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Executive summary 

Female breast cancer is the leading diagnosed cancer globally and the fifth leading cause of 

cancer mortality worldwide. The ability of breast cancer cells to form vessel-like structures through 

vasculogenic mimicry (VM) contributes to cancer progression. Vasculogenic mimicry provides a 

route for the transportation of blood and nutrients, which sustains the growth and survival of breast 

tumours. Thus, in patients with breast cancer, VM is associated with high tumour grade, 

metastasis, and poor prognosis. The steps involved in VM include the proliferation and migration 

of cancer cells, their invasion of the extracellular matrix, and finally, the formation of tube-like 

structures. The vascular endothelial growth factor receptor-1 (VEGFR-1) signalling pathway is 

involved in VM, and targeting VEGFR-1 might have clinical relevance and warrants consideration 

when designing targeted therapies for breast cancer.  

Vascular endothelial growth factor receptor-1 is also associated with the metabolic adaptation of 

cancer cells, as observed in cancer patients who show a correlation between vascular endothelial 

growth factor A/VEGFR-1 expression and serum lactic acid levels. Indeed, VEGFR-1 promotes 

the Warburg effect associated with an enhanced acidic environment, which also induces the 

degradation and remodelling of the extracellular microenvironment.  

Therefore, the aim of the study was to investigate the effects of VEGFR-1 inhibition on the steps 

associated with VM, namely, cell growth, migration, invasion, and metabolism in breast cancer 

cells in vitro using VEGFR-1 inhibitors (ZM 306416 and sunitinib malate).  

Human breast cancer cell lines, MCF-10A, MCF-7, and MDA-MB 231 cells were maintained in an 

incubator at a temperature of 370C and in a humidified atmosphere containing 5% CO2. The effect 

of VEGFR-1 inhibition on cell viability was measured using the crystal violet assay on MCF-10A 

(a non-cancerous breast cell line), and breast cancer cell lines, MCF-7 and MDA-MB-231. For 

subsequent experiments, MDA-MB-231 cells were used as a model of investigation because 

profound effects (being highly responsive to the drugs of investigation) were observed with this 
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cell line. Light microscopy was employed to study cell morphology. The effect of VEGFR-1 

inhibition on cell migration and invasion was assessed using the scratch assay and the Boyden 

chamber, respectively. The optimisation of liquid chromatography with the tandem mass 

spectrometry method for the simultaneous assay of metabolites in cell culture preparations was 

determined. Lastly, the effects of treatment on the metabolic profile of breast cells were assessed 

using liquid chromatography with tandem mass spectrometry, enzyme-linked immunosorbent 

assay, and a pH meter/electrode.  

The results demonstrated that sunitinib malate had great efficacy and potency than ZM 306416, 

as sunitinib malate is a multi-kinase inhibitor. Overall, inhibiting VEGFR-1 reduces cell growth and 

alters breast cancer cell morphology. In addition, inhibiting the VEGFR-1 signalling pathway 

attenuates migration and invasion possibly by reducing ATP formation and the extracellular fluid 

acidity. Optimisation of mass spectrometry in terms of achieving mass ratio and ionisation mode 

of analytes (glucose-6-phosphate, fructose-6-phosphate, pyruvate, lactate, and glutamate) was 

achieved, however the optimisation of liquid chromatography was challenging, although it was 

discovered that analytes of interest in this study should be analysed using the Luna NH2 column 

to achieve retention and high separation. This study has formed the basis for further investigation 

of VEGFR-1 targeting in reducing VM and altering metabolic patterns in breast cancer to improve 

the treatment of this disease. 

Keywords: Metabolic reprogramming, tumour growth, vascular endothelial growth factor 

receptor-1, vasculogenic mimicry 
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CHAPTER 1: LITERATURE REVIEW 
 

1.1. Introduction  

Breast cancer is the most common cancer diagnosed in females worldwide, increasing from 1.3 

million estimated new incidence cases in 2008 to 2.3 million estimated new cases in 2020 1-2. 

Although there is an increasing trend of incidence rate globally, in some developed countries, the 

reported incidence and mortality rate are lower than the global average and are relatively stable 

and decreasing, as depicted in Table 1.1. and Table 1.2. 3-4. In African countries such as middle 

Africa (32.7 per 100 000 females), the incidence rate is low compared to other continents such 

as Europe (Western Europe (90.7 per 100 000 females) and America (Northern America 89.4 per 

100 000 females), although the incidence rate is rising in some parts of Africa as shown in Table 

1.1. 2. The low incidence rate presented in Africa does not necessarily present a low-risk breast 

cancer continent, as the age-standardised mortality rate of Africa ranked highest globally in 2020 

2,5.  

In low-and middle-income countries, including South Africa, 1 in 26 females in their lifetime are at 

risk of being diagnosed with breast cancer 6. There are several challenges that contribute to the 

high diagnosis-to-mortality ratio in low and middle-income countries in Africa, such as poor health 

infrastructure, lack of population awareness and delayed health-seeking behaviour, among others 

6-7. As shown in Table 1.1., reported by GLOBOCAN 2020, Southern Africa and Northern Africa 

present with the highest incidence rate compared to the other African sub-regions 2,8-9. Of note is 

that Africa's incidence and mortality rate from 2008 to 2020 depicts an increasing trend. Therefore, 

the burden of breast cancer is projected to double in Africa by 2030 with ageing, population growth 

and adoption of unhealthy lifestyles 1,10. 
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Table 1.1. Estimated changes in the age-standardised rate of incidence rate of breast cancer 
from 2008 to 2020 1-2, 8-9 
  Incidence    
 2008 2012 2018 2020 % Increase 

Europe      

Western Europe 89.9 96.0 92.6 90.7 0.9 

Northern Europe 84 89.4 90.1 86.4 2.9 

Southern Europe 68.9 74.5 80.3 79.6 15.5 

Eastern Europe 45.3 47.7 54.5 57.1 26.0 

America      

Northern America 76.7 91.6 84.8 89.4 16.6 

South America 44.3 52.1 56.8 56.4 27.3 

Asia      

Western Asia 32.5 42.8 45.3 46.6 43.4 

Eastern Asia 25.3 27.0 39.2 43.3 71.1 

South-Eastern Asia 31 34.8 38.1 41.2 32.9 

South-Central Asia 24 28.2 25.9 26.2 9.2 

Africa      

Eastern Africa 19.3 30.4 29.9 33.0 71.0 

Middle Africa 21.3 26.8 27.9 32.7 53.5 

Western Africa 31.8 38.6 37.3 41.5 30.5 

Northern Africa 32.7 43.2 48.9 49.6 51.7 

Southern Africa 38.1 38.9 46.2 50.4 32.3 
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Table 1.2. Estimated changes in the age-standardised rate of the mortality rate of breast cancer 
from 2008 to 2020 1-2, 8-9 
  Mortality    

 2008 2012 2018 2020 % Increase 

Europe      

Western Europe 17.5 16.2 15.5 15.6 -10.9 

Northern Europe 17.8 16.4 14.1 13.7 -23.0 

Southern Europe 15.3 14.9 13.3 13.3 -13.1 

Eastern Europe 16.9 16.5 15.5 15.3 -9.5 

America      

Northern America 14.8 14.8 12.6 12.5 -15.5 

South America 13.2 14.0 13.4 14.0 6.1 

Asia      

Western Asia 14.3 15.1 13.6 16.0 12.0 

Eastern Asia 6.3 6.1 8.6 9.8 55.6 

South-Eastern Asia 13.4 14.1 14.1 15.0 11.9 

South-Central Asia 12 13.5 13.6 13.1 9.2 

Africa      

Eastern Africa 11.4 15.6 15.4 17.9 57.0 

Middle Africa 13.1 14.9 15.8 18.0 37.4 

Western Africa 18.9 20.1 17.8 22.3 18.0 

Northern Africa 17.8 17.4 18.4 18.8 5.6 

Southern Africa 19.3 15.5 15.6 15.7 -18.7 
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1.1.1. Risk factors associated with breast cancer 

Breast cancer begins with abnormal proliferation of breast cells that replicate to form a malignant 

tumour that eventually metastases to other parts of the body such as the lung, bone, liver and 

brain 11-12. Signs of breast cancer include a lump in the breast, a change in breast shape, dimpling 

of the breast skin, nipple discharge and/or a red scaly patch of skin 13. The etiology of breast 

cancer is complex. However, there are well-recognised risk factors that are associated with the 

risk of developing breast cancer, which are discussed below: 

1.1.1.1. Female gender and age 

The risk of females developing breast cancer is approximately a hundred times greater than that 

of males 14. 

The risk of developing breast cancer increases with age. It is estimated that there is 1 in 1, 732 

probability of developing breast cancer in the next ten years for a woman with a current age of 20 

years. This raises to 1 in 69 and 1 in 26 for individuals aged 40 and 70 years, respectively 13-14. 

1.1.1.2. Genetic mutation/heredity 

Inherited mutations account for 5 to 10% of breast cancer cases. Breast cancer gene (BRCA)1 

and BRCA2 mutation are associated with increased susceptibility to breast cancer. It is suggested 

that  all women having a first-degree female relative with breast cancer are at risk, with risk 

increasing with the younger age of the relative’s diagnosis 8,14.  

1.1.1.3. History of high-risk pathology 

Women who have previously been diagnosed with breast cancer are at a two to five times 

increased risk of developing a second primary breast cancer. Again, women with previous 

proliferative lesions with atypia, such as atypical ductal hyperplasia or atypical lobular hyperplasia, 

are at five times increased risk of developing breast cancer 14-15. 
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1.1.1.4. Radiation 

Ionizing radiation is an environmental exposure for which there is well-established evidence of 

carcinogenicity for breast cancer. Exposure to radiation is now from diagnostic medical imaging, 

including radiographs, fluoroscopy, and computed tomography. Women, who have been 

previously treated with radiation therapy, for example, for lymphoma or bone tumours in 

childhood, are at greater risk of developing breast cancer 16-17.  

1.1.1.5. Reproductive factors 

Breast cancer is a hormonally dependent malignancy. Abnormal levels of estrogen have been 

associated with breast carcinogenesis through a proliferative impact on breast tissue 18. Thus, it 

is hypothesised that greater exposure to estrogen and androgens increases the likelihood of 

developing breast cancer 14. Younger age at menarche and older age at menopause subject 

women to longer exposure to estrogen and androgens, and therefore, it has been associated with 

an increased risk of hormone receptor-positive breast cancer 14,19. 

Number of pregnancies has been inversely associated with a relative risk of luminal-like breast 

cancer 20. However, women older than 20 years and giving birth to their first child have a higher 

risk of developing breast cancer than nulliparous women. The latter is substantiated by 

speculation that a full-term pregnancy at an early age may reduce the likelihood of tumour 

initiation by causing further maturation of breast epithelial cells, while a full-term pregnancy at a 

later age may promote the growth of existing tumour cells 14,19. 

1.1.1.6. Exogenous hormones 

Long duration of oral contraceptive use (>10 years) has been associated with a slight increase in 

the risk of triple-negative breast cancer (TNBC) 20. Additionally, Ellingjord-Dale et al. (2017) had 

observed that intrauterine device usage for more than 10 years is associated with breast cancer 

risk. This was further supported by a Finnish study of levonorgestrel-releasing intrauterine devices 

and breast cancer, which reported that levonorgestrel-releasing intrauterine devices were 



 

6 | P a g e  
© University of Pretoria 

associated with an increased risk of breast cancer 20. One hypothesis is that levonorgestrel-

releasing intrauterine devices have substantial progestogenic and androgenic effects, which 

could contribute to this increased breast cancer risk with intrauterine device use 21.  

1.1.1.7. Obesity and physical activity 

Obesity, measured by body mass index is associated with an elevated risk of postmenopausal 

breast cancer 14,17. Body fat in postmenopausal women is the main source of estrogen secretion 

via the aromatisation of androgens. As previously mentioned, high levels of estrogen are directly 

proportional to breast cancer risk 18. 

Increased physical activity may reduce the risk of breast cancer by reducing the level of body 

fatness and through reducing estrogen levels 17. 

1.1.1.8. Alcohol 

In a large-pooled analysis of 20 studies, including 37, 191 breast cancer cases, alcohol 

consumption of ≥30 g/day was associated with a relative risk of 1.32 (95% CI 1.23–1.41) when 

compared with 0 g/day of alcohol consumption. Moreover, it appears that alcohol consumption 

has an effect on both estrogen-positive tumours and estrogen-negative malignancies 22. The 

proposed mechanism explaining the relationship between breast cancer and alcohol consumption 

involves alcohol metabolism, by which alcohol is converted to acetaldehyde by alcohol 

dehydrogenase which is expressed in the breast tissue. Acetaldehyde is genotoxic and is 

considered to increase breast cancer risk by damaging DNA. Another common proposal is that 

alcohol increases breast cancer risk via alterations in circulating estrogen levels 23. 

1.1.2. Breast cancer classification 

Breast cancer is a heterogeneous and complex disease with different biological features and 

clinical behaviours 24-25. Clinically, several factors such as morphological classification (nuclear 

grade, tubular grade, mitotic index, histological grade and architectural characteristics), clinical 
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pathologies parameters (tumour size, lymph node involvement and metastasis) and molecular 

classification are used to categorise patients with breast cancer to assess prognosis and 

recommend the appropriate treatment 13,26.  

Therefore, to understand breast cancer development, it is important to reflect on the normal 

architecture of the breast.  

 

Figure 1.1. Illustration of normal breast architecture. (A) The structure of lobules as they connect 

to a common terminal interlobular duct. (B) The structural lining of the duct. Reprinted with permission 

from Bertos & Park 27. 

Each lobe of the breast arises from multiple lobules, which connect to a common terminal 

interlobular duct. These ducts then continue to their outlet at the nipple. Histologically, lobules 

and ducts are lined by a single layer of luminal epithelial cells, surrounded by transversely oriented 

myoepithelial cells. A basement membrane separates these structures from the surrounding 

tissue, or stroma (Figure 1.1.) 27.  
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1.1.2.1. Histological type 

Breast cancer arises in the epithelial lining of the ducts (85%) or lobules (15%) in the breast 

glandular tissue 28. Initially, tumour growth is confined locally within the breast, which is referred 

to as carcinoma in situ. In contrast, invasive carcinoma penetrates the surrounding tissues and 

may be associated with distant metastasis 13,29. These growth patterns form part of the histological 

type, which further describes breast cancer's morphological and cytological patterns associated 

with distinctive clinical outcomes 26,30. 

According to the 4th edition of the World Health Organization, the histological classification of 

breast cancer comprises 21 subtypes of invasive breast carcinoma 31. Invasive ductal carcinoma 

not otherwise specified (IDC-NOS)/ no special type (IDC-NST) and invasive lobular carcinoma 

(ILC) represents the vast majority of breast cancers 26-27. Breast cancer special types (categorised 

as medullary, tubular, apocrine, mucinous, inflammatory and papillary types) account for the 

remaining cases of breast cancer, which lack sufficient characteristics to be classified as one of 

the special types; their characteristics are further discussed in Table 1.3. 26,31. These 

morphological classifications are utilised in the clinical setting and research to investigate 

therapeutic targets specific to each subgroup 30. 
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Table 1.3. Histological types and their characteristics 
Histological type Characteristics 
Lobular carcinoma in situ Characterised by a population of small 

aberrant cells with small nuclei, individual 

private acini and a lack of cohesion between 

cells 

Ductal carcinoma in situ Characterised by the proliferation of 

malignant cells within the ducts without 

invasion of surrounding stromal tissues 

Invasive lobular carcinoma Second most common histopathological type, 

representing approximately 10-20% of all 

breast malignancies 

Invasive ductal carcinoma Represents roughly 70% of all breast 

malignancies and penetrates the surrounding 

tissues, and may be associated with distant 

metastasis. 

Medullary carcinoma Characterised by sharp tumour borders and 

lymphoid infiltration 

Mucoid carcinoma Characterised by large amounts of 

extracellular mucous 

Papillary carcinoma Characterised with well-differentiated 

papillary structure 

Inflammatory carcinoma Is a rare and aggressive form of breast cancer 

and occurs in 1-2% of all breast malignancies. 

Tubular carcinoma Are usually small (about 1 cm or less) and 

made up of tube-shaped structures 

Apocrine carcinoma A rare malignant adnexal neoplasm that most 

commonly arises in areas with high apocrine 

gland 
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1.1.2.2. Grade and the tumour size, lymph node and metastasis system 

The histological grade is also used in classifying breast cancer into biological and clinically 

meaningful subgroups. Grading compares the appearance of the breast cancer cells to the 

appearance of normal breast tissue 13. It is an assessment of the degree of differentiation (i.e. 

tubule formation and nuclear pleomorphism) and proliferative activity of a tumour 24. Cells are 

described as well-differentiated (low grade), moderately differentiated (intermediate grade), and 

poorly differentiated (high grade) as the cells progressively lose the features seen in normal breast 

cells. Cancerous cells are poorly differentiated or undifferentiated as cell division becomes 

uncontrolled and cell nuclei become less uniform. Poorly differentiated cancers have the worst 

prognosis as they are highly aggressive and tend to metastasise 13,32.  

Breast cancer staging uses the tumour size, lymph node and metastasis (TNM) system, which is 

based on tumour size, whether or not the tumour has spread to the lymph node and whether the 

tumour has metastasis 13,33. 

• Stage 0 is a pre-cancerous, either ductal carcinoma in situ or lobular carcinoma in situ. 

• Stage 1-3 are within the breast or regional lymph node. 

• Stage 4 is metastatic cancer that has the worst prognosis. 

1.1.2.3. Receptor status 

Gene expression profiling is another method used to classify breast cancer into various molecular 

subtypes depending on the presence or absence of receptors. Breast cancer cells have receptors 

on their surfaces, cytoplasm and nucleus. Chemical messengers such as hormones bind to these 

receptors causing secondary changes in the cells. These receptors include estrogen receptor 

(ER), progesterone receptor (PR) and human epidermal growth factor receptor (HER)2 13,26. 

