin is a neuropeptide encoded by the KISS1 gene that was first identified as it 

acts as a suppressor of metastasis in melanoma.114 Subsequent studies showed that 

Kisspeptin and its cognate receptor, KISS1R, suppress metastasis in lung,148 

colorectal,127 prostate,130 and ovarian,131 cancers. In fact, KISS1 and KISS1R 

expression have been shown to be lower in many metastatic tumours when compared 

to the primary tumour or normal cells. 127,148,149  However, controversy exists regarding 

the role of Kisspeptin in breast cancer. Blake et al. 2016, showed that KISS1 and 

KISS1R expression were increased in tumour tissue of TNBC patients compared to 

neighbouring normal breast tissue.138 In the metastatic TNBC cell line, MDA-MB-231, 

overexpression of the KISS1 gene and stimulation with Kisspeptin increased 

invasiveness and migration, which are prerequisites for metastasis. 135,150,151 These 

data are all in contrast to the believed anti-metastatic role of this receptor. Moreover, 

it is now clear that this pro-metastatic effect occurs only in the absence of ERα. In fact, 

even inhibition of ER+ breast cancer cells through tamoxifen treatment increased 

Kisspeptin and KISS1R expression.152  

This study aimed to determine the signalling pathways that are activated in response 

to KP-10 stimulation in two TNBC cell lines expressing endogenous KISS1R mRNA 

and how these signalling pathways affect breast cancer biology. It was hypothesised 

that in such cells different pathways will be activated downstream of KISS1R and these 

will activate different physiological outputs. Previous studies in our lab provided some 

data that the metastatic TNBC cell line MDA-MB-231 migrated faster after stimulation 

with Kisspeptin under serum free culture conditions while the non-metastatic TNBC 

cell line BT-20 did not respond.  

Two TNBC cell lines with very different origins, migratory ability and metastatic 

potential were selected to represent two divergent cell lines within the ER- subtype. 

Assuming that the non-metastatic BT-20 line would be devoid of KISS1R expression, 

this study began by assessing the expression of KISS1R mRNA in both cell lines 

through RT-qPCR. Interestingly, the data showed that KISS1R mRNA was present in 

both cell lines at relatively similar levels (Appendix 6.1). This confirms the data from 

Blake et al. 2013 that showed that MDA-MB-231 cells express endogenous KISS1R, 

and this is the first study to show that endogenous KISS1R is expressed in BT-20 

cells. This result further suggests that metastatic potential may not necessarily 
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correlate with KISS1R expression in TNBC cells, however a larger panel of different 

cell lines would be required to confirm this.  

Zajac et al 2011, showed that MMP-9 expression, which is related to the metastatic 

potential of ER- breast cancer cells, is activated by KISS1R through an ERK1/2-

dependent pathway.151 Since KISS1R was expressed in BT-20 and MDA-MB-231 

cells, the effect of KP-10 stimulation on ERK1/2 activation was assessed in both cell 

lines. This also served to assess if functional KISS1R protein was present in these 

cells, since Western blot analysis for KISS1R protein expression was inconclusive. 

The data showed that KP-10 stimulation led to ERK1/2 phosphorylation in BT-20 cells, 

but not in MDA-MB-231 cells, at 60 minutes after stimulation (Figure 3.1). This late 

response contrasts with other studies, which showed that KP-10 induced ERK1/2 

activation at an early time point, in mouse embryonic fibroblasts (MEFs) and MDA-

MB231 cells 113,141 and suggest that the ERK1/2 activation might be dependent on β-

arrestin action. However, one previous study showed that ERK1/2 remains activated 

for up to 60 minutes after stimulation in COS-7 cells (African green monkey fibroblast-

like cell line) exogenously expressing R386P, which is a variant of KISS1R.153 The 

KISS1R sequence gene in both cell lines studied here was sequenced previously and 

this mutation was not found in both cell lines. Thus, this mutation does not seem to be 

essential for the later ERK1/2 signalling response.  

