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ABSTRACT 

Background: Cancer is a global health catastrophe, with neuroblastoma, the most common solid 

childhood tumor, and glioblastoma, a deadly brain tumor, being aggressive and unresponsive to current 

treatment modalities. These tumors are known to utilize uncontrollable cell proliferative capabilities as 

a mechanism for tumor survival. Therefore, malignant cell growth can be mitigated by targeting the 

essential proteins that regulate cell growth, such as receptor tyrosine kinases (RTKs). Under normal 

physiological conditions, RTKs bind with varying affinity to mitogenic stimuli such as growth factors 

such as vascular endothelial growth factor (VEGF) and platelet-derived growth factor (PDGF) which, 

in turn, leads to receptor phosphorylation and activation. This transactivates downstream signaling 

pathways, including phosphatidylinositol-3ʹ-kinase (PI3K)/Akt, mitogen-activated protein kinase 

(MAPK) and Janus kinase/signal transducers and activators of transcription (JAK/STAT) pathways 

which mediate cellular processes such as cell proliferation. However, RTKs are often found 

overexpressed and dysregulated in cancer which propels increased malignant cell proliferation. 

Therefore, targeting RTKs as a strategic therapeutic intervention is a promising line of attack against 

cancer cells. Tyrosine kinase inhibitors (TKIs) are well-known small molecules designed to inhibit 

RTKs for containment of malignant progression. Sunitinib, a multi-targeted tyrosine kinase inhibitor 

that inhibits vascular endothelial growth factor receptor (VEGFR) and platelet derived growth factor 

receptor (PDGFR), has shown anticancer properties against gastrointestinal stromal tumors. In this 

study, we aimed to evaluate the effects of sunitinib on human neuroblastoma and glioblastoma cells. 

The study’s objectives were to (1) determine whether sunitinib affects the cellular morphology of both 

neuroblastoma and glioblastoma cells; (2) quantitatively evaluate the effect of sunitinib on 

neuroblastoma and glioblastoma cell viability; and (3) investigate cellular levels of VEGF and PDGF 

following exposure of neuroblastoma and glioblastoma cells to sunitinib. Furthermore, we hypothesized 

that sunitinib inhibits VEGFR and PDGFR activity in both neuroblastoma and glioblastoma cells, 

affecting their proliferation signals and growth potential. 

Methods: In the present study, SK-N-BE(2) human neuroblastoma and U87 glioblastoma cell lines were 

exposed to increasing concentrations (0-100 µM) of sunitinib for 24-, 48- and 72-hours to assess (1) 
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cellular morphological changes depicted micrographically, (2) the extent of cell growth reduction via 

cytotoxicity assays (trypan-blue exclusion dye and cell-counting kit-8 (CCK-8)), and (3) VEGF and 

PDGF protein levels. The data obtained throughout the study were analyzed statistically, using 

GraphPad Prism software.  

Results: This study investigated the effects of sunitinib on SK-N-BE(2) and U87 cell growth. By 

exposing these cell lines to increasing concentrations of sunitinib for specified time periods, it was 

evident that cell viability was affected. More specifically, sunitinib induced visible micrographic 

morphological changes in both SK-N-BE(2) and U87 cells. These findings were further supported by 

quantitative cell viability analysis whereby sunitinib significantly reduced SK-N-BE(2) and U87 cell 

viability via a dose- and time-dependent manner. To accurately assess sunitinib’s ability to impede 

neoplastic proliferative pathways, growth biomarkers in the form of growth factors were evaluated. 

Significant reductions in VEGF secretions from SK-N-BE(2) and U87 after exposure to increasing 

concentrations of sunitinib were evident. Conversely, PDGF-BB cytokine levels were undetected in 

conditioned culture media derived from both cell lines. 

Conclusion: In summary, the results indicate that sunitinib has anti-proliferative effects against 

neuroblastoma and glioblastoma cells in a dose- and time-dependent manner, most notably at higher 

concentrations of the compound. Furthermore, sunitinib reduced neuroblastoma and glioblastoma VEGF 

secretions. Therefore, sunitinib perturbed cell growth in these cell lines possibly via the VEGF/VEGFR 

cell signaling pathway. However, further investigations are required to delineate the specific mechanisms 

responsible for the observed growth-inhibitory effects. Nonetheless, this study concludes that sunitinib 

acts as an antineoplastic agent against neuroblastoma and glioblastoma cells. 

Keywords: sunitinib, neuroblastoma, glioblastoma, receptor tyrosine kinases, tyrosine kinase inhibitors, 

vascular endothelial growth factor, platelet-derived growth factor, SK-N-BE(2), U87, cell growth, 

doubling time, cell viability, 50% inhibitory concentration (IC50), dose-response curve, enzyme-linked 

immunosorbent assay (ELISA) 
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CHAPTER 1 

LITERATURE REVIEW 

1.1 Introduction 

This chapter provides a well-rounded understanding of the functional anatomy of the neural 

system and the associated cellular components. Furthermore, the chapter gives an overview of 

the development of the neural system. This chapter then flows into reviewing relevant literature 

emphasizing the magnitude of childhood neural system tumors and central nervous system 

malignancies. More specifically, epidemiological studies were reviewed and discussed in terms 

of incidence, survival and mortality rates. To further narrow the scope of the chapter, 

neuroblastoma and glioblastoma are contextualized and discussed under pathological 

presentation. Further, both tumors are revised based on current treatment regimens utilized. 

Thereafter, the literature on sunitinib as an antineoplastic agent is presented. Finally, the chapter 

is concluded with the research problem, the aim of the current study, research objectives, and 

the hypothesis. 

1.2 The Nervous System 

Anatomically, the nervous system comprises two divisions: central nervous system (CNS) and 

peripheral nervous system (PNS). The CNS consists of the brain and spinal cord whilst the PNS 

consists of the neural tissue located externally to the CNS (Seeley et al., 2011). The sub-sections 

that follow review the anatomical divisions, cellular composition, blood-brain barrier (BBB) 

and embryological development of the human nervous system.
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1.2.1 Anatomical Division of the Nervous System 

The brain is a complex mass of neural tissue which is contained within the cranial cavity and 

orchestrates the major functions of the CNS (Seeley et al., 2011). The major anatomical 

structures of the brain comprise two cerebral hemispheres, cerebellum, diencephalon containing 

the hypothalamus and thalamus, as well as the brainstem which is subdivided into the midbrain, 

pons and medulla oblongata (Martini et al., 2012, Seeley et al., 2011). Furthermore, the brain 

consists of grey and white matter. The outermost layer of the cerebrum is covered with grey 

matter and is called the cerebral cortex whilst dense clusters of grey matter, known as nuclei, 

extend deeper within the brain (Seeley et al., 2011).  

In addition, the white matter of the brain, located between these nuclei and the cerebral cortex, 

is referred to as the cerebral medulla (Seeley et al., 2011). Distinctively, the grey matter of the 

brain houses a large number of neuronal cells while the white matter predominantly contains 

myelinated axons and supporting neuronal cells such as glial cells (Rea, 2015). Structurally and 

functionally integrated within the brain is the spinal cord which inhabits the upper two-thirds 

of vertebrae column (Bican et al., 2013, Rea, 2015). The spinal cord contains cervical, thoracic, 

lumbar and sacral nerve segments named in accordance with the entry and exit point of the 

vertebrae (Seeley et al., 2011). Each side of the spinal cord comprises lateral pairs of spinal 

roots (ventral and dorsal) that ultimately gives rise to 31 pairs of spinal nerves (Rea, 2015, 

Seeley et al., 2011).  

The composition of the spinal nerves includes bundles of axon fibers and supporting axonal 

cells and tissues which exist the CNS, forming nerves of the PNS. This forms a communication 

link between the brain and the PNS (Martini et al., 2012, Bican et al., 2013, Seeley et al., 2011). 

The PNS includes neuronal tissues situated in the periphery of the CNS. The PNS is further 

subdivided into afferent and efferent divisions. Sensory signals are relayed to the CNS from 

peripheral tissues via the afferent division (Figure 1.1).  
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Figure 1.1: Schematic illustration of the human nervous system’s subdivisions.  

http://classconnection.s3.amazonaws.com/420/flashcards/1094420/jpg/nervous_syste

m_organization1328056081853.jpg 

Conversely, the efferent division communicates CNS motor commands to the peripheral tissues 

(Martini et al., 2012). The efferent division consists of a somatic nervous system and autonomic 

nervous system. Whilst the somatic nervous system controls skeletal muscle contractions 

voluntarily, the autonomic nervous system coordinates autonomic regulation of physiological 

functions subconsciously (Martini et al., 2012). Functionally, the autonomic nervous system is 

divided into two distinctive components: parasympathetic nervous system and sympathetic 

nervous system (O'Donnell and Glasgow, 2011). 

“Rest and digest” describe the physiological functions of the parasympathetic nervous system. 

In contrast, the physiological function of the sympathetic nervous system is generally defined 

as the “fight or flight” response as this system prepares the body to elicit specific responses to 

threat or danger. These two distinctive neural systems generally act antagonistically to one 

another, however, it is important to note that not all peripheral tissues receive dual innervation 

(Karemaker, 2017).  
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1.2.2 Cells of the Nervous System 

The cellular composition of the nervous system may be categorized into a variety of supporting 

neuronal cells called neuroglia, and nerve cells otherwise known as neurons (Seeley et al., 

2011). Together, these cell types function to perform the complex neurological behaviors of the 

nervous system (Rasband, 2016). A typical neuron morphologically presents with three main 

structural regions defined as (1) the cell body which houses the nucleus and cytoplasmic 

constitutes; (2) dendritic extensions protruding from the cell body which differ in shape and 

size depending on the neuronal type; and (3) an axon extending from the cell body usually at 

far greater lengths as compared to the dendrites (Hof et al., 2014) (Figure 1.2).  

 

Figure 1.2: Structural illustration of a typical neuron.  The image was sourced from: 

https://biologywedscomputer.wordpress.com/tag/neuron/ 

However, a rich variety in neuronal morphology exists within the nervous system (Purves, 

2001). Generally, neurons transmit nerve stimuli to other neurons or end organs within the 

nervous system (Seeley et al., 2011). Conversely, the neuronal supporting cells, called 

neuroglia, are incapable of generating or transmitting stimuli (Purves, 2001). Instead, these 

specific cells provide sustenance to the nervous system (Hof et al., 2014).  
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The neuroglia of the CNS include oligodendrocytes, microglia, ependyma, and astrocytes (Hof 

et al., 2014), whilst the PNS neuroglial composition includes Schwann and satellite cells 

(Seeley et al., 2011). Among the various glial cell types, astrocytes are the most abundant type 

found in the CNS vertebrae (Rasband, 2016). Suggestive by the name, astrocytes are 

morphologically star-shaped with projections extending from the cell body (Hof et al., 2014, 

Seeley et al., 2011). Commonly, two forms of astrocytes are occupied in the gray and white 

matter, namely protoplasmic and fibrous astrocytes, respectively (Hof et al., 2014). Astrocytes 

possess endfeet that contact blood vessels, as well as very fine projections that ensheath neurons 

at their synapses, which are specialized sites for neurotransmissions (Zuchero and Barres, 2015, 

Waites et al., 2005). 

The dual neurovascular innervation mediated by astrocytes provides metabolic support to the 

CNS through the uptake of glucose from the circulation and delivering it to the neurons (Jha 

and Morrison, 2018). Furthermore, active neurons release neurotransmitters at the synaptic 

junction which activate specific astrocytic receptors (MacVicar and Newman, 2015). As a 

result, intracellular calcium levels increase causing the downstream signaling pathways to 

generate various vascular metabolites that control vasoconstriction and vasodilation, regulating 

blood flow to the CNS (MacVicar and Newman, 2015). Apart from blood flow regulation in 

the CNS, astrocytes have been shown to influence the efficiency of synaptic neurotransmission, 

by eliminating and salvaging neurotransmitters as well as regulating the strength and turnover 

of synaptic neurotransmissions (Zuchero and Barres, 2015, Allen, 2014).  

Hence, the intimate relationship between astrocytes and neurons demonstrate the importance 

of their functional interface. Perhaps no other closer cellular relationship exists other than that 

of the oligodendrocytes and Schwann cells as they wrap and ensheath the axons with their cell 

membranes forming myelin (Barres, 2008). The oligodendrocytes reside in the CNS whilst the 

Schwann cells are found in PNS (Rasband, 2016). A single oligodendrocyte may be in contact 

with more than one CNS axon.  
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However, unlike oligodendrocytes, each Schwann cell in the PNS wraps around one section of 

an axon (Seeley et al., 2011). Nonetheless, myelinated glial cells in the CNS and PNS act as an 

electrical insulator and protect adjacent nerves from each other (Seeley et al., 2011). 

Furthermore, the nervous system myelin influences the conduction velocity of action potentials, 

which are electrical stimuli, sent along an axon  (Rasband, 2016, Seeley et al., 2011). 

Microglial cells are viewed as the CNS’s resident immune cells and make up about 10-20% of 

CNS glial composition (Soulet and Rivest, 2008). These cells are found throughout the CNS, 

but at varying degrees with the gray matter being the most populated region as opposed to the 

white matter (Soulet and Rivest, 2008). Under normal physiological conditions, the resting 

microglia’s thin branched projections extend to defined regions where they provide extensive 

immune surveillance (Rasband, 2016). However, neuronal injury induces dramatic 

morphological and antigenic expression changes (Hof et al., 2014). The immunological 

response of microglial cells involves phagocytosis of necrotic tissue or pathogens of the CNS 

(Seeley et al., 2011). 

1.2.3 The Blood-Brain Barrier 

Traditionally, neuroscience predominantly focused on CNS and PNS neurons and it’s 

interaction with the supportive glial cells (Abbott et al., 2006). However, it has become 

increasingly clear that a network of entwined functional relations exists between the nervous 

system neurons, glial cells and microvessels (Iadecola, 2004). The preservation of the narrowly 

ranged homeostatic conditions is deemed essential for the normal physiological functions of 

the CNS and thus requires conservative regulatory mechanisms that control the interchangeable 

transference of cells, molecules and ions between the vasculature and the brain (Serlin et al., 

2015).  

This tight regulation is brought about by highly exclusive barriers that separate the CNS tissue 

components from the vascular circulation (Liddelow, 2011). Anatomically, the adult CNS 
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consists of three independent barriers: the blood-brain barrier (BBB) comprised of cerebral 

vascular endothelial cells situated at the interface between the brain interstitial fluid (ISF) and 

the blood stream; the choroid plexus epithelium barrier layer called the blood- cerebral spinal 

fluid barrier (BCSFB) which partitions the ventricular cerebral spinal fluid (CSF) from the 

blood; and finally the arachnoid epithelium which compartmentalizes the vasculature from the 

subarachnoid CSF (Abbott, 2004, Liddelow, 2011). Although the various CNS barriers exist 

and serve as important neurological components, neurons are more often situated in close 

proximity to blood capillaries in comparison to the CSF compartment, and therefore the BBB 

regulates the microenvironment of brain cells at greater lengths (Abbott et al., 2006). 

The BBB constituents include pericytes, astrocytic endfoot processes, mast cells, neurons, 

circulating immune cells and microglia which surrounds the vascular endothelial cell layer, 

further barricading the microvasculature from the surrounding brain tissue (Serlin et al., 2015). 

Furthermore, tight adherence cell-to-cell junction proteins, transporters, basal lamina and 

extracellular matrix add to the composition of the BBB (Warren, 2018). These structures 

collectively form the functional and dynamic neurovascular unit (Banks, 2016). Importantly, 

the astrocytic foot processes establish a synaptic link between the microvessels and the resident 

brain neuronal synapses (Abbott et al., 2006). In this way, the astrocytic endfeet regulate both 

the neuronal activity and cerebral blood flow (Maragakis and Rothstein, 2006, Attwell et al., 

2010).  

Additionally, the astrocytic endfeet express molecules that regulate the BBB ionic 

concentrations as well as protein transporter (e.g., glucose transporter-1 and P-glycoprotein) 

activity (Maragakis and Rothstein, 2006). Furthermore, astrocytic endfeet secrete growth 

factors, including VEGF, glial cell line-derived neurotrophic factor (GDNF), basic fibroblast 

growth factor (bFGF), and angiopoietin-1 (ANG-1), all important for neuronal growth (Alvarez 

et al., 2013). These structural constituents of the BBB encourage a widespread restrictive 

capacity which acts as a “physical barrier” that protects brain tissues from pathogens, toxins, 
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disease and inflammation (Hawkins and Davis, 2005, Larsen et al., 2014). Therefore, the 

selective nature of the BBB has made drug delivery to CNS rather challenging and thus efforts 

have been devised to allow bypassing of target therapeutics (Larsen et al., 2014, Warren, 2018). 

1.2.4 Development of the Embryonic Human Neural System 

Human embryogenesis begins with fertilization of the mammalian egg with a spermatozoon for 

development of an embryo (Seeley et al., 2011). Following fertilization, implantation and 

several cell divisions, gastrulation occurs whereby an embryonic disk differentiates into 3 

prominent germinal layers—mesoderm, endoderm and ectoderm (de Weille, 2014, Seeley et 

al., 2011). Mesodermal derivatives include the cardiovascular system, muscle tissue, and 

kidneys, while the endoderm is destined to become the mucosa of the digestive tract, pleura of 

the lungs, and urinary bladder (Seeley et al., 2011). Additionally, the ectoderm is subdivided 

into two peculiar domains: non-neuronal ectoderm, which forms the epidermis, and 

neuroectoderm which differentiates into the nervous system (Bhatt et al., 2013). 

The neuroectoderm contains a thickened area called the neural plate (Seeley et al., 2011). 

Laterally to the neural plate is the neural plate borders, which lies at the interface between the 

two ectodermal domains (Gammill and Bronner-Fraser, 2003). During neurulation, the neural 

plate border rises forming neural folds (Simoes-Costa and Bronner, 2015). The elevation of the 

neural folds forms neural crests which migrate to the midline and fuse together, establishing 

the neural tube composed of neuroepithelial cells. The neural tube is fated to develop the CNS 

and its associated components (Yamashita, 2013).  

Subsequently, fusion of the neural crests during neurulation forms a sub-population of pre-

migratory neural crest cells which delaminates from the neural tube and are destined to develop 

the PNS and its associated structures (Seeley et al., 2011). Neural crest cells are the great 

explorers of the developing embryo as they migrate extensively via distinct pathways within 

the embryo for differentiation into various cell types (Gammill and Bronner-Fraser, 2003). At 
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least four axial neural crest cell populations are formed called cranial, vagal, cardiac and trunk, 

all of which migrate along its own distinct pathway, differentiating into specific cells and tissue 

types (Crane and Trainor, 2006). Importantly, the trunk neural crest cells largely differentiate 

into neurons and glial cell types of the PNS, including sensory, sympathetic and 

parasympathetic ganglia; Schwann cells, cells of the adrenal medulla as well as melanocytes 

(Dupin and Sommer, 2012).  