Perou et al. 34, in a seminal study, performed cDNA microarray analysis of 38 invasive breast 

cancer (36 IDC and 2 ILC), 1 ductal carcinoma in situ, 1 fibroadenoma and 3 normal breast 
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samples, and a number of biological replicates from the same patients, and defined an intrinsic 

gene list . An intrinsic gene list is genes that vary most between tumours from different patients 

compared to samples from the same tumour/ patients. Hierarchical cluster analysis from the 

intrinsic gene list revealed the division of the cluster dendrogram into ER-positive and ER-

negative breast cancer and the existence of four molecular subtypes of breast cancer: luminal, 

normal breast-like, HER2 and basal-like (triple-negative). Perou et al. (2000) further demonstrated 

that the ER-positive luminal group could be separated into at least two subgroups; luminal A and 

luminal B 34. In this study, luminal and triple-negative subtypes are the focus of the study, as MCF-

7 (luminal subtype) and MDA-MB-231 (triple-negative subtype) cell lines were used as 

experimental models. Together with MCF-10A cells which are normal mammary epithelial cells. 

1.1.2.3.1. Luminal 

Luminal tumours are positive for estrogen and progesterone receptors, with luminal A being 

negative for HER2 receptors and luminal B being positive for HER2 35-36. MCF-7 breast cell line 

was established in 1973 at the Michigan Cancer Foundation and is classified as a luminal A breast 

cancer cell as it expresses ER receptor 37. Luminal A tumours have been shown to have high 

levels of expression of ER-activated genes, low levels of proliferation-related genes, to be usually 

of low histological grade and have a good prognosis compared to their counterpart, luminal B 

(Figure 1.2.). Luminal B cancers are more often of a higher histological grade and have a higher 

proliferation rate, with a worse prognosis 36,38. Although the majority of luminal tumours respond 

well to hormonal intervention due to the presence of specific hormonal receptors in luminal 

subtype tumours, recurrence after treatment does occur 39. 

1.1.2.3.2. Triple-negative breast cancer 

Triple-negative tumours do not express ER, PR and HER2 receptors 13,35. Triple-negative breast 

cells are the most heterogeneous compared to other subtypes as they are further differentiated 

into at least; basal, claudin-low, metaplastic breast cancer and interferon-rich (Figure 1.2.) 35. 
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MDA-MB-231 breast cells formed part of the claudin-low (claudin are proteins that form part of 

tight junctions of the cell) subtype and were established in the 1970s 40. Claudin-low subtype are 

characterized by characterised by the low expression of tight-junction claudins and enrichment of 

epithelial-to-mesenchymal transition (EMT) marker, which contributes to the invasive nature of 

the tumour subtype 41. Therefore, clinically claudin-low tumours are clustered as aggressive, 

invasive and having poor prognosis. Overall, TNBC tumours are more aggressive and have a 

markedly higher likelihood of being grade III than luminal A tumours 26. Despite the poor 

prognosis, only 20% of triple-negative tumours respond better to chemotherapy. However, it 

should be noted that there is currently no molecular-based targeted therapy for TNBC mainly due 

to the lack of receptors in TNBC tumours which negates the use of targeted therapy 26.  

Figure 1.2. Molecular subtypes stratified according to prognosis. Triple-negative tumour is further 

stratified into basal, claudin-low, metaplastic breast cancer and interferon-rich. MBC; metaplastic 

breast cancer,- - -; interferon-rich. Figure drawn by N.P Sekoba using Microsoft PowerPoint, adapted from Dai et al. 35. 

1.1.3. Breast cancer and the vasculature 

The vascular phase is characterised by the formation of new vascular channels that enhance 

tumour cell proliferation, invasion and metastasis. Cancer metastasis involves the dissemination 

of primary tumour cells into the lymphatic system or vasculature with the aim of colonising 
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secondary sites 42-43. Distant metastasis is the main cause of mortality in breast cancer patients 

44. Vasculogenic mimicry (VM), the formation of vascular channels lined by tumour cells with stem 

cell features that are devoid of endothelial cells 45-46, serves as a driver of metastasis in a 

polyclonal mouse model of breast tumour heterogeneity 47.Triple-negative breast cancer is prone 

to form VM channels compared to luminal breast cancer subtype 48. Therefore, this unique feature 

incurred by TNBC perpetuates the aggressiveness of TNBC, and enables them to disseminate 

and invade distant organs, thus increasing the risk of mortality. Consequently, it is imperative to 

understand the contribution of VM in breast cancer progression. 

1.2. The origin of vasculogenic mimicry 

The discovery of VM began with the detection of a highly patterned network of extracellular matrix 

(ECM) in tissue sections of uveal melanoma 46. Folberg et al. 49, using fluorescein-tagged Ulex 

and laser scanning confocal microscopy, described periodic acid Schiff (PAS) (a stain) -positive 

loops, networks, and cross-linked parallel vascular patterns. However, it was initially assumed 

that these patterns represented the remodelled tumour blood vessels 49.  

Maniotis et al. 46 reconstituted the PAS-positive patterns in vitro in a series of experiments and 

presented a new interpretation from previous findings. Maniotis et al. (1999) observed highly 

invasive primary and metastatic uveal and cutaneous melanoma forming patterned networks of 

interconnected loops of ECM in 3D cultures containing matrigel or dilute type I collagen in the 

absence of endothelial cells or fibroblasts. Not only did invasive melanoma cells generate looping 

patterns, but they also made cords which eventually became hollow for short distances. 

Therefore, VM could generally be divided into tubular and patterned matrix types 46,50-51.  

Maniotis and colleagues, in an in vitro study had also observed that these tumour cells, lining non-

endothelial channels in tumour mass, also contained red blood cells and conducted fluid 46. From 

the observations, it was suggested that aggressive melanoma cells might generate vascular 

channels that facilitate tumour perfusion. This phenomenon was coined VM on the basis that 
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these channels were not blood vessels (devoid of endothelial cells) but merely mimicked the 

function of vessels 51. This novel phenomenon ignited a spirited debate for several years. Two 

positive commentaries supporting the significance of Maniotis et al. findings were provided by 

Bissel 52 and Biranga 53, followed by a controversial commentary article by McDonald 54 entitled 

“Vasculogenic Mimicry: How Convincing, How Novel, and How Significant?” 

McDonald 54 lambasted the concept of VM being novel, as the possibility of cancer cells 

participating in the formation of a blood vessel in tumours had been recognised many years ago 

before the coining of VM. In 1948, Willis stated that in “rapidly growing tumours, vessels consist 

of irregular channels lined by endothelium only or by naked tumour cells” 55. McDonald et al. argue 

that although Willis did not use the terminology of VM he clearly states the concept of tumour cells 

acquiring a phenotype that allows participation in the formation of blood vessels 54. An article by 

Folberg and Maniotis provided similar evidence to McDonald and colleagues, showing that tubular 

VM is not as novel as others have hinted at non-endothelial cell-lined channels in melanoma and 

other tumours. However, Folberg and Maniotis further indicated that the patterned matrix-its 

histogenesis, composition, ultrastructure and role in perfusion, is novel 51.  

The physiological function and clinical significance of VM were also debated: In 1996, Pötgens 56 

developed a xenograft model of cutaneous melanoma, which contained looping patterns of matrix 

rich in heparan sulfate proteoglycan. Within 2 minutes of the injection of an intravenous tracer, 

the tracer material co-localised not only to endothelial cell-lined vessels but also to the looping 

matrix patterns that did not stain for the presence of endothelium. However, Pötgens considered 

these patterns to be part of the tumour stroma but did not address the histogenesis of these 

matrix-rich patterns 56. Clarijs 57 also used a xenograft mouse model of uveal melanoma, 

demonstrating intravenous tracer material co-localising not only to blood vessels but also to 

looping patterns rich in laminin. Clarijs referred to the patterned matrix as a ‘‘fluid-conducting 

meshwork” 57. Furthermore, anticoagulant properties were associated with tumour cell-lined 
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vessels. Specifically, tissue factor, the initiating cell surface receptor of the coagulation cascade 

(extrinsic coagulation pathway), was found to be regulated by tissue factor pathway 1 inhibitor. 

This balance between coagulation and anti-coagulation was postulated to facilitate in fluid-

conducting capabilities of VM networks 58.  

These were some of the gathered findings that illustrated the physiological function and 

importance of VM; however, much work in understanding VM and the mechanism that drives VM 

is still needed. 

1.2.1. Vasculogenic mimicry and breast cancer 

Since the discovery of VM, a plethora of research has been conducted to unravel and comprehend 

the concept (Figure 1.3.). After the discovery of VM in melanoma by Maniotis et al. (1999), Tímár 

and Tóth (2000) observed that breast cancer cells also line vascular channels, although the 

clinical function of these breast tumour cell-lined vessel-like structures was unknown 46,59. A year 

later, Shirakawa and colleagues also observed VM in aggressive inflammatory breast cancer 

xenografts (WIBC-9), along with the absence of endothelial cells and the absence of central 

necrosis, indicating the presence of viable tissue in the absence of a traditional intra-tumoural 

vasculature 60. Shirakawa and colleagues provided the first evidence indicating the perfusion role 

of VM in aggressive breast cancer 61. Furthermore, the authors investigated the hemodynamics 

of VM and angiogenesis and were able to demonstrate the existence of a connection between 

VM and angiogenesis in breast cancer 61.  

Subsequently, VM facilitates nutrient and oxygen delivery to proliferating tumours by linking with 

angiogenic vessels and transferring blood from angiogenic vessels to the tumour through this VM 

- angiogenesis junction 61-62. Thus, VM as a functional micro-circulation enables the dissemination 

of breast tumours to distant organs 63. 
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Figure 1.3. Timeline on some of the contributions made to understanding vasculogenic mimicry. 

The discovery of key molecules that play a role in the formation of vasculogenic mimicry channels is indicated. The 

mechanism of vasculogenic mimicry is not yet fully understood. It should be noted that vasculogenic mimicry does not 

have universal markers. VM; vasculogenic mimicry, VE; Vascular endothelial, EphA2; ephrin type-A receptor 2, PI3K; 

phosphoinositide 3-kinase, MMP; matrix metalloproteinase, ECM; extracellular matrix, TF; tissue factor, TFP; tissue 

factor pathway 1 inhibitor, FAK; focal adhesion kinase, VEGF A; vascular endothelial growth factor A, VEGFR-1; 

vascular endothelial growth factor 1. Figure drawn by N.P Sekoba using Microsoft PowerPoint. 

Maniotis et al. (1999) 

Hendrix &Hess et al. 
(2001) 

Established the importance of 
VE-cadherin and EphA2 in the 
signaling pathway of VM. 

Seftor et al. (2001) First to correlate the interaction 
of MMP14, MMP2 and laminin 
5y2 chain to promote VM 
formation. 

Hess et al. (2003)  First study indicating that PI3K 
regulates MMP 14 and MMP 2. 

Hess & Hendrix (2006)  Established that FAK signaling 
plays a role in promoting VM 
formation.  

Ruf et al. (2003)  Reported on TF, TFP1 and TFP2 
(anticoagulant properties were 
associated with tumour cell-
lined vessels). 

Clarijs et al. (2002) First report on the ECM fluid 
conducting meshwork. 

Maniotis et al. (2002) Provided evidence of plasma in 
the laminin-positive fluid-
conducting meshwork. 

Vartanian (2011)  Reported that binding of VEGF A 
to VEGFR1 induced VM by 
activating PI3K/protein kinase C-
α signaling pathway. 

Discovered VM 
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1.2.2.1. Regulators of vasculogenic mimicry in breast cancer 

As tumours proliferate, vast usage of energy and nutrients are evident, and the alteration of the 

microenvironment, such as hypoxia and acidity, accompany tumour growth. TNBC adapts to 

these conditions to sustain proliferation and survive by switching their phenotype (tumour cell 

plasticity) and initiating VM 64-65. As breast tumours grow, they tend to develop hypoxia, which 

triggers a signalling pathway that involves a key transcription factor in tumour development, 

known as hypoxia-inducible factor (HIF)-1α. Under hypoxic conditions, the HIF-1α protein is 

translocated into the nucleus, where it combines with the β subunit of HIF-1 to form HIF-1 

heterodimer, then activates target genes which trigger VM formation and exacerbates cancer 

progression and aggressiveness 66. Vasculogenic mimicry drives tumour growth and metastasis 

and is associated with poor prognosis in breast cancer 67-69. Moreover, hypoxia induces breast 

cancer stemness, a hallmark of VM. This ability of a tumour to acquire a cancer stem-like cell 

phenotype is a type of phenotypic switching employed by tumours to survive. Another example of 

phenotypic switching is EMT, through which cells lose epithelial traits (E-cadherin) and gain 

mesenchymal features (vimentin and N-cadherin) 64,70. Epithelial-to-mesenchymal transition 

regulated by HIF-1α mediated factors (SNAIL, SLUG, TWIST 1, ZEB 1) plays a role in VM 

formation and acquisition of cancer stem-like cell phenotype 64,71. Furthermore, HIF-1α induces 

the expression of carbonic anhydrase IX, a pH regulating enzyme, to drive EMT, cancer-stem-

like cells and VM formation in TNBC 64. 

Upon stabilisation of HIF-1α, carbonic anhydrase IX is not the only gene that is upregulated and 

overexpressed but also VEGF A which has been associated with VM formation. Binding of VEGF 

A/VEGFR-1 promotes VM formation in an aggressive and highly invasive breast cancer cell 

through the phosphoinositide 3-kinase (PI3K) signalling pathway (Figure1.4.) 72.
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Figure 1.4. VEGF A/VEGFR-1 signals via the PI3K pathway to cleave the 5y2 chain by activating MMP 2 and 14 and upregulates 

VE cadherin and EphA2 to form vasculogenic mimicry channels. PI3K; phosphoinositide 3-kinase, EphA2; epithelial cell-associated tyrosine kinase 

receptor, VEGF; Vascular endothelial growth factor; VEGFR, vascular endothelial growth factor receptor; MMP, matrix metalloproteinase, HIF; hypoxia-inducible 

factor. Figure drawn by N.P Sekoba using Biorender adapted from Kirschmann et al. 73.
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The formation of VM channels in breast cancer can also be induced via vascular endothelial (VE)-

cadherin (a cell-cell adhesion molecule), which co-localises and interacts with another molecule 

that is overexpressed in VM-forming breast tumours, ephrin type A receptor 2 (EphA2), in the 

intercellular junctions between cells that forms VM channels 74. Furthermore, VE-cadherin 

regulates the phosphorylation of EphA2 at the cell membrane. Phosphorylated EphA2 then 

targets focal adhesion kinase (FAK) by promoting the localisation of FAK to a new adhesive site, 

activating PI3K (Figure 1.4.) 75-77.  

The activated PI3K promotes metalloproteinase (MMP)14, which induces VM channel formation 

by tumour cells 76. Metalloproteinase14 is known to activate MMP2, which activates MMP9. 

Metalloproteinase2 and MMP9 are necessary for cleavage the laminin 5y2 chain, which promotes 

VM formation. Therefore, targeting the PI3K/MMP pathway might be of clinical benefit. 

1.2.2.2. Techniques applied to detect vasculogenic mimicry 

The current golden standard for the detection of VM is the immunohistochemical positive PAS 

and negative CD31 staining of vessel-like structures 78. PAS-positive channels are externally lined 

by tumour cells and lack an inner lining of endothelial cells. Thus, the negative CD31 (a marker 

of endothelial cells), is observed in VM channel formation 79. In some malignant cancer biopsies, 

VM can be diagnosed with immunohistochemical staining. In a study using breast cancer 

exploring the prognostic value of aldehyde dehydrogenase 1 expression and VM in patients with 

breast cancer, VM formation was examined by CD31/PAS double staining, using formalin-fixed 

paraffin-embedded tissues from 202 breast cancer patients 80. In another study, the presence of 

VM in breast cancer tissues was detected using CD31 and PAS histochemical and 

immunohistochemical double staining in 134 tissue specimens of IDC 65. Noteworthy, 

Immunohistochemical staining does have limitations as it cannot be used to evaluate blood flow 

in VM channels 81. Other techniques which have been suggested to detect VM in clinical settings 

include molecular imaging technologies such as doppler imaging, confocal indocyanine green 
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angiography and magnetic resonance imaging 78,81. Molecular imaging technologies detect 

specific contrasting agents that can enter VM tubes and provides non-invasive imaging. Colour 

doppler imaging was reported to distinguish the blood flow of endothelial-lined and tumour-cell-

lined vasculatures in a study conducted by Ruf et al. 58. Moreover, a study conducted by Frenkel 

et al. (2008) could establish blood flow in VM patterns using confocal indocyanine green 82. In 

another study using the dynamic micro-magnetic resonance imaging technique, blood flow 

through the tumour-cell lined vessels was observed in WIBC-9 breast cancer xenograft used as 

an experimental model. Clinically, it is important to routinely assess VM using the correct 

techniques to detect VM, as it is associated with metastasis and therapeutic resistance in breast 

cancer 83. 

1.2.2.3. Vasculogenic mimicry and patient outcome in breast cancer 

Various studies have shown that VM is significantly associated with poor overall survival in breast 

cancer patients 80,84-85. In a meta-analysis incorporating 8 studies that involved 1, 238 breast 

cancer patient, the VM-positive patients had a shorter overall survival as compared to those with 

a VM-negative status 84. Lower disease-free survival rate was also associated with VM-positive 

cases compared to their counterpart 80,86. Thus, VM contributes to therapeutic resistance and 

recurrence in breast cancer patients.  