To confirm if ERK1/2 activation in BT-20 cells was indeed dependent on β-arrestin 

activity, KP-10-induced ERK1/2 phosphorylation was assessed in the presence of the 

potent β-arrestin inhibitor, barbadin. Barbadin treatment completely inhibited ERK1/2 

phosphorylation in response to KP-10 (Figure 3.2) suggesting that KP-10 activates 

ERK1/2 in a β-arrestin dependent manner in BT-20 cells. A previous study showed 

that in MEFs Kisspeptin activated an early ERK1/2 at 5 and 10 min in both a β-arrestin-

2 and Gαq specific manner while -arrestin-1 was found to inhibit ERK1/2 activation.113 

Therefore, β-arrestin expression was assessed in both cell lines and the data showed 

that BT-20 cells expressed high levels of β-arrestin-1, while β-arrestin-2 was 

measured in MDA-MB-231 cells, suggesting that the presence of β-arrestin-1 could be 

mediating the ERK1/2 response in BT-20 cells. Since this protein seemed to be absent 

in MDA-MB-231 cells, this could also explain the divergent signalling response to KP-

10 in the two cell lines. This data is in direct contrast to the study by Szereszewski et 

al. 2010, who showed that KP-10 activated ERK1/2 in both a β-arrestin-2 and Gαq-
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specific manner while β-arrestin-1 was found to inhibit ERK1/2 activation.113 However, 

it must be noted that in that study they used mouse embryonic fibroblasts (MEFs) 

exogenously expressing KISS1R. They further used MEFs from β-arrestin knockout 

mice to determine the role of the different isoforms of β-arrestin. As with many studies 

done, it appears that the overexpression of KISS1R may lead to alternative outcomes 

in signalling, as opposed to the signalling in response to endogenously expressed 

KISS1R which was studied here. That β-arrestin-2 is involved in KISS1R-mediated 

ERK1/2 phosphorylation was further highlighted by a study from Pampillo et al. 

2009,141 who showed that 100 nM KP-10 induces ERK1/2 activation in MDA-MB-231 

cells at 10 minutes which is lost in cells expressing shRNA targeting β-arrestin-2. 

To further confirm that the ERK1/2 activation observed in BT-20 cells is β-arrestin-1 

dependent, in future, shRNA could be used to diminish β-arrestin-1 expression after 

which ERK1/2 activation upon KP-10 stimulation can be assessed. It is also possible 

that the reason there was no early ERK1/2 response in the BT-20 cells was due to the 

low level of β-arrestin-2 present in the BT-20 cells. Similarly, MDA-MB-231 cells 

overexpressing exogenous β-arrestin-1 could be generated and the ERK1/2 response 

to KP-10 assessed. While data suggest that a difference in β-arrestin1/2 expression 

may be responsible for the difference in KP-10 dependent ERK1/2 phosphorylation, 

other differences in the cell signalling apparatus could also activate this process. For 

instance, the ERK1/2 signalling pathway includes a number of proteins such as Ras, 

Raf, and MEK that could be altered.111 It is possible that any of these proteins are 

mutated to be non-functional or deleted in the MDA-MB-231 cells. Further analysis of 

each of these mediators for their expression and functionality would need to be 

performed to conclusively identify the step in the pathway leading to ERK1/2 

phosphorylation that differs between the two cell lines. A strong ERK1/2 response was 

observed in the unstimulated cells in the MDA-MB-231 cells (Figure 3.1B, 0 min). This 

could be another reason why there was no ERK1/2 response after KP-10 stimulation 

at any of the time points. It could be that prior to KP-10 stimulation, the ERK1/2 

signalling pathway was already active. Hence adding KP-10 desensitized KISS1R. A 

previous study in our laboratory showed that the ERK1/2 signalling pathway is 

activated in both cell lines in response to serum. Therefore, the lack of ERK1/2 

activation in the MDA-MB-231 cells has to do with the Kisspeptin/KISS1R signalling 

pathway. Suffice to say that this data shows that with the same ligand and receptor 
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present, and in the same breast cancer subtype, different signalling outputs can be 

found.  