It is generally accepted that a subset of the trunk neural crest cells that form the sympathetic 

and adrenal medullary cells derive from a common progenitor cell linage called the 

sympathoadreanal cell linage (Huber, 2006). Considering the great migratory and proliferative 

capacity of neural crest cells in the developing embryo, this however poses as a great risk of 

disease development in adult life (Maguire et al., 2015). Peripheral tumors stemming from 

neural crest-derived cell lineages, such as the sympathoadrenal cell linage, variably exists 

ranging from aggressive neuroblastic tumors (neuroblastoma) to more mature benign tumors of 

ganglia (ganglioneuroma) (Maguire et al., 2015). 

Like the establishment of the PNS, the development of the CNS comprehends a complex 

process which involves proliferation, differentiation, and extensive migration of neuronal 

progenitor cells (Singh and Solecki, 2015). Markedly, the diversity in CNS cell composition 

almost exclusively originate from the neuroepithelium cells of the embryonic neural tube 

(Singh and Solecki, 2015). As shown in Figure 1.3, at the onset of neurogenesis, neuroepithelial 

cells undergo a transitional cellular change to become radial glial cells, which ultimately 

generate the neurons and glial cells of the CNS (Paridaen and Huttner, 2014).  

Considering the importance of neuroepithelial-derived cell development for neurological 

function which extends well into adulthood, any dysfunction within this intricate process 

predisposes and propels a neoplastic diseased state such as development of gliomas (Batista et 

al., 2014). 
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Figure 1.3: Neural crest derived cell types.  Adapted from Kholodenko et al. (2018). 

1.3 The Burden of Nervous System Cancers 

In 2015, cancer was the cause of over 8.8 million deaths globally and was ranked as the second 

leading cause of natural death (Wang et al., 2016, Patel et al., 2019). Furthermore, it is estimated 

that brain and nervous system cancers caused over 280,000 deaths worldwide (Wang et al., 

2016). The global cancer statistics reported epidemiological data for the global burden of 

cancer, estimating incidence and mortality rates geographically across 20 regions worldwide 

(Bray et al., 2018). Tumor incidences in Southern Africa are estimated to 230.5 and 196.1 Age-

Standardized Rate (ASR) for males and females, respectively (Bray et al., 2018). Mortality 

rates for all cancers in Southern Africa are estimated at 142.4 and 98.3 for males and females, 

respectively (Bray et al., 2018).  

Although some developed countries reported higher incidence and mortality estimates for all 

cancer types, Southern Africa shows urgency in therapeutic intervention as the 2008 cancer 

epidemiological data are the highest in comparison to Northern, Eastern, Middle and Western 

African regions (Bray et al., 2018). This emphasizes the burden of disease associated with 

cancer. Globally, childhood cancer is a rather rare occurrence (Kotecha et al., 2015). 
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Nonetheless, in Western countries, cancer is a common cause of childhood deaths, while in 

African countries tuberculosis (TB), nutritional diseases and human immunodeficiency virus 

(HIV) remain dominant in childhood-related health problems (Stefan et al., 2015). Irrespective 

of the rarity of childhood tumors in African counties, it remains a major public health issue. 

The overall ASR of childhood cancers ranging between 0-14 years from 1987-2007 in South 

Africa was estimated at 45.2 per million (Stefan et al., 2015). Childhood solid tumors is a group 

of heterogeneous tumors that predominantly populates during childhood (Scotting et al., 2005). 

These include childhood tumors of the central nervous system, neuroblastoma, nephroblastoma, 

retinoblastoma, ganglioneuroblastoma and ganglioneuroma tumors, among others (Scotting et 

al., 2005). 

Tumors originating in CNS estimated a total incidence ASR of 3.4 per 100,000 along with a 

mortality ASR of 2.5 per 100,000 worldwide (Ferlay et al., 2015). Moreover, CNS tumors 

reported in Southern Africa estimated an ASR incidence for both male and female to be 2.0 and 

1.2 per 100,000 respectively. The mortality rates associated with brain and CNS tumors are 

proportional to the estimated incidences as per region. Southern Africa estimated mortality 

ASR for both male and female to be 1.9 and 1.2 per 100,000 respectively (Ferlay et al., 2010, 

Ferlay et al., 2015). Irrespective of lower cancer incidence and mortality rates in Southern 

Africa and other developing regions, certain brain and CNS tumors remain a public health 

concern.  

Various types of cancers that originate from the CNS have been reviewed extensively elsewhere 

(Louis et al., 2016, Packer, 1999, Buckner et al., 2007). Gliomas are the most commonly 

occurring primary brain tumors of the CNS and arise from glial or glial precursor cells 

(Lapointe et al., 2018). Some glioma tumors are known to be highly aggressive, invasive and 

withholds the capacity to confer neurological destruction and are therefore considered a lethal 

form of human cancer (Maher et al., 2001). Glioma tumors include astrocytic tumors 

(astrocytoma, anaplastic astrocytoma and glioblastoma), oligodendrogliomas, ependymomas 
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and mixed gliomas (Schwartzbaum et al., 2006). Combating the stressors associated with the 

various malignancies, including neural cancers, has been challenging. To alleviate the burden 

of disease associated with malignancies, an extensive understanding of the pathogenic cellular 

mechanisms that define malignancy are of paramount importance (Lazebnik, 2010).  

1.4 Malignant Cell Proliferation 

The complexity of malignant cancers are intertwined with six defining essential biological 

hallmarks that collectively dictate and define malignancy: self-sufficient growth signals, 

evasion of anti-growth signals, eluding the anti-apoptotic mechanisms, inexhaustible cell 

replicative potential, self-sufficient and sustained angiogenesis, and highly invasive and 

metastatic ability (Hanahan and Weinberg, 2000) (Figure 1.4). These cancer hallmarks have 

been reviewed extensively by several authors (Fouad and Aanei, 2017, Hanahan and Weinberg, 

2000, Hanahan and Weinberg, 2011, O'Neill et al., 2018). 

 

Figure 1.4: The hallmarks of cancer.  This figure was adopted from Hanahan and 

Weinberg (2000). 
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Under the customary physiological cellular conditions, mitogenic growth signals are essential 

for switching from a quiescent cell state to an active cell proliferative condition (Hanahan and 

Weinberg, 2000). Normal cells show great dependence on exogenous growth signals supplied 

at sufficient amounts from the surrounding tissues to sustain normal cell proliferative capacities 

(Hanahan and Weinberg, 2000). In normal cells, the availability of growth factor ligands is 

highly regulated to ensure normal homeostatic kinetic cell proliferation to meet the growth 

capacity requirements of the surrounding tissues. Mitogenic cell growth signals are in the form 

of signaling molecules, e.g., growth factors. Many different types of growth factors exist, 

including VEGF, PDGF, epidermal growth factor (EGF), insulin-like growth factor (IGF), and 

fibroblast-derived growth factor (FDGF) (Perona, 2006). Growth factors transmit their cell 

signals via binding with increased affinity to cell membrane receptors such as RTKs (Hanahan 

and Weinberg, 2000).  

The monomeric structural composition of RTKs contain an N-terminal ligand binding 

extracellular domain, a transmembrane  domain and a cytoplasmic region in possession of 

tyrosine kinase domains (Lodish et al., 2000) (Figure 1.5). Upon ligand binding at the 

extracellular domain, receptor dimerization occurs (Lemmon and Schlessinger, 2010, 

Maruyama, 2014). Subsequently, the activated RTK transactivates tyrosine kinase residues 

within the kinase domain via a process termed autophosphorylation (Du and Lovly, 2018, 

Lodish et al., 2000). Furthermore, adapter proteins either bind directly to phosphorylated 

tyrosine residues or serve as anchoring proteins by indirectly recruiting other enzymatic 

effectors (Lodish et al., 2000). In this way, intracellular signals are relayed to downstream 

transduction pathways (Hubbard, 2002, Maruyama, 2014, Segaliny et al., 2015). The three 

major downstream transduction pathways activated are: (1) PI3K/Akt; (2) Ras/Raf/MAPK; and 

(3) JAK/STAT pathway (Figure 1.6). These pathways ultimately promote cellular processes 

including cell growth, angiogenesis and apoptosis (Regad, 2015, Megison et al., 2013, 

Carrasco-Garcia et al., 2014). 
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Figure 1.5: General structural confirmation of RTKs and mode of activation. The 

illustration was adopted from Lodish et al. (2000). 

 

Figure 1.6: The major signalling pathways elicited by ligand mediated activation of 

RTKs.  (1) PI3K/AKT, (2) JAK/STAT and (3) Ras/Raf/MAPK pathways. (1) 

PI3K/Akt Pathway - Tyrosine kinase phosphorylation activates the signalling cascade 

of which PI3K activation is initiated. The resultant activation of phosphatidylinositol 

4,5-bisphosphate (PIP2) generates phosphatidylinositol 3,4,5-triphosphate (PIP3). 

PIP3 then induces phosphorylation of serine/threonine kinase Akt thereby activating 

and encouraging anchorage to the cytosolic plasma membrane. With Akt activated, it’s 

able to phosphorylate and activate a range of substrates involved in cellular 

mechanisms such as cell proliferation and apoptosis. (2) JAK/STAT Pathway – JAK 

activation as a result of tyrosine kinase domain phosphorylation, results in 

autophosphorylation of STAT proteins. STAT proteins eventually translocate to the 
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nucleus and induce the expression of cell proliferative and anti-apoptotic proteins. (3) 

Ras/Raf/MAPK pathway – Upon phosphorylated of tyrosine kinases, adapter 

proteins are recruited and induces a conformational change in Son of Sevenless (Sos). 

This leads to activation of Ras, a guanosine triphosphate (GTP) hydrolase, which 

induces activation of Raf. This cascading of activation signals continues as Raf 

activates MEK 1/2 and which in turn activates extracellular signal-regulated kinase 1/2 

(ERK1/2). ERK 1/2 has the capacity to phosphorylate and activate essential 

components involved in cell proliferation such as transcription factor c-Myc. 

Conclusively, the three prominent downstream pathways stimulated, contributes to 

cellular events such as angiogenesis, proliferation, apoptosis, cell survival, cell cycle 

progression and differentiation (Talapatra and Thompson, 2001, Huang and Fu, 2015, 

Regad, 2015). The figure was adopted from Carrasco-Garcia et al. (2014). 

However, this phenomenon largely deviates for malignant conditions (Cooper and Hausman, 

2000). Malignant neoplasms mimics the normal cell growth processes, but aberrantly 

deregulates cellular processes such as cell proliferation (Witsch et al., 2010). Tumor cells have 

reduced dependency on exogenous stimulatory growth signals (Schwab, 2011). Instead, tumor 

cells mostly generate their own repertoire of growth factors and thus proclaim self-sufficiency 

in growth signals for cell propagation (Hanahan and Weinberg, 2000, Schwab, 2011). 

Furthermore, this liberation from exogenous-dependent growth signals, destabilizes the normal 

homeostatic cell growth state. Consequently, this favors the typical aggressive growth rate of 

most malignant tumors (Hanahan and Weinberg, 2000). 

Apart from self-sufficiency in growth factors, an array of accumulated knowledge has 

implicated aberrant and unregulated RTK activity with the development of cancer (Lemmon 

and Schlessinger, 2010) (Figure 1.7). A number of RTKs are known to enhance tumor growth, 

including VEGFR and PDGFR (Figures 1.8 and 1.9, respectively) (Tiash and Chowdhury, 

2015, Carrasco-Garcia et al., 2014). Dysfunctional RTK signalling in human malignancies are 

often mediated by autocrine activation, overexpressed RTKs, gain-of-function mutations or 

chromosomal translocations (Figure 1.7) (Lemmon and Schlessinger, 2010). 
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RTKs with their corresponding ligands and oncogenic alterations are summarized in Table 1.1. 

And so, RTKs are the primary modulators that govern the most intricate cellular processes and 

helps in determine the state of malignancy by dysfunctional cell proliferation. 

 

Figure 1.7: Aberrant RTKs which favors abnormal RTK functionality.  Illustration 

adopted from Paul and Mukhopadhyay (2004). 

 

Figure 1.8: The monomeric structural composition of VEGFR-1, VEGFR-2 and 

VEGFR-3 and their specific responsive ligands.  Each VEGFR contains an 
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extracellular binding region, transmembrane dimerization domain, and intracellular 

tyrosine kinase domains. VEGFR-1 is specific for mitogenic stimuli deduced from 

placental growth factor (PIGF), VEGF-A, VEGF-B. VEGF-A, VEGF-C and VEGF-D 

bind to the extracellular domains of VEGFR-2. VEGFR-3 are receptive for VEGF-C 

and VEGF-D. Upon ligand binding, VEGFRs are activated resulting in receptor 

dimerization. This conformational change autophosphorylates the tyrosine kinase 

residues of the cytoplasmic tyrosine kinase domains thereafter stimulating the 

imperative cell signaling pathways required for cellular processes such as cell 

proliferation. The figure depicted was adopted from Pradeep et al. (2005). 

 

Figure 1.9: PDGFR and their cognate stimulatory ligands.  The PDGF family consists 

of heparin-binding growth factors: PDGF A, PDGF B, PDGF C and PDGF D. Five 

dimeric PDGF ligand isomers have been identified: PDGF-AA, -AB, -BB, CC, and –

DD which binds to functional PDGFR homodimer or heterodimer: PDGFR-αα; 

PDGFR-αβ and PDGFR-ββ. PDGFR-αα has a high affinity for PDGF-AA, -AB, -BB 

and –CC. PDGF-αβ specifically accepts mitogenic stimuli from PDGF-AB, -BB, -CC. 

PDGFR-ββ are responsive to PDGF-BB and –DD. PDGF/PDGFR binding leads to 

receptor dimerization and autophosphorylation of intracellular tyrosine residues, 

ultimately activating the subsequent downstream signaling molecules and proteins for 

cellular responses such as cell proliferation (Heldin and Westermark, 1999). Image 

adopted from Chen et al. (2013). 
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Table 1.1: Receptor tyrosine kinases oncogenic changes found in cancer  

Family of 

RTKs 

RTKs RTK Ligand Biological Function Oncogenic Alteration Type Cancer Type Selected References for RTKs 

and Ligands 

EGFR 

EGFR1 
EGF; TGF-α; HB-EGF; 
AR; BTC; EPR; epigen 

Favors epithelial, mesenchymal 

and neuronal cell growth, 
metastasis and differentiation. 

EGFR usually overexpressed or 
present with kinase activating 

mutations. 

 

Head and neck; prostate, breast, 

glioblastoma, kidney; bladder, 
colon and rectum. 

Harris et al. (2003), Singh and 

Coffey (2014), Haglund et al. 

(2007), Weihua and Thomas 
(2019), Wieduwilt and Moasser 

(2008)  

HER2 

BTC; HB-EGF; EPR HER3 

HER4 

VEGFR 

 

VEGFR1 PIGF; VEGF-A; VEGF-B 

Increases tumor growth and 
survival; enhances angiogenesis; 

stimulates tumor invasion and 

metastasis  

VEGFR are usually 

overexpressed  

Non-small cell lung cancer; 
glioblastoma; colorectal cancer; 

hepatocellular carcinoma, breast 

cancer  

Shibuya (2011), D'Alessio et al. 

(2016), Ghosh et al. (2008), Lee 
et al. (2015), Li et al. (2015), 

Lian et al. (2019), Nasir et al. 

(2016), Park et al. (2018), Yuan 
et al. (2018) 

VEGFR2 
VEGF-A; VEGF-C; 

VEGF-D; VEGF-E 

VEGFR3 VEGF-C; VEGF-D 

PDGFR 

PDGFR-α 

PDGF-A; PDGF-B; PDGF-

C; PDGF- AA; PDGF-BB; 

PDGF-CC. Prompt mesenchymal cell 

growth and metastasis; wound 
healing, angiogenesis.  

Activating point mutations, 

overexpressed, gain-of-function 
mutations  

Colorectal cancer; melanoma, 

lung, glioblastoma, bladder, 
ovarian. 

Corless et al. (2005), Chen et al. 

(2013), Haglund et al. (2007), 
Heldin and Westermark (1999), 

Jansson et al. (2018), Manzat 

Saplacan et al. (2017), Verhaak 
et al. (2010) 

PDGFR-β PDGF-B; PDGF-D; PDGF-

BB; PDGF-DD 

EGFR, epidermal growth factor receptor; HER2,3,4, human epidermal growth factor receptor 2,3,4; TGF, transforming growth factor; HB-EGF, heparin-binding EGF-like growth factor; AR, amphiregulin; BTC, 

betacellulin; EPR, epiregulin. 
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1.5 Neuroblastoma 

Neuroblastoma is the most common solid embryological tumor (Maris, 2010; Hallett and 

Traunecker, 2012). South Africa reported 748 newly diagnosed neuroblastoma cases with an 

associated ASR estimated at 3.1 per million from 1987 to 2007 (Stefan et al., 2015). More 

recently, a study conducted by Van Heerden et al. (2019) reported 564 newly diagnosed 

neuroblastoma cases between January 2000 to December 2014 from 9 paediatric oncology 

units in South Africa. The median age of the newly diagnosed neuroblastoma patients was 

reported to be 39.9 months (Van Heerden et al., 2019). 

Although the overall ASR is lower in developing countries as compared to developed countries 

(ASR of 10.7 per million persona in United States), the impact of childhood cancers is largely 

seen in low-income countries (Leece et al., 2017). Less than 20% of children living in African 

countries do not have access to cancer therapeutic interventions (Hadley, Rouma and Saad-

Eldin, 2012). Moreover, low-income countries such as South Africa are more frequently 

burdened with a considerably lower malignant survival rate as compared to high-income 

countries. As such, the United States reported a relatively high survival rate of the most 

common childhood malignancies - 65% to more than 90% - whilst South Africa faced a 

survival rate of 52% (Siegel et al., 2018, Stones et al., 2014). This further necessitates the 

importance of alleviating the burden of childhood diseases in South Africa. 

Neuroblastoma originates from the neural crest-derived sympathoadrenal cell lineage (Maris, 

2010; Hallett and Traunecker, 2012). Therefore, neuroblastomas consist of undifferentiated 

sympathetic precursors called neuroblasts (Lonergan et al., 2002). More than often, the 

diagnostic site of neuroblastoma tumors occurs within the sympathetic nervous system 

structures, most notably the adrenal medulla, but can be located in sympathetic ganglia of the 

retroperitoneum, posterior mediastinum, neck or pelvis (Dumba et al., 2015). However, 

neuroblastoma tumors are known to be highly metastatic (around 50% of diagnosed cases), 

either via the lymphatic or blood circulation (Bhat and McGregor, 2017, Castel et al., 2007). 
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The metastatic sites include bone marrow, liver, lymph nodes, lungs (Dumba et al., 2015). In 

addition, clinical manifestations of neuroblastoma tumors are often unpredictable as tumors 

deemed highly aggressive can potentially progress to spontaneous regression (Castel et al., 

2007). Pathological observations are often not helpful in distinguishing between the two, 

however, prognostic markers such as age and stage of disease add value to outcome prediction 

(Castel et al., 2007). These various clinical manifestations bestow a unique heterogenic 

phenotype that makes neuroblastoma an intriguing malignancy for further exploration. 