In HER2-positive breast cancer resistant to trastuzumab exhibited VM formation, promoting 

metastasis and worsening patient outcomes 87. Furthermore, VM positive cases were associated 

with a high rate of hematogenous metastasis, lymph node metastases, high tumour grade, and 

high Nottingham prognostic index (see Table 1.4.) 72,86. Importantly, VM has been shown to be 

an independent prognostic factor in breast cancer and is responsible for the aggressiveness and 

progression of the disease 76.  
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Regardless of the factors that are known to influence VM formation in breast cancer, additional 

research must be conducted to further understand the mechanisms underlying VM and use the 

knowledge gained to improve treatment. 
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Table 1.4. Vasculogenic mimicry and its association with prognosis in breast cancer patients 

Abbreviations: VM, vasculogenic mimicry. Adapted from Andonegui-Elguera et al. 88. 

Study (publication year) Number of patients 

(percentage VM+) 

Association p-value References 

Shirakawa et al (2002) 331 (7.9%) VM group tended to have a higher hematogenous 

metastases than the non-VM group 

p = 0.059 72 

Liu et al (2014) 90 (28.6%) VM correlated with lymph node metastases p = 0.004 86 

  Histological grade p < 0.001  

  Nottingham prognostic index (NPI) (worse 

prognosis) 

p < 0.001  

  VM correlated with overall survival p < 0.001  

  VM correlated with disease-free survival p < 0.001  

Xing et al (2018) 202 (16.8%) VM correlated with disease free survival and overall 

survival 

p = 0015 80 

  VM presence was higher in triple-negative cases vs. 

non triple-negative cases 

p = 0.003  

Sun et al. (2019) 100 (29%) VM presence was higher in triple-negative cases vs. 

non triple-negative cases 

p = 0.020 83 

  VM correlated with poorer overall survival p = 0015  
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1.3. Metabolism 

Metabolism is the sum of the biochemical reactions in living organisms that either produce or 

consume energy. Metabolism generally involves three processes; anabolism (synthesising simple 

molecules into more complex macromolecules), catabolism (The degradation of molecules to 

release energy), and waste disposal 89. Energy is derived from nutrients such as carbohydrates, 

fatty acids, and amino acids, which are essential for energy homeostasis and macromolecular 

synthesis in humans. 

1.3.1. Breast cancer cell metabolism 

Metabolic reprogramming is one of the mechanisms employed by cancer cells to achieve 

indefinite proliferation and invasion 89-90. Similar to most malignant cells, breast cancer presents 

with increased aerobic glycolysis and glutaminolysis 11,91. 

1.3.1.1. Changes in glucose metabolism 

Otto Warburg had observed increased aerobic glycolysis with a ten-fold increase in glucose 

consumption and a two-fold production of lactate as the end-product, regardless of the oxygen 

status in cancer metabolism, a phenomenon known as the Warburg effect 91-92. To achieve the 

Warburg effect, breast cancer cells exhibit altered expression of different glucose transporters 

and glycolytic enzymes 91. Breast cancer overexpresses glucose transporters (GLUT) such as 

GLUT 1; enabling glucose to cross the plasma membrane and undergo a ten-step reaction 

catalysed by enzymes to produce pyruvate 11,91. During glucose deprivation or hypoxia, the 

expression of VEGF A is upregulated, VEGF A increases GLUT-1 expression, which avails 

nutrients to tumours and promotes the proliferation of tumours (Figure 1.5.) 93.  
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Figure 1.5. Glycolysis pathway in the breast cancer cell. The pink arrows show the effect of VEGF 

A and HIF-1α on the metabolites of glycolysis. The green arrows indicate the relationship between 

glycolysis and the phosphate pentose pathway. HIF; hypoxia-inducible factor, VEGF; vascular endothelial 

growth factor, GLUT; glucose transporter, PPP; phosphate pentose pathway. Figure drawn by N.P Sekoba using 

Microsoft PowerPoint, adapted from Penkert et al. 94.  

 

1.3.1.1.1. Isoforms of glycolytic enzymes 

Several of the glycolytic enzymes can express isoforms that are specific to malignant cells. 

Among the glycolytic enzymes, there are three isozymes (hexokinase II, phosphofructokinase-1 

and pyruvate kinase M2) expressed by breast cancer cells which aid in tumour growth and 

increased metabolism 11,95.  
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1.3.1.1.1.1. Hexokinase II 

Hexokinase catalyzes the first irreversible step of the glycolytic pathway for the phosphorylation 

of glucose to glucose-6-phosphate with the consumption of adenosine triphosphate (ATP) (see 

Figure 1.5.). Hypoxia-inducible factor 1α, a transcription factor, that facilitates the adaptation of 

breast cancer cells to hypoxic conditions by increasing the expression of hexokinase, which 

ultimately contributes to enhanced glycolysis 95. There are four isoforms of this enzyme, 

hexokinase I-IV. Malignant cells such as breast cancer cells preferably express the predominant 

isoform hexokinase II 11,96. Hexokinase II has a catalytic and regulatory benefit over hexokinase 

I, and its product glucose-6-phosphate does not inhibit it. Hexokinase II can localise in the cytosol 

and promote anabolic pathways such as the pentose phosphate pathway (PPP) or on the outer 

mitochondria and promote glycolysis 11. The strategic binding of the hexokinase II to the outer 

mitochondria results in the coupling of ATP produced in mitochondria to phosphorylate glucose 

in glycolysis. Hexokinase II can also promote cancer by repressing mitochondrial function on cell 

death, immortalising tumour cells 97. Hexokinase II overexpression thus renders radio-resistance 

in MCF-7 and MDA-MB-231 cell lines 11,98.  

1.3.1.1.1.2. Phosphofructokinase-1 

Phosphofructokinase-1 (PFK-1) catalyses the conversion of fructose 6-phosphate to fructose-1,6-

bisphosphate. Fructose 2,6-bisphosphate play regulatory rules on PFK-1 11. The enzyme 6-

phosphofructo-2-kinase/fructose-2,6 bisphosphatase-3 (PFKFB-3) is overexpressed in breast 

cancer and positively associates with glycolysis, vascularisation, and tumorigenesis 99-100. 

Fructose-2,6 bisphosphatase-3 has a HIF-1α binding region in their promoters 11. Vascular 

endothelial growth factor A is associated with an increased expression of PFKFB-3 101-102. This 

enzyme maintains elevated fructose 2,6-bisphosphate levels, which sustains high glycolytic rates 

by activating PFK-1 (Figure 1.5.) 11. Phosphofrucokinase-1 may exist as homo or heterotetramers 

of three isoforms, PFKM, PFKL, and PFKP. Breast cancer cells mainly express the P isoform. In 
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an in vitro study, PFKP was shown to be the major isoform in malignant MCF-7 and MDA-MB-

231 11,103. 

1.3.1.1.1.3. Pyruvate kinase M2 

Pyruvate kinase (PK) is the last enzyme of glycolysis converting phosphoenolpyruvate to 

pyruvate. There are two specific isoforms: PKM1 and the PKM2 isoform, which promote aerobic 

glycolysis and are expressed in embryonic and tumour cells 104. These isoforms are formed by 

exclusive alternative splicing of PKM gene 105. Noteworthy, PKM2 acts as a co-activator of HIF-

1α (see Figure 1.5.) 11.  

1.3.1.1.2. Phosphate pentose pathway 

One of the advantages of cancer cells preferring aerobic glycolysis over efficient oxidative 

phosphorylation is the increased anabolic pathway that is observed in glycolysis when glucose is 

shunted to PPP (Figure 1.5.). The PPP provides ribulose-5-phosphate, a substrate for nucleic 

acid and nicotinamide adenine dinucleotide phosphate hydrogen (NADPH), a precursor for the 

production of lipids and amino acids 11,106. NADPH also acts as an anti-oxidant as it reduces the 

toxicity of reactive oxygen species 106. The enzymes (glucose-6-phosphate dehydrogenase and 

6-phosphogluconate dehydrogenase) involved in PPP have been reported to increase in 

malignant breast tissue 107. Overall, the PPP in breast cancer cells has been found to increase by 

eight-fold compared to normal mammary epithelial tissue. This upregulated pathway renders 

metastatic cancer resistant to drugs and therapy 108-109. 

1.3.1.1.3. Lactate Production 

In breast cancer, pyruvate dehydrogenase complex, an enzyme that converts pyruvate to acetyl-

CoA; which enters the TCA cycle, is inhibited by pyruvate dehydrogenase kinase-1 11,110. 

Therefore, the greater amount of pyruvate is converted into lactate by lactate dehydrogenase 

(LDH) A. Pyruvate dehydrogenase kinase-1 and LDH A are activated by HIF-1α (Figure 1.6.) 

110.The transcription factor, HIF-1α is not only stabilised under hypoxic conditions but also under 
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normoxic conditions by pyruvate and lactate, which accumulates this transcription factor 111. The 

target genes of HIF-1α include GLUT 1 (augments the entry of glucose) and monocarboxylate 

transporter (MCT) -4; which secrete the accumulated lactate out of the cell 112. Lactate secretion 

in the extracellular space drives tumour progression, vascularisation, and metastasis 97,113. High 

levels of LDH A in a patient with metastatic colorectal cancer correlates with increased VEGF A 

and VEGFR-1 expression 114. 

 

Figure 1.6. Lactate production and its role in tumour progression. TCA; tricarboxylic acid, VEGF; 

vascular endothelial growth factor, VEGFR; vascular endothelial growth factor receptor, HIF; hypoxia-inducible factor, 

NADH; reduced nicotinamide adenine dinucleotide, NAD+; nicotinamide adenine dinucleotide. Figure drawn by N.P 

Sekoba using Microsoft PowerPoint 115-116. 

1.3.1.2. Activation of glutaminolysis 

Glutamine is a non-essential amino acid in humans because it can be produced from glutamate 

and ammonia by glutamine synthetase in the liver. Glutamine alone comprises 20% of the total 

amino acid pool in the blood 11,117. Breast cancer shows addiction to glutamine and exploits the 

abundance of glutamine in the body to support biosynthesis, energetics, and homeostasis 11. 
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Since pyruvate converted to acetyl-CoA is only available in low levels to the TCA cycle, due to 

the Warburg effect phenotype, glutamine serves as another source to replenish the carbon pool 

of the TCA cycle 113. Glutamine enters the cell from the bloodstream through transporters and is 

then transported into the mitochondria, where it is broken down to glutamate by glutaminase to 

form α-ketoglutarate, one of the intermediates of TCA cycle (Figure 1.7.) 11,92. The metabolism of 

glutamine enhances aggressiveness in tumour cells, and the elevated levels of glutamate have 

been associated with disease outcomes in breast cancer 92. In hypoxic situations which induces 

HIF 1-α and play role in enhancing glycolysis, breast cancer cells employ reductive metabolism 

of glutamine-derived α-ketoglutarate, which constitutes a partial reversal of the TCA cycle to 

support citrate and fatty acid synthesis 118.  
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Figure 1.7. The role of glutamine in tricarboxylic acid cycle in the presence of hypoxia. The orange 

arrows indicate the reductive carboxylate pathway. Figure drawn by N.P Sekoba using Microsoft PowerPoint, adapted 

from Corbet and Feron 118. 

1.3.1.3. Metabolic rewiring and breast cancer subtypes 

Metabolic alteration is evident in the breast cancer subtypes; however, each subtype has a unique 

metabolic signature. Glutamine metabolism, glycolytic rates and metabolite-related proteins differ 

amongst breast cancer subtypes. 

1.3.1.3.1. Luminal subtype 

Luminal breast cancer exhibits an intermediate metabolic phenotype in the glycolysis-oxidative 

phosphorylation (OXPHOS) spectrum 119-120. In a study conducted by O’Mahony et al. 121, they 

found that MCF-7 cells switch between metabolic pathways (between glycolysis and OXPHOS) 

depending on the glucose availability and 17β-estradiol (E2) potentiates adaptation. 17β-

estradiol, the main estrogen in breast tissue, enhances glycolysis and suppresses the TCA cycle 

activity in high glucose conditions. Under physiological glucose concentrations, E2 stimulates the 

TCA cycle via the upregulation of pyruvate dehydrogenase activity and suppresses glycolysis to 

sustain cell viability and survival 120-122.  

Under normoxic conditions luminal subtype relies on ATP production from OXPHOS but increases 

their glycolytic activity under hypoxia, thus, exhibiting the Pasteur phenotype 123. The luminal 

subtype has also been correlated with the reverse Warburg phenotype, in which breast cancer 

cells rely on glycolytic end products such as lactate and pyruvate supplied by neighbouring 

cancer-associated fibroblasts (CAFs) 120,124. The metabolic alteration of CAFs is promoted by the 

luminal breast cancer subtype by promoting a hypoxic environment through hydrogen peroxide 

secretion 116,125. Hydrogen peroxide activates caveolin 1 and HIF-1α, which in turn upregulates 

glycolysis to produce lactate 116,126. Lactate is extruded from the CAFs through the upregulation 

of MCT 4 by breast cancer cells. Conversely, breast cancer cells have expressed MCT 1, enabling 
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lactate importation produced by CAF 127-128. Imported lactate can be converted by LDH B to 

pyruvate, which can be utilised to fuel the TCA cycle 116.  

 

Figure 1.8. Breast cancer metabolism. A) Metabolism of estrogen receptor-positive breast 

cancers. B) Metabolism of triple-negative breast cancers. Blue arrows depict the main fluxes 

within central metabolism, and the dashed lines indicate a down-regulation. Figure drawn by N.P 

Sekoba using Microsoft PowerPoint, adapted from Elia et al. 124. 

 

Overall, luminal subtype breast cancer prefers to utilise the OXPHOS pathway under both 

normoxic and hypoxic conditions through the Pasteur effect or reverse Warburg type, respectively 

(Figure 1.8.). It should be noted that high proliferating luminal B estrogen receptor-positive breast 
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cancers display less often a reverse Warburg metabolism compared to slow proliferating luminal 

A estrogen receptor-positive breast cancers 124. Thus, high proliferating breast cancer subtypes 

adapt to high glycolytic rates, which are associated with worse clinical outcomes.  

Luminal subtype also expresses high glutamine and low glutamate levels, thus having low 

glutamate-to-glutamine ratio and lower levels of glutaminolysis 119-120. This is due to luminal breast 

cancer cells' lower glutaminase and higher glutamine synthetase expression 116. 

1.3.1.3.2. Triple-negative breast cancer subtype 

Triple-negative breast cancer tumour has been associated with a greater glycolytic phenotype as 

compared to both luminal breast cancer subtypes (see figure 1.8.) 119. In a study conducted by 

Choi et al 129. GLUT 1 was highly expressed in TNBC contrasted to other breast cancer subtypes. 

Increased glucose uptake is associated with increased glycolysis and intracellular lactic acidosis. 

Thus, to prevent intracellular acidosis and cell death, TNBC have been shown to highly express 

carbonic anhydrase IX, which ultimately provides TNBC with an acid-resistant phenotype 122,129. 

Additionally, both MCT 1 and MCT 4 transporters are highly expressed in TNBC 130-132. Triple-

negative breast cancer tumour has also been shown to display an increased expression of some 

of the glycolytic enzymes such as hexokinase II, PKM2 and LDH A, which are correlated with 

tumour progression and poor prognosis 120,128,132. 

Low mitochondrial respiration has also been positively correlated with the TNBC subtype 120. The 

TCA cycle and electron transport chain subunits, such as the complex I NDUFB8 and SDHB (the 

core catalytic subunit of the mitochondrial heterotrimeric complex SDH), are downregulated in 

MDA-MB-231 cells when compared to MCF-7 cells 128. The triple-negative subtype has also 

exhibited a higher NADH/NAD+ ratio than the luminal subtype. This is due to the less oxidation 

of NADH to NAD+ by the impaired complex I activity and more conversion of NAD+ to NADH 

during active glycolysis 128,133. High NADH levels in the TNBC subtype inhibit the pyruvate 
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dehydrogenase complex, thus, cementing the truncation of the TCA cycle and upregulating the 

lactic fermentation 134. 

Triple-negative breast subtype is glutamine addicted, thus displaying an increased glutaminolysis 

activity, high glutamate to glutamine ratio and increased expression of glutaminases 11,116,124. 

Glutamine metabolism begins with a solute carrier family 1 member 5 (SL1CA5)-dependent 

transport into cells 135. Triple-negative breast cancer subtype displays a significant increase in the 

SL1CA5 transport as compared to luminal breast cancer cells 132. Loss of glutaminases impairs 

tumour growth of TNBC but has minimal effect on the growth and metabolic phenotype of luminal 

subtype 132,136. This is due to the lack of glutamine synthetase observed in some TNBC. 

1.3.1.4. Regulator of metabolic reprogramming and vasculogenic mimicry 

The physiological function of breast tumor-lined vessels is in the ability to provide nutrients to the 

proliferating tumour. An increased glucose flux is associated with VM channel formation in p53-

mutated triple-negative breast cancer. PKM2, a rate-limiting enzyme that catalyzes the final step 

of glycolysis, promotes VM formation by enhancing glucose flux and VE-cadherin expression in 

p53-mutated triple-negative breast cancer under low phosphorylated-Checkpoint kinase (Chk)2 

T68. Activation of Chk2, a multifunctional kinase that modulates the cellular response to DNA 

damage, results in phosphorylation of Chk2 at the T68 site, which enables coupling of Chk2-

PKM2 and nuclear exportation of PKM2 by phosphorylating PKM2 at Ser100. Phosphorylated-

PKM2 Ser100 then reduces VM formation by decreasing glucose flux and VE-cadherin 137. This 

new metabolic regulatory axis (Chk2-PKM2) is the first link that has established a relationship 

between metabolic alteration and VM and, thus, has clinical relevance and warrants consideration 

when designing targeted therapies for breast cancer. 

In this study, VEGF A/VEGFR-1 signalling (regulator of both VM and metabolic reprogramming) 

will be investigated to determine its contribution to metabolic changes and VM formation in breast 

cancer. 
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1.3.1.5. Treatment that targets vasculogenic mimicry in breast cancer 

Hypoxia is an important inducer of VM formation, and several compounds have been employed 

to suppress HIF. 6, 6’-bis (2.3-dimethoxybenzoyl)-a,a-D-trehalose (DMBT), which is a derivative 

of brartemicin, a metabolite isolated from actinomycetes, was investigated in an in vivo an in vitro 

study was it exhibited an inhibitory effect on VM in MDA-MB-231 xenografts and MDA-MB-231 

cells 138, DMBT, exerted its inhibitory effect through inhibiting VM-related proteins such as HIF-

1α, VE-cadherin, MMP9 and MMP2 in MDA-MB-231 cells, leading to the suppression of hypoxia-

induced VM. 