Similarly, to ERK1/2 activation, the Akt/PKB pathway can be activated downstream of 

Kisspeptin stimulation via KISS1R as has been shown in thyroid cancer cells 

expressing exogenous KISS1R.144 Moreover, in clear cell renal carcinoma the long 

noncoding RNA, TP73-AS1, was shown to regulate KISS1 expression which in turn 

was responsible for Akt phosphorylation.154 The data showed that Akt signalling is 

activated in BT-20 cells in a biphasic manner, at an early timepoint, at ten minutes and 

at late time points (45 and 60 min), but in MDA-MB-231 cells, there was only an early 

response at ten minutes after stimulation with KP-10 (Figure 3.3). The Akt activation 

in the BT-20 and MDA-MB-231 cells, which occurred at ten minutes is similar to 

KISS1R overexpressing thyroid cancer cells where Akt phosphorylation appeared 

between five and ten minutes after 500 nM KP-10 stimulation.144 The data shows that 

Akt activation does take place after Kisspeptin stimulation. Whether this activation is 

dependent on the same mechanism as ERK1/2 activation, which would explain the 

similar divergence in response between the two cell lines tested, remains unclear. It 

is possible that the increased β-arrestin1 expression in the BT-20 cells was 

responsible for the late Akt response. This can be confirmed by using RNA 

interference to decipher the effect of β-arrestin1 on the late Akt response in the BT-20 

cells. 

A previous study showed that in addition to ERK1/2 activation, Gαq/11 activation with 

subsequent activation of PLC is a common response to Kisspeptin stimulation.113 

Activation of Gαq/11 by Kisspeptin has been shown to lead to RhoA activation in several 

cancer types,155 including breast cancer,156 mediating diminished metastatic potential.  

Previous studies have shown that Kisspeptin exposure also induces calcium 

mobilisation in CHO cells transfected with KISS1R.157 Downstream of the GPCR, the 

G protein complex Gαq/11 activates PLC, which cleaves PIP2 to IP3 and DAG. DAG in 

turn activates PKC while IP3 passes through the cytoplasm and binds to its receptor, 

IP3R, on the endoplasmic reticulum resulting in the release of calcium from the 

endoplasmic reticulum to the cytoplasm.157 Calcium mobilisation was assessed in both 

cell lines after KP-10 exposure using a calcium probe in living cells. The data showed 

that KP-10 stimulation causes a rapid, temporary release of calcium in both the BT-20 

and MDA-MB-231 cell lines (Figure 3.4). This data indicates that there is functional 
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KISS1R protein present that can activate IP3. Thus, the differences between the two 

cell lines observed, with regards to ERK1/2 and Akt pathway activation, are predicted 

to be unrelated to Gαq/11 activation. Rather it may be specific to β-arrestin-dependent 

or non-GTPase dependent pathways functional in the BT-20, but not the MDA-MB-

231 cell line. Further investigation using the PLC inhibitor, U-73122,158 and the Gαq/11 

inhibitor, YM-254890159 would allow the verification that there are indeed separate 

pathways regulating Akt and ERK1/2, and calcium mobilisation, and whether these 

are differentially active in the two cell lines.  

While many studies suggest that Kisspeptin induces invasion and migration, one 

previous study found that Kisspeptin stimulation in MDA-MB-231 cells resulted in 

apoptosis.160 To test if this was the case, and if there is a difference in response 

between the two cell lines under investigation in this study, cell proliferation was 

assessed in response to KP-10. The results (Figure 3.8) show that KP-10 stimulation 

does not have any mitogenic or apoptotic effects on BT-20 or MDA-MB-231 cells. This 

data correlates with a study by Ziegler et al. 2013,161 where KP-10 did not have an 

effect on the proliferation of MDA-MB-231 cells but did inhibit proliferation when 

KISS1R was exogenously overexpressed in this cell line.161 The lack of effect of KP-

10 on BT-20 cell proliferation was not such a surprise since it is usually G protein 

dependent or early phase ERK1/2 activation that regulates transcription factor 

expression related to cell proliferation.84 In contrast, ERK1/2 activated through β-

arrestin remains in the cytosol where it interacts with the endosomes and plays a role 

in processes such as translation, mitosis, and crosstalk with other signalling 

pathways.68,162 

Previous studies have shown that Kisspeptin and KISS1R exert their anti-metastatic 

effects in lung,148 ovarian,131 melanoma,114,163 and prostate,130 cancers through the 

inhibition of cell migration and invasion. In contrast, it is thought that, in ER- breast 

cancers, this stimulation results in increased invasion and migration.164 Previous 

studies in our lab showed that while MDA-MB-231 cells are migratory, the BT-20 cells 

are completely non-migratory even under strong chemotactic stimulation. Therefore, 

the effect of KP-10 exposure on MDA-MB-231 cell migration was assessed using an 

Oris™ migration assay kit. The effect of KP-10 exposure on cell migration in the 

presence of low serum or no serum was assessed. The result (Figure 3.7A) shows 

that KP-10 stimulates cell migration but only in the absence of serum. Further analysis 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