1.5.1 Pathogenicity of Neuroblastoma 

The highly heterogenic nature of neuroblastoma is partially due to its diverse clinical and 

genetic makeup  (Van Roy et al., 2009). Several predisposing genetic aberrations are associated 

with clinical features and prognostic outcome of neuroblastoma tumors (Ambros et al., 2009). 

The literature to follow briefly describes the various pathological contributions to 

neuroblastoma predisposition and development. 

Neuroblastoma predisposition may be hereditary, although this is a rare occurrence which 

accounts for 1-2% of all neuroblastoma cases, it is commonly associated with genetic 

aberrations within the paired-like homeobox 2B (Phox2b) and anaplastic lymphoma kinase 

(ALK) (Mossé et al., 2008, Trochet et al., 2004). Phox2b is a predisposing gene that regulates 

sympathoadrenal cell linage for development of the sympathetic nervous system (Bourdeaut 

et al., 2005, Moriguchi et al., 2006). However, familial neuroblastoma genetic variations within 

the Phox2b gene are believed to hinder Phox2b’s function in promoting embryonic neuronal 

cell development (Trochet et al., 2004, Cao et al., 2017).  

Furthermore, patients with neural crest-derived disorders such as congenital central 

hypoventilation syndrome and Hirschsprung disease, were reported to be susceptible in 

developing neuroblastoma, with Phox2b being recognized as the genetic driver for the 

development of these disorders (Trochet et al., 2004). While these findings implicate Phox2b 
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germline mutations as a predisposing genetic factor to familial neuroblastoma during 

childhood years, Phox2b mutations too have been identified in a subset of sporadic 

neuroblastoma tumors (van Limpt et al., 2004). 

The ALK gene encodes the ALK which is a membrane spanning RTK, playing a functional 

role in neuronal cell growth and development (Hallberg and Palmer, 2016). ALK expression 

is readily seen in neuroblastoma cell lines and tissue samples (Chen et al., 2008, Lamant et al., 

2000). The germline mutations associated with the tyrosine kinase domain of the ALK gene 

have previously been reported in familial neuroblastoma cases (Mossé et al., 2008). These 

mutations proved to constitutively activate the tyrosine kinases of the ALK gene, thereby 

increasing neuroblastoma oncogenicity (Mossé et al., 2008). Although these mutations prove 

to be strong familial neuroblastoma predisposing genes, mutated ALK has been previously 

identified in 10-12% of sporadic neuroblastoma cases (Barr and Applebaum, 2018). 

Sporadic neuroblastoma is associated with an array of genetic aberrations that have been 

validated as having high prognostic value including DNA ploidy, 17q chromosomal gain, 1p 

and 11q chromosomal loss, and MYCN amplification (Hiyama et al., 2010, Bosse and Maris, 

2016). A combination of MYCN amplification, the patient’s age, and stage of disease with loss 

of chromosome 11q, ploidy and histology, forms the fundamental prognostic determinants for 

risk-group stratification in diagnosed neuroblastoma patients (Cohn et al., 2009). The various 

schemes used for neuroblastoma risk group stratification for diagnosed patients are shown in 

Tables 1.2–1.6. Furthermore, MYCN is by far the most consistent genetic amplification and 

associates with a low prognostic value in neuroblastoma cases (Yue et al., 2017, Lee et al., 

2018, Dzieran et al., 2018). Amplified MYCN often presents in 30-50% of high-risk 

neuroblastoma tumors, and rarely observed in the lower-risk stages (Brodeur et al., 1984). 

MYCN amplification has shown to be associated with a decline in overall survival of patients 

such that 30% of patients diagnosed with MYCN-amplified neuroblastoma had an overall 

survival rate of 2 years (Canete et al., 2005).  
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Table 1.2: The International Neuroblastoma Staging System (INSS) adopted from Brodeur et al. (1988). 

Stage Description 

1 This stage is defined by complete gross excision of localized neuroblastoma tumor. 

2A Unilateral neuroblastoma tumor with incomplete gross resection. 

2B Represents complete gross excision of localized tumor with lymph node involvement. 

3 
Distinguished by unresectable tumors crossing the anatomical midline with or without the aid of regional lymph nodes, or, unilateral tumors involving contralateral regional 

lymph nodes; or, the midline positioned tumor with bilateral regional lymph regional node involvement. 

4 Denotation of metastatic disease to distant lymph nodes, bone, bone marrow, liver, skin and/or other organs. 

4S 
Classified as metastatic disease restricted to liver, skin, and bone marrow and limited to children under 1-year. This stage is highly favorable with spontaneous tumor 

regression experienced in most patients. 

Brodeur et al. (1988) first established the inss which was based on surgicopathological excision of tumors to define the diseased stage of a diagnosed neuroblastoma patient. Complete gross 

excision of localized tumor is representative of stage 1. Stage 2 is subdivided into 2A and 2B. Localized tumor with incomplete resection defines stage 2a whilst stage 2b represents complete 

gross excision of localized tumor with lymph node involvement. Stage 3 is distinguished by unresectable tumors crossing the anatomical midline with or without the aid of regional lymph 

nodes, or, unilateral tumors involving contralateral regional lymph nodes; or, the midline positioned tumor with bilateral regional lymph regional node involvement. Stage 4 denotes metastatic 

disease to distant lymph nodes, bone, bone marrow, liver, skin and/or other organs. Stage 4s is classified as metastatic disease restricted to liver, skin, and bone marrow and limited to children 

under 1-year. This stage is highly favorable with spontaneous tumor regression experienced in most patients (Brodeur et al., 1988). 
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Table 1.3: International Neuroblastoma Risk Group Staging System (INRGSS). 

Stage Stage Description 

L1 Defines the magnitude of locoregional diseases based on the absence of image-defined risk factors (IDRFs). 

L2 Denotes the locoregional tumor with presence of one or more image defined risk factor. 

M The widely disseminated neuroblastoma tumors is denoted by stage M. 

MS Stage MS defines metastatic tumors confined to the skin, liver, and bone marrow in children younger than 18 months presenting with locoregional L1 and L2 tumors. 

Although the INSS has been adopted in many countries, the system experienced limitations. This was compensated by the development of the INRGSS which established a pre-treatment 

stratification of diagnosed neuroblastoma patients (Monclair et al., 2009). INRGSS defines the magnitude of locoregional diseases based on the absence or presence of IDRFs (L1 and L2, 

respectively). The widely disseminated neuroblastoma tumors are denoted by stage M. Stage MS defines metastatic tumors confined to the skin, liver, and bone marrow in children younger 

than 18 months presenting with locoregional L1 and L2 tumors (Monclair et al., 2009). 
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Table 1.4: IDRFs in Neuroblastic Tumors 

Neck: 

Tumor encasing major vessels such as carotid artery, internal jugular vein 

Tumor spreading to the base of the skull 

Compression of the trachea as result of the tumor 

Encasement of the brachial plexus by the tumor 

Thorax: 

Encasement of major vessels (e.g. Subclavian vessels, aorta) 

Compression of trachea or principle bronchi by neuroblastoma tumor 

Lower mediastinal tumor which results in infiltration of cossto-vertebral junction 

Abdomen: 

Penetration into porta hepatis by tumor 

Encasement of celiac axis and/or superior mesenteric artery 

Invasion renal pedicles by tumor 

Tumor encasing iliac vessels 

Tumor of pelvis crossing the sciatic notch 

Dumbbell tumors showcasing symptoms of spinal cord compression at any anatomical location 

Infiltration of adjacent structures/organs such as the diaphragm, kidney, liver, duodeno-pancreatic block, and mesentery. 

IDRFS reflect the encasement of the vital organs determined by radiological image diagnostic in an attempt to increase safe and complete excision of neuroblastoma tumors (Miyamoto et al., 

2002, Perez et al., 2000, Strother et al., 2012). 
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Table 1.5: International Neuroblastoma Pathology Classification (INPC) adopted from Sokol and Desai (2019). 

Favourable neuroblatsic histology Unfavourable neuroblatsic histology 

Stroma dominant ganglioneuroma mature Ganglioneuroblastoma, nodular with composite stromal content including 

rich/dominant and poor stromal content 

Maturing ganglioneuroma with stromal dominance Neuroblastoma with poor stromal content – all else not in favourable histology 

group 

Ganglioneuroblastoma with intermixed stromal content  

Stromal content poor in neuroblastoma, differentiating or poorly differentiated with low/intermediate 

mitosis-karyorrhexis index (MKI) in diagnosed patients aged <1.5 years old. 

Differentiating neuroblastoma with low MKI in diagnosed patients aged 1.5 to 5 years 

Neuroblastic tumors, including neuroblastoma were further classified according to histopathological stratification first by Shimada et al. (1984) then later by the INPC (Shimada et al., 1999). 

The INPC discriminates between prognostically favourable and non-favourable neuroblastic tumors on the bases of schwannian content, state of tumor differentiation, mki, presence of nodules, 

and age (Sokol and Desai, 2019). 
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Table 1.6: International Neuroblastoma Risk Group (INRG) Consensus Pre-treatment Classification adopted from Cohn et al. (2009). 

INRG Stage 
Age 

(Months) 
Histological Category 

Grade of Tumor 

Differentiation 

Genetic Characteristics 
Pre-Treatment Risk 

Group 

MYCN 11q Aberration DNA Ploidy 

L1/L2 Any 

Ganglioneuroma 
maturing; 

Ganglioneuroblastoma 

intermixed 

    A Very Low 

L1 Any 

Any, except 

ganglioneuroma 

maturing or 
Ganglioneuroblastoma 

intermixed 

 

 

  

B Very Low 

Amplified K High 

L2 < 18 

Any, except 
ganglioneuroma 

maturing or 

Ganglioneuroblastoma 
intermixed 

  

No 

 

D Low 

Yes G Intermediate 

L2 ≥ 18 
Ganglioneuroblastoma 

nodular; Neuroblastoma 

Differentiating  
No 

 

E Low 

Yes 
H Intermediate Poorly differentiated or  

undifferentiated 
 

 

 Amplified N High 

M 

<18 

  

 

Any 

Hyperdiploid F Low 

<12  Diploid J Intermediate 

12 to <18  Diploid J Intermediate 

<18 Amplified  O High 

≥ 18   P High 

MS <18   
 

No 

 

C Very Low 

Yes Q High 

Amplified  R High 

Source: the INRG consensus pre-treatment classification schema formally defines a patient’s risk group as very low, intermediate, and high risk for assignment of treatment recommendations (Cohn et al., 2009). 
These pre-treatment distinctions are based on combinatory analysis of clinical and biological factors related to prognosis including INRG stage, histology, tumor differentiation, MYCN status, chromosomal loss and 

gain, DNA ploidy, and pre-treatment risk group (Cohn et al., 2009, Louis and Shohet, 2015). 
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Apart from being a robust prognostic factor in aggressive neuroblastoma tumors, amplified-

MYCN establishes a multidrug resistance capacity by promoting metastasis, increase cell 

proliferation and apoptotic evasion potential in neuroblastoma patients (Haber et al., 2006, 

Blanc et al., 2003, Huang and Weiss, 2013). Thus, amplified MYCN has established itself as an 

important and prevailing molecular marker for disease progression and outcome in 

neuroblastoma tumors (Hiyama et al., 2010). 

Studies have shown that MYCN gene silencing in MYCN-amplified high-risk neuroblastoma 

cells caused a decrease in secretion of the pronounced and reputable VEGF (Calero et al., 

2014). VEGFs are a family of mitogenic growth factors comprising of VEGF-A, VEGF-B, 

VEGF-C, VEGF-D and PIGF (Figure 1.8). VEGF was first identified and isolated as specific 

targeted endothelial cell ligands functioning as a potent angiogenic factor during tumor 

angiogenesis (Koch and Claesson-Welsh, 2012, Leung et al., 1989). Indeed, neuroblastoma 

tumors are highly expressive for VEGF as shown by Meister et al. (1999) and Langer et al. 

(2000). 

And so, it is VEGF that partially maintains neuroblastoma’s high vascularity by expressing 

and secreting high levels of VEGF into the tumor microenvironment (Goel and Mercurio, 

2013). VEGF has a high affinity for the vascular endothelial growth factor receptor family 

members – VEGFR-1, VEGFR-2 and VEGF-3 (Pradeep et al., 2005). Upon binding of VEGF, 

VEGFRs are activated and subsequently stimulate three major cell signalling pathways - 

PI3K/Akt, Ras/Raf/MAPK and JAK/STAT - which promote angiogenesis, increased 

endothelial cell proliferation, tumor survival and metastasis (Carrasco-Garcia et al., 2014, 

Megison et al., 2013, Regad, 2015, Hubbard, 2002). 

Although VEGF has established itself as an important tumor angiogenic factor via stimulation 

of VEGFR on endothelial cells, emerging evidence implicates VEGF functions in other cellular 

mechanisms and thus not functionally restricted to angiogenesis (Senger, 2010). Instead, an 
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interesting proposition is the concept of VEGF/VEGFR autocrine stimulation directly affecting 

tumors cells including neuroblastoma cells (Langer et al., 2000). However, this phenomenon 

falls short as shown by Meister et al. (1999) who previously argued against it due to the lack 

of neuroblastoma cell growth inhibition exposed to a neutralizing VEGF antibody. 

Nonetheless, the VEGF/VEGFR autocrine loop presents as a stimulus for autonomous 

malignant cell growth in various tumor types such as leukemia and neuroblastoma tumors 

(Dias et al., 2000, Langer et al., 2000). Moreover, these studies promote VEGF as a tumor cell 

growth factor via an endothelial cell-independent pathway (Dias et al., 2000, Langer et al., 

2000). For this reason, VEGF/VEGFR mediated cell signalling poses as a possible therapeutic 

strategy for tumor cell growth suppression. 

Apart from VEGF/VEGFR acting as a tumor vascular and proliferative agent, PDGF/PDGFR 

pathway also poses as neoplastic drivers in malignant development (Manzat Saplacan et al., 

2017, Liu et al., 2011). More specifically, previous studies have shown its propelling affects 

in neuroblastoma development. Matsui et al. (1993) demonstrated differential expression of 

biologically functional PDGFR-α and -β in neuroblastoma-derived cell lines. In addition, 

PDGF-A was detected in neuroblastoma-derived cell lines at varying levels whilst PDGF-B 

was barely detected (Matsui et al., 1993). Similarly, neuroblastoma-derived-cell lines 

expressed varied PDGFR-α and –β levels in a study by Påhlman et al. (1992), however PDGF-

A and –B ligands was not detected in most neuroblastic cell lines. Conversely, Eggert et al. 

(2000) reported PDGF-A in 19 neuroblastoma cell lines at varyingly low expression levels 

whilst abundantly expressed in harvested advanced neuroblastoma tumors.  

Nonetheless, Matsui et al. (1993) suggested that due to neuroblastoma cells expressing PDGFs 

as well as functional PDGFRs, the possibility of an PDGF/PDGFR autocrine loop involved in 

NB transformed cells is plausible in human neuroblastoma. Other malignant types too have 

implied possible PDGF autocrine signalling in breast cancer, gliomas, and sarcoma neoplasms 

(Seymour et al., 1993, Hermanson et al., 1992, Smits et al., 1992). Although the PDGF/PDGFR 
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autocrine signalling dogma is controversial, it seemed reasonable to investigate their role in 

neuroblastoma which could potentiate alternative targeting strategies for alleviating the 

associated burden of disease. 

Under normal physiological conditions, PDGFR binds with high affinity to PDGF ligands. 

Upon receptor activation, the major signalling pathways stimulates vital cellular processes 

such as cell proliferation. However, the notion that increased PDGF cell signalling favours 

tumorigenesis has been supported by previous studies (Pietras et al., 2003). PDGF/PDGFR 

signalling pathways are often mutilated in serval tumors resulting in enhanced and unregulated 

gene expression (Heldin, 2013). PDGFR gene expression is regulated by the p53 protein family 

which ultimately facilitates cell proliferation. However, the tumor suppressor protein p53 is 

highly mutated in several malignancies and thus possibly the cause of overexpressed PDGFR. 

Wetterskog et al. (2009) demonstrated that a relative of the p53 family, p73 is able to thrive as 

an ΔNp73 isoform in neuroblastoma and counteracts antineoplastic functions of p53 thus 

resulting in overexpressed PDGFR-β. This phenomenon could further propel neuroblastoma’s 

aggressive cell propagative abilities (Beppu et al., 2004). Therefore, by targeting PDGFR as a 

therapeutic intervention could possibly provide an alternative route for lessening associated 

the burden of disease. 

1.5.2 Therapeutic Strategies for Neuroblastoma 

Neuroblastoma is unique from other solid tumors in that it’s pathological and clinical 

heterogeneity ranges from spontaneous tumor regression to highly aggressive metastatic 

tumors (Louis and Shohet, 2015). Consequently, the anticancer interventions implemented 

differ pharmacologically to accommodate this diverse pathological profiles of neuroblastoma 

(Louis and Shohet, 2015). The low-risk disease (L1) neuroblastoma tumors are highly curable 

with surgery alone. However, on rare occasions, the tumor recurs but is highly sensitive to 

chemotherapy (Perez et al., 2000, Strother et al., 2012). The main forms of therapeutic 

interventions for the intermediate risk group aged below 18 months involves (L2) surgical 
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excision and moderate-doses of combination chemotherapeutic agents such as carboplatin or 

cisplatin, doxorubicin, etoposide, and cyclophosphamide (Baker et al., 2010, De Bernardi et 

al., 2009). Despite the overall good prognosis in most patients with intermediate risk 

neuroblastoma tumors, the prognostic outlook for patients diagnosed with intermediate-risk 

tumors after 18-months is not as favorable and, therefore, requires a wide range of 

chemotherapeutic agents (Baker et al., 2010, Oberthuer et al., 2015). 

However, these conventional therapeutic methods (chemotherapy, radiotherapy, and surgical 

excision) are a rather less effective treatment approach for advanced stage diseases and 

relapsed disease states (Kholodenko et al., 2018). This is partially due to the heterogeneous 

nature of high-risk neuroblastoma whereby these tumors evade the immunological response 

and produce a repertoire of heterogenic cells unresponsive to conventional therapy 

(Kholodenko et al., 2018). The standard therapy for high-risk neuroblastoma involves three 

main intervention strategies: multimodal chemotherapeutic induction and surgical excision, 

consolidation by means of high-dose chemotherapy with autologous stem cell rescue and 

radiation therapy, and finally post-consolidation treatment utilizing immunotherapy and a 

biological differentiating agent (Pinto et al., 2015, Smith and Foster, 2018). The total duration 

of this coordinated treatment process could last up to one year (Wagner and Danks, 2009). 