Another compound, Hinokitiol, inhibits VM in breast cancer stem cells by increasing the 

proteasome-mediated degradation of epidermal growth factor receptor and thus lowering the 

levels of this protein 139. Melatonin and entinostat (Histone deacetylase inhibitors) were also found 

to attenuate VM in a breast cancer preclinical model (Table 1.5.). These compounds inhibit EMT, 

a factor that contributes to breast cancer stemness 71,140. 

Preclinical studies have also focused on the targeting of the PI3K/AKT signalling pathway. MEN-

1611, a PI3K inhibitor, in in vitro and in vivo settings downregulated PI3K and pAKT in breast 

cancer 147. Moreover, MEN-1611 had a significant and long-lasting anti-tumour effect reflected by 

tumour-stasis or tumour regression in trastuzumab-resistant PI3KCA-mutant HER2-positive 

patient-derived xenograft. Currently, MEN-1611, is a potential VM therapeutic drug that is under 

investigation in a clinical trial phase I in patients with HER2+/PI3KCA mutant advanced or 

metastatic breast cancer (Table 1.6) 147. Furthermore, interferon-α binds to its receptor, and 

subsequent activation of Janus kinase (JAK) 1, phosphorylation of PI3K, AKT, mammalian target 

of rapamycin (mTOR) promotes HIF-1α mRNA transcription and translation, which ultimately 

induces EMT and VM. Thus, inhibition of JAK 1, PI3K and mTOR by LY294002, JAK inhibitor I 

and Rapamycin, respectively, attenuate IFN-induced VM in a preclinical study. JAK1/2 inhibitor, 

Ruxolitinib, is another compound under clinical development that treats metastatic breast cancer 
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in a phase I trial 150. Both MEN-1611 and Ruxolitinib are combined with other drugs, such as 

trastuzumab and paclitaxel, respectively, for treating breast cancer. Therapeutic combination is 

advantageous as it increases the therapeutic window and potential to retard VM channel 

formation in aggressive breast tumors; therefore, more studies aiming at therapeutic solutions in 

the treatment of breast cancer are needed. 

Table 1.5. Therapeutic compounds which inhibit vasculogenic mimicry in breast cancer in 
preclinical studies 

Drug/Compound Target Breast 
cancer Model  

References 

 

Liposomes    

Vincristine in combination 
with Dasatinib 

VE 
cadherin/FAK/PI3K/MMP2/MMP9 

 

MDA-MB-231 
breast cancer 
cells and 
MDA-MB-231 
xenografts in 
nude mice 

77. 

Epirubicin and Celecoxib MMP/VE 
cadherin/FAK/EphA2/HIF-1α 

MDA-MB-231 
xenografts in 
nude mice 

141 

Natural plant 
compounds 

   

Xian-ling-lian-xia-fang VEGF-A/MMP 2 MDA-MB-231 
cells 

MDA-MB-231 
xenografts in 
nude mice 

142 

Brucine EpHA2/MMP2/MMP9 Triple-
negative 
breast cancer 
cell line 

143. 

Sinomenine MiR-340-5p/SIAH2 axis MDA-MB-231 
cells 

144 

Hinokitiol Epidermal growth factor receptor  Breast cancer 
stem cells 

139 

Thymoquinone PI3K/Wnt3a/VE-cadherin Breast cancer 
stem cells 

145 
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Hormones    

Melatonin EMT  MDA-MB-231 
cells 

71 

Calcitriol TGF-β/VEGF A/MMP 2 and 9 MDA-MB-231 
cells 

146 

VE-vascular endothelial, FAK-focal adhesion kinase, PI3K-phosphoinositide3kinase, MMP-metalloproteinase, EphA-
erythropoietin-producing human hepatocellular receptor, HIF-hypoxia inducible factor, VEGF-vascular endothelial 
growth factor, MiR-microRNA, SIAH-seven in absentia Homolog, EMT-epithelial mesenchymal transition, TGF-
transforming growth factor. 

 

Table 1.6. Potential drugs targeting vasculogenic mimicry in clinical trials in breast cancer 

Drug Target Clinical trial ID Phase Status References 

MEN-1611 PI3K NCT03767335 I Active, not 
recruiting 

147 

BKM120 
(Buparlisib) 

PI3K NCT01790932; 
NCT01629615 

II Completed (results 
published) 

148 

OKI-179 HDAC  NCT03931681 I Completed (results 
published) 

149 

Ruxolitinib JAK/STAT NCT02041429 I Completed (results 
published) 

150 

SLC-0111 CA IX NCT02215850 I Completed (results 
published) 

151 

HDAC- histone deacetylase, PI3K-phosphoinositide 3 kinase, JAK- janus kinase, CA- carbonic anhydrase 

1.4. Targeted therapy 

Targeted therapy is different from traditional chemotherapy (refers to treatment with drugs that 

have the potential to kill cancer cells) and radiotherapy (refers to the use of high-energy radiation 

from x-rays, gamma rays, neutrons, protons, and other sources to kill cancer cells and shrink 

tumours); it involves the use of agents that block the growth and spread of cancer by interfering 

with specific molecules involved in cell growth and cancer progression 152. Targeted therapies are 

often less toxic and better tolerated than chemotherapy and radiotherapy 152. The two main types 

of targeted therapy are monoclonal antibodies and small molecule inhibitors.  
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Monoclonal antibodies are usually water soluble and large, with an approximate molecular weight 

of 150 000 Da. Due to their large molecular weight and hydrophilic nature, the distribution of 

monoclonal antibodies is generally limited to the vascular and interstitial spaces 153-154. 

1.4.1. Small molecule inhibitors 

Small molecule inhibitors have a molecular weight of approximately 500 Da and can enter a cell 

thereby blocking receptor signalling and interfering with downstream intracellular molecules. 

These small molecule inhibitors mainly interfere with the intracellular signalling of tyrosine kinases 

155. Tyrosine kinases are enzymes in the kinase family that transfer phosphate groups from one 

place in the cell to another. Tyrosine kinase initiates a molecular cascade that can lead to cell 

growth, proliferation, and migration in both normal and malignant tissue 152. Vascular endothelial 

growth factor receptor-1 is a tyrosine kinase and is targeted by sunitinib malate and ZM 306416. 

1.4.1.1. Sunitinib malate and ZM 306416 

Sunitinib malate (Sutent, Pfizer, New York, USA) is an oral small molecule tyrosine kinase 

inhibitor which inhibits multiple receptor tyrosine kinases, including VEGFR-1–3, platelet-derived 

growth factor receptor, c-KIT, FLT3 kinase, colony-stimulating factor 1 receptor and RET kinase. 

Sunitinib is currently approved in the United States and European Union for the treatment of 

advanced renal cell carcinoma and the treatment of gastrointestinal stromal tumours after disease 

progression on or intolerance to imatinib mesylate 156-157. In contrast, ZM 306416, the novel 

selective vascular endothelial growth factor receptor-1 and epidermal growth factor receptor 

(EGFR) inhibitor, has not been extensively investigated (see Figure 1.9.). 
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Figure 1.9. Molecular structure of small molecular inhibitors. A) sunitinib malate molecular 

structure. B) ZM 306416 molecular structure. Figure drawn by N.P Sekoba adapted from PubChem 158-159. 

  

A B 
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1.5. Problem statement 

Breast cancer cells reprogramme their metabolism and induce VM formation with a sole purpose 

of increasing their chances of survival. Vasculogenic mimicry and metabolic reprogramming 

support cancer growth and are also drivers of recurrence, therapeutic resistance, and increased 

mortality rates. Currently, there are drugs undergoing clinical development with the potential to 

inhibit vasculogenic mimicry and enhanced metabolism in breast cancer. However, exploring 

various therapeutic options to combat the metabolic shift adapted by tumours and VM in breast 

tumours is still imperative. 

This study evaluated the selective VEGFR-1 inhibitors (sunitinib malate and ZM 306416) in breast 

cancer cells. Thus, if blocking VEGFR-1 effectively inhibits the steps associated with VM, namely, 

cell growth, migration, invasion and metabolism, they could have potential benefits in breast 

cancer treatment.  

1.6. Aim 

The study aimed to investigate the effects of VEGFR-1 inhibition on the steps associated with 

VM, namely, cell growth, migration, invasion and metabolism in breast cancer cells in vitro. 

1.7. Objectives 

The following were the objectives of the study: 

• To determine the effects of VEGFR-1 inhibition on processes that contribute to 

vasculogenic mimicry, namely in cell growth, migration and invasion, using the crystal 

violet assay, the scratch wound assay, and the Boyden chamber. 

• To determine the effects of VEGFR-1 inhibition on cell morphology using light microscopy. 

• To optimise liquid chromatography with tandem mass spectrometry (LC-MS/MS) method 

for the simultaneous assay of metabolites in cell culture preparations. 
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• To determine the effects of treatment on the metabolic profile of breast cells using liquid 

chromatography with tandem mass spectrometry (LC-MS/MS), ELISA and a pH 

meter/electrode. 
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CHAPTER 2: MATERIALS AND METHODS 
2.1. Study design 

The study design is outlined in the flow diagram (Figure 2.1.). 

 

Figure 2.1. Flow diagram illustrating the study design. 

 

1. Cell culture 
maintenance

3. Data analysis

2. Experiments

I. Crystal violet assay

II. Morphology study

II. Migration assay

III. Invasion assay

IV. Liquid 
chromatography with 

tandem mass 
spectrometry

V. ATP assay

VI. pH
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2.2. General materials and cell culture maintenance 

Cell culture maintenance and experiments were carried out under aseptic conditions in a Type II 

Biosafety cabinet (Labotec, Midrand, South Africa). The surface of the cabinet was cleaned with 

0.1% (m/v) sodium dodecyl sulphate (SDS) and 70% (v/v) ethanol prior to usage. All glassware 

and non-sterile equipment were sterilised by autoclaving (20 min, 120°C, 15 psi) before use. 

2.2.1. Cell lines 

2.2.2.1. MCF 7 

MCF-7 cell line ((CVCL_0031) serves as a good luminal A model that has been commonly used 

in preclinical testing of new target therapies 161. The MCF-7 cell lines were obtained from the 

American Tissue Culture Collection (ATCC). These breast cancer cells were established from a 

pleural effusion at the Michigan Cancer Foundation. In microarray profiles, the MCF-7 gene set 

clusters with the luminal A subtype of breast cancer, displaying an epithelial morphology with 

adherent growth properties. The cell line is non-invasive and represents a model of early-stage 

disease due to the high expression of ER-activated genes, low levels of proliferation proliferation-

related genes, have low histological grade and a good prognosis. 

2.2.2.2. MDA-MB-231 

The MDA-MB-231 cell line (CVCL_0062) was obtained from ATCC. This cell line was isolated at 

MD Anderson from a pleural effusion of a patient with invasive ductal carcinoma and is commonly 

used to model late-stage breast cancer. MDA-MB-231 cells lack ER, PR, and HER2 receptors 

and thus are classified as TNBC subtype with a spindle-shaped epithelial morphology and 

adherent growth. Triple-negative breast cancer has limited and mostly ineffective therapeutic 

options. As a result, as a good TNBC model, MDA-MB-231 cell line has been widely used in 

preclinical studies to investigate potential target therapies 160. 
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Total number of cells 
Number of squares (4) 

2.2.3. Reagents  

Dulbecco’s modified eagle’s medium (DMEM), penicillin, streptomycin, and trypsin were 

purchased from Whitehead Scientific (Johannesburg, RSA). Phosphate-buffered saline (PBS) 

was prepared as follows: 80 g/l NaCl (sodium chloride), 2 g/L KH2PO4 (monopotassium 

phosphate) and 11.5 g/L Na2HPO4.2H2O (sodium Phosphate Dibasic Dihydrate) (Sigma-Aldrich 

Pty Ltd. (Johannesburg, RSA) were dissolved in distilled autoclaved water prepared at pH of 7.4. 

Foetal bovine serum (FBS) was bought from Scientific Group (Midrand, RSA). Gelatin was bought 

from Sigma-Aldrich Pty Ltd. (Johannesburg, RSA). 

2.2.4. Cell culture maintenance procedure 

2.2.4.1. Maintenance and subculturing 

Cells were cultured in DMEM supplemented with 10% FBS and 1% penicillin-streptomycin. The 

cells were maintained in a humidified atmosphere containing 5% CO2 at a temperature of 37°C. 

The culture medium was changed every two days. Upon reaching 70-90% confluence, the 

medium was discarded, and the cells were washed with sterile 1X PBS and trypsinised by adding 

trypsin to the flasks. To facilitate dissociation, the flask was incubated at 37°C. Cells were 

observed under an inverted microscope to check for cell rounding, usually, cells would detach 

after 5 to 10 minutes. Gentle hitting of the flask on the sides was used for cells that did not detach 

easily. The detached cells were resuspended in fresh medium and were centrifuged and 

resuspended in 1 mL DMEM. Twenty µL of 0.2% (m/v) trypan blue was added to the total volume 

of 20 µL of the cell suspension and PBS (only used for dilution if the cell suspension is too 

concentrated), in order to identify viable cells during the cell counting using a hemocytometer 161. 

The dead cells were excluded from the count. The cell density was calculated using the following 

equation: 

Cell density (cell/mL) =                               x Dilution factor x 104 

 

https://www.bing.com/ck/a?!&&p=48e3e30b8e19a782JmltdHM9MTY3NjkzNzYwMCZpZ3VpZD0zNDY3ZmQ5YS1kNTM3LTY1ZmYtMjhiYS1lZmY3ZDQ0NTY0NzEmaW5zaWQ9NTQyOA&ptn=3&hsh=3&fclid=3467fd9a-d537-65ff-28ba-eff7d4456471&psq=Na2HPO4.2H2O+&u=a1aHR0cHM6Ly93d3cubGFib3JhdG9yeW5vdGVzLmNvbS9zb2RpdW0tcGhvc3BoYXRlLWRpYmFzaWMtZGloeWRyYXRlLW5hMmhwbzQtMmgyby1tb2xlY3VsYXItd2VpZ2h0LWNhbGN1bGF0aW9uLyM6fjp0ZXh0PVNvZGl1bSUyMHBob3NwaGF0ZSUyMGRpYmFzaWMlMjAlMjhOYTJIUE80JTI5JTJDJTIwYWxzbyUyMGNhbGxlZCUyMERpc29kaXVtJTIwcGhvc3BoYXRlLHBob3NwaGF0ZSUyMGRpYmFzaWMlMjAlMjhOYTJIUE80LjJIMk8lMjklMjBhbHNvJTIwY29udGFpbnMlMjAyJTIwd2F0ZXIlMjBtb2xlY3VsZXMu&ntb=1
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Appropriate aliquots of the cell suspension were seeded into culture vessels required for 

experimentation. 

2.2.5. Compound preparation 

A stock solution of 1 mg/mL sunitinib malate (Sigma-Aldrich Pty (Ltd), Johannesburg, RSA) and 

ZM 306416 (Cayman Chemical, USA) was prepared in saline. The stock solution was aliquoted 

into microtubes and stored at -20ºC until use. Drug dilutions were prepared fresh on the day of 

the experiment using a culture medium. 

2.3. Experimental methods 

2.3.1. Crystal violet assay 

Principle 

Crystal violet assay is a quick and versatile assay for screening cell viability under diverse 

stimulation or inhibition conditions. This assay is based on staining cells that are attached to cell 

culture plates using the crystal violet dye that binds to protein and DNA. The amount of crystal 

violet staining in the assay is directly proportional to the cell biomass that is attached to the plate. 

When cells that undergo cell death lose their adherence and are subsequently lost from the 

population of cells, reducing the amount of crystal violet staining in a culture, affects the cell 

biomass which is used to infer the level of cell viability 162. The absorbance of the dye measured 

by the spectrophotometry at 570 nm corresponds to cell quantities. 

Materials 

Glutaraldehyde (1% v/v) in distilled water, crystal violet (1% w/v) in distilled water and Triton X-

100 (0.2 % v/v) in distilled water were purchased at Sigma-Aldrich Pty (Ltd). (Johannesburg, 

RSA). 
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Methods 

MCF-7 cells, MDA-MB-231 cells and MCF-10A were seeded in 96-well culture plates at a density 

of 5 x 103 cells per well and left overnight in a 37ºC incubator with 5% CO2 for attachment. 

Phosphate-buffered saline was added in wells that contained no cells as background control. After 

24-hour attachment, the medium was aspirated from the culture plate, and the cells were exposed 

to ZM 306416 and sunitinib malate at a concentration of 0.01 µg/mL; 0.1 µg/mL; 1 µg/ml 10 µg/mL 

and 20 µg/mL (excluding MCF-10A cell line). Positive control cells were treated with nocodazole, 

an antineoplastic agent (inhibits maturation and proliferation of malignant cells, and therefore, is 

used to treat cancer), at a concentration of 0.01 µg/mL; 0.1 µg/mL; 1 µg/mL 10 µg/mL, and 20 

µg/mL. Vehicle control cells were treated with 0.05% DMSO, a solvent for Nocodazole and 0.9% 

saline, a solvent for sunitinib malate and ZM 306416. The culture plates were incubated for 24-, 

48- and 72 hours before the assay was performed.  