 

83 
 

shows that in the presence of 0.1% serum (normal medium contains 10% serum), the 

positive effect on migration by KP-10 is lost (Figure 3.6). Cvetkovic et al. 2013,150 

showed that Kisspeptin increased migration in the non-tumour, migratory MCF10A cell 

line overexpressing exogenous KISS1R in the presence of 5% serum.150 Therefore, 

the data in this study confirms that KP-10 also increases migration in certain breast 

cancer cell lines expressing the endogenous receptor. The loss of the positive effect 

on cell migration in the presence of 0.1% serum could be due to the presence of other 

compositions of the serum that could be competing with the KP-10 for binding to 

receptor. Therefore, this suggests that Kisspeptin/KISS1R on its own may not really 

be a strong regulator of migration. Future studies modulating the expression of 

KISS1R in the MDA-MB-231 cell line by reducing or knocking out KISS1R and 

analysing its effect on cell migration may show that there is such a receptor expression 

level-dependent response. In fact, it is important to point out that migration was only 

analysed after exposure with 100 nM Kisspeptin. It is possible that higher 

concentrations could induce a better response and even a response in the presence 

of serum. Interestingly, the pro-migratory effect of Kisspeptin on MDA-MB-231 cells 

was lost when the cells were pre-incubated with cell membrane permeant calcium 

chelator, BAPTA-AM (Figure 3.7B).165 These data confirm that the Kisspeptin-induced 

calcium mobilisation may be responsible for the effect on cell migration. A study by 

Agle et al. 2010 108 showed that calcium signalling influenced cell migration in small 

intestinal cells. Moreover, calcium mobilization has been shown to regulate actin 

rearrangement, cell migration, and integrin activation. It influences cell migration by 

regulating the polarization of migrating cells and stabilizing their leading edges.166  

In conclusion, the purpose of this study was to determine the signalling pathway that 

are activated in response to Kisspeptin in two similar but non-identical breast cancer 

cell lines and to understand the contrasting data that has been published regarding 

the role of Kisspeptin in breast cancer. The data suggest that Kisspeptin activates 

different signalling pathways leading to divergent physiological outputs in two TNBC 

cell lines. In the non-migratory BT-20 cell line, ERK1/2, Akt and calcium signalling 

pathways are activated by Kisspeptin while in the migratory MDA-MB-231 cell line only 

Akt and calcium signalling pathways are activated. The activation of these signalling 

pathways by Kisspeptin did not affect cell proliferation, and cell migration was 

increased in a calcium-dependent manner in only MDA-MB-231 cell line. Thus, this 
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study shows that endogenous KISS1R is available for signalling in these cell lines and 

that cellular context i.e., possible differential expression of pathway components may 

be responsible for the divergent signalling outcomes. This study goes some way to 

explain how it is possible to generate contrasting results of Kisspeptin exposure in 

breast cancer. 

 

Limitations and suggestions 

While this study does provide evidence for the existence of cell-specific differences 

that could go towards explaining the contrasting findings related to Kisspeptin and 

breast cancer, this work has only focused on two cell lines. To expand this study and 

obtain definitive proof that such divergent signalling may exist one could make use of 

primary cancer tissue grown as organoids to assess signalling competency responses 

after Kisspeptin exposure. The data shows a strong correlation between -arrestin-1 

expression and ERK signalling downstream of KISS1R. While the data shows that 

KISS1R mediated ERK signalling is indeed β-arrestin-1 dependent in BT-20 cells, we 

have not shown that the lack of β-arrestin-1 in MDA-MB-231 cells is the reason for the 

lack of ERK activation after Kisspeptin exposure. To show that this is the source of 

divergence among these cell lines, β-arrestin-1 could be overexpressed in the MDA-

MB-231 cells. Should Kisspeptin exposure now elicit an ERK response, we will have 

proof that it is indeed the expression of β-arrestin-1 that mediates signalling specificity 

between these two cell lines. Furthermore, β-arrestin-1 expression can be assessed 

in patient material and a correlation drawn between Kisspeptin response and its 

expression.  