Generally, the induction stage of the standard-of-care treatment strategy for high-risk 

neuroblastoma, involves 5-8 cycles of intensive administration of chemotherapeutic agents 

including platinum, alkylating, and topoisomerase (Smith and Foster, 2018). Additionally, 

during the induction stage of treatment stem-cells are collected from the diagnosed high-risk 

neuroblastoma patients for autologous hematopoietic stem cell transplant which occurs during 

the consolidation stage of the standard-of-care treatment regimen (Smith and Foster, 2018). 

Additionally, induction chemotherapy involves surgical excision of high-risk neuroblastoma 

tumors, often after towards the end of the treatment period in an effort to reduce tumor size 

(Smith and Foster, 2018). However, the impact of tumor resection on the overall survival of 
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high-risk neuroblastoma patients remains controversial. Previous studies by Yeung et al. 

(2015), Simon et al. (2013) failed to demonstrate a significant relationship between tumor 

resection and event-free survival and overall survival in diagnosed patients, however, a 

substantial cohort of prior literature disagrees (Fischer et al., 2017, Von Allmen et al., 2017, 

La Quaglia et al., 2004). 

The next stage in standard-care regimen of high-risk neuroblastoma entails the two-part 

consolidation phase. First, diagnosed high-risk neuroblastoma patients receive a high dose of 

chemotherapeutic agents. Second, the patients receives an autologous stem cell transplant 

(Smith and Foster, 2018). This therapeutic strategy is based on the hypothesized notion that an 

increased dose would be associated with a better survival (Pritchard et al., 1982). Furthermore, 

the rationale for usage of high dose chemotherapy coupled with stem cell transplantation is to 

eradicate minimal residual disease and prevent tumor relapse (Hassan et al., 2017). 

Randomized trials showed that autologous stem cell transplant and dose escalation in 

diagnosed high-risk neuroblastoma patients accommodated a better event-free survival 

compared to continuous standalone chemotherapy (Matthay et al., 2009, Matthay et al., 1999, 

Berthold et al., 2005). 

Therefore, autologous stem cell transplantation and high dose chemotherapy has been 

considered a regular therapeutic strategy in the consolidation phase of high-risk neuroblastoma 

tumors (Sung and Do Hoon Lim, 2018). Although promising results had incurred with regards 

to an improved event-free survival, studies have continuously shown a lack of significant 

improvement in the overall survival of high-risk neuroblastoma patients (Yalçin et al., 2013, 

Berthold et al., 2005, Matthay et al., 2009). Therefore, high-risk neuroblastoma disease 

outcome remains unsatisfactory. The main causative agent for treatment failure after 

autologous stem cell transplant and intensive dose chemotherapy involves tumor relapse or 

progression instead of treatment-related mortality (Sung, 2012). 
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Despite intensive induction and consolidation therapy, approximately 50 to 60% of the patients 

will present with tumor relapse which is indicative of therapy-resistant minimal residual 

disease (Maris, 2010). An effort to treat and eradicate minimal residual disease, post-

consolidation or maintenance phase was developed which utilized isotretinoin as a 

differentiating agent (Pinto et al., 2015). Cultivating neuroblastoma cell lines demonstrated 

terminal differentiation in response to retinoic compound which influenced isotretinoin (13-

cis-retinoic acid) to be used in clinical trials after consolidative therapy (Sidell, 1982, Thiele 

et al., 1985). The addition of isotretinoin improved event-free survival and the risk of relapse 

was reduced in patients with high-risk neuroblastoma however, had no impact on improving 

the overall survival even after a long-term follow up (Matthay et al., 2009, Matthay et al., 

1999). 

On the contrary, a seminal randomized study showed a significant increase in the event-free 

survival and overall survival in high-risk neuroblastoma patients following post-consolidation 

intervention which included immunotherapeutic agents, anti-ganglioside 2 antibody and 

cytokines in addition to the standard isotretinoin (Yu et al., 2010). More recently, this spiked 

the Food and Drug Administration (FDA) approval of an anti-ganglioside 2 antibody, 

dinutuximab, for intravenous administration in conjunction with cytokines (granulocyte-

macrophage colony-stimulating factor, interleukin-2 (IL-2)) and isotretinoin as the treatment 

regimen for high-risk neuroblastoma patients who had failed to completely respond to the first 

line of multimodal standard-of-care intervention therapy (United Therapeutics Corporation, 

2015).  

It is proposed that the improvement in the overall 5-year survival in neuroblastoma patients 

are due to the intensified myeloablative therapy and immunotherapy (Tolbert and Matthay, 

2018). More recently, Mody et al. (2017) showed that 53% of patients with relapsed or 

refractory neuroblastoma tumors responded relatively well to the administration of 

dinutuximab coupled with two chemotherapeutic agents (irinotecan and temozolomide). 
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Although Mody et al. (2017) showed that more than half of the patients had a good overall 

response to the treatment regimen, 24% were unresponsive and presented with a stable disease 

whilst disease progression were seen in 18% of the patients. Thus, relapsed or refractory 

neuroblastoma still remains largely incurable. 

An additional form of therapeutic intervention for high-risk neuroblastoma incorporates 

metaiodobenzylguanidine (MIBG) (Tolbert and Matthay, 2018). MIBG is structurally similar 

to the neurotransmitter norepinephrine and thus has physiologically similar cellular targets 

such as neurotransmitter transporter on neuroendocrine derived cells such as neuroblastoma 

tumors (Kayano and Kinuya, 2018). MIGB is radiolabelled with iodine-131 (I-131-mIGB) 

(Kayano and Kinuya, 2018). The rationale underpinning the usage of I-131-mIGB as a targeted 

radiotherapeutic agent for high-risk neuroblastoma, stems from the attractive affinity for I-131-

mIGB in 89% of tumors (Carlin et al., 2003). Norepinephrine transmitter-assisted cellular 

uptake and storage of I-131-mIGB in neuroblastoma tumor cells then provides a radiological 

sensitive and specific technique for evaluating extend of disease in both soft and bony sites 

and provides a targeted radiation for tumor cell destruction (Carlin et al., 2003, Mairs et al., 

1994, Matthay et al., 2010).  

An earlier study by Matthay et al. (1998) reported phase-I complete and partial responses to I-

131-mIGB therapy in 37% of patients diagnosed with relapsed neuroblastoma disease. 

Although a considerable number of patients responded to I-131-mIGB intervention, a number 

of patients responded unfavourably whereby over 33% of patients had a stable diseased state 

and 20 % developed disease progression (Matthay et al., 1998). Furthermore, Matthay et al. 

(2006) sought out to clinically investigate 22 refractory patients’ responses to I-131-mIGB in 

combination with intensive systemic chemotherapeutic agents (carboplatin, etoposide, 

melphalan) coupled with autologous stem-cell transplantation whereby 27% patients had 

complete or partial response to the treatment whilst 68% patients had a mixed response or 

presented with a stable disease.  
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Although I-131-mIGB treatment regimen associates with slight improvements in the event-

free and overall survival rates in patients with relapsed/refractory high-risk neuroblastoma, 

adverse toxicities to an extent of patient death, and persistent stable disease or progressive 

diseased states are well associated and established (Bleeker et al., 2013, Matthay et al., 2006, 

Yanik et al., 2015). Moreover, high-risk neuroblastoma disease progression caused 23 patient 

deaths in a phase II clinical trial (Yanik et al., 2015). This signifies that current treatment 

modalities require revaluation. In addition, molecular pathogenesis and biomarker 

identification of high-risk neuroblastoma must be elucidated, and alternative therapeutic 

approaches strategically developed to combat the aggressive treatment modality of 

neuroblastoma. 

Despite the aggressive therapeutic interventions for high-risk neuroblastoma tumors, less than 

40% of pediatric patients are likely to retain a curable and tumor free state (Matthay et al., 

1999, Zage et al., 2008). Regardless of effective containment of tumor recurrence in certain 

instances, a great number of patients with relapsed tumors die as a cause of disease progression 

(Lau et al., 2004). This possess as a necessity for alternative treatment approaches. 

Targeted therapy has become a more favorable intervention approach as it targets malignant 

cells with higher specificity whilst sparing toxicity towards non-malignant cells (Padma, 

2015). Moreover, targeted therapy molecularly targets the essential hallmarks of cancer that 

drives tumor progression such as apoptosis, angiogenesis, metastasis and tumor cell 

proliferation (Padma, 2015). Therefore, manipulation of the proteins dominating tumor cell 

survival may potentially alleviate malignancy and allow alternative avenues for targeting 

neuroblastoma tumors. One such approach is to molecularly target RTKs which have gained 

widespread clinical usage for treating various cancers, including breast cancer, ovarian tumors, 

gastrointestinal malignancies, glioblastoma, as well as neuroblastoma (Roskoski Jr, 2018, 

Bonello et al., 2018, Calero et al., 2014, Morishita et al., 2014, Wang et al., 2017). Several 

drugs have been developed as highly selective TKIs for VEGFRs activity in neuroblastoma 
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tumors, including axitinib, SU11657, vandetanib, and sunitinib malate (Rössler et al., 2011, 

Bäckman and Christofferson, 2005, Beaudry et al., 2008, Zhang et al., 2009). Sunitinib malate 

is an orally administrated multitargeted TKI and was discovered as a potent inhibitor against 

VEGFR2 via competitive adenosine triphosphate (ATP) binding resulting in prevention of 

tyrosine kinase phosphorylation and ligand stimulated VEGF-dependent cell proliferation 

(Mendel, 2003). Further work conducted by Calero et al. (2014) confirmed VEGFR, among 

other RTKs, to be active targets for sunitinib in neuroblastoma cells and inhibited downstream 

effector signaling pathways governing tumor cell proliferation thereby eliciting cytotoxic 

effects and reducing neuroblastoma cell growth. Collectively, these studies present sunitinib 

as a multitargeted inhibitor which not only upholds as an exclusive anti-angiogenic factor, but 

possesses anti-proliferative capacities exerted on neuroblastoma tumor cells. Sunitinib thus 

showed to be promising as the present study will contribute and further enhance preceding 

studies on neuroblastoma treatment intervention strategies. 

1.6 Glioblastoma 

Although glioblastoma multiforme is a rare malignant astrocytic tumor with an incidence rate 

of less than 10 per 100,000 people worldwide, it is one of the most aggressive and malignant 

types of brain cancer (Thakkar et al., 2014, Jhanwar-Uniyal et al., 2015). Although, the 

incidence and mortality rates in Southern Africa are statistically lower in comparison to 

developing regions, brain and CNS tumors, including glioblastoma, remain a public health 

concern as they are associated with poor prognosis and concurrent low survival rate of 14-15 

months after diagnosis (Iacob and Dinca, 2009, Thakkar et al., 2014, Leece et al., 2017). 

Therefore, this necessitates the further exploration of therapeutic approaches for alleviating the 

associated burden of disease. 

Glioblastoma tumors usually inhabit the cerebral hemispheres, predominantly in supratentorial 

region, whilst a fraction of the tumors are found in the cerebellum, brain stem and spinal cord 

(Nakada et al., 2011). Glioblastoma multiforme accounts for 50 % of all gliomas in all age 
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groups (Rock et al., 2012). Although the tumor is capable of presenting in all age groups, its 

incidence occurs more regularly in older aged individuals (Ohgaki and Kleihues, 2005, 

Roviello et al., 2013, Urbanska et al., 2014). Furthermore, the incidence of glioblastoma is 

higher in males as compared to females (Thakkar et al., 2014). Few studies have reported ethnic 

differences in glioblastoma multiforme incidences with the tumor more prominent in Whites, 

Asians and Latinos (Iacob and Dinca, 2009, Thakkar et al., 2014). Etiologically, glioblastoma 

development is linked to known environmental risk factors, including exposure to therapeutic 

ionizing radiation, smoking, petroleum refining and employment in synthetic rubber 

manufacturing, and formaldehyde are just a few to mention (Wrensch et al., 2002). 

1.6.1 Pathogenicity of Glioblastoma Multiforme 

Primary brain tumors are a group of heterogenic tumors exclusively originating from the cells 

of the CNS (Lapointe et al., 2018). Gliomas are the most commonly occurring primary brain 

tumors and arise from glial or glial precursor cells (Lapointe et al., 2018). Some glioma tumors 

are known to be highly aggressive, invasive and withholds the capacity to confer neurological 

destruction and therefore considered a lethal form of human cancer (Maher et al., 2001). 

Glioma tumors include astrocytic tumors (astrocytoma, anaplastic astrocytoma and 

glioblastoma), oligodendrogliomas, ependymomas and mixed gliomas (Schwartzbaum et al., 

2006). 

The World Health Organization (WHO) grades gliomas tumors according to the level of tumor 

histopathology and degree of malignancy (Table 1.7) (Louis et al., 2016). Low grade gliomas 

such as pilocytic astrocytoma are the least aggressive, usually benign and may be completely 

excised. Grade II gliomas such as low-grade astrocytoma may not be curable by surgical 

excision and are histologically present with moderate cellularity with moderate proliferative 

and invasive capacities. Moreover, high grade glioma tumors (grade III), such as anaplastic 

astrocytoma, show rather increased cellularity, mitotic, proliferative, and invasive activities. 

Grade IV which is the highest and most aggressive grade of glioma tumors are commonly 
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classified as glioblastoma, and possess similar histological features as anaplastic astrocytoma, 

however, necrosis and glomeruloid microvascular proliferation are characteristically 

significant for grade IV tumors. Furthermore, gliolastoma grade IV tumors are extensively 

invasive and proliferative with a high demand for tumor vascularity as compared to grades I to 

III (Agnihotri et al., 2013, Louis et al., 2016). Therefore, glioblastoma prevails as an attractive 

pathological entity for further studies. 

Glioblastoma multiforme tumors are categorically grouped into primary and secondary 

glioblastoma tumors based on clinical and genetic features (Figure 1.10) (Kleihues and Ohgaki, 

1999). Primary glioblastoma, the most common occurring subtype (about 90% of cases), has 

poor prognosis, and typically presents within 3–6 months in patients older than 55 years of age 

(Kleihues and Ohgaki, 1999). Secondary glioblastoma, not nearly as common as primary 

glioblastoma (about 10% of cases), presents in younger patients with pre-existing lower grade 

astrocytoma lesions with an associated good prognosis (Ohgaki and Kleihues, 2013, Agnihotri 

et al., 2013, Louis et al., 2016). 

Both glioblastoma multiforme subtypes differ in genetic alterations (Kleihues and Ohgaki, 

1999). Primary glioblastoma multiforme commonly constitutes amplified and mutated EGFR 

gene. A study by Li et al. (2018) indicated a significant relationship between overexpressed 

EGFR and poor prognosis in glioblastoma multiforme diagnosed patients. Additionally, 

primary glioblastoma multiforme is commonly associated with loss of heterozygosity (LOH) 

of chromosome 10q containing the phosphatase and tensin homolog (PTEN) gene which 

functions as a tumor suppressor gene (Agnihotri et al., 2013, Hanif et al., 2017, Wang et al., 

1997). The antitumor effects of PTEN maintains an unphosphorylated PIP3 state, dampening 

the recruitment of Akt to the cytosolic cell membrane and thus inactivation of Akt, thereby 

inhibiting the PI3K/Akt signalling pathway (Di Cristofano and Pandolfi, 2000, Wang et al., 

1997). Furthermore, loss of PTEN was suggested to correlate with patient short-term survival 

in diagnosed glioblastoma cases (Yang et al., 2010). 
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Table 1.7: Description of astrocytic derived tumors. 

Glial Cell Type Tumor Description WHO Grade References 

Astrocyte 

Pilocytic Astrocytoma (PA) 

Slow growing cystic astrocytoma glioma 

commonly associated with children and 

young adults. The PA tumor is usually benign 

and highly curable by surgical excision. 

I 
(Louis et al., 2016, Khan et al., 

2012, Dong et al., 2015) 

Diffuse Astrocytoma 

Generally slow growing tumor but has high 

recurrence ability and progresses to 

aggressive high-grade glioma such as 

anaplastic astrocytoma. 

II 
(Louis et al., 2016, Li et al., 

2018) 

Anaplastic Astrocytoma 

Malignant primary brain tumor which is 

diffusively infiltrating. Area of localization 

often occurs within the white matter of the 

cerebrum. 

III 

 

(Dong et al., 2015, Grimm and 

Chamberlain, 2016, Louis et al., 

2016) 

Glioblastoma 

This is referring to the primary subtype of 

glioblastoma which is aggressive and a 

highly malignant tumor. Glioblastoma 

accounts for over 60% of all adult brain 

tumors. The median survival rate from 

diagnosis is approximately 9.9 to 15 months. 

IV 
(Louis et al., 2016, Hanif et al., 

2017) 

 

http://etd.uwc.ac.za/ 
 



 

39 

 

Figure 1.10: Glioblastoma molecular and genetic pathogenesis.  (A) Primary 

glioblastoma and secondary glioblastoma subtypes arise from a common precursor cell 

of origin. High-grade (WHO IV) primary glioblastoma tumors presents de nova, 

whereas secondary glioblastoma arises from precursor glioma lesions of lower WHO 

grade (II and III). Both subtypes differ in the prevalence of molecular and genetic 

abrasions, disease occurrence, age of diagnosis, and prognostic outcome as listed in 

the text boxes. (B) Parallel to the categorially classifying glioblastoma into primary 

and secondary tumor types, further transcriptional subclasses emerged from the global 

gene expression studies Cancer Genome Atlas Research Network (2013). On the basis 

of molecular pathogenesis and gene expression-based molecular traits, glioblastoma is 

classified into classical, mesenchymal, proneural, and neural subtypes (Cancer 

Genome Atlas Research Network, 2013, Agnihotri et al., 2013, Hanif et al., 2017). The 

classical subtype is distinctive for EGFR amplification, loss of PTEN and cyclin-

dependent kinase Inhibitor 2A (CDKN2A) which encodes for tumor suppressor 

proteins, whereas aberrated genes of TP53 which encodes for the all-important 

transcriptional factor p53, transcription factor nuclear factor 1, and CDKN2A are the 

main genetic features of the mesenchymal subclass (Hanif et al., 2017, Verhaak et al., 

2010, Zhao et al., 2018, Zhao et al., 2016). Furthermore, the genetic signature of the 

proneural transcriptional subclass includes mutated PDGFR-A, cyclin-dependent 

kinase (CDK) 4, CDK6 and MET (Verhaak et al., 2010, Hanif et al., 2017). OLIG2, 

oligodendrocyte transcription factor 2; RB, retinoblastoma; MDM2, mouse double 

minute 2; INK4A, inhibitor kinase 4A; ARF, alternate reading frame. 
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Conversely, secondary glioblastoma disease progression includes LOH of chromosome 10q 

and mutated TP53 which encodes for the all-important transcriptional factor p53 (Agnihotri et 

al., 2013, Zhang et al., 2018). Additionally, overexpressed PDGF-A and PDGFR-α are 

pathogenic in glioblastoma tumorigenesis (Agnihotri et al., 2013). The Cancer Genome Atlas 

(TCGA) research network (https://www.cancer.gov/tcga) has generated extensive genomic 

data which implicates glioblastoma as one of the highest cancer types to associate with a high 

PDGF/PDGFR incidence (15–20%). These alterations ultimately harbour amplified RTK 

activity leading to consequential activation of the core tumor cell growth pathways - PI3K/Akt, 

Ras/Raf/MAPK and JAK/STAT pathways (Fleming et al., 1992, Liu et al., 2011). 