Following incubation, the medium was discarded, and cells were fixed by adding 30 µL 

glutaraldehyde solution (1% v/v) and left at room temperature for 15 minutes. After 15 minutes, 

glutaraldehyde was discarded, and cells were stained with the 100 µL crystal violet solution (1% 

w/v) for 30 minutes. The crystal violet solution was aspirated. The culture plates were rinsed under 

running tap water and air-dried overnight. To solubilise the stain, 100 µL triton X-100 (0.2% v/v) 

was added, and the plate was left overnight. Optical density (OD) was then measured by reading 

the absorbance at 570 nm with an ELx 800 Universal Microplate (BioTek instruments Inc, 

Weltevreden, South Africa). 

To correct for the background average OD570 of all drugs was subtracted with the OD570 of the 

background control. Cell number percentage was calculated using the following equation: 

Cell number % =                                              x 100 
OD570 of drug treated cells 

OD570 values vehicle control cells 
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The cell viability percentage was used to plot a scatter plot. The best-fit linear line was inserted 

along its equation. This equation provided values for a and b from the IC50 equation (𝐼𝐼𝐼𝐼50 = 

0.5−𝑏𝑏/𝑎𝑎). 

2.3.2. Morphology study 

Principle 

Polarisation optical transmitted light differential interference contrast is a polarization-optical 

transmitted light differential interference contrast method. In contrast to conventional DIC, linearly 

polarized light is only generated after the objective 163. The PlasDIC displays the required phase 

profile, which is relative to the product of the section thickness and the refractive index difference 

between the environment and the average refractive index of quartz. The PlasDIC provides high-

quality imaging of cells to observe their morphological characteristics 164. 

Methods 

Exponentially growing MDA-MB-231 cells were seeded in 96 well tissue culture plates at a cell 

density of 5 000 cells per well. Cells were incubated at 37°C for 24 hours to allow for attachment. 

After 24 hours, the cells were treated for 22 hours with sunitinib malate (10 μg/mL) and 

nocodazole (3 μg/mL). For this assay and subsequent assays, ZM 306416 was not used dictated 

by the findings in the cell viability assay (this is elaborated in detail in Chapter 3). The controls 

were treated with 0.9% saline and 0.05% DMSO. The cells were viewed using a Zeiss Axiovert 

CFL 40 microscope, and PlasDIC images were captured using a Zeiss Axiovert MRm digital 

camera (Zeiss, Oberkochen, Germany) at 40× magnification. 
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2.3.3. Migration assay 

Principle 

Scratch assay is used to describe and understand cell migration and its many roles in wound 

healing. Cell migration is defined as the movement of individual cells, cell sheets and clusters 

from one location to another 165. Migration assay has been used to successfully demonstrate that 

certain compounds can accelerate or slow down the rate of migration. This assay requires basic 

cell culture techniques and supplies, a cell line of choice, and imaging technology to capture 

movement over time or movement in response to treatments. A pin tool and/or pipette tip is used 

to scratch and remove cells from a discrete area of the confluent monolayer to form a cell-free 

zone into which cells at the edges of the wound can migrate (Figure 2.2.). Molecules of interest 

as potential therapeutics are added to the wells/dishes, and images of cell movement are 

captured at regular intervals within a 24-hour period for data analysis 165.  
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Figure 2.2. Flow diagram of a scratch assay. Figure drawn by N.P Sekoba using Microsoft PowerPoint 

adapted from Pinto et al. 166. 

Methods 

Cells were seeded into 100 mm x 20 mm gelatin-coated culture dishes at a density of 1.2 x 106 

and incubated at 37°C for 24 hours to reach 100% confluency. Cells were scratched vertically 

and horizontally using a 10 µL yellow pipette tip. Cells were washed twice with 1x PBS to remove 

cells that were detached while scratching. Culture dishes were replenished with fresh medium 

containing nocodazole (3 µg/mL), sunitinib malate (10 µg/mL) and saline (0.9% v/v). The dishes 

were incubated at 37°C for 22 hours. The cells were viewed using a Zeiss Axiovert CFL 40 

microscope, and polarization-optical differential interference contrast (PlasDIC) images were 

captured using a Zeiss Axiovert MRm digital camera (Zeiss, Oberkochen, Germany) at 0 hours, 

7 hours,14 hours and 22 hours intervals. Images were then analysed using ImageJ software, and 

the percentage wound closure was calculated as follows: 

Wound Closure % =         x 100 

 

2.3.4. Invasion assay 

Principle 

The transwell invasion assay assesses cell motility and invasiveness in the presence of a 

chemoattractant gradient. This is accomplished using plastic inserts for multi-well plates with a 

cell-permeable membrane. When these inserts are placed in the well of a multi-well tissue culture 

plate, they form a two-chamber system separated by a cell-permeable membrane. To create an 

invasion assay, the pores in the membrane are blocked with an ECM gel designed to mimic the 

matrices that tumour cells encounter during the invasion process in vivo (Figure 2.3.). Invasion 

the area of the wound measured immediately after scratching 
the area of the wound measured hours after the scratch is 
performed 
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is determined by counting the cells that have traversed the cell-permeable membrane and 

invaded by placing the cells on one side of the gel and a chemoattractant on the other side of the 

gel 167-168. 

 

Figure 2.3. The principle of transwell invasion assay is illustrated using Boyden chamber, which 

mimics invasion in vivo. Figure drawn by N.P Sekoba using Bio render adapted from Kim & Friedman 169. 

Methods 

The upper transwell insert was coated with 1.5 % gelatin to form a matrix. Forty μL of DMEM was 

added into the gelatin-coated upper insert of the 96 well plates. The plate was incubated with the 

insert for 2 hours at 37°C. Upon reaching confluency, MDA-MB-231 cells grown in DMEM 

supplemented with 10% FBS, and 1% penicillin-streptomycin, were split. The cells were washed 

with 1x PBS and then resuspended in serum-free DMEM with treatment of compound (sunitinib 

malate (10 µg/mL), nocodazole (3 µg/mL), saline (0.9% v/v) and DMSO (0.05% v/v)). Then the 

https://scholar.google.com/citations?user=S2JQtgQAAAAJ&hl=en&oi=sra
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well of the 96-well plate (lower compartment) was subdivided into two settings and filled with 60 

μL of DMEM supplemented with 10% FBS, and 1% penicillin-streptomycin and 60 μL of serum-

free DMEM which were added as an attractant and control, respectively, in the well labelled as 

setting 1 and setting 2. The transwell insert was positioned into the well, with the bottom of the 

insert merged in the medium. Compound treated-MDA-MB-231 cells were seeded into the upper 

compartment at a density of 1 x 104, and the plate was then incubated for 48 hours at 37 °C. After 

48 hours of incubation, the cells on the lower side of the insert membrane were fixed with 

glutaraldehyde (1% v/v), followed by staining with 1% (w/v) crystal violet. Gelatin and cells that 

remained in the upper compartment of the insert were gently removed by gently wiping the upper 

side of the membrane with a cotton swab. Using the inverted microscope, the number of cells in 

the lower compartment was counted in different fields of view to get an average sum of cells that 

have migrated through the membrane toward the chemo-attractant and control setting. 

2.3.5. Liquid chromatography mass spectrometry  

Principle 

Liquid chromatography with tandem mass spectrometry (LC-MS/MS) is a technique used to 

separate a mixture into its individual parts. Components within the mixture are separated in a 

column based on each component’s affinity for the mobile phase. The mixture within the liquid 

mobile phase will slowly be filtered down through the solid stationary phase, bringing the 

separated components with it, and the analytes will be detected and identified using the MS 170. 

Materials 

Reagents 

Analytical standards (lactate, pyruvate, glucose-6-phosphate, fructose-6-phosphate and 

glutamine acid) were purchased from Merk (Pty) Ltd. (Johannesburg, RSA). MS grade (purity 
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≥99.99%) acetonitrile, methanol; analytical grade (≥98.0%) formic acid and ammonium formate 

were purchased from Merck (Pty) Ltd. (Darmstadt, Germany).  

Instrumentation 

Harvard syringe pump with a glass one millilitre Hamilton® GASTIGHT® 4.61 mm ID syringe was 

purchased from Separations (Randburg, South Africa). Agilent 1260 infinity II high-performance 

LC system (Agilent technologies, Walbronn, Germany) coupled to an AB Sciex4000 QTrap triple 

quadrupole tandem mass spectrometer (LC-MS/MS) purchased from Sciex (Toronto, Canada) 

was used. Analyst software version 1.7 (Sciex, Toronto, Canada) was used to manage the system 

and optimise analyte detection parameters, data acquisition and analysis.  
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Methods 

2.3.5.1. Sample preparation 

Cells were seeded at a density of 1.0 x 106 into a T25 and cultivated for 24 hours. After 24 hours, 

drugs (sunitinib malate, nocodazole, DMSO and saline) were added to the flasks of treatment, 

and only cultured medium without drugs was added in the no-treatment flasks (incubation period 

24 hours). After 24 hours, the medium was aspirated, and flasks were washed with warm PBS 

first to avoid stressing the cells. Then washed with cold PBS twice to halt metabolism (quenching 

of metabolism). Flasks were then closed with caps and placed in a container containing cold 

ethanol, which is a continuous method of quenching the metabolism. The container was then 

stored at -80°C overnight. The freeze-drying machine was used to dry the samples. Dried samples 

were then stored in the -80°C freezer.  

Extraction of metabolites procedure (methanol and water were used as the extraction solvent as 

they best suited to extract the metabolites that are under investigation): 

The flasks were taken out of the -80°C freezer. Methanol (250 µl) was added into the flasks just 

to wet the dried surface. Then 500 µl of distilled water was added to the flasks. The flasks were 

placed into the ultrasonic bath for 15 minutes (this is a form of homogenisation where cells are 

lysed and the metabolites are released into the solution). The solution from the flask was poured 

into the eppendorf 1 (the water extraction). Distilled water (500 µl) was again added to the flasks 

and placed into the ultrasonic bath for 15 minutes. The solution was added to eppendorf 1 (the 

water extraction). Then 500 µl of methanol was added into the flasks and placed in the ultrasonic 

bath for 15 minutes. The solution was poured into a separate eppendorf 2 (methanol extraction). 

The eppendorfs were vacuum dried and stored at -80°C till LC/MS/MS analysis. 
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2.3.5.2. Preparation of standards 

A 1 mg/mL stock solution was prepared for each standard (lactate, pyruvate, glucose-6-

phosphate and fructose-6-phosphate) by dissolving it in distilled water. Aliquots were prepared 

from the stock solution and stored in the -80°C freezer till LC/MS/MS analysis. 

2.3.5.3. Mass spectrometry method optimisation 

Principle 

To be able to identify and differentiate between metabolites, each metabolite must have a unique 

transition. This is accomplished by determining the precursor and product ions of each metabolite. 

The first analyser analyses the precursor ion, and the second analyser analyses the production, 

which is a fragment of the precursor ion. 

Method 

The direct infusion analysis was performed using the Harvard syringe pump in combination with 

the AB Sciex 3200 QTrap MS/MS mass spectrometer to identify the product ion mass and the 

precursor ion mass in each metabolite. An aliquot of the metabolite stock solution (1 mg/mL) was 

diluted with 20% ammonium formate, 40% methanol and 60% distilled water solution to a 

detectable concentration. Parameters such as the declustering potential (DP), collision energy 

(CE), and entrance potential (EP) were optimised for each metabolite to ensure high sensitivity 

(see Section 3.5. in Chapter 3). Other MS parameters, such as the source temperature (TEM), 

ion spray voltage (ISV), curtain gas (CUR), nebulizing gas (GS1) and drying gas (GS2), were also 

manually optimised (see Table 2.1.). 
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Table 2.1. Mass spectrometry parameters 

Parameter Value 

Temperature 500 °C 

Ion spray voltage 4500 V 

Curtain gas 40 psi 

Nebulizing gas 50 psi 

Drying gas 50 psi 

 

2.3.5.4. Liquid chromatography method development 

The next step in the method development process was to hyphenate the LC module with the MS. 

Different mobile phases were investigated to get the best peak resolution with acceptable 

efficiency for the separation of the metabolites under investigation. Mobile phase A contained 10 

mM ammonium formate and 0.5% formic acid in distilled water, while mobile phase B contained 

methanol: acetonitrile (2:8). The final gradient for the chromatographic separation of the mixture 

of metabolites for MS detection is shown in Table 2.2. using the Luna (HILIC) column. However, 

during the optimisation phase of the chromatography, several different analytical column 

stationary phases (C18 amide column and IEC QA-825) were investigated. The final gradient was 

obtained using Luna (HILIC) column (150 x 2mm, 3 µm, 200 Å) (Separations, Johannesburg, 

RSA) which was also tested to achieve the retention of metabolites. 
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Table 2.2. Gradient elution method showing the total LC run time vs the % mobile phase B. 

Total liquid chromatography run time (mins) Percentage (%) mobile phase B 

0 95 

3 95 

10 75 

11 75 

12 95 

14 95 

 

2.3.6. Adenosine triphosphate assay 

Principle 

Adenosine triphosphate is the primary energy unit for cells. Upon cell death, ATP synthesis is 

arrested, and the ATP levels drop. Increased levels of ATP indicate cell proliferation and signal 

the presence of metabolically active cells 171-172. Bioluminiscence ATP assay is one method that 

is used to determine the concentration of ATP in cells. This assay utilises luciferase to catalyse 

the formation of light from ATP and luciferin, and the light can be measured using a luminometer. 

Luminometers are specialised instruments that were first introduced to the market in 1970s. The 

signal recorded by the luminometer (Figure 2.4) is presented in relative luminescence units (RLU) 

172.The overall reaction that proceeds in the luciferin–luciferase system of fireflies is as follows: 

Luciferin + ATP + O2                                             Oxyluciferin + AMP + Pyrophosphate + CO2 + Light 

 

Luciferase 
Mg2+ 
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Figure 2.4. Flow diagram depicting the preparation and reading of the ATP assay. 

Materials 

ATP assay kit 119170 was purchased from Merk Pty (Ltd). (Johannesburg, RSA). 

Methods 

Cells were seeded at 5 x 103 cells in a 96-well luminometer plate, and the plate was incubated for 

24 hours to allow cells to attach. Cells were then treated with drugs (0.05% DMSO, sunitinib 

malate and nocodazole) and incubated for 24 hours. After 24 hours culture medium was 

aspirated, and cells were treated with 100 µl of nucleotide-releasing buffer for 5 minutes at room 

temperature. ATP monitoring enzyme was added into the cell lysate (10 µL). Standards were 

prepared by adding 10 µl of a series of dilutions (1000 µg/mL, 100 µg/mL, 1 µg/mL, 0.1 µg/mL, 
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0.01 µg/mL, 0.001 µg/mL, 0 µg/mL (serves as a blank)) of ATP standard to the luminometer plate 

wells. An addition of 100 µl of nucleotide-releasing reagent and 1 µL of ATP monitoring enzyme 

was also added to the standards. The plate was read using a Biotek Synergy 2 

chemiluminescence (Biotek, RSA). 

2.3.7. Extracellular pH 

Principle 

A pH electrode is used to determine the pH of a solution. It consists of a pair of electrodes, a 

measurement electrode and a reference electrode, both submerged in an unknown pH solution. 

These two electrodes combine to form two half-cells. The potential developed in the reference 

cell is constant, whereas the potential developed in the measurement cell is dependent on the 

concentration of hydrogen ions in the solution and is governed by the Nernst equation 173. 

Methods 

Culture media was collected from culture plates and transferred to 15-mL tubes after 24 hours of 

incubation without treatment which serves as a baseline and 24 and 48 hours of incubation with 

treatment in breast tumour cells and without treatment in media not containing cells. Then the pH 

was measured with a pH meter. 

2.3.8. Statistics 

Data analysis was conducted in consultation with a biostatistician (Prof PJ Becker) from the Unit 

of Biostatistics, Faculty of Health Sciences, University of Pretoria, using Stata Release 17 

statistical software. Data summary reported mean and standard error of mean by factors of 

interest. Viability data were analysed using a two-way analysis of variance (ANOVA) with factors 

time (24, 48, 72 hours) and concentration (0, 0.01, 0.1, 1, 10 and 20 µg/mL) and interaction. Post-

hoc analysis then compared concentrations with 0, by time and drug (sunitinib malate, ZM 306416 

and nocodazole). Migration data were analysed using a two-way ANOVA with factors time (0, 7, 
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14, 22 hours) and drug (sunitinib malate, nocodazole and control) and interaction. Post-hoc 

analysis then compared drugs with control, by time. Invasion data were analysed by drug 

(sunitinib malate, nocodazole and control) using one-way ANOVA with factor concentration (0, 

0.1, 1, 5 and 10 μg/mL) to compare concentration with 0 µg/mL. ATP data compared drugs 

(sunitinib malate, nocodazole and control) in a one-way ANOVA. Testing was done at the 0.05 

level of significance. 
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CHAPTER 3: RESULTS 
3.1. Cell viability  

Cell viability was determined using the crystal violet nuclear staining assay. Cell viability results 

are expressed as a percentage of surviving cells relative to the vehicle control. 

The effects of the VEGFR-1 inhibitors (ZM 306416 and Sunitinib malate) on the viability of three 

breast cell lines, the non-cancerous MCF-10A cells, and the cancer cell lines MCF-7 and MDA-

MB-231 were determined. 

3.1.1. Effect of ZM 306416 and Sunitinib malate on the viability of MCF-10A cells 

At 0.1 µg/mL ZM 306416 had no effect on MCF-10A at 24, 48 and 72 hours relative to the control 

vehicle (Figure 3.1.). At 1 µg/mL, a decreasing trend of MCF-10A cell viability in a time-dependent 

manner was observed, although the degree of inhibition on cell growth was not significant. 

Similarly, at 10 µg/mL, cell viability was decreased to 87.8%, 85.7% and 80.6% in 24, 48 and 72 

hours, respectively, although the degree of inhibition was not significant. Therefore, ZM 306416 

was not cytotoxic to MCF-10A cells in a dose-dependent and time-dependent manner, similar to 

the positive control, Nocodazole. Due to the non-significant effect observed on the cell viability of 

MCF-10A treated at 0.1 µg/ml-10 µg/mL, for subsequent cell lines (MCF-7 and MDA-MB-231 

cells), there was a dose increase to 20 µg/mL. 