While this study has shown that Kisspeptin stimulates Akt and ERK activation and 

calcium mobilisation in the BT-20 cell line, there is no data indicating what the 

physiological output of such activation is. Firstly, transcriptomic analysis can be 

performed to determine if transcriptional regulation results from this activation and if 

so, what genes are involved. Secondly, to determine if ERK remains cytoplasmic after 

activation in the BT-20 cells, subcellular localisation of active ERK1/2 can be 

performed.  
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Appendix 6.1: KISS1R mRNA is expressed at relatively similar levels in BT-20 and MDA-MB-231 

cells: 

Total RNA was extracted from MCF-7, BT-20 and MDA-MB-231 cell lines and then the expression of 

KISS1R mRNA was assessed through RT-qPCR. The relative expression of KISS1R was analysed 

using the housekeeping gene, β-actin, as an internal control for qPCR normalisation. The bars represent 

the means of two technical repeats. 

 

     

Appendix 6.2: BT-20 cells stimulated with vehicle control only at different time points. 

BT-20 cells were serum starved for 4 hrs and then treated with VC (0.2% propylene glycol) for 5, 10, 

30, 45, and 60 min, unstimulated control (0 min) was included. Thereafter, the cells were lysed with 

RIPA lysis buffer and ERK1/2 phosphorylation was assessed via Western blotting, using phospho-

p44/42 MAPK antibody.  
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Appendix 6.3: Remaining biological repeats for measurement of ERK1/2 signalling phosphorylation in 

BT-20 (A and B) and MDA-MB-231 cells (C) displayed in Figure 3.1: 

BT-20 and MDA-MB-231 cells were serum starved for 4 hrs and then treated with 100 nM KP-10 for 5, 

10, 30, 45, and 60. Unstimulated (0 min) and vehicle treated controls, VC (0.1% DMSO) were included. 

Thereafter, the cells were lysed with RIPA lysis buffer and ERK1/2 phosphorylation was assessed via 

Western blotting, using phospho-p44/42 MAPK and p44/42 MAPK antibodies. Western blot images 

showing ERK1/2 phosphorylation (Top panel) and total ERK1/2 expression (Bottom panel) in (A and B) 

BT-20 or and (C) MDA-MB-231 cells. 
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Appendix 6.4: Remaining biological repeats for barbadin assay measuring β-arrestin-dependence of 

ERK1/2/ phosphorylation in BT-20 cells, displayed in Figure 3.2: 

BT-20 cells were serum starved for 4 h and pre-treated for 30 min with the indicated concentration of 

Barbadin before being stimulated with 100 nM KP-10 for 60 min. Cell lysates were analysed for ERK1/2 

phosphorylation by Western blotting with protein loading assessed by Tubulin expression (see 

Appendix 6.9 for Tubulin blots). (A, B and C) Western blot image showing the expression of 

phosphorylated ERK1/2 (top panel) and total ERK1/2 (bottom panel) in BT-20 cells that were pre-treated 

with Barbadin and stimulated with KP-10 as indicated in the table. 
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Appendix 6.5: Remaining biological repeats for measurement of Akt phosphorylation signalling in (A) 

BT-20 and (B) MDA-MB-231 cells, displayed in Figure 3.3: 

BT-20 and MDA-MB-231 cells were serum starved for 4 hrs before being treated with 100 nM KP-10 

for 5, 10, 30, 45, or 60 min. Unstimulated (0 min) and vehicle (VC, 0.1% DMSO) controls were included. 

Cells were lysed with RIPA lysis buffer and Akt signalling was assessed through Western blotting using 

the phospho-Akt and Akt antibodies. Western blot images showing Akt phosphorylation (Top panel) and 

total Akt expression (Bottom panel) in (A) BT-20 and (B) MDA-MB-231 cells. 
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Appendix 6.6: Remaining biological repeats for calcium signalling in BT-20 (A and B) and MDA-MB-

231(C and D) cells, displayed in Figure 3.4. 
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Appendix 6.7: β-tubulin blots for BT-20 (A, B, and C) and MDA-MB-231 (D and E) ERK1/2 assays 

repeat 1, 2 and 3.  

BT-20 and MDA-MB-231 cells were serum starved for 4 hrs and then treated with 100 nM KP-10 for 5, 

10, 30, 45, and 60. Unstimulated (0 min) and vehicle treated controls, VC (0.1% DMSO) were included. 