Moreover, the TCGA Research Network (https://www.cancer.gov/tcga) has shown that 

Ras/Raf/MAPK and PI3K signalling cascades were deregulated in 88% of glioblastoma cases. 

These aberrant RTK cascades upregulate expression and secretion of growth factors such as 

VEGF (Maity et al., 2000). VEGF overexpression and secretion were demonstrated in primary 

and secondary glioblastoma subtypes, however, this was more prevalent in primary as opposed 

to secondary tumors (Tso et al., 2006, Karcher et al., 2006). Nonetheless, the well-known 

angiogenic factor secreted from glioblastoma tumors target endothelial blood vessel cells with 

high affinity for VEGFRs resulting in endothelial cell proliferation, blood-brain barrier 

permeability, and tumor angiogenesis (Zhao et al., 2018). 

The VEGF/VEGFR effect on endothelial cells are exerted via a paracrine signalling 

mechanism (Michaelsen et al., 2018). However, as speculated in various malignancies, 

including neuroblastoma tumors (see section 1.5, Pathogenicity of Glioblastoma Multiforme), 

breast cancer, gastrointestinal tumors, and leukaemia, VEGF secreted from glioblastoma cells 

stimulate the VEGFRs spanning the cell membranes of glioblastoma cells via an autocrine 

signalling scheme (Perrot-Applanat and Di Benedetto, 2012, Lin et al., 2017, Dias et al., 2000, 

Szabo et al., 2016). This is supported by previous studies, demonstrating that VEGFR 

expression is not only endothelial cell-specific, but also expressed on glioblastoma tumor cells 
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(Krcek et al., 2017). However, VEGFR-1 and VEGFR-2 levels of expression varied, with 

VEGFR-2 more abundantly expressed in glioblastoma as demonstrated by Krcek et al. (2017). 

Furthermore, axitinib-induced VEGFRs inhibition significantly reduced glioblastoma cell 

proliferation and concurrently VEGF secretion levels (Krcek et al., 2017). 

Therefore, the aforementioned literature suggests secreted mitogenic growth factors (PDGF 

and VEGF) as autonomous promoters of tumor cell proliferation by stimulating the receptive 

RTKs (PDGFR and VEGFR) expressed on tumor cells, favouring glioblastoma disease 

progression. Therefore, targeting PDGFR and VEGFR with the concurrent reduced ligand 

secretion in glioblastoma makes for an attractive treatment strategy. 

1.6.2 Treatment of Glioblastoma Multiforme 

Maximal tumor surgical resection followed by combination radiotherapy and chemotherapy 

currently stands as the primary standard care for glioblastoma multiforme (Carlsson et al., 

2014). Variables such as tumor size, shape, microvasculature, and location, determine the 

degree of surgical tumor resection (Orringer et al., 2012). The extent of resection of more than 

90% was shown to increase the overall survival of diagnosed patients by one-year (Orringer et 

al., 2012). However, not all glioblastoma tumors are completely excised and therefore require 

radiotherapy as an additive therapeutic intervention. Radiotherapy’s antitumor effects induce 

fragmentation in DNA thereby activating apoptotic pathways.  

However, the commonly mutated EGFR confers a resistant phenotype to radiotherapy in 

glioblastoma multiforme and is a cause for concern (Taylor et al., 2012). Another standard in 

glioblastoma treatment strategy include chemotherapeutic administration of temozolomide 

(Jiapaer et al., 2018). Temozolomide administration coupled with radiotherapy had a greater 

effect on the overall median survival of 14.6 months as opposed to radiotherapy (12.1 months), 

as the sole standard care regimen (Stupp et al., 2005). Furthermore, synergistic treatments of 

temozolomide and radiotherapy presented with a 37% reduced risk of death compared to that 
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of exclusive radiotherapy intervention (Stupp et al., 2005). Although the study conducted by 

Stupp et al. (2005) showed overall improvements in the survival of diagnosed glioblastoma 

patients, 84% of patients succumbed to the aggressive and poor prognostic outcome commonly 

associated with glioblastoma. Therefore, in spite of the advances made in the standard 

treatment interventions for glioblastoma, the disease remains largely incurable. 

The pathogenesis of glioblastoma is highly heterogenous as proclaimed from the reviewed 

literature (Inda et al., 2014, Parker et al., 2015, Hanif et al., 2017). And so, the inefficiency of 

the current standard treatment strategies for glioblastoma is partially due to the genetic 

mutations and overexpressed proteins which consequentially confers constitutive and 

sustained activation of RTKs and the downstream signalling pathways such as VEGF/VEGFR 

(Carrasco-Garcia et al., 2014). Therefore, targeting RTKs presents an attractive alternative 

therapeutic intervention. Several RTKs have been investigated as glioblastoma treatment 

interventions targeting EGFRs (gefitinib, lapatinib, erlotinib), PDGRs (imatinib mesylate, 

tandutinib) or VEGFR (sorafenib, vatalanib, cediranib, vandetanib, sunitinib, pazopanib) 

(Minniti et al., 2009, Robles Irizarry et al., 2012). 

Imatinib, another small-molecule inhibitor predominantly targeting PDGFR-α and PDGF-B, 

has been shown to have antitumor effects (Iqbal and Iqbal, 2014). Although it was well-

tolerated in recurrent glioblastoma multiforme, imatinib’s antitumor activity was less effective 

as a mono-therapeutic agent (Raymond et al., 2008). Oddly enough, recent in vitro studies have 

shown imatinib capable of increasing glioblastoma cell migration and invasive properties 

(Frolov et al., 2016). Adding to the clinical failure of imatinib in glioblastoma trials, the TKI 

has poor penetrative abilities through the blood-brain barrier. This is generally a concept to 

consider in developing therapeutics for CNS tumors (Kast and Focosi, 2010). Interestingly, the 

anti-VEGF agent, bevacizumab was developed with much potential and anticipation for the 

treatment of glioblastoma. The well-known bevacizumab is a humanized murine monoclonal 

antibody that binds to circulating VEGF-A, resulting in reduced VEGFR activation (Kazazi-
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Hyseni et al., 2010). In May 2009, the FDA-accelerated approval of bevacizumab for treatment 

of progressive or recurrent in diagnosed glioblastoma patients (Cloughesy, 2010). However, 

despite its approval, bevacizumab’s effectiveness was minimal in newly diagnosed 

glioblastoma patients. Additionally, the combinative administration of bevacizumab with the 

current standard therapy (radiotherapy and temozolomide) proved inadequate in the patient’s 

overall survival (Gilbert et al., 2014). Therefore, the ongoing search for an attractive 

therapeutic agent requires further exploration. 

Previous findings by Mesti et al. (2014) demonstrated the varying extent of glioblastoma cell 

growth inhibition in response to bevacizumab in comparison to the selective VEGFR inhibitor, 

sunitinib. The findings concluded that although bevacizumab inhibits VEGF-A it was less 

likely to induce glioblastoma cellular phenotypic changes due to the direct therapeutic pressure 

on the VEGF-autocrine loop. On the contrary, sunitinib exhibited far greater glioma cell 

growth inhibition (Mesti et al., 2014). Based on these findings and additional literature by 

Adamcic et al. (2012), it is intriguing to assume that small-molecule VEGFR inhibitors such 

as sunitinib may be more efficient and suitable as an anticancer treatment strategy for 

glioblastoma.  

Sunitinib underwent phase II clinical trials in patients with recurrent glioblastoma, however, it 

was unfortunate that the study did not demonstrate sunitinib as single-agent with proficient 

anti-glioma activity (Neyns et al., 2011). Similarly, sunitinib unexpectedly failed to produce 

the anticipated anti-proliferative and anti-angiogenic capabilities in phase II clinical trials (Pan 

et al., 2012). These findings suggest sunitinib to be an unsuitable monotherapy for 

glioblastoma. Although sunitinib failed as a single-use therapeutic target for glioblastoma, 

evaluating its additive effects in synergistic cancer treatment strategies became of interest. A 

study by Nonnenmacher et al. (2015) evaluated the potential of multiple target combination 

therapy for recurrent glioblastoma multiforme consisting of rapamycin (a mammalian target 

of rapamycin (mTOR) inhibitor), irinotecan, temozolomide, and sunitinib, all under the 
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umbrella abbreviation of RIST. The multidrug combinations showed dramatic inhibition of 

cell growth in both glioblastoma primary and secondary cell cultures. Further, RIST reduced 

tumor size and improving the overall survival of murine models (Nonnenmacher et al., 2015). 

Despite the disappointing sunitinib clinical trial results previously discussed, Nonnenmacher 

et al. (2015) study’s suggests that sunitinib should not be disregarded, but instead be further 

explored in future studies as an additive to the multitargeted combinatory approach for 

glioblastoma multiforme. Pan et al. (2012) too endorses the same sentiment. Additionally, 

exploring sunitinib’s in vitro and in vivo cell growth inhibition in glioblastoma multiforme will 

further support, enhance, and substantiate the pre-existing literature (Hatipoglu et al., 2015, 

Mesti et al., 2014, de Bouard et al., 2007). Pre-existing and future studies will also assist with 

the rationality of sunitinib’s antitumor potential as an additive to current therapeutic strategies. 

1.7 Pharmacological Profile of Sunitinib 

Targeted therapy denotes a new anticancer approach whereby a compounded agent inhibits 

specific targeted molecules as opposed to chemotherapeutic interventions, as all mitotically 

dividing cells experience the adverse cytotoxic affects (Giordano and Petrelli, 2008). Targeted 

therapy has the upper hand in that the agents are directed to specific malignant cell 

subpopulations and therefore this type of anticancer approach is best described TKIs (Giordano 

and Petrelli, 2008). The prominent roles of RTKs in tumor biology is well acknowledged 

(Regad, 2015).  

VEGFR and PDGFR promote tumor growth and survival via paracrine signalling loops as well 

as the controversial autocrine signalling pathways (Anderberg et al., 2009, Lokker et al., 2002, 

Vacca et al., 2003, Lin et al., 2017). Hence, RTKs have become critical targets for tumor 

eradication by means of treatment with TKIs (Kannaiyan and Mahadevan, 2018, Pottier et al., 

2020). Sun et al. (2003) sought to discover a novel multitargeted anti-VEGFR and -PDGFR 

agent. Conclusively, the authors designed and synthesized sunitinib as their novel discovery 

(Sun et al., 2003). Further investigations identified sunitinib to be a potent inhibitor for fetal-
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liver tyrosine kinase receptor-3 (FLT-3) (O'Farrell et al., 2003, Mendel, 2003). Previous TKI 

agents, denoted by SU5416 and SU6668, fell short in overcoming certain pharmacological 

drawbacks (Sun et al., 2003). As such, sunitinib exhibited higher inhibitory potency towards 

RTKs such as VEGFR-2, PDGFR-β and Kit in comparison to other agents (Chow and 

Eckhardt, 2007).  

Additionally, the first clinically approved agent for gastrointestinal stromal tumors, imatinib, 

indirectly bestowed sunitinib as a more vicious TKI as its potency against VEGFR-2 and 

PDGFR was higher (Demetri et al., 2004). Clinically, sunitinib is FDA approved as a 

monotherapy for the treatment of gastrointestinal stromal tumors (GIST) with progressive 

diseased states or intolerant imatinib mesylate (Rock et al., 2007). Additionally, sunitinib 

obtained FDA-accelerated approval as a mono-therapeutic agent for advanced renal cell 

carcinoma (RCC) (Rock et al., 2007). Moreover, phase-II clinical trials in patients with 

metastatic breast cancer demonstrated sunitinib’s efficiency as a well-tolerated anticancer 

agent (Burstein et al., 2008). 

These potent antitumor effects of sunitinib is accounted for by its ability to inhibit 

phosphorylation of target RTKs (Calero et al., 2014). A single oral dose of sunitinib was given 

to athymic mice bearing melanoma tumors which resulted in prominent competitive inhibition 

of VEGFR and PDGFR phosphorylation (Mendel, 2003). Similarly, in vitro studies 

demonstrated a dose-dependent inhibition of RTK c-Kit phosphorylation in human 

gastrointestinal stromal tumor cell lines treated with sunitinib (Ikezoe et al., 2006). With 

sunitinib impeding autophosphorylation of RTKs on tumor cells, this strengthens cell growth 

arrest, apoptosis as well as hindering the downstream signalling pathways PI3K/Akt, 

ultimately eliciting anti-proliferative affects (Ikezoe et al., 2006). Similarly, sunitinib inhibited 

the activation of various RTKs, including PDGFR-α and β, FLT-3, c-Ret and VEGFR-3 in 

neuroblastoma cell lines which induced cell growth arrest and apoptosis suggested by way of 

inhibition of PI3K/Akt pathway (Calero et al., 2014). Sunitinib’s antineoplastic effects are 
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summarized in Figure 1.11 and Table 1.8. These studies indeed validate sunitinib as an 

effective anticancer agent and thus anticipated to be promising in the present study when 

evaluated for its effects against neuroblastoma and glioblastoma cell culture models. 

 

Figure 1.11: Antitumor effects of sunitinib.  This image was adopted from 

(Aparicio-Gallego et al., 2011). 

1.8 Research Context 

1.8.1 Problem Statement 

A successful outcome of neoplastic therapeutics is often defeated by high mortality rates and 

low survival rates accompanied by poor prognostic (Bray et al., 2018, Ferlay et al., 2015). And 

despite the many efforts made in developing therapeutic intervention strategies against various 

types of malignancies (Burney and Al-Moundhri, 2008, Urruticoechea et al., 2010), the 

aggressive nature of high-grade neuroblastoma and glioblastoma multiforme has made 

effective treatment rather challenging (Gains et al., 2012, Shergalis et al., 2018). These hostile 

tumors are often evaders of the antineoplastic effects of certain therapeutic strategies, resulting 

in tumor recurrences or disease relapse with poor prognostic value (Kamiya-Matsuoka and 

Gilbert, 2015, London et al., 2011). 
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Table 1.8: Pharmacological profile of sunitinib. 

Antineoplastic Drug Chemical Properties Mode of Inhibitory Action Selected References 

Sunitinib Malate 

(Synonym: SU-11248, Sutent) 

CAS Number: 341031-54-7 Sunitinib malate is an orally administrated 

multitargeted tyrosine kinase inhibitor and 

was discovered as a potent inhibitor against 

VEGFR-2 and PDFGR-β via competitive 

ATP binding and prevention of tyrosine 

kinase phosphorylation. Additional targets 

include KIT, FLT3; CSF-1R. Sunitinib 

inhibited growth factor-dependent cell 

proliferation mediated by PDGF and 

VEGF. Furthermore, the results obtained 

from in vivo studies utilizing murine 

xenografts, mirrored the aforementioned in 

vitro results. 

(Hao and Sadek, 2016, 

Mendel, 2003, Christensen, 

2007) Chemical Formula: C22H27FN4O2.C4H6O5 

Molecular Weight: 532.56 Da 

Chemical Structure: 

 

(Image sourced from Hao and Sadek (2016)) 

CSF-1R, receptor for macrophage colony stimulating factor.  
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This further necessitates the need to re-evaluate pre-existing antineoplastic treatment 

modalities as well as drive the establishment of novel targeted therapeutic interventions. In 

doing so, a well-mapped landscape of the pathogenicity of neuroblastoma and glioblastoma 

will aid in understanding the survival mechanisms of these malignancies. One survival strategy 

utilized by both malignancies involves aggressive cell proliferation (Stafman and Beierle, 

2016, Xie et al., 2014).  

Therefore, targeting the associated cell proliferative proteins such as VEGFR and PDGFR, 

could potentially be one route to impede tumor cell growth and ultimately neoplastic 

progression. In the present study, sunitinib was utilized as a selective tyrosine kinase inhibitor 

to the aid the inhibition of VEGFR and PDGFRs in neuroblastoma and glioblastoma cell lines. 

The results of this study will further accentuate the present knowledge regarding the 

pathological importance of RTKs in neuroblastoma and glioblastoma cell growth. In addition, 

the study’s findings will potentially further establish sunitinib as a key selected targeted 

antineoplastic agent for neuroblastoma and glioblastoma malignancies. 

1.8.2 Aim of the Study 

The aim of this study was to investigate the impact of sunitinib on neuroblastoma and 

glioblastoma cell growth. 

1.8.3 Objectives of the Study 

The objectives of the study were to: 

 Analyze the impact of sunitinib on morphological changes on neuroblastoma and 

glioblastoma cells by visual observations utilizing light microscopy. 

 Evaluate viable cell counts of neuroblastoma and glioblastoma-derived cell lines in 

response to sunitinib by performing the trypan blue exclusion dye assay.  
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 Determine the effect of sunitinib on neuroblastoma and glioblastoma cells metabolic 

activity as a measurement of mitochondrial dehydrogenase activity detected by cell 

counting kit-9 (CCK-8). 

 Accurately determine the effect of sunitinib on VEGF and PDGF-BB in neuroblastoma 

and glioblastoma cells by quantifying protein concentrations with ELISA. 

1.8.4 Research Questions 

This study was guided by the following research questions: 

 Does sunitinib alter SK-N-BE(2) and U87 cell morphology? 

 Is there a significant reduction in cell viability when SK-N-BE(2) and U87 cells are 

exposed to increasing sunitinib concentrations? 

 To what extent is VEGF and PDGF-BB protein levels of SK-N-BE(2) and U87 

affected by sunitinib? 

1.8.5 Hypothesis 

We hypothesize that sunitinib will inhibit neuroblastoma and glioblastoma cell proliferation. 
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CHAPTER 2 

RESEARCH METHODOLOGY 

2.1 Introduction 

This chapter outlines the research methodology undertaken to fulfil the research context 

previously described in Chapter 1 (Section 1.8). The materials and methods utilized in the 

study are summarized in the subsections below. Firstly, the chemical reagents and equipment, 

protocol used for aseptic maintenance of SK-N-BE(2) and U87 cell lines are detailed. This is 

followed by analysis of cell viability of SK-N-BE(2) and U87 in response to sunitinib 

treatments. Lastly, the protocol for quantification of VEGF and PDGF-BB secretion in 

response to sunitinib is outlined. The data obtained from each assay was statistically analyzed, 

which concludes this chapter. 