Sunitinib malate treatment at 0.1 µg/mL decreased the viability of MCF-10A cells at 24, 48 and 

72 hours, although the degree of inhibition was not significant relative to the vehicle control 

(Figure 3.1.). Similarly, the degree of inhibition was not significant at 1 µg/mL of sunitinib malate 

treatment, where the cell viability of MCF-10A was reduced to 90.5%, 82.7% and 80.3% at 24, 48 

and 72 hours, respectively. At the highest concentration of 10 µg/mL of sunitinib malate treatment, 

the viability of MCF-10A cells was decreased to 80.7%, 77.5% and 77.4% at 24, 48 and 72 hours, 
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respectively. However, the degree of inhibition was not significant. The slight cell growth decrease 

in normal breast cells was also evident when treating with the positive control, Nocodazole. 
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Figure 3.1. Effect of ZM 306416, sunitinib malate and nocodazole on the viability of MCF-10A cells after 24, 48 and 72 hours of 

treatment. Cell viability is expressed as a percentage relative to the vehicle control. Results represent the mean ± SEM of three 

independent experiments done in triplicate. 

.
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3.1.2. Effect of ZM 306416 and Sunitinib malate on the viability of MCF-7 cells 

In MCF-7 cells treated with 0.01 µg/mL of ZM 306416 for 24 hours, the degree of inhibition was 

not significant relative to the vehicle control denoted as 0 µg/ml (Figure 3.2.). At 0.1 µg/mL of the 

drug, tumorigenic MCF-7 cell viability was reduced to 82.1%. At 1 µg/ml and 10 µg/mL, cell 

viability was decreased to 77.9% and 71.2%, respectively. However, at all concentrations of ZM 

306416 treatment (0.01 µg/ml-10 µg/mL), the degree of inhibition was not significant when 

compared to the control vehicle Saline. The effect exerted by ZM 306416 contrasted with the 

positive control Nocodazole, which exerted a significant inhibition on growth at all concentrations 

after 24-hour treatment on MCF-7 cells (0.01 µg/mL (59.3%, p ≤ 0.001), 0.1 µg/mL (55.3%, p ≤ 

0.001), 1 µg/mL (49.5%, p ≤ 0.001), 10 (41.4%, p ≤ 0.001) and 20 (26.0%, p ≤ 0.001). The 

significant growth inhibition by the positive control validates the procedure and conditions of the 

experiment. 

Sunitinib malate treated MCF-7 cells at a concentration of 0.01 µg/mL for 24 and 48 hours resulted 

in minor growth inhibition relative to the vehicle control Saline; however, at 72 hours the degree 

of inhibition was significant (Figure 3.2.). Inhibition of cell growth was also observed at 

concentrations of 0.1 µg/mL (87.5%), although the degree of inhibition was not significant at 24 

hours. However, at 48 (85.4, p ≤ 0.05) and 72 (59.4, p ≤ 0.001) hours, the degree of inhibition 

was significant. At 1 µg/mL after 24 hours, the degree of inhibition of MCF-7 cells was not 

significant; however, at 48 and 72 hours, a significantly decreasing MCF-7 cell viability trend was 

observed. After 24, 48 and 72 hours of 10 µg/mL sunitinib malate treatment, cell viability 

decreased to 51.6% (p ≥ 0.05), 44.4% (p ≤ 0.001) and 37.1% (p ≤ 0.001). At the highest 

concentration (20 µg/mL), significant inhibition of cell viability was observed in a dose- and time-

dependent manner at 24, 48 and 72 hours of treatment relative to the positive control, 

Nocodazole. Overall, the dose- and time-dependent inhibition of cell growth by sunitinib malate 
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was lower than the Nocodazole exerted an inhibitory effect on MCF-7 cells at 24-,48- and 72 

hours.
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Figure 3.2. Effect of ZM 306416, sunitinib malate and nocodazole on the viability of MCF-7 cells after 24, 48 and 72 hours of treatment. 

Cell viability is expressed as a percentage relative to the vehicle control. Results represent the mean ± SEM of three independent 

experiments done in triplicate. * p ≤ 0.05, *** p ≤ 0.001. 
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3.1.3. Effect of ZM 306416 and Sunitinib malate on the viability of MDA-MB-231 cells 

After 24-, 48- and 72-hour treatment with 0.01 µg/mL of ZM 306416 on MDA-MB-231 cells, minor 

growth inhibition was noted relative to the vehicle control (Figure 3.3.). However, the growth 

inhibition degree was insignificant relative to the vehicle control. Similarly, at 0.1 µg/mL of ZM 

306416, the degree of inhibition was not significant across all experimental timelines (24, 48 and 

72 hours). In contrast, at 72 hours of ZM 306416 treatment at a dose of 1 µg/mL and 10 µg/mL, 

cell viability was significantly inhibited by 46.1% and 56.4%, respectively. However, at 24 and 48 

hours of treatment, the degree of inhibition was not significant at 1 µg/mL and 10 µg/mL 

concentrations. 

Sunitinib malate reduced cell growth of tumorigenic MDA-MB-231 cells after 24 (97%), 48 (94.4%) 

and 72 (72.6%) hours of exposure at a concentration of 0.01 µg/mL, although the degree of 

inhibition was not significant (Figure 3.3.). Similarly, at 24 and 48 hours of 0.1 µg/mL sunitinib 

malate treatment of MDA-MB-231 cells, no significant effect was observed. However, at 72-hour 

treatment, cell viability was significantly reduced in MDA-MB-231 cells (53%, p ≤ 0.01). The 

degree of growth inhibition was significant at concentrations of 1 µg/mL, 10 µg/mL and 20 µg/mL 

after 24-hour exposure. The viability of MDA-MB-231 cells was greatly affected after 48 and 72 

hours of sunitinib malate exposure. Sunitinib malate inhibited cell growth to 53.9% (p ≤ 0.01) at 1 

µg/ml, 37.0% (p ≤ 0.001) at 10 µg/mL and 20.8% (p ≤ 0.001) at 20 µg/mL compared to vehicle 

control after 48 hours of exposure. The dose-dependent inhibition of cell growth by sunitinib 

malate was lower than the nocodazole exerted an inhibitory effect on MDA-MB-231 cells after 48-

hour treatment. An increased degree of growth inhibition by sunitinib malate was noted at 72 

hours of exposure. A decrease of 51.6% (p ≤ 0.01) at 1 µg/mL, 32.4% (p ≤ 0.001) at 10 µg/mL 

and 17.3% (p ≤ 0.001) at 20 µg/mL was noted. 
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Figure 3.3. Effect of ZM 306416, sunitinib malate and nocodazole on the viability of MCF-7 cells after 24, 48 and 72 hours of treatment. 

Cell viability is expressed as a percentage relative to the vehicle control. Results represent the mean ± SEM of three independent 

experiments done in triplicate. * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001. 
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In summary, at different concentrations of sunitinib malate (0.1-10 µg/mL) less cytotoxicity was 

observed in normal breast cells (MCF-10A). In contrast, the tumorigenic cell lines MCF-7 and 

MDA-MB-231, when exposed to sunitinib malate in various concentrations (0.1-20 µg/mL) 

resulted in a significant inhibitory effect. The IC50 of the drugs under investigation was calculated 

using the equation 𝐼𝐼𝐼𝐼50 = 0.5−𝑏𝑏/𝑎𝑎 as depicted in Table 3.1. Therefore, a concentration of 10 

µg/mL of sunitinib malate inhibition was determined as the optimal dose for the tumorigenic cell 

lines. However, the optimal dose of 10 µg/mL of sunitinib malate had a non-significant inhibitory 

effect on normal breast cells. Hence, all succeeding studies were conducted using 10 μg/mL of 

sunitinib malate.  

Table 3.1. Compound concentrations required for half maximal growth inhibition of MDA-MB-
231 and MCF-7 cells. 

Compound IC50  

 MCF-7 MDA-MB-231 

Sunitinib Malate 13 µg/mL 8 µg/mL 

ZM 306416 ND ND 

Nocodazole 7 µg/mL 3 µg/mL 

Abbreviation: VEGFR-1, vascular endothelial growth factor receptor; ND, not determined. Results represent three 

independent experiments done in triplicate. 

ZM 306416 was not cytotoxic to normal breast cells; however, it was less potent than sunitinib 

malate when tumorigenic cells were treated. In addition, sunitinib malate displayed higher efficacy 

than ZM 306416. Therefore, for succeeding studies, sunitinib malate was the compound selected 

to be investigated further. Moreover, further studies were undertaken using the MDA-MB-231 cell 

line due to the profound effect (being highly responsive to the drugs of investigation) observed in 

MDA-MB-231 cells. 
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3.2. Morphological studies  

PlasDIC was used to visualise the effect of sunitinib malate (10 µg/mL) on the morphology of 

MDA-MB-231 cells after 24 hours (Figure 3.4.) and 48 hours (Figure 3.5.) of exposure. Following 

treatment, morphological alterations were identifiable in sunitinib malate-treated cells consistent 

with the positive control, nocodazole, and in contrast to the vehicle control saline (Figure 3.4. and 

Figure 3.5.). 

The cell density was reduced by sunitinib malate treatment in contrast to the vehicle control-

treated cells, which did not display a reduced cell density after 24 hours (Figure 3.4. (A)) and 48 

hours (Figure 3.5. (A)) of exposure. 

A characteristic indication of cell death that is rounding of cells, shrinking of cells and membrane 

blebbing was observed in sunitinib malate-treated cells at 24 hours of exposure (Figure 3.4. (C)) 

and 48 hours (Figure 3.5. (C)) similar to the positive control nocodazole, which displayed 

decreased cell density and blocked metaphase at 24 hours (Figure 3.4 (B)) and 48 hours of 

exposure (Figure 3.5. (B)). 

.
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Figure 3.4. Morphological images of MDA-MB-231 cells after 24 hours of treatment. (A) untreated cells (control), (B) nocodazole 

treated cells, (C) sunitinib malate treated cells. Scale bar =100 µm. Results are representative of three independent experiments. 
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Figure 3.5. Morphological images of MDA-MB-231 cells after 48 hours of treatment. (A) untreated cells (control), (B) nocodazole treated cells, 

(C) sunitinib malate treated cells. Scale bar =100 µm. Results are representative of three independent experiments. 

.
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3.3. Cell Migration 

To study cell migration, a scratch was created using the 20 µl pipette in a confluent monolayer. 

The effects of sunitinib malate (10 µg/mL) on cell migration were then measured at 0, 7, 14 and 

22 hours (Figure 3.6.).  

At 0 hours there was no significant difference in the width of the wound area of cultures exposed 

to the vehicle control (Saline) and that of cultures treated with sunitinib malate. Similarly, sunitinib 

malate and the positive control, nocodazole had similar widths of wound area at 0 hours (Figure 

3.6.). At 7 hours, a slight reduction of the wound area in the sunitinib malate-treated culture was 

observed relative to the vehicle control. After 14 hours of sunitinib malate treatment, the wound 

width was maintained as cell migration was inhibited by sunitinib malate relative to the vehicle 

control, where the width of the wound area was greatly reduced due to cells migrating towards 

the wound area. Similarly, at 22 hours, sunitinib malate inhibited cell migration towards the wound 

area in comparison with the vehicle control. Moreover, over a 22-hour period, there was no 

significant difference in the width of the wound area of sunitinib malate and the positive control, 

Nocodazole. Therefore, similar to the positive control (nocodazole), sunitinib malate inhibited the 

migration of MDA-MB-231 cells over a period of 22 hours. 
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Figure 3.6. Representative scratch assay images over a 22-hour period. MDA-MB-231 cells were plated on gelatin-coated tissue 

culture dishes. Once confluent, a monolayer was formed after 24 hours, and the monolayer was scratched using a 20 µl pipette tip to 

create a wound. Wound healing images after the vehicle control (saline), positive control (nocodazole) and sunitinib malate exposure 
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were captured using Zeiss axiovert microscope (Zeiss, Oberkochen, Germany). The scratch was measured at three different areas, 

and the calculated average was used. Scale bar at 100 µm.  
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Figure 3.7. shows the graph wound width analysed using the ImageJ analysis software over a 

period of 22 hours. At 0 hours, there was no statistical difference between the wound width of 

sunitinib malate and vehicle control; the same was observed for sunitinib malate and the positive 

control (Nocodazole), as they had a similar wound width at baseline (Figure 3.7.). Minor inhibition 

of wound closure was detected at 7 hours (196 µm) post-sunitinib malate treatment when 

compared to the control vehicle. Sunitinib malate exerted a significant reduction of cell migration 

with wound width of 194 µm and 188 µm at 14 hours (p ≤ 0.01) and 22 hours (p ≤ 0.001), 

respectively, compared to the vehicle control (141 µm, 14 hours and 125 µm, 22 hours). 

Thus, over the 22-hour period, sunitinib malate maintained the opening of the wound area similar 

to a positive control (nocodazole) and inhibited cell migration over time. 
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Figure 3.7. Sunitinib malate reduces cellular migration. Quantified rates of wound width were 

analysed using ImageJ analysis software over a period of 22 hours. Error bars represent the 

standard error of the mean from three different areas, and the calculated average was used. **p 

≤ 0.01, ***p ≤ 0.001. 
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3.4. Invasion 

The effect of sunitinib malate on the invasive capacity of MDA-MB-231 cells in the presence and 

absence of a chemoattractant (10% FBS) was determined. The total number of cells from the 

upper compartment that invaded the lower compartment was manually counted using an inverted 

microscope. 

The percentage of invaded cells after 48 hours of vehicle control (Saline) exposure, without the 

chemoattractant, was 54% and (100 %) in the presence of a chemoattractant (Figure 3.8. (B)). 

Sunitinib malate significantly reduced the percentage of cells invading the lower chamber of the 

plate to 44% (p ≤ 0.001) at 0.1 µg/mL in cultures without a chemoattractant. At 1 µg/mL sunitinib 

malate decreased the percentage of invading cells to 31% (p ≤ 0.001) relative to the vehicle 

control. At 10 µg/mL of sunitinib malate treatment, cell invasion was reduced to 18% (p ≤ 0.001) 

in comparison to the vehicle control denoted as 0 µg/mL (Figure 3.8. (A)). The dose-dependent 

inhibitory effect exerted by sunitinib malate in the absence of a chemoattractant is evident in the 

positive control nocodazole (Figure 3.8. (C)). 

In the presence of a chemoattractant in the lower chamber, sunitinib malate significantly reduced 

the number of invaded cells to 56% (p ≤ 0.001) at 0.1 µg/mL. Invasion of cells was decreased to 

33% (p ≤ 0.001) at a dose of 1 µg/mL of sunitinib malate. At the highest dose of 10 µg/mL cell 

invasion was reduced to 21% (p ≤ 0.001) relative to the vehicle control. The inhibition of invading 

MDA-MB-231 cells is dose-dependent and consistent with the positive control nocodazole.   
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Figure 3.8. Invasion assay of cells after 48 hours of treatment with sunitinib malate. (A) sunitinib 

malate treated cells without (B) and with chemoattractant in the lower compartment. (C) positive 

control (nocodazole) treated cells without (C) and with (D) chemoattractant in the lower 

compartment. Cells were counted from random microscope fields and were represented as a 

percentage. Error bars represent the standard error of the mean from three experiments. ***p ≤ 

0.001. 
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3.5. Liquid chromatography and mass spectrometry 

Liquid chromatography and mass spectrometry are used in metabolic profiling to accurately 

identify and quantify metabolites. It is a tool used to reveal specific biomarkers for many diseases, 

including cancer which aids in therapeutic and clinical outcomes. 

3.5.1. Mass spectrometry optimisation 

Mass spectrometry optimisation was achieved using the tuning method where the DP, CE, EP 

and ionization mode of each metabolite of interest were determined (Figure 3.9. (A-E)).  

 

 

Figure 3.9. (A). LC-MS/MS chromatogram of glucose-6-phosphate. 

 

 

 

 

 

 

  

Glucose-6-
phosphate 

Precursor 
ion mass 

Polarity DP EP CE Elution 
time  

 
 

259.3 Negative -35 -10 -24 0.82 
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Fructose-6-
phosphate 

Precursor 
ion mass 

Polarity DP EP CE Elution 
time  

 259.2 Negative -23 -10 -24 0.82 
 

 

Figure 3.9. (B). LC-MS/MS chromatogram of fructose-6-phosphate.  
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Pyruvate Precursor 
ion mass 

Polarity DP EP CE Elution 
time  

 87 Negative -27 -10 -18 0.96 

 

 

Figure 3.9. (C). LC-MS/MS chromatogram of pyruvate.  
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Lactate Precursor 
ion mass 

Polarity DP EP CE Elution 
time  

 89 Negative -33 -10 -24 1.07 

 

 

Figure 3.9. (D). LC-MS chromatogram of lactate.  
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Glutamate Precursor 
ion mass 

Polarity DP EP CE Elution 
time  

 147 Positive 80 10 19 0.84 

 

 

Figure 3.9. (E). LC-MS/MS chromatogram of glutamate. 
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3.5.2. Liquid chromatography optimisation 

3.5.2.1. C18 amide column 

The C18 is a reverse column that contains a non-polar stationary phase; however, this column 

contains the amide stationary phase, making the column hydrophilic. The C18 amide column was 

first tested to determine if it could separate and retain the polar metabolites of interest. A 7.5-

minute method using 15 mM ammonium formate in acetonitrile (solvent A) and 10 mM ammonium 

formate in water (solvent B) was evaluated at a flow rate of 0.25 μL/min. Standards were used to 

assess the retention and separation of these polar compounds under the condition mentioned 

above using the C18-amide column. However, challenges were encountered with the column 

employed as the retention times for glucose-6-phosphate, fructose-6-phosphate, pyruvate, and 

glutamate were too short (Figure 3.9. (A-E) and Figure 3.10.). The metabolites of interest were 

not retained, and therefore, reliable detection was not possible (Figure 3.10.) 