Thereafter, the cells were lysed with RIPA lysis buffer and β-tubulin expression was assessed via 

Western blotting, using β-tubulin antibody. Western blot images showing β-tubulin in (A, B, C) BT-20 

repeat 1, 2 and 3, respectively and (D and E) MDA-MB-231 cells repeat 1, 2, and 3, respectively. 
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Appendix 6.8: Tubulin blots for BT-20 (A and B) and MDA-MB-231 (C and D) Akt assays repeat 1, 2 

and 3. 

BT-20 and MDA-MB-231 cells were serum starved for 4 hrs and then treated with 100 nM KP-10 for 5, 

10, 30, 45, and 60. Unstimulated (0 min) and vehicle treated controls, VC (0.1% DMSO) were included. 

Thereafter, the cells were lysed with RIPA lysis buffer and β-tubulin expression was assessed via 

Western blotting, using β-tubulin antibody. Western blot images showing β-tubulin in (A and B) BT-20 

repeat 1, 2 and 3, respectively and (C and D) MDA-MB-231 cells repeat 1, 2, and 3, respectively. 
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Appendix 6.9: Tubulin blots for BT-20 Barbadin assay repeat 1 (A), repeat 2 (B), repeat 3 (C), and 

repeat 4 (D). 

BT-20 cells were serum starved for 4 h and pre-treated for 30 min with the indicated concentration of 

Barbadin before being stimulated with 100 nM KP-10 for 60 min. Thereafter, the cells were lysed with 

RIPA lysis buffer and β-tubulin expression was assessed via Western blotting, using β-tubulin antibody. 

Western blot images showing β-tubulin for BT-20 (A) repeat 1, (B) repeat 2, (C) repeat 3, and (D) repeat 

4. 
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RESEARCH OUTPUT 

Oral presentation at the International Union of Physiological Sciences (IUPS) 

conference in May 2022. 

 

 
 
 

 
   

 

 

 

Dear Udochi Felicia Azubuike 
 
Greetings from Beijing! 
 
On behalf of the Local Organizing Committee of the 39th Congress of the 
International Union of Physiological Sciences (IUPS2022), we are pleased to inform 
you that your abstract 'The Kisspeptin signalling pathway and its role in breast 
cancer biology.' has been accepted as an ORAL to present in Young Physiologist 
Symposium 3. 
 
According to the program of the congress, your symposium is scheduled as below: 
 
[Date, Time, and Duration] 

• Beijing Time (UTC +8): 15:50-17:50, Monday, May 9th, 2022. 
• Each Young Physiologist Symposium will be divided into two sessions of 1 

hour each, one session with 6 speakers and each speaker will be 
allocated 8 minutes, and a total of 12 minutes at the end of a session for 
Group Discussion/Q & A time. 

• This may be ungodly hours for some of you to present. Please note that 
talks can be prerecorded. However, it would be much appreciated if you 
are available for live discussion/Q & A time in the last 12 minutes of each 
session in this time slot. 
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(SASBMB) conference in January 2022. 
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been accepted as an ORAL PRESENTATION at the SASBMB 2022 Congress. 
  
Below, please find your provisional presentation details. Please note that these may 
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Presentation Date:          Tuesday, 25 January        
Presentation Time:         11:40 - 11:55 
Session Name:                 Understanding and Treating Cancer II 
Full Session Time:           10:40 - 12:25 
Session Joining Time:     10:20:00 AM 
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in September 2021. The Wyndham award was received for the presentation. 
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Thank you for having shown interest in the joint Virtual AAPS-PSSA 2021 Congress (12 – 15 
September 2021) and for your scientific participation and contribution to the field. 

We are pleased to inform you that your abstract entitled “An investigation of the Kisspeptin 

signaling pathway and its role in breast cancer biology.“ was peer reviewed by a scientific 
committee and has been accepted for ORAL presentation. 

COMPETITION ENTRY: 

If you have submitted an abstract for consideration for the Wyndham Prize Competition, will you 
kindly CONFIRM this via email. 

For entrants in the Wyndham competition, there is a need for verification of eligibility of the 
entrants, (see rules at: https://physiolsoc.org.za/wyndham-prize-competition/ ) 
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