2.2 Chemicals 

SK-N-BE(2) (American Type Culture Collection (ATCC) CRL-2271) and U87 (ATCC HTB-

14) cell lines were a kind gift from Prof Ekpo’s and Prof Fisher’s research laboratory group, 

Department of Medical Biosciences, University of the Western Cape, respectively. The 

chemicals and reagents used in this study were of the highest quality and included heat-

inactivated fetal bovine serum (FBS) (Gibco, ThermoFisher), Dulbecco’s phosphate-buffered 

saline (DPBS) (BioWhittaker, Lonza), Dulbecco’s Modified Eagles Medium with nutrient 

supplement F12 (DMEM-F12) (Gibco), Trypsin-ethylenediaminetetraacetic acid (T-EDTA) 

(Lonza), Penicillin-Streptomycin (BioWhittaker, Lonza), Trypan Blue (0.4%, w/v) solution 

(BioWhittaker, Lonza), dimethyl sulfoxide (DMSO) (Sigma-Aldrich). The kits included CCK8 

(Sigma-Aldrich), Quantikine ELISA Human VEGF (R&D Systems), Quantikine ELISA 
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Human PDGF-BB (R&D Systems). Specialized equipment used throughout the duration of the 

study included a NU-5510E NuAire DHD autoflow automatic carbon dioxide (CO2) air-

jacketed incubator (NuAire), AireGard NU-201-430E horizontal laminar airflow tabletop work 

cabinet with a high-efficiency particulate air (HEPA) filtered clean work station (NuAire), 

PrimoVert phase-contrast microscope (Zeiss), GloMax Multi Detection System (Promega) and 

Bio-Rad TC-20 automated cell counter.  

2.3 Experimental Design 

Figure 2.1 depicts the present study’s experimental design. The effects of sunitinib on SK-N-

BE(2) and U87 cell viability was investigated by CCK-8. Cell morphological changes in 

response to sunitinib was analysed followed by viable cell counts determined with the trypan 

blue exclusion dye. Furthermore, the effect of sunitinib on VEGF were measured by ELISA for 

protein quantification. Cultured SK-N-BE(2) and U87 cell lines were grown under optimal 

growth conditions in the absence of sunitinib thereafter a viable cell count was performed using 

trypan blue exclusion dye for cell growth curve analysis. The data was analysed using GraphPad 

Prism 6 statistical software for statistical significance testing. 

 

Figure 2.1: Experimental design followed throughout the study 
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2.4 Culture of SK-N-BE(2) Neuroblastoma and U87 Glioblastoma Cells 

SK-N-BE(2) neuroblastoma and U87 glioblastoma cell lines were used for the purpose of this 

study. SK-N-BE(2) is a human neuroblastoma cell line that had been derived from a bone 

marrow biopsy of a 2-year old male in 1972 (Barnes et al., 1981). The child presented with 

disseminated neuroblastoma, irrespective of repeated chemotherapy and radiotherapy 

treatments (Barnes et al., 1981). Morphologically, the cell line presents as neuroblasts (Barnes 

et al., 1981, Biedler and Spengler, 1976).   

In 1968, Pontén and Macintyre first established the U87 cell line which was cultured from grade 

III astrocytoma-glioblastoma of a 44-year-old female (Pontén and Macintyre, 1968). The 

authors agreed to transfer the cell line to ATCC for further cultivation and commercial 

distribution. However, Allen et al. (2016) found differences in DNA profiles and maternal DNA 

between the U87 cell line supplied by ATCC and the original U87 cell line established by 

Pontén and Macintyre, suggesting origination from different sources. Nonetheless, the authors 

concluded that the ATCC U87 cell line is of CNS tumor origin and a bona-fide human 

glioblastoma cell line, but patient origin is unknown (Allen et al., 2016). 

SK-N-BE(2) cells was cultured in DMEM-F12 whilst U87 cells were cultivated in DMEM. 

Both cell culture media were supplemented with 10% FBS and 1% penicillin (100 IU/ml) and 

streptomycin (100 μg/ml) and aseptically cultured and maintained under standard conditions of 

37ºC, 5% CO2 and 95% humidified air atmosphere. 

2.4.1 SK-N-BE(2) and U87 Cell Thawing and Cryopreservation  

Resuscitation of cryopreserved cells involved removal of cryovials from -80°C storage and 

promptly thawed in a water bath (37°C) to minimize exposure of DMSO as high DMSO 

concentrations is cytotoxic (Yuan et al., 2014). All cell culture reagents required was pre-heated 

to 37ºC. After thawing, culture medium (2 ml) was gently added to the cell suspension and 

centrifuged at 2500 rpm for 5 minutes. The resultant supernatant was aspirated and discarded. 
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The reaming cell pellet was quickly resuspended in 5 ml culture medium and transferred to a 

25-cm2 cell culture flask. Cells in suspension were microscopically visualized and incubated at 

optimal conditions for cell attachment and proliferation. Once the cell lines recovered from 

resuscitation, confluent cells were cryopreserved at -80ºC in cryomedium (10% DMSO in cell 

growth medium) to maintain the cell linage. 

2.4.2 Subculture of SK-N-BE(2) and U87 Cells 

Growth medium was replaced when needed which allowed restoration of all essential nutrients 

for continual cell growth. Once the cultured cells reached 70-80% confluency, the expended 

cell culture media was aspirated and 2 ml DPBS was dispersed over the cell monolayer for 1 

minute. Thereafter, the DPBS was aspirated and 2 ml trypsin-EDTA was added. The cell culture 

flask was incubated for 5-10 minutes for cell detachment. Thereafter, 2 ml cell growth medium 

was added to the cell suspension and centrifuged at 2500 rpm for 5 minutes. The resultant 

supernatant was carefully aspirated and discarded whilst the remaining cell pellet was 

resuspended in cell growth medium. The cells were subcultured into a new flask for maintaining 

a healthy cell line, cryopreserved in cryovials as previously mentioned and/or utilized for the 

study’s experimental assays. Importantly, all cell culture reagents utilized were pre-warmed to 

37ºC prior to use. The cell line’s passage number was recorded accordingly. 

2.5 Cell Growth Curves 

The proliferative characteristics of each cell line was investigated by constructing cell growth 

curves from which doubling time and growth rates were computed. The trypan blue dye is 

commonly used for this purpose (Assanga and Lujan, 2013). Trypan blue dye determines cell 

viability on the basis of cell membrane integrity. The dye penetrates dead cells and binds to 

intracellular proteins to yield the characteristic blue color. However, trypan blue is impermeable 

to viable cells. This distinguishes living cells (unstained) from dead cells (stained) once a cell 

count is performed microscopically (Piccinini et al., 2017, Assanga and Lujan, 2013, Aslantürk, 

2018). 
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At 70-80% confluency, the cells were trypsinized and collected as previously described. The 

cells were thoroughly resuspended to ensure a homogeneous cell suspension and sampled for a 

viable cell count using an automated cell counter. Cells were seeded at 1x105 in a final volume 

of 500 μl per well in 24-well cell culture plates and incubated for 4 days. After every 24-hour 

incubation, cells were washed with 200 μl DPBS and dislodged with 200 µl trypsin-EDTA for 

2-5 minutes. Thereafter, 200 µl of cell growth medium was added to each well. Cell viability 

was determined using a 1:1 dilution of 0.4 µM trypan blue exclusion dye (10 µl) and the 

homogeneous cell suspension (10 µl). Thereafter, 10 µl was immersed into a hemocytometer 

counting chamber. The viable cells were counted whilst the dead cells were excluded. Viable 

cell counts were averaged for construction of SK-N-BE(2) and U87 cell growth curves. The 

mean daily cell viability counts were used to obtain the doubling time and growth rate 

calculated with the aid of a free online algorithm (available at https://doubling-

time.com/compute_more.php) previously used in a study by Popescu et al. (2015). Throughout 

the experiment, the expended medium was replenished every 24-hours to supply adequate 

nutrients to sustain cell growth. The experiment was repeated 3 times independently (sample 

size (n)=4). 

The following equation was used for viable cell counts using trypan blue exclusion dye: 

Total Viable Cell Count=Total Viable Cell Count x 
Dilution Factor

Number of Squares Counted
  x 104 

 

2.6 Sunitinib Stock Preparation 

Sunitinib was weighed accordingly to produce a concentrated stock solution of 100 mM in 

100% DMSO. The stock solution was serially diluted (1:10) in the appropriate cell culture 

growth medium to yield a range of working stock solutions: 100 µM, 10 µM, 1 µM, 0.1 µM, 

0.01 µM. To account for the cytotoxic effects of DMSO demonstrated by Yuan et al. (2014), 
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the highest sunitinib concentration (100 µM) had a final DMSO concentration of 0.1%. The 

serial dilutions were prepared on demand to maintain stability of sunitinib. 

2.7 Cell Morphology 

After trypsinization and collection of cell suspension, the viable cells were counted and seeded 

in 24-well cell culture plates at a cell concentration of 5x104/ml in each well. The cells were 

allowed to attach for 24 hours. Thereafter, the expended medium was aspirated, and 1 ml of 

sunitinib (100 µM, 10 µM, 1 µM, 0.1 µM, 0.01 µM) was added to the allocated sample wells. 

The cell growth medium was replenished in the control wells (untreated cells). The plates were 

incubated for 72 hours. Following every 24 hours, the cells were photographed using a phase-

contrast light microscope at 10X magnification for analysis of morphological changes. The 

experiment was performed twice independently (n=2). 

2.8 Live Cell Counts 

Once the cell morphology was photographed, the cells were utilized for live cell counts for 

three consecutive days. The same procedure used for collection of a homogeneous cell 

suspension for cell growth curve analysis was followed (Section 2.5). Live and dead cell counts 

were determined by 1:1 dilution of trypan blue exclusion dye (10 µl) and a homogeneous cell 

suspension (10 µl). 10 µl of the trypan blue dye-cell suspension mixture was loaded into a 

hemocytometer counting chamber. The experiment was performed twice independently (n=2). 

2.9 Mitochondrial Dehydrogenase Activity – CCK-8 

CCK-8 is a convenient and sensitive colorimetric assay for determination of cell viability and 

cytotoxic assays by the reduction of WST-8 [2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-

5-(2,4-disulfophenyl)-2H-tetrazolium monosodium salt] producing a water-soluble yellow 

colored formazan dye (Chamchoy et al., 2019, Aslantürk, 2018). The reduction of WST-8 by 

cellular dehydrogenases to yellow formazan in cell culture medium is directly proportional to 

cell viability (Lutter et al., 2017). SK-N-BE(2) and U87 cells were seeded at a cell concentration 
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of 2.5 x 104/well in a 96-well clear cell culture plate. The plates were incubated overnight at 

optimal growth conditions to allow for cell attachment. Thereafter, the cells were exposed to 

sunitinib (0.01–100 µM). The wells allocated for negative controls (untreated cells) contained 

replenished media and the vehicle control contained 0.1% DMSO. Each experimental sample 

and control had a corresponding blank. The plates were incubated for 72 hours. After every 24-

hours of incubation, 10 µl of CCK-8 was added to each well and the plates were incubated for 

an additional 2 hours. The optical density (OD) was measured at 450 nm and the resultant data 

was expressed as percentage of control. The experiment was repeated three times independently 

for each cell line. The sample size for SK-N-BE(2) and U87 was 4 (n=4).  

Percentage of Control (%) =
Corrected Mean Absorbance of Sample

Corrected Mean Absorbance of Negative Control
 x 100 

 

2.10 Enzyme-Linked Immunosorbent Assay 

ELISA allows detection of small quantities of antigens, such as proteins, hormones, peptides 

or antibodies in biological fluids (Aydin, 2015). ELISA utilizes the basic concept of binding an 

antigen to a specific antibody in body fluids which, in turn, is detected by a secondary antibody 

conjugated to an enzyme. By adding a chromogenic substrate, it enzymatically interacts with 

the enzyme-labelled secondary antibody to produce a visible color change (qualitative) that is 

directly proportional to the antigenic protein concentrations (quantitative) (Gan and Patel, 2013, 

Aydin, 2015). For VEGF and PDGF-BB, the present study used the sandwich ELISA method. 

The subsections that follow describe the methodology utilized to obtain cell supernatant 

samples for VEGF and PDGF-BB ELISAs. 

2.10.1 SK-N-BE(2) and U87 Cultured Media Preparation  

The effects of sunitinib on VEGF and PDGF-BB protein concentration was determined by 
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preparing SK-N-BE(2) and U87 cultured media samples. Both cell lines were seeded at 

5x104/ml per well of a 6-well plate with a final volume of 3 ml per well. The cells were 

incubated for 24-hours at optimal growth conditions to allow adequate cell attachment. 

Following a 24-hour incubation period, the expended cultured medium was discarded, and the 

cells were treated with 3 ml sunitinib (1–100 µM). The control wells with untreated cells were 

replenished with media (3 ml). The 6-well plates were incubated for 72-hours. At 48- and 72-

hours, the conditioned media were aliquoted and stored at -20°C, until further use. Cell culture 

supernatant sample preparation was repeated twice independently with a sample size of 4 (n=4). 

2.10.2 Evaluation of SK-N-BE(2) and U87 Vascular Endothelial Growth 

Factor Secretion in Response to Sunitinib 

Cell culture supernatants were thawed at room temperature. A pre-run assay with recombinant 

human VEGF165 standard and sample supernatants was conducted to determine the necessity of 

sample dilutions prior to assaying. The supernatants were diluted 1:4 with calibrator diluent. 

All the reagents in the kit were allowed to thaw at room temperature prior to use. Thereafter, 

the standard was reconstituted with 1 ml distilled water to make up a 2000 pg/ml stock solution. 

The standard stock solution was kept at room temperature for 30 minutes with gentle agitation. 

The standard was serially diluted by a dilution factor of 2 (1000–15.6 pg/ml) with a final volume 

of 1 ml in calibrator diluent. The calibrator diluent served as the zero standard (0 pg/ml). 

The kit provided a 96-well polystyrene microplate pre-coated with monoclonal antibody 

specific for human VEGF. To each well of the microplate, 50 µl of assay diluent was added. 

To this, 200 µl of the standards and samples were added. The microplate was covered with an 

adhesive strip and incubated for 2 hours at room temperature. After the incubation period, the 

microplate contents were decanted. Thereafter, the wells were washed with 400 µl of wash 

buffer (1X) and allowed to sit for 20-seconds before aspirating. The washing procedure was 

repeated four times. The microplate was then inverted and blotted dry against tissue paper to 

remove excess wash buffer.  
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To each well, 200 µl of polyclonal antibody specific for human VEGF conjugated to 

horseradish peroxidase (HRP). The plate was covered with an adhesive strip and incubated for 

2-hours at room temperature. To remove all well contents, the washing procedure was followed 

through as previously described. Substrate solution (200 µl) was added to each well and 

incubated for 30-minutes at room temperature protected from light. Thereafter, 50 µl of stop 

solution was added to each well.  

Absorbance was measured at 450 nm. The OD readings for standards and samples were 

corrected by subtracting the blank OD values. From the corrected-mean absorbance, a VEGF165 

standard curve was constructed to determine the line of best-fit (Figure 2.2). VEGF U87 and 

SK-N-BE(2) sample concentrations were interpolated from the standard curve. To correct for 

diluting supernatant samples, the VEGF sample concentrations was multiplied by the dilution 

factor (4). 

 

Figure 2.2: Standard curve of recombinant human VEGF.  Linear regression analysis 

generated a line of best fit with an equation of Y=0.002058*X + 0.02732. R2=0.9771 
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2.10.3 Effects of Sunitinib on Human Platelet Derived Growth Factor-

BB in SK-N-BE(2) and U87 Cells 

The protocol of the Quantikine human PDGF-BB ELISA kit provided by the manufacturer was 

thoroughly followed through. This allowed for protein quantification of U87 and SK-N-BE(2) 

PDGF-BB secretion in response to increasing concentrations of sunitinib for 48 and 72 hours, 

respectively. The cell culture supernatant samples discussed previously were thawed at room 

temperature. All the reagents provided with the kit were equilibrated to room temperature 

before the start of the assay. Once at room temperature, 1 ml of distilled water was used to 

reconstitute the recombinant human PDGF-BB standard (20,000 pg/ml) and allowed to 

incubate at room temperature for 30 minutes with gentle agitation. Thereafter, a 1:2 serial 

dilution in calibrator diluent was performed producing a total of 8 concentrations (2000–31.3 

pg/ml). The calibrator diluent served as the blank standard (0 pg/ml). 

The kit provided a 96-well polystyrene microplate pre-coated with recombinant human 

PDGFRβ/Fc (carrier-free) chimeric proteins. To each well of the microplate, 100 µl of assay 

diluent was added. To this, 100 µl of each standard and SK-N-BE(2) and U87 supernatant 

samples was added. The microplate was covered with an adhesive strip and incubated for 2 

hours at room temperature. The microplate was inverted to remove all contents. Each well was 

filled with 400 µl wash buffer (1X) and aspirated. A total of 4 washes was completed. After the 

final wash, the microplate was inverted and blotted dry to ensure removal of excess wash buffer. 

Polyclonal human PDGF-BB antibody conjugated to horseradish peroxidase was added to each 

well (200 µl). The plate was covered with a new adhesive strip and incubated for 1.5 hours at 

room temperature. The washing procedure was repeated as described above. To each well, 200 

µl of substrate solution was added and incubated for 40-minutes at room temperature, protected 

from light. To this, 50 µl of stop solution was added to each well. The optical density was 

determined at 450 nm. The standard and samples were corrected by subtracting the blank OD 

readings.  A standard curve was constructed and the line of best-fit was determined (Figure 

2.3). From this, the unknown sample PDGF-BB concentrations were interpolated. 
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Figure 2.3: Standard curve of recombinant human PDGF-BB.  Linear regression 

analysis generated the graph’s equation Y=0.001263*X + 0.2176. R2=0.9934. 

2.11 Statistical Analysis 

All data points obtained from this study was analysed using GraphPad Prism (version 9 for 

Windows, San Diego California, USA, www.graphpad.com). The cell counts obtained from 

cell growth analysis, live and dead cell counts, OD readings from CCK-8 cell viability analysis, 

along with OD readings attained from VEGF and PDGF-BB ELISA’s were averaged and 

presented graphically. Standard error of the mean (SEM), which signifies variation amongst the 

experimental means, was calculated and represented graphically by error bars. The 

experimental means were analyzed for the existence of statistical differences as compared to 

the means of the controls by one-way Analysis of Variance (ANOVA) and Dunnett’s multiple 

comparisons test. The actual p-value of the respective statistical analysis testing was 

represented as a degree of statistical significance in comparison to the means of the control and 

annotated by * (p≤0.05), ** (p≤0.01), *** (p≤0.001) and **** (p≤0.0001). The actual p-values 
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are cited in the text. The best-fit minimum inhibitory concentration (IC50) values with 

corresponding 95% confidence intervals (CI), coefficient of determination (R2) and exact p-

values were obtained by non-linear regression analysis of dose-response curves using a three-

parameter logistics equation. Furthermore, VEGF and PDGF-BB data obtained by ELISA were 

analyzed by linear regression analysis for sample protein concentrations interpolated from a 

standard curve equation. The standard curve equations are noted within the text.
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CHAPTER 3 

ANALYSIS AND PRESENTATION OF THE RESULTS 

3.1 Introduction 

This chapter presents and describes the study’s results obtained from applying the research 

methodology outlined in Chapter 2. Neuroblastoma, i.e., SK-N-BE(2), and glioblastoma (U87) 

cell lines were exposed to sunitinib at increasing concentrations for 72-hours. Initially, a cell 

growth curve was constructed to determine the growth characteristics of the SK-N-BE(2) and 

U87 cell lines. The cellular morphological changes were photographically recorded, thereafter 

a viable cell count was performed and was graphically presented for each cell line. Thereafter, 

SK-N-BE(2) and U87’s cell viability was analyzed in response to varying concentrations of 

sunitinib by measuring the mitochondrial dehydrogenase activity. This chapter is divided into 

neuroblastoma and glioblastoma which is further sub-sectioned detailing the respective results. 