 

Figure 3.10. C18 amide chromatography of fructose-6-phosphate, glucose-6-phosphate, 

pyruvate, lactate and glutamate.  
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3.5.2.2. IEC QA-825 column 

IEC QA-825 column is an ion exchange column filled with hydrophilic polymer-based gel modified 

with a quaternary ammonium group. A 7.5-minute method was used with solvent A containing 20 

mM ammonium: 20 mM ammonium hydroxide in water and solvent B containing acetonitrile at a 

flow rate of 0.25 μL/min. The analytes of interest could be detected under the optimised MS 

conditions; however, the retention of the metabolites of interest was not achieved, although 

retained longer than the C18 amide column see Figure 3.11. 

 

Figure 3.11. IEC QA-825 chromatography of fructose-6-phosphate, glucose-6-phosphate, 

pyruvate, lactate and glutamate.  

3.5.2.3. Luna HILIC column 

The third column evaluated in the study was a Luna (HILIC) column (150 x 2mm, 3 µm, 200 Å). 

Luna HILIC column is a column used to detect and separate hydrophilic metabolites. A water-

enriched layer of silica remains on the surface of the Luna HILIC columns. This water layer makes 

it easier for polar compounds to move onto the stationary phase for improved retention. Several 
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concentrations of solvents were initially tested to determine the best method to analyse 

metabolites of interest. The mobile phase used contained 10 mM ammonium formate and 0.5% 

formic acid in distilled water, and mobile phase B contained methanol: acetonitrile (2:8), at a flow 

rate of 0.25 μL/min.  

Standards were also tested to assess the retention and separation of these polar compounds. 

The results showed that some of the analytes were retained, such as lactate, fructose-6-

phosphate and glucose-6-phosphate. However, glucose-6-phosphate and fructose-6-phosphate 

were difficult to separate under the various conditions employed as they were isomers and 

needed to be analysed in negative mode (Figure 3.12.). Other analytes, such as glutamate and 

pyruvate, were not successfully retained. Subsequently, reliable, optimal detection of metabolites 

of interest was not achieved. 

 

Figure 3.12. Luna HILIC chromatography of fructose-6-phosphate, glucose-6-phosphate, 

pyruvate, lactate and glutamate.  
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Overall, the column that can separate the analytes is an amide column, plus glutamine must be 

analysed in positive mode. Thus, the right column for the analytes, including pyruvate and 

glutamate, would be the Luna NH2 column. Further analysis in this study has been deferred as 

the waiting list for this column is almost a year. 

However, for each metabolite of interest, successful optimisation of MS parameters was achieved, 

and this success will serve as a basis for further analysis. ATP and pH were assessed to further 

investigate the metabolic profile of MDA-MB-231 cells. 
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3.6. Adenosine triphosphate assay 

The ATP levels signal the presence of metabolically active cells. In the presence of luciferase, 

ATP immediately reacts with the substrate D-luciferin to produce light which is detected through 

bioluminescence. To generate a standard curve, serial dilution of ATP standards (1000 μg/mL, 

100 μg/mL, 10 μg/mL, 1 μg/mL, 0.1 µg/mL) was prepared. The standard curve was used to 

calculate the ATP levels of MCF-7 cells and MDA-MB-231 cells in treated and untreated groups 

(Figure 3.13.). 

 

Figure 3.13. ATP Standard curve. The luminescence signal is proportional to the amount of ATP. 

The RLU values of the standards represent the average of the experiment performed three times, 

and the data presented are of one representative experiment. ATP, adenosine triphosphate. 
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MCF-7 cells treated with 10 µg/mL of sunitinib malate did not significantly reduce ATP levels in 

comparison to the vehicle control; however, a 32% decrease in ATP levels was exerted relative 

to the control (Figure 3.14. (A)). The decreased levels of ATP in sunitinib malate-treated MCF-7 

cells are consistent with the displayed decreased ATP levels of the positive treated (Nocodazole) 

MCF-7 cells.  

 

Figure 3.14. (A). The effect of sunitinib malate on the ATP levels in MCF-7 cells. The ATP levels 

were determined using the ATP assay kit (Sigma). The result represents the calculated ATP (μg) 

value ± SEM performed in triplicate.  

 

 

 



 

91 | P a g e  
© University of Pretoria 

In Figure 3.14. (B), MDA-MB-231 sunitinib malate treated cells had a significant ATP level 

reduction of 71% (p ≤ 0.001) as compared to the vehicle control, and a similar decrease trend of 

ATP levels was noted in Nocodazole treated MDA-MB-231 cells. 

 

Figure 3.14. (B). The effect of sunitinib malate on the ATP levels in MDA-MB-231 cells. The ATP 

levels were determined using the ATP assay kit (Sigma). The result represents the calculated 

ATP(μg) value ± SEM performed in triplicate. ** p ≤ 0.01. 
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3.7. Extracellular pH 

The pH of MDA-MB-231 cells and MCF-7 cells was measured after 24 hours of incubation before 

drug exposure and after 24 and 48 hours of treatment using a pH-sensitive electrode (Table 3.2).  

The culture medium without cells had a stable pH in all the tested time intervals of the experiment, 

indicating that the cells were grown in a stable pH medium.  

After 24 hours of MCF-7 cell incubation without treatment, the pH between the intended MCF-7 

cells to be exposed to the control (6.63) and sunitinib malate (6.60) was similar, implying equal 

cell density. After 24 hours of treatment, sunitinib malate-treated MCF-7 cells had increased the 

extracellular pH to 6.62 (reduced acidity) in contrast to the decreased pH (increased acidity) of 

the vehicle control (6.51). However, after 48 hours of treatment in MCF-7 cells, the pH had 

decreased in both sunitinib malate (6.35), and the vehicle control-treated MCF-7 cells (6.31). 

Although, sunitinib malate-treated MCF-7 cells had a higher pH when compared to the control 

group after 48 hours of exposure. 

At baseline, without exposure, the cell density in MDA-MB-231 cells to be treated with control 

(6.60) and sunitinib malate (6.60) was the same. After 24 hours and 48 hours of treatment, 

sunitinib malate treated cells had an increased extracellular pH in MDA-MB-231 cells (6.75 and 

6.34 respectively) in contrast to the vehicle control treated MDA-MB-231 cells (6.53 and 6.20). 

Therefore, sunitinib malate reduced the number of metabolic active MDA-MB-231 cells after 24 

and 48 hours of treatment compared with the vehicle control.



 

93 | P a g e  
© University of Pretoria 

            Table 3.2. Comparison of extracellular pH in breast cancer cells  

Cell line Drug treatment Extracellular 
pH ± SEM at 
baselinea 

Extracellular 
pH ± SEM after 
24 hoursb 

pH unit 
differencec  

Extracellular pH 
± SEM after 48 
hoursd 

pH Unit 
difference 

Culture medium*  None 7.2 ± 0.2 7.2 ± 0.2 N/A 7.2 ± 0.2 N/A 

MCF-7 Control (Saline) 

 

Sunitinib malate 

6.63 ± 0.07 

 

6.60 ± 0.12 

6.51 ± 0.11 

 

6.62 ± 0.12 

 

0.11 

6.31 ± 0.1 

 

6.35 ± 0.21 

 

0.04 

MDA-MB-231 Control (Saline) 

 

Sunitinib malate 

6.60 ± 0.1 

 

6.60 ± 0.3 

6.53 ± 0.07 

 

6.75 ± 0.25 

 

0.22 

6.20 ± 0.2 

 

6.34 ± 0.06 

 

0.14 

*, Culture medium does not contain breast cancer cells, a; pH measured after 24-hour incubation before treatment, b, pH measured after 24 hours 

of drug exposure, c, pH difference between sunitinib malate and control in each cell line separately, d, pH measured after 48 hours of drug exposure. 

Results represent the mean ± SEM of two independent experiments. SEM, standard error of the mean. N/A, not applicable. 
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CHAPTER 4: DISCUSSION 
Vascular endothelial growth factor receptor-1 is a tyrosine kinase receptor for VEGF A, VEGF B 

and placental growth factor (PIGF) ligands, with VEGF B and PIGF exclusively binding to VEGFR-

1 174-175. Vascular endothelial growth factor A binds to both VEGFR-1 and VEGFR 2; however, 

VEGFR-1 has low kinase activity and high binding affinity to VEGF A when compared to VEGFR 

2 176. The VEGF A/VEGFR-1 axis induces proliferation, migration, and extracellular invasion in 

tumour cells 174-175. Moreover, VEGFR-1 is implicated with the induction of tumour-cell lined 

vessels and enhanced metabolism of cancer cells 174,177. In this study, two major hallmarks 

contributing to breast cancer recurrence and poor prognosis were investigated: the alteration of 

breast cancer metabolism and the contributors of VM (cell growth, migration, and invasion). The 

capability of cancerous cells to enhance their metabolic activity and invade the ECM potentiate 

cell growth, distant metastasis, and sustainability by providing sufficient energy and augmenting 

the aggressive phenotype of breast cancer cells.  

Vascular endothelial growth factor receptor-1 is highly expressed in tumorous breast tissues and 

correlates with poor prognosis 178-179. In contrast, VEGFR-1 expression in normal breast tissue is 

absent or undetectable 176. Moreover, VEGFR-1 plays no physiological role in adult angiogenesis 

functions such as tissue repair 178. Thus, targeting VEGFR-1 might provide therapeutic benefits 

as it is anticipated to result in fewer adverse effects 174. 

In this study, two compounds were investigated, namely ZM 306416 and sunitinib malate. ZM 

306416, is a potent VEGFR-1 and EGFR inhibitor. Research on the anti-tumour effect of ZM 

306416 in breast cancer cells is scarce. Sunitinib malate is an orally bio-available, multi-targeting 

tyrosine kinase inhibitor with a high binding affinity for VEGFR-1 and has shown anti-tumour 

activities. In this study, the in vitro effects of VEGFR-1 inhibitors on cell proliferation, metabolic 

profile, and VM channel formation were evaluated.  
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4.1. Growth Studies 

Vascular endothelial growth factor receptor-1 expressed by breast cancer cells has been 

associated with tumour growth and survival through the VEGF A/VEGFR-1 and/or PIGF/VEGFR-

1 axis 175,180. In patients with breast cancer, high VEGFR-1 expression levels are associated with 

metastasis and recurrence risk 181-182. Therefore, the anti-growth effect of VEGFR-1 inhibitors (ZM 

306416 and sunitinib malate) on MDA-MB-231 and MCF-7 cells were investigated. 

ZM 306416 exerted a growth inhibition effect on MDA-MB-231 cells after 72 hours of treatment, 

possibly through the inhibition of VEGFR-1 and EGFR, as MDA-MB-231 cells overexpress EGFR 

183. The overexpression of EGFR in breast cancer cells has been associated with increased 

tumour growth and poor clinical outcome 184. Therefore, activated VEGFR-1 also increases 

proliferation in an autocrine endothelial growth factor (EGF)/EGFR–dependent manner 185. 

Specifically, VEGFR-1 interacts with stabilised EGFR leading to an increased EGFR-dependent 

proliferative activity of cancer cells. The expression of EGFR is inversely proportional to the 

estrogen status 184. In addition, both VEGFR-1 and EGFR have been associated with the 

aggressive phenotype and metastatic potential of breast cancer cells 175,186. 

On the other hand, ZM 306416 did not inhibit the growth of MCF-7 cells after 24 hours of 

treatment. The lack of growth inhibition on MCF-7 cells by ZM 306416 might be attributed to the 

ER-positive status of MCF-7 cells. Firstly, ER signalling pathway drives tumour growth through 

the EGFR-dependent pathway, as there is a cross-link between the two pathways 187. That is, 

plasma membrane-associated ER alpha can utilise the EGFR cascade for its signal transduction, 

and activation of the EGFR tyrosine kinase can phosphorylate and activate the nuclear estrogen 

receptor and its coregulator proteins. Thus, treated MCF-7 cells with acquired tamoxifen (a 

selective estrogen receptor modulator used to treat hormone-receptor breast cancer) show 

increased EGFR compared to the parent cell-line 187-188. Therefore, the cross-link from the two 

pathways provides an escape from a single-targeted pathway treatment, as it is evident in our 
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study where EGFR was the only targeted pathway between the two pathways (EGFR and ER 

signalling pathway) by ZM 306416. Secondly, MCF-7 cells are estrogen-dependent for their 

proliferation; that is, estrogen signalling increases VEGF A expression in MCF-7 cells through an 

estrogen-responsive element within the VEGF A promoter which in turn promotes growth 184. 

Hence, inhibition of VEGFR-1 and EGFR after 24-hour treatment with ZM 306416 did not yield 

any significant growth inhibition. Therefore, exploring combination/multi-targeting therapies might 

improve breast cancer treatment. 

Multi-kinase inhibitor, sunitinib malate inhibited the growth of MCF-7 cells at 24, 48 and 72 hours 

of treatment. The observation of this study is in alignment with other studies where sunitinib 

malate was found to exert anti-growth effects on MCF-7 cells 189-190. In our study, profound growth 

inhibition could be noted at 48 and 72 hours. These observations are similar to a study conducted 

by the Ghimirey et al. 190 where inhibition of MCF-7 cell growth treated with sunitinib malate after 

72 hours was noted. Moreover, MCF-7 cells express low levels of VEGFR-1 and VEGF A when 

compared to MDA-MB-231 cells 191-192. Thus, it is postulated that the MCF-7 cells are sensitive to 

VEGFR-1 inhibitors, as evident in sunitinib malate MCF-7 treated cells. However, MCF-7 cells are 

not solely dependent on VEGFR-1 signalling for growth but are also estrogen-dependent, which 

affects treatment efficacy, as observed with ZM 306416. 

On the other hand, sunitinib malate decreased the growth of MDA-MB-231 cells in a time- 

dependent and dose-dependent manner. The growth inhibition could be through inhibiting the 

autocrine VEGF A/VEGFR-1 pathway as it regulates proliferation and growth in breast cancer 

(Figure 4.1) 175,185. Our results agree with other studies, where the anti-growth effect of sunitinib 

malate was evident in MDA-MB-231 cells 189,193. At the highest concentrations of sunitinib malate 

treatment, a significant decrease in growth was observed in MDA-MB-231 cells (it should be noted 

that sunitinib malate is only approved by FDA for treatment of renal cell carcinoma and it is still in 

clinical trials for breast cancer treatment) ; this might be attributed to the highest levels of VEGFR-
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1 expressed by MDA-MB-231 cells, which is postulated to render these cells resistant to VEGFR-

1 inhibition; thus higher concentrations would be required to competitively block VEGFR-1 

signalling.  

In addition, sunitinib malate had higher potency and efficacy in contrast to ZM 306416. This could 

be due to the advantage that sunitinib malate is a multi-kinase inhibitor, which targets more than 

one kinase increasing its potency 194. Sunitinib malate also targets VEGFR 2 (a membrane-bound 

tyrosine kinase receptor that plays a role in breast tumour proliferation and metastasis) and 

platelet growth factor receptor α and -β (are receptors with intrinsic tyrosine kinase activity which 

binds platelet growth factors and play a role in cell proliferation and migration in malignancies 

such as breast cancer) 195-197. Hence, combination studies of drugs are being mostly investigated 

as multi-target agents may reduce drug resistance development.  
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Figure 4.1. Postulated mechanism of ZM 306416 and sunitinib malate in inhibiting breast cancer cell 

growth. ZM 306416 inhibits tumour growth by inhibiting the VEGFR1-EGFR axis. Sunitinib malate 

inhibits VEGFR-1 to affect tumour growth in breast cancer cells. Figure drawn by N.P Sekoba using Biorender. 

4.2. Morphological studies 

Cell death (apoptosis) is characterised by structural changes such as cell rounding, cell shrinkage, 

apoptotic bodies, and membrane blebbing 198-199. When MDA-MB-231 cells were treated with 

sunitinib malate, the above characteristics were observed. These morphological observations 

suggest that treated MDA-MB-231 cells undergo cell death (apoptosis), possibly through the 

inhibition of multi-kinase receptors such as VEGFR 2, platelet growth factor receptors and 

VEGFR-1 signalling pathway, as their inhibition is associated with cell cycle arrest or apoptosis in 

breast cancer 197,200. Therefore, targeting multiple kinases instigate cancer cell death, and 

warrants further investigation as it provides a potential curative solution. 

4.3. Vasculogenic mimicry - migration and Invasion  

Metastasis is a multistage process that entails tumour migration and invasion to distant organs 

180. However, migration and invasion are not sufficient to produce distant metastasis, VM serves 

as a transport for malignant cells to disseminate and invade distant organs 201. Subsequently, VM 

is one of the hallmarks of cancer. Successful invasion entails the detachment of malignant cells 

from the tumour cells due to the reduction or loss of intercellular adhesion molecules 202. Thus, 

obtaining high motility capabilities that enable migration through the ECM, resulting in 

intravasation into the vasculature and extravasation into the surrounding tissue 201,203. Malignant 

tumour cells use collective and single-cell migration as a migratory mechanism to invade, grow 

and metastasise 202. Most breast cancer-related deaths result from metastasis 204. In TNBC, early 

disease progression and metastasis often occur within the first 5 years after diagnosis. It is 

imperative to research drugs that interfere with the metastasis of tumours and VM 116,205.  
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In this present study, the in vitro inhibition of sunitinib malate on TNBC (MDA-MB-231) migration 

was observed at different time intervals. Thus, sunitinib malate displayed anti-growth and anti-

migratory properties in MDA-MB-231 cells 206. These findings are supported by a study conducted 

by Sommer et al. 207, where they demonstrated reduced migratory capabilities of sunitinib malate-

treated breast cancer cells. The postulated mechanism that drives tumour proliferation, migration 

and invasion are through the autocrine effects of VEGF A/VEGFR-1. Autocrine VEGF A/VEGFR-

1 trigger cellular signalling that promotes proliferation, migration, and apoptosis resistance. In 

contrast with the latter mechanism, a study conducted by Ning et al. 175 found that autocrine PIGF 

/VEGFR1 signalling activates migration and invasion of breast cancer cells; however, VEGF A 

does not. Nonetheless, inhibiting VEGFR-1 in MDA-MB-231 xenografts result in the suppression 

of tumour growth and metastasis capacity in athymic nude mice, which is consistent with the 

findings of the study. Moreover, the binding of VEGF A/VEGFR-1 has been associated with VM 

formation in aggressive and highly invasive breast cancer cells. This was observed in Interleukin-

1β treated MCF-7 and MDA-MB-231 cells, which exhibited VM channel forming capability by 

upregulating biomarkers associated with VM such as VEGFR-1 through the activation of 

p38/MAPK and PI3K/AKT signaling pathways 208. Azad et al. 209 confirmed that VEGF A/VEGFR-

1/PI3K/MAPK axis promotes VM in MDA-MB-231 cells. Activated PI3K has been correlated with 

the promotion of metalloproteinase, which degrades and remodels the ECM, promoting VM 

formation and invasion of tumour cells. In this present study, sunitinib malate attenuated invasion 

capabilities of aggressive and highly metastatic MDA-MB-231 cells through the 3D ECM by 

possibly targeting the VEGFR-1/PI3K/MMP axis. 

Epithelial cells such as MDA-MB-231 cells undergo a transition to a mesenchymal state to adopt 

the migratory phenotype. VEGFR-1 triggers EMT in breast cancer cells, increasing the potential 

for motility, invasiveness, and metastasis of breast cancer cells 175,203. Vascular endothelial growth 

factor receptor-1 expression is correlated with low expression of E-cadherin (epithelial marker) 
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and high N-cadherin (mesenchymal marker) in breast cancer cells 175. Thus, low E-cadherin 

expression results in loss of cell-to-cell adhesion, inducing migration and invasion. On the other 

hand, EMT is associated with elevated VEGF A levels, which play a role in VM formation and 

apoptosis suppression. In breast cancer cells, EMT process is triggered by VEGFR-1 through the 

MAPK/ERK 1/2 and PI3K/AKT signalling 203,210. The PI3K and AKT regulate NF-kβ; this pathway 

is responsible for the activation of MMP-9. Subsequently, MMP-9 is responsible for cleaving cells 

adhesion molecules such as E-cadherin and degradation of ECM, promoting invasiveness and 

VM 210. Therefore, targeting VEGFR-1 inhibits MAPK/ERK 1/2- and PI3K/AKT/NF-kβ signalling 

pathways, which exerts an anti-growth effect and abrogates metastasis in breast cancer cells. 

The decreased migration, invasion and VM capabilities is executed through stabilisation of 

adherence junction by promoting mesenchymal to epithelial transition (low levels of N-cadherin 

and high levels of E-cadherin) and downregulation of MMPs 175,210. This might also be employed 

by sunitinib malate to inhibit migration and invasion of breast cancer cells in the 3D ECM.  
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Figure 4.2. Anti-migratory, -invasive and -vasculogenic mimicry properties of sunitinib malate. 

Binding of vascular endothelial growth factor A (VEGF A) with Vascular endothelial growth factor 

receptor-1 (VEGFR1), activates the phosphoinositide 3-kinase (PI3K)/ metalloproteinase 

pathway, which results in the degradation of matrix and induction of epithelial-mesenchymal 

transition. The former and the latter promote vasculogenic mimicry formation and invasiveness of 

breast tumours. Figure drawn by N.P Sekoba using Biorender. 

4.4. Liquid chromatography-mass spectrometry 

Metabolomics is a powerful tool used to accurately identify and quantify as many compounds as 

possible utilising reference standards to achieve the highest level of annotation confidence 211. 

However, metabolite quantification and identification are highly challenging due to the varying 

physical and chemical properties such as polarity, hydrophobicity and solubility 211-212. Another 

challenge faced is the lack of a standardised sample preparation and metabolite extraction 
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protocol, which are imperative for reproducible and comparability of results 213. In this study, a 

targeted metabolic profiling method, together with sample preparation and metabolite extraction 

procedure used for the establishment of the metabolic profile of MDA-MB-231 cells, was partially 

established. Metabolic profiling of cancer cells is utilised to understand the complex and diverse 

biology of cancer cells. Different pathways are affected during cancer development, which alters 

cancer cells' metabolism compared to normal cells. Therefore, metabolic mapping of tumour cells 

is considered a promising tool in cancer diagnostics 214. 

Method development entails the optimisation of the parameters needed for successful 

identification and chromatography separation 211. It is imperative to optimise the analytical aspects 

of the method, the sample preparation and metabolite extraction procedures to ensure the best 

recovery of the metabolites of interest. The metabolite of interest for this study was glucose-6- 

phosphate, fructose-6-phosphate, pyruvate, lactate and glutamine, which are intermediates and 

products of glycolysis and the TCA cycle. To establish identification and determine the retention 

times of each metabolite, the standards of these metabolites were analysed. Tuning was 

performed to standardise the MS parameters for each metabolite of interest. Therefore, tuning is 

done to determine ionisation mode, positive or negative, and identify the precursor and product 

ion of each metabolite with its corresponding DP and CE value. Each metabolite is tuned 

separately to ensure the correct production is identified. Therefore, for each metabolite of interest, 

successful optimisation of MS parameters was achieved in this study. 

Liquid chromatography method development entails several factors that have to be optimised to 

achieve the best separation of the metabolites. Factors include a selection of a column, mobile 

phase, buffer, pH, gradient slope, flow rate and injection volume. The selection of a column can 

depend on the polarity of the metabolites 215. Hydrophobic metabolites are usually separated on 

a reverse phase column, such as the C18 and hydrophilic metabolites are usually separated on 

a normal phase column (HILIC column) 216. In this study, the metabolites of interest are polar 
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molecules detected in negative ionization mode except for glutamine, which is detected in the 

positive mode. Therefore, for this study, different columns (C18 amide, IEC QA-825 and Luna 

HILIC column) were tested to find an appropriate column to separate all the metabolites of 

interest. The first column tested, a C18 amide column, a reverse column that is highly suited to 

separate hydrophobic metabolites also hydrophilic metabolites (because of its amide component), 

resulted in all the metabolites of interest not being retained on the column; therefore, reliable 

detection was not evident, possibly due to the difference in the ionisation charge of metabolites. 

As the column is not suitable to separate ionized molecules. Therefore, an ion exchange column 

(IEC QA-825) was next tested as it uses charge to separate molecules that can be easily ionised. 

However, the retention of metabolites was not achieved. Lastly, a Luna HILIC column was tested, 

a column designed to retain and separate polar-ionic compounds from each other. Although 

retention of metabolites was possible with this column, the retention was not optimal since the 

elution time was early for some metabolites and separation of isomers of glucose-6-phosphate 

and fructose-6-phosphate was not achieved. The HILIC column in comparison with the reverse 

phase column and IEC QA-825 column, achieved retention; therefore it is postulated that a Luna 

NH2 column which has been shown to produce high peak separation in cancer metabolism, might 

have the potential to achieve retention and best separation time 217. 

Optimisation of the LC/MS/MS method is crucial to enable the detection and measurement of 

metabolites in breast cancer. Moreover, metabolic profiling comparing conditions such as treated 

breast tumours and untreated tumours can predict changes in substrate-product flux and possible 

changes in specific enzyme activity, providing a curative window to the metabolic shift employed 

by tumours to proliferate. 

4.5. ATP and pH 

Energy harvested through metabolism sponsors the growth and metastasis of tumours, thus 

enabling adaptation to change microenvironment for survival purposes 218-219. The proliferation 
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rate of breast tumour cells is faster than that of normal cells; therefore not only energy is required 

but also metabolic intermediates for the biosynthesis of macromolecules 220. These intermediates 

are from glycolysis and the truncated TCA cycle, used to synthesise nucleic acids, lipids and 

proteins, which are vital for tumour growth and proliferation 221. The rapid proliferation of breast 

tumours is accompanied by more usage of glycolysis than OXPHOS, as glycolysis generates ATP 

at a faster rate than OXPHOS, matching the proliferation demands of breast tumours 221-222. One 

of the end products of glycolysis is lactate, which is released in the extracellular space contributing 

to the acidic microenvironment. The acidic extracellular microenvironment is advantageous to 

tumour cells as it aids in breast tumours' proliferation, invasion and metastasis. 

In this study MDA-MB-231 cells utilised an increased amount of ATP compared to MCF-7 cells, 

due to the high proliferative rate incurred by MDA-MB-231 cells. MCF-7 cells are luminal A 

subtype which has a slow proliferative rate and are less aggressive. Luminal A exerts a Pasteur 

and reverses warburg phenotype that does not promote an acidic extracellular environment which 

was evident in our study where the extracellular pH of MCF-7 cells was higher than that of the 

MDA-MB-231 cells. This might also contribute to the non-invasive characteristic of MCF-7 cells 

and the inability to form VM channel formation. Inhibiting VEGFR-1 in MCF-7 cells did not 

significantly reduce the ATP levels of MCF-7 cells. The VEGF A/VEGFR-1 pathway promotes the 

Warburg phenotype, thus enhancing glycolysis and favouring lactate production. In MCF-7 cells, 

estrogen stimulates the TCA cycle and suppresses glycolysis under normal physiological glucose 

level. Thus, inhibition of enhanced glycolysis through VEGFR-1 does not significantly affect the 

ATP levels of MCF-7 cells; in addition, MCF-7 cells energy production does not rely on adapting 

to the Warburg phenotype. Hence, the observed less inhibitory effect by sunitinib malate in MCF-

7 cells.  

In contrast, MDA-MB-231 cells have high expression of VEGFA/VEGFR1, which correlates to 

disease aggressiveness 178-179. The aggressive phenotype of MDA-MB-231 cells is accompanied 
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by a high glycolytic phenotype, which is associated with extracellular acidosis 116,122,131. Moreover, 

the Warburg phenotype is crucial for rapid ATP production, which contributes to the survival of 

MDA-MB-231 cells. In this present study, sunitinib malate reduced ATP levels in MDA-MB-231 

cells, which might be through the inhibition of multi-targeting VEGFRs as VEGF A has been 

correlated with enhanced glycolytic activity as it upregulates some of the glycolytic enzymes 93,101-

102. Thus, the energy reduction by sunitinib malate in MDA-MB-231 might be through the inhibition 

of the VEGF A/VEGFR-1 pathway.  

Increased glycolysis results in increased lactate production. This decreases the intracellular pH, 

which is detrimental to cell viability. Thus, to continue proliferating and surviving against 

decreased intracellular pH, lactate and other end products that contribute to decreased 

intracellular pH are exported from the tumour cell to maintain the intracellular pH while the 

extracellular pH becomes acidic. This results in chemoresistance and causes apoptosis in normal 

cells 122,223. Therefore, increased proliferation is correlated with increased metabolic activity and 

decreased extracellular pH 224-225. In this present study, sunitinib malate-treated MDA-MB-231 

cells had minor unit increase in the extracellular pH relative to the untreated cells. The pH increase 

is postulated to be due to decreased cell proliferation and decreased metabolic activity due to the 

deprivation of nutrients such as glucose by inhibiting VEGF A/VEGFR-1 pathway. As VEGF A 

upregulates GLUT 1 transporter and glucose uptake 114. VEGF A/VEGFR-1 also upregulate 

lactate fermentation which results in an acidic extracellular environment. Our findings are aligned 

with other studies, where apoptosis results in increased extracellular pH (reduced acidity) and 

decreased invasiveness of cancer cells 225-227.  
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Figure 4.3. Effect of sunitinib malate on the metabolic patterns of MDA-MB-231 cells. Inhibition 

of the VEGFR-1 signalling pathway attenuates proliferation, migration, and invasion in breast 

cancer cells by reducing the enhanced glycolytic pathway and the acidity of the extracellular 

environment. Figure drawn by N.P Sekoba using Biorender.   
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CHAPTER 5: CONCLUSION 
This study explored the cytotoxic effect of VEGFR-1 inhibitors on breast cancer cells with the 

purpose of inhibiting steps associated with VM such as proliferation and migration of cancer cells, 

their invasion of the extracellular matrix and enhanced metabolism.  

The anti-growth effects of VEGFR-1 inhibitors (ZM 306416 and sunitinib malate) on MCF-7 cells 

and MDA-MB 231 cells were determined using crystal violet assay. Cell viability decrement was 

noted in MCF-7 cells significantly in a time-dependent manner when treated with sunitinib malate 

and a decreasing cell viability trend was observed in ZM 306416 treated MCF-7 cells. ZM 306416 

reduced MDA-MB-231 cell growth after 72 hours of treatment. On the other hand, sunitinib malate 

inhibited cell viability to varying degrees, with higher concentrations being more potent in MDA-

MB- 231 cells in a dose- and time-dependent manner. ZM 306416 exerts its anti-growth effect by 

inhibiting the VEGER 1- EGFR synergistic axis while the multi-targeting kinase, sunitinib malate, 

also targets the VEGFR-1 signalling pathway to exerts its growth inhibitory effect. Therefore, this 

study highlights the role played by VEGFR-1 in breast tumour growth. 

PlasDIC light microscopy was used to examine the morphological alteration in sunitinib malate-

treated MDA-MB-231 cells. Sunitinib malate induced morphological features of cell death 

(apoptosis). Therefore, inhibiting VEGFR-1 pathway provides a potential clinical benefit in the 

treatment of breast cancer due to the anti-tumour effect associated with VEGFR-1 inhibition. 

In this study, inhibiting VEGFR-1 signalling pathway by sunitinib malate attenuated migration and 

3D extracellular invasion of breast cancer cells assessed using the scratch wound assay and 

Boyden chamber assay, respectively. It is postulated that through inhibiting the VEGFR-

1/PI3K/MMP axis, sunitinib malate abrogates invasion capabilities of highly metastatic MDA-MB-

231 cells through the 3D ECM. Furthermore, inhibiting VEGFR-1 attenuates VEGFR-1-induced 

EMT in breast cancer cells, promoting migration, invasion and VM. It is postulated that sunitinib 
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malate, through inhibiting VEGFR-1/MAPK/ERK 1/2 and/or VEGFR-1/ PI3K/ AKT/NF-kβ EMT 

promoting signalling axis, reduces migration, invasion which are steps that are associated with 

VM in breast cancer cells. Subsequently, this study highlights the curative potential of inhibiting 

VEGFR-1 in breast cancer.  

Optimisation of MS was achieved (only in terms of its mass ratio) during method development in 

this study. The ionisation mode of the analytes of interest was determined (glucose-6-phosphate, 

fructose-6-phosphate, pyruvate, lactate–negative mode and glutamate–positive mode). The DP 

and CE values of each analyte of interest were also determined. Liquid chromatography 

optimisation was challenging, although it was noted that analytes of interest in this study should 

be analysed using the Luna NH2 column to achieve retention and high separation. Overall, it is 

imperative to optimise LC/MS/MS method to aid in the detection and analysis of metabolites. 

To further understand the metabolic energy of breast cancer cells, ATP assay and pH meter were 

employed to assess ATP and pH levels of breast cancer cells, respectively. In this study, MDA-

MB-231 cells had higher levels of ATP than MCF-7 cells due to the aggressive rapid proliferative 

nature of MDA-MB-231 cells compared to the non-invasive MCF-7 cells. Sunitinib malate 

treatment did not significantly reduce ATP levels of MCF-7 cells due to the non-dependence of 

these cells to glycolysis, as VEGFR-1 signalling is associated with the glycolytic phenotype. In 

contrast, sunitinib malate treatment reduced ATP levels of the glycolysis-addicted MDA-MB-231 

cells, possibly by inhibiting the glycolysis-promoting pathway VEGFR-1 signalling pathway. The 

glycolytic phenotype is associated with an acidic extracellular environment. In this study, treating 

MCF-7 and MDA-MB-231 cells with sunitinib malate might have reduced the acidic extracellular 

environment, possibly by inhibiting the VEGFR-1 signalling pathway as it enhances lactate 

fermentation and increases the acidic extracellular environment.  

Overall, inhibition of the VEGFR-1 signalling pathway attenuates cell growth and changes the 

morphology of breast cancer cells. In addition, inhibiting VEGFR-1 signalling reduces migration 
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and the 3D-matrix extracellular invasion in breast cancer cells by possibly reducing ATP formation 

and the acidity of the extracellular environment (Figure 5.1.). Therefore, this study has formed 

the basis for further investigation of VEGFR-1 targeting in reducing VM and altering metabolic 

patterns in breast cancer to improve the treatment of this disease. 
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Figure 5.1. The integrative mechanism of inhibiting VEGFR-1 and its effects on the steps that constitute vasculogenic mimicry (growth, 

migration and invasion) in breast cancer cells. Figure drawn by N.P Sekoba using Biorender. 
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5.1. Future Studies 

For future studies it is recommended that cell migration be tested at broad range of concentrations 

(e.g., 0.1 – 20 µg/mL) to observe the effect of various concentrations including lower 

concentrations on migration. In this study only the optimal dose was used to investigate the anti-

migratory effect of the drug following similar studies. 

Further studies are required to detect and analyse metabolites of interest in breast cancer cells 

using LC-MS/MS. As LC optimisation for the simultaneous detection of the various metabolites 

was not achieved in this study due to the close elution times, the column (Luna NH2) may 

overcome the limitations of this study. Due to time constraints required to acquire the rightful 

column and the pandemic, further analysis could not be done.  

In this study, steps involved in VM were investigated; thus, tube formation, which is the final step 

in VM, should be investigated to further validate the observed effects. In addition, the western blot 

should be employed to determine the expression of proteins that regulate these steps, such as 

VEGF-A, VEGFR-1, PI3K, MMP 14, MMP 2, and MMP 9.  

Western blot should also be employed to determine the VEGFR 1 expression before and after 

treatment. To help support the anti-growth, -migratory and – invasive role it plays in breast cancer 

cells.  
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