3.2 Neuroblastoma 

3.2.1 Cell Growth Curve Analysis of SK-N-BE(2) 

Following 4 days of monitoring, SK-N-BE(2) cells entered an exponential growth phase with 

a steady increase in cell number at Day 1 and was statistically significant compared to the 

control (p=0.0061) (Figure 3.1). The number of viable cells continued to increase at Day 2. As 

proliferation progressed, Day 3 presented with the greatest acceleration in exponential cell 

growth. However, over time, cell viability decreased, as evidenced by the greatest decline in 

viable cell count on Day 4. Cell viability at Days 2 to 4 were statistically significant compared 

to Day 0 (Control) with p-values less than 0.0001. SK-N-BE(2) cells grew exponentially from 

Day 0–3. These mean cell counts were used to compute SK-N-BE(2) doubling time (1.33 days) 
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and growth rate (0.5224). 

 

Figure 3.1: SK-N-BE(2) cell growth curve.  Graphical representation (mean ± SEM; 

n=4) of SK-N-BE(2) cell growth in culture for 4 days. Doubling time was 1.33 days. 

Growth rate was 0.5224. * indicates p≤0.05, ** indicates p≤0.01, *** indicates 

p≤0.001 and **** annotated by p≤0.0001. The experiment was repeated three times 

independently. Day 0 represents day of cell seeding which also served as the control. 

3.2.2 Effects of Sunitinib on SK-N-BE(2) Cell Morphology 

Following the exposure to increasing concentrations of sunitinib for 24-, 48- and 72-hours, no 

observable differences occurred in cellular morphology of SKNBE(2) cells at lower sunitinib 

concentrations (0.01–1 µM) compared to the negative control of untreated cells (Figures 3.2, 

3.3, and 3.4). Slight morphological changes induced by 10 µM sunitinib after 24-hours was 

observed. Some cells became rounded in shape while others maintained the normal cell 

morphological structure as compared to the control. However, as the exposure time increased, 

visible cellular stress became more apparent in response to 10 µM, as depicted in Figures 3.3 

and 3.4. The cells’ typical morphology was lost and formed uncharacteristically round clusters 

compared to the negative control. Furthermore, at 100 µM the cells were unable to maintain the 

characteristic morphology after 24-, 48- and 72-hour treatments. The morphological changes 
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were visibly presented as distinct clusters of rounded cells as compared to the morphology of 

untreated cells. 

 

Figure 3.2: Photomicrographs of SK-N-BE(2) cell morphological changes after 24-

hour exposure to sunitinib.  (a) 0 µM control, (b) 0.01 µM, (c) 0.1 µM, (d) 1 µM, (e) 

10 µM and (f) 100 µM. Magnification 10X. 

 

Figure 3.3: Photomicrographs of SK-N-BE(2) cell morphological changes after 48-

hour exposure to sunitinib.  (a) 0 µM control, (b) 0.01 µM, (c) 0.1 µM, (d) 1 µM, (e) 

10 µM and (f) 100 µM. Magnification 10X. 
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Figure 3.4: Photomicrographs of SK-N-BE(2) cell morphological changes after 72-

hour exposure to sunitinib.  (a) 0 µM control, (b) 0.01 µM, (c) 0.1 µM, (d) 1 µM, (e) 

10 µM and (f) 100 µM. Magnification 10X. 

3.2.3 Viable Cell Counts of SK-N-BE(2) Exposed to Increasing 

Concentrations of Sunitinib 

Viable cell counts were assessed for 24-. 48- and 72-hours in response to increasing sunitinib 

concentrations (Figure 3.5). After for 24–72-hours of cell cultivation, viable cell counts were 

insignificant at 0.01–1 µM as compared to the control.  

However, the viable cell count after 24-hours of exposure to 10 µM, showed a significant 

decrease in comparison to the control (p<0.0001). After 48-hours of 10 µM sunitinib treatment, 

the cell viability count continued to decline with a strong statistical significance (p=0.0006).  

Statistically, no viable cells were counted after 72-hours at 10 µM (p<0.0001). Likewise, 100 

µM treatment induced no viable cell counts after 24-, 48- and 72-hours and was statistically 

significant as compared to control group with p-values of <0.0001, =0.0003 and <0.0001 

respectively. 
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Figure 3.5: SK-N-BE(2) live cell counts in response to sunitinib. (a) 24-, (b) 48- and 

(c) 72-hours. Statistical significance in comparison to the means of the control is 

annotated by * p≤0.05, ** p≤0.01, *** p≤0.001 and **** p≤0.0001. Mean ± SEM, 

n=2. The data was generated from 2 independent experimental repeats. 
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3.2.4 SK-N-BE(2) Mitochondrial Dehydrogenase Activity  

Although trypan blue dye exclusion poses as a cell viability assay, the use of tetrazolium salt-

based assays has increased sensitivity as it measures intracellular mitochondrial dehydrogenase 

activity. Therefore, following live cell counts, the effects of sunitinib on SK-N-BE(2) cell 

proliferation was further evaluated with the highly sensitive CCK-8 mitochondrial 

dehydrogenase cell viability assay. The cells were exposed to increasing concentrations of 

sunitinib for 24-, 48- and 72-hours, respectively. 

Cell viability of SK-N-BE(2) cells treated with increasing concentrations of sunitinib (0.01–

100 µM) for 24-hours is depicted in Figure 3.6(a). A dose-dependent decrease in cell viability 

was the result of acute sunitinib exposure. No statistically significant difference was observed 

at 0.01–10 µM as compared to the control. Conversely, cell growth inhibition was highly 

significant at 100 µM in comparison to the control which resulted in a cell viability decline of 

less than 50% (p=0.0001). Following prolonged sunitinib exposure (48- and 72-hours, 

respectively), a similar trend in cell proliferation inhibition after 24-hours whereby very little 

to no effect in cell viability occurred at the lower concentrations (0.01–10 µM) whilst 100 µM 

produced a highly significant effect on cell viability as compared to the control (p-

value<0.0001) (Figures 3.6a, 3.6b and 3.6c). 

3.2.5 Dose-Response Curve Analysis of SK-N-BE(2) Exposed to Sunitinib 

SK-N-BE(2) exposed to increasing concentrations of sunitinib for 24–72-hours are illustrated 

in Figure 3.7. The construction of the respective dose-response curves from the CCK-8 cell 

viability data produced an IC50 of 26.40 μM for the 24h treatment, which decreased to 17.89 

μM after 48-hour exposure to sunitinib. Furthermore, after 72-hours the IC50 increased to 39.90 

μM. However, these differing IC50 concentrations produced from SK-N-BE(2) exposed to 

increasing doses of sunitinib were not statistically significant (p=0.7995) (Table 3.1). 
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Figure 3.6: Effects sunitinib on cell viability of SK-N-BE(2) detected by CCK-8 

assay.  (a) 24-, (b) 48- and (c) 72-hour exposure periods. Statistical significance in 

comparison to the means of the control is annotated by * p≤0.05, ** p≤0.01, *** 

p≤0.001 and **** p≤0.0001. Mean ± SEM, n=4. Graphs illustrate data generated from 

3 independent experimental replicates. 
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Figure 3.7: Dose response curves obtained by non-linear regression analysis of SK-

N-BE(2) cells exposed to increasing concentrations of sunitinib for 24-, 48- and 72-

hours.  Mean ± SEM, n=4. The data was generated from 3 independent experimental 

repeats. 

Table 3.1: Non-linear regression analysis of SK-N-BE(2) exposed to sunitinib for 

24- to 72-hours.  The dose-response at which 50% inhibition occurs, corresponding 

95% CI, R2 and p-value are shown. 

Cell Line 
Treatment 

Time (Hours) 
Log IC50 

IC50 

(µM) 
95% CI (µM) R2 p-Value 

SK-N-BE(2) 

24 1.422 26.40 5.906 to 118.0 0.5704 

0.7995 48 1.253 17.89 8.392 to 38.14 0.7994 

72 1.601 39.90 16.20 to 98.27 0.8492 

 

3.2.6 Analysis of the Effects of Sunitinib on SK-N-BE(2) VEGF Secretion 

SK-N-BE(2) VEGF secretion after 48- and 72-hours decreases in a dose-dependent manner 

which is summarized in Figure 3.8. However, one-way ANOVA analysis of the interpolated 

VEGF secretion data, revealed no statistical difference of the means at 1 µM (p=0.2734) and 

10 µM (p=0.6378) in comparison to the control group after 48-hours of treatment (Figure 3.8a). 
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Figure 3.8: Effects of sunitinib on VEGF secretion by SK-N-BE(2).  (a) 48 hours and 

(b) 72 hours. Statistical significance in comparison to the means of the control is 

annotated by * p≤0.05, ** p≤0.01, *** p≤0.001 and **** p≤0.0001. Mean ± SEM 

(n=4). 

The effects of 100 µM on VEGF secretion after 48-hours, is not shown in Figure 3.8a as it 

resulted in undetectable levels of VEGF. This difference was not statistically significant relative 

to the control group (p=0.5522). As exposure intervals progressed, SK-N-BE(2) cells reduced 

their VEGF secretion in response to increasing doses of sunitinib. The greatest reduction in 

VEGF secretion after 72-hours occurred at 10 µM which was statistically significant relative to 

the control (p=0.0030) (Figure 3.8b). Furthermore, no significant effect occurred after exposing 

cells to 1 µM (p=0.2530), but after 72-hours of 100 µM exposure, VEGF secretion was 

significantly undetected (p<0.0001).
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3.2.7 Analysis of the Effects of Sunitinib on SK-N-BE(2) PDGF Secretion 

SK-N-BE(2) PDGF-BB secretion levels were determined in response to increasing 

concentrations of sunitinib for 48- and 72-hours exposure (Figure 3.9). It was determined that 

the interpolated PDGF-BB concentrations were undetected and therefore fell out of the 

detection standard concentration range of 0–2000 pg/ml. 
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Figure 3.9: The effects of 1–100 µM sunitinib on SK-N-BE(2) neuroblastoma cell 

PDGF-BB secretion levels.  (a) 48-hour and (b) 72-hours. The shaded green circle data 

points represent PDGF-BB standards (0–2000 pg/ml), and orange square data points 

depict interpolated PDGF-BB sample concentrations (pg/ml). The graphs represent 

data generated from 2 independent experimental replicates. Mean ± SEM (n=4).  
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3.3 Glioblastoma 

3.3.1 U87 Cell Growth Curve Analysis 

Following 4 days in culture, U87 cell number slightly increased at Day 1 and continued to grow 

exponentially at Day 2 which presented the greatest proliferative capacity in comparison to the 

control (p<0.0001) (Figure 3.10). Furthermore, inadequate cell growth conditions decreased 

cell viability. This is indicative at Day 3 as the cell count declined. Statistically, the greatest 

decline in cell number occurred at Day 4 with a viable cell count (p=0.0089). Furthermore, the 

mean U87 cell viability counts for Days 0–2 showed an exponential growth pattern and 

therefore was used to calculate the growth rate (0.3933) and doubling time (1.76 days). 
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Figure 3.10: U87 cell growth curve.  Data points are Mean ± SEM (n=4) of U87 

cell growth in culture for 4 days. Growth rate 0.3933. Doubling time 1.79 days. * 

indicates p≤0.05, ** indicates p≤0.01, *** indicates p≤0.001 and **** annotated by 

p≤0.0001. Experiment was repeated 3 times independently. 

3.3.2 Effects of Sunitinib on U87 Cell Morphology 

After exposure to increasing concentrations of sunitinib for 24-, 48- and 72-hours, U87 

morphology was observed and imaged as illustrated in Figures 3.11, 3.12 and 3.13, 

respectively. After 24-72-hour exposure periods, no observable changes in morphology were 
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induced at lower concentrations in comparison to the controls, and therefore the cells 

maintained the typical U87morphology. However, cell morphological changes occurred at 

higher concentrations. 

After exposing the cells to 10 µM sunitinib for 24-hours (Figure 3.11), slight changes in cell 

morphology were notable. Some cells were scattered and a slightly rounded in morphology 

was noted compared to the control group. Moreover, these variations in cell morphology 

became more apparent after 48-hours (Figure 3.12) and 72-hours (Figure 3.13) with fewer cells 

sustaining the distinctive U87 morphology as seen in the control groups for the respective 

exposure intervals.  

The cells were unable to sustain the normal U87 morphology after exposure to 100 µM for 24-

, 48- and 72-hours as the cells evidently presented as clusters of rounded cells. 

 

Figure 3.11: Photomicrographs of U87 cell morphological changes after 24-hour 

exposure to sunitinib.  (a) 0 µM control, (b) 0.01 µM, (c) 0.1 µM, (d) 1 µM, (e) 10 µM 

and (f) 100 µM. Magnification 10X. 
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Figure 3.12: Photomicrographs of U87 cell morphological changes after 48-hour 

exposure to sunitinib.  (a) 0 µM control, (b) 0.01 µM, (c) 0.1 µM, (d) 1 µM, (e) 10 µM 

and (f) 100 µM. Magnification 10X. 

 

Figure 3.13: Photomicrographs of U87 cell morphological changes after 72-hour 

exposure to sunitinib.  (a) 0 µM control, (b) 0.01 µM, (c) 0.1 µM, (d) 1 µM, (e) 10 µM 

and (f) 100 µM. Magnification 10X. 
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3.3.3 Live Cell Counts of U87 Exposed to Increasing Concentrations of 

Sunitinib 

Viable U87 cell counts were preformed after exposing cells to sunitinib (0.01–100 µM) for 24-

, 48- and 72-hours as depicted in Figure 3.14. This was done by using the trypan blue exclusion 

dye. Cell viability counts after a 24-hour treatment period shows insignificantly invariable 

changes in cell counts at 0.01–10 µM, however, 100 µM induced a highly significant decline 

in cell viability as compared to the control group, which was maintained throughout the 48- and 

72-hour treatments. Furthermore, a significant dose-dependent live cell count was observed 

after 72-hours in which 10 µM and 100 µM induced the greatest statistically significant 

reduction in viable cell counts as compared to the means of the control. Cell counts after 72-

hours maintain the dose-dependent decline in cell viability. 10 µM and 100 µM sunitinib 

treatments resulted in a highly significant decrease in viable cell counts in comparison to the 

control. 

3.3.4 U87 Mitochondrial Dehydrogenase Activity 

As previously stated in Section 3.2.4 "SK-N-BE(2) Mitochondrial Dehydrogenase Activity", 

the decision to pursue cell viability utilizing CCK-8 was to further investigate the anti-

proliferative properties of sunitinib on U87 previously detected by the trypan blue exclusion 

dye assay. Furthermore, CCK-8 was reported as a more sensitive and reliable cell viability assay 

(Chapter 2, Section 2.9). The effects of increasing sunitinib concentrations (0.01–100 µM) for 

24-, 48 and 72-hours are graphically presented in Figure 3.15. After acute (24-hours) exposure 

of U87 cells to 0.01–10 µM sunitinib, minimal to no effect on cell proliferation occurred, with 

negligible statistical difference within the means in comparison to the control. However, 100 

µM produced the greatest reduction in cell proliferation which was highly significant relative 

to the control (p<0.0001). Apart from this, the inhibitory cell growth effects exerted after 24 

hours presented in a dose-dependent manner. Similarly, 48-hours treatment yielded no cell 

growth inhibitory effects at 0.01–1 µM sunitinib concentrations.   
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Figure 3.14: U87 live cell counts in response to sunitinib.  (a) 24-, (b) 48- and (c) 

72-hours. Statistical significance in comparison to the means of the control is annotated 

by * p≤0.05, ** p≤0.01, *** p≤0.001 and **** p≤0.0001. Mean ± SEM, n=4. The data 

was generated from 3 independent experimental repeats. 
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Figure 3.15: Effects sunitinib on cell viability of U87 detected by CCK-8 assay.  

(a) 24-, (b) 48- and (c) 72-hour exposure periods. Statistical significance in comparison 

to the means of the control is annotated by * p≤0.05, ** p≤0.01, *** p≤0.001 and **** 

p≤0.0001. Mean ± SEM, n=4. The experiment was repeated 3 times independently. 
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More interestingly, 10 µM resulted in a highly significant decline in cell growth of less than 

70% in comparison to the control (p<0.0001). Cell viability was further reduced to less than 

5% when exposed to 100 µM which was highly significant (p<0.0001). As the duration of 

sunitinib exposure increased to 72-hours, 10 µM and 100 µM continued to exert inhibitory cell 

growth effects. The greatest effect occurred at 100 µM, reducing cell viability to less than 5% 

whilst 10 µM reduced cell viability by less than 50% in comparison to the control. 

Both concentrations produced highly statistically significant results with the p<0.000 in 

comparison to the means of the control group. Like 24- and 48-hour exposure outcomes, 72-

hour treatments at lower concentrations of 0.01 µM and 0.1 µM produced little to no effect on 

cell viability (p≤0.05). 1 µM produced no significant reduction in cell growth (p=0.0891). 

Overall, the effects of increasing concentrations produced a reduction in U87 cell growth was 

exerted in a dose-dependent manner which produced the greatest statistical difference the 

means after 10 µM and 100 µM exposure for prolonged times (48- and 72-hours). 

3.3.5 Dose-Response Curve Analysis of U87 in Exposed to Sunitinib 

Figure 3.16 summarizes the effects of increasing sunitinib doses on U87 cells after 24–72-hour 

exposure intervals. As previously stated, the respective dose-response curves depicting the 

effects of increasing concentrations of sunitinib on U87 cell viability, statistically calculated 

the IC50 concentration (Table 3.2). Sunitinib decreased cell viability in a dose-dependent 

manner. After 24- and 48-hours, the cell sensitivity remained unchanged as the IC50 

concentrations were 22.79 µM and 22.68 µM, respectively. Statistical comparison of the IC50 

means generated after 24 hours (R2=0.7062) and 48-hours (R2=0.9588) yielded no significant 

difference (p>0.9999). But as the exposure time increased (72-hours), U87 cell viability 

decreased, generating the lowest IC50 concentration of 6.559 µM (R2=0.8511). Comparing the 

IC50 means after 72-hours to 24- and 48-hours, separately, produced negligible statistical 

difference (p=0.0332 and 0.0340, respectively). 
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Figure 3.16: Dose response curves obtained by non-linear regression analysis of 

U87 cells exposed to increasing concentrations of sunitinib for 24-, 48- and 72-hours.  

Mean ± SEM. n=4. The experiment was repeated 3 times on an independent basis. 

Table 3.2: Non-linear regression analysis of U87 exposed to sunitinib for 24- to 72-

hours.  The dose-response at which 50% inhibition occurs, corresponding 95% CI, R2 

and p-value are shown. 

Cell Line 
Treatment 

Time (Hours) 
IC50 (µM) 95% CI (µM) R2 p-Value 

U87 

24 22.79 7.415 to 70.02 0.7062 

0.0162 48 22.68 15.82 to 32.50 0.9588 

72 6.559 4.814 to 8.937 0.8511 

 

3.3.6 Analysis of the Effects of Sunitinib on U87 VEGF Secretion 

After linear-regression analysis of the interpolated VEGF concentrations, one-way ANOVA 

analysis reported the existence of statistical significance amongst the means after 48-hours of 

sunitinib treatment (Figure 3.17a). VEGF secretion decreased in response to sunitinib in a dose-

dependent manner. 1 µM sunitinib produced an insignificant decrease in VEGF in comparison 

to the control (p=0.4573).   
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Figure 3.17: Effects of sunitinib on VEGF secretion by U87.  (a) 48 hours and 

(b) 72 hours. Statistical significance in comparison to the means of the control is 

annotated by * p≤0.05, ** p≤0.01, *** p≤0.001 and **** p≤0.0001. Mean ± SEM 

(n=4). The graphs represent data generated from 2 independent experimental replicates 

At 10 µM, VEGF secretion slightly decreased to less than 65% with negligible significance 

compared to the control (p=0.0238). The greatest significant decrease in VEGF secretion 

occurred at 100 µM reducing VEGF levels to less than 5% (p≤0.0001). A similar trend in VEGF 

secretion was generated after 72 hours of sunitinib treatment.  
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Increasing sunitinib concentrations produced a dose-dependent effect on VEGF secretion after 

72-hours (Figure 3.17b). Little to no effect occurred at 1 µM with no considerable difference 

in means relative to the control (p=0.6560). Sunitinib continued to significantly inhibit the 

secretion of VEGF at 10 µM to less than 65% of control (p=0.0018) whilst 100 µM resulted in 

a decline of less than 2% (p<0.0001). 

3.3.7 Analysis of the Effects of Sunitinib on U87 PDGF Secretion 

U87 glioblastoma cells exposed to increasing concentrations of sunitinib (1–00 µM) for 48- 

and 72-hours, were analyzed for PDGF-BB protein concentration, which was quantitively 

interpolated (Figures 3.18a and b) from the previously constructed PDGF-BB standard curve 

described in (Chapter 2, Section 2.10.3). However, U87 cells exposed to increasing 

concentrations of sunitinib for 48- and 72-hours resulted in undetected PDGF-BB levels. 
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Figure 3.18: The effects of 1–100 µM sunitinib on U87 glioblastoma cell PDGF-

BB secretion levels.  (a) 48-hour and (b) 72-hours. The shaded red circle data points 

represent PDGF-BB standards (0–2000 pg/ml), and orange triangle data points depict 

interpolated PDGF-BB sample concentrations (pg/ml). The graphs represent data 

generated from 2 independent experimental replicates. Mean ± SEM (n=4). 
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CHAPTER 4 

DISCUSSION 

4.1 Introduction 

This chapter provides an in-depth discussion of the experimental data obtained and represented 

in Chapter 3. This section is divided accordingly into neuroblastoma and glioblastoma which 

is then further subdivided into subsections discussing sunitinib’s effects on cell growth curves, 

live cell counts, cell viability analysis via CCK-8 as well as growth factor secretion analysis of 

VEGF and PDGF-BB for both neuroblastoma and glioblastoma malignant cell lines. The 

effects of sunitinib on the nervous system cell lines are well reasoned and discussed within the 

context of previous literature. 

4.2 Neuroblastoma 

Uncontrolled cell proliferation has long been described as a contributing factor to the aggressive 

malignant phenotype of neuroblastoma tumors (Stafman and Beierle, 2016). With 

neuroblastoma being the most common solid childhood tumor that epitomizes a highly 

heterogenic biological make-up with a poor patient outcome, it seemed reasonable to assist in 

elucidating possible treatment interventions for neuroblastoma tumors (Szewczyk et al., 2019, 

Zhou et al., 2018, Park et al., 2008, Van Roy et al., 2009).  

The present study embarked on targeting neuroblastoma cell proliferation via inhibition of 

RTKs (VEGFR and PDGR) with a multitargeted TKI agent, sunitinib. Indeed, several pre-

clinical and clinical studies hailed sunitinib as a tumor regressor and pro-survival agent in 

mammary adenocarcinoma, melanoma, and leukemia (Burstein et al., 2008, Cabebe and 

Wakelee, 2006, Peterson et al., 2004, Nishioka et al., 2008). Here, we investigated SK-N-BE(2) 
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neuroblastoma cell line growthas well as the corresponding secretion of growth factors (VEGF 

and PDGF-BB) in response to sunitinib. Overall, the study’s results show decreased 

neuroblastoma SK-N-BE(2) cell growth in relation to increased sunitinib concentrations. 

Additionally, SK-N-BE(2) VEGF secretion levels followed a similar trend whilst PDGF-BB 

protein secretions were undetected after exposure to sunitinib. These findings are further 

appraised and discussed in more detail in the sections that follow. 

4.2.1 SK-N-BE(2) Cell Growth Curve 

The basic growth characteristics of SK-N-BE(2) were analyzed by means of a cell growth 

curve. The cell growth curve displays the various characteristic growth phases undertaken 

during cell proliferation for a specified duration. First, the lag phase is encountered whereby 

cell proliferative capacities are at a minimal. It’s long been assumed that the lag phase allows 

for adaption to new culture environments (Madigan et al., 1997). Next, the cells enter a terminal 

lag phase which caters for the commencement of cell proliferation at increased rates. As cell 

growth continues at increasingly higher rates, cells enter the exponential phase.  

The maximum proliferative capacity is reached in the exponential phase with the cells utilizing 

the abundant growth medium nutrients. However, the demand for cellular nutrients are high in 

order to sustain the increasing cell growth rate. Over time, the essential nutrients are depleted 

along with the accumulation of metabolic waste products resulting in reduced cell division and 

entry into the early saturation phase. Eventually, the cells will enter the stationary phase and 

cell division ceases. However, if the stationary phase persists, the net viable cell population is 

reduced (Toloudi et al., 2014, Hall et al., 2014). 

The aforementioned description of the various cell growth curve phases suits the growth 

characteristics observed for SK-N-BE(2) in the present study. Viable cell counts increased with 

incubation periods, but reached its highest growing capacity before cell viability decreased. 

During the most prolific cell growth phase (Days 0-3), the doubling time (1.33 days) of SK-
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N-BE(2) in the current study was similar to that reported by ATCC (1.25 days) (available at 

https://www.atcc.org/products/all/CRL-2271.aspx#specifications), supporting the present 

findings. Furthermore, the SK-N-BE(2) cells used in this study have an equal doubling cell 

proliferative capacity to neuroblastoma SK-N-MC cell line, whilst SK-N-SH cell population 

doubling time (1.83 days) is slower (Biedler et al., 1973). Interestingly, the current SK-N-

BE(2) doubling time exceeds that of neural progenitor cells (1.58 days) previously reported by 

the ATCC (https://www.atcc.org/products/all/ACS-5003.aspx#specifications). Taking into 

consideration the aforementioned discussion as well as the calculated SK-N-BE(2) growth rate 

(0.5224), the SK-N-BE(2) cell line demonstrates an aggressive cell growth capacity, which is 

nonetheless a hallmark of cancer (Hanahan and Weinberg, 2000). Additionally, our data 

validates the reported SK-N-BE(2) cell proliferative rate and does not deviate much from the 

original data provided by ATCC. 

Overall, these results served as a well-founded practical understanding of SK-N-BE(2)’s 

typical proliferative traits which were then utilized as preliminary results for the subsequent 

experimental procedures aimed at evaluating sunitinib’s antineoplastic effects. 

4.2.2 SK-N-BE(2) Cellular Morphological Changes 

The general morphology of SK-N-BE(2) cells are primarily composed of small neuroblastic 

retractile cells with structurally short neuronal-like cellular processes which in medium grow 

as tight adherent clusters (Barnes et al., 1981, Biedler and Spengler, 1976). Similarly, this 

narrates the cellular morphological characteristics we encountered in this study. SK-N-BE(2) 

cells cultured in lower sunitinib concentrations as well as standard growth conditions, 

morphologically presented with the typical cellular characteristics which remained unchanged 

throughout the incubation period (24-72-hours). Moreover, the images provided by ATCC 

(https://www.atcc.org/~/media/45C32586E3974C539A8D3F5579EC5920.ashx) and Biedler 

et al. (1978) further illustrated the normal morphology of SK-N-BE(2) cells encountered within 

the present study. However, this conventional morphology was observed to be compromised 
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whereby SK-N-BE(2) were unable to maintain the structural characteristics after treatment 

with higher sunitinib concentrations for prolonged incubation intervals. This could be due to 

the intense cytotoxic effects exerted from high sunitinib concentrations resulting in cellular 

stress and morphological modifications. Therefore, the present study’s findings implicate 

sunitinib as a SK-N-BE(2) morphological modifier. However, further morphometric analysis 

is required for a more in-depth analysis as this study only touches base and thus may serve as 

a preliminary study. Nonetheless, within the context of this study, the results were a 

prerequisite and formed the foundation for the succeeding experimental procedures and results. 

4.2.3 Viable Cell Counts by Trypan Blue Exclusion Assay 

Following photomicrographic analysis of SK-N-BE(2) morphological modifications in 

response to sunitinib, the cells were harvested and counted based on the trypan-blue exclusion 

assay. Cell viability showed an immediate decrease at higher concentrations after 24-hours and 

continued to decrease with prolonged sunitinib exposure periods (48- and 72-hours). These 

results demonstrate sunitinib’s ability to act as an effective anti-proliferative agent against the 

aggressive neuroblastoma SK-N-BE(2) cell line. Its known that sunitinib’s growth inhibitory 

actions are exerted by means of targeting SK-N-BE(2)’s cell membrane spanning RTKs (e.g. 

VEGFR and PDGFR), thereby resisting progression of neuroblastoma’s aggressive cell 

proliferative pathways (Mendel, 2003, Nilsson et al., 2007, Calero et al., 2014).  

The respective findings of this study could therefore further signify the importance of VEGFR 

and PDGFR signaling in neuroblastoma cell growth capacity and ultimate survival. 

Additionally, within the context of the present study, these findings posed as a set of 

preliminary results to confirm the antitumor capabilities of sunitinib previously demonstrated 

in a medulloblastoma, which is a childhood tumor (Abouantoun et al., 2011). Thus, 

examination of sunitinib’s anti-proliferative effects on SK-N-BE(2) cells required further 

analysis. 
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4.2.4 Effects of Sunitinib on SK-N-BE(2) Cell Viability and Dose-

Response Curves 

Although the effects of sunitinib on SK-N-BE(2) cell viability was assessed previously using 

the trypan-blue dye exclusion assay, a more sensitive assay was required for generation of 

high-throughput results. The CCK-8 assay did just that by measuring metabolically active SK-

N-BE(2) cells after being subjected to increasing concentrations of sunitinib. Neuroblastoma 

cell viability was shown to be concentration-dependent whereby the greatest growth inhibition 

occurred at higher concentrations (100 µM) whilst lower concentrations (0.01–1 µM) produced 

little to no effect. Korashy et al. (2017) reiterated similar findings in breast cancer cells in 

which sunitinib markedly showed anti-proliferative effects at higher concentrations in 

comparison to no significant reduction in cell viability at lower concentrations (less than 2.5 

µM). This substantiates sunitinib’s anti-proliferative effects against SK-N-BE(2) cells. The 

study’s dose-dependency was further supported by Calero et al. (2014), whereby the effects of 

sunitinib on 4 neuroblastoma cell lines, including SK-N-BE(2) were investigated. The authors 

found that after 72-hours of sunitinib exposure, cell growth inhibition occurred in a dose-

dependent manner with little to no effect at lower concentrations whilst the greatest anti-

proliferative effects were observable at higher concentrations. Similar results were found by 

Zhang et al. (2009) where sunitinib inhibited various neuroblastoma cell lines in a dose-

dependent manner. 

The CCK-8 results were further analyzed and produced a dose-response curve to determine the 

IC50 values. The IC50 value for each incubation period fluctuated such that after 24-hours the 

IC50 value was 26.40 μM; 48-hours derived an IC50 value of 17.89 μM; and 72-hours produced 

an IC50 of 39.90 μM. As previously stated, the IC50 value conceptualizes the half maximal (50%) 

inhibitory concentration. In other words, the IC50 concentration determined within a study is 

indicative of the required inhibitory concentration of a specific biological agent to inhibit the 

biological function by half the maximal concentration. Furthermore, in pharmacological 

practice, it has been widely utilized as a measure of inhibitory efficiency (potency) of a 

http://etd.uwc.ac.za/ 
 



 

88 

biological function. Thus, larger IC50 values generated from a specific inhibitory response is 

distinctive for a less efficient interaction as opposed to a lower IC50 which is more efficient and 

ideal (Caldwell et al., 2012). In this study, the results showed that sunitinib was more efficient 

in cell growth inhibition after 24-hours, but more notable after 48-hours whilst cells subjected 

to sunitinib after 72-hours produced an exceedingly high IC50 and therefore less effective in 

reducing SK-N-BE(2) cell viability. 

Although the overall anti-proliferative effects of sunitinib were previously reiterated by Calero 

et al. (2014) and Zhang et al. (2009), there were various discrepancies between prior and present 

findings. These studies showed reduced SK-N-BE(2) cell viability in response to relatively low 

sunitinib concentrations (less than 1 µM) whilst the present study experienced a fair amount of 

reduced cellular metabolic activity only at 10 µM and higher. Subsequently, the IC50 values 

generated in prior studies were differentially lower than those generated presently. 

On the other hand, the differing cell viability findings encountered in the present and previous 

studies could be a result of utilizing different cell viability assays. Calero et al. (2014) utilized 

the MTT tetrazolium assay for assessing SK-N-BE(2) cell viability. Briefly, the MTT protocol 

involves the addition of MTT solution to cultured cells and incubated for 1-4 hours. A purple-

colored insoluble crystal formazan is formed intracellularly in relation to metabolically active 

cells. The colored formazan should be solubilized most often by the addition of DMSO, 

thereafter a spectrophotometric signal is generated as a detection method for metabolically 

viable cells (Riss et al., 2016).  

Various limitations exist within the MTT assay protocol which could result in less responsive 

cell viability results (Riss et al., 2016). MTT cell viability signal is dependent on the duration 

of cells co-cultured with MTT, MTT concentration, as well as cell density (Riss et al., 2016). 

In addition, the intracellular accumulation of the colored crystal formazan is cytotoxic. and 

therefore, requires additional handling steps for solubilization (Aslantürk, 2018, Riss et al., 
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2016). These practical limitations could imply that MTT is less sensitive than the impermeable 

CCK-8 assay and could have been the cause for an overall reduced cell viability and IC50 value 

in previous studies (Calero et al., 2014, Lutter et al., 2017). 

Furthermore, the fluctuated IC50 values generated after 48–72-hours treatment could be 

indicative of SK-N-BE(2) cells ability to harness resistant mechanisms against sunitinib. As 

previously detailed, neuroblastoma is highly heterogenic in its biological makeup and several 

prognostic factors correlate to the stage of disease. One prognostic indicator of interest is the 

MYCN oncogene amplification which often corroborates aggressive neuroblastoma tumors and 

poor patient outcome (Seeger et al., 1985, Nakagawara et al., 1990). Moreover, studies showed 

a correlation exists between MYCN amplification and expression of multidrug resistant genes 

which encode for specific multidrug transporter proteins such as multidrug resistance-

associated protein 1 (MRP1) and P-glycoprotein, in neuroblastoma tumors and cell lines (Goto 

et al., 2000, Blanc et al., 2003, Haber et al., 2006). 

Substantiating these claims, MYCN amplification and multidrug resistant gene expression were 

suggested to be influential in cytotoxic drug responses in neuroblastoma tumors and cell lines 

(Haber et al., 2006, Haber et al., 1999). This could possibly propose that MYCN amplification 

confers a resistant phenotype in neuroblastoma (Nakagawara et al., 1990, Seeger et al., 1985). 

The aforementioned studies could propose the mechanism utilized by SK-N-BE(2) cells 

whereby a decrease in sunitinib cytotoxic efficiency occurred after 48-hours. As the SK-N-

BE(2) neuroblastoma cell line is known to express amplified MYCN, it could be plausible to 

suggest that SK-N-BE(2) cells conferred a resistant phenotype over time which could have been 

mediated by the MYCN oncogene amplification. However, it is important to consider that MRP1 

gene expression was reported to be a highly significant independent prognostic factor 

irrespective of MYCN amplification in neuroblastoma (Haber et al., 2006). However, evaluating 

amplified MYCN and its effects on SK-N-BE(2) multidrug resistance capacity runs beyond the 

scope of this study and could possibly form part of future studies. 
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Nonetheless, the generalized mechanism behind sunitinib’s anti-proliferative effect is thought 

to occur as a consequence of its ATP-competitive nature thereby attenuating phosphorylation 

of the activated target RTK such as VEGFR and PDGFR (Mendel, 2003). Ultimately, specific 

downstream signaling transduction pathways mediating tumor cell growth and survival will be 

affected. One such pathway of importance in neuroblastoma pathogenesis is the PI3K/Akt 

pathway. Calero et al. (2014) showed that the PI3K/Akt pathway’s activity, demonstrated as a 

measure of AKT phosphorylation at serine 473 (pAKT(Ser473)), was decreased when exposed 

to sunitinib in several neuroblastoma cell lines (SH-SY5Y, SK-N-BE(2), SK-N-AS and IMR-

32) over a period of 72 hours (Calero et al., 2014). This could possibly elucidate the present 

study’s findings whereby sunitinib inhibited SK-N-BE(2) cell growth through decreasing 

VEGFR and PDGFR active state and subsequently affecting PI3K/Akt pathway, indirectly 

causing reduced cell viability. 

4.2.5 Effects of Sunitinib on SK-N-BE(2) Vascular Endothelial Growth 

Factor and Platelet-Derived Growth Factor Secretions 

After investigating neuroblastoma’s reduced cell viability in response to sunitinib and 

reviewing previous literature demonstrating sunitinib’s high affinity for VEGFR and PDGFR 

as shown by Xia et al. (2012), Mendel (2003) and Izzedine et al. (2007), we sought to 

investigate whether VEGF and PDGF secretions from SK-N-BE(2) cells would consequently 

be affected by increased concentrations of sunitinib. VEGFR/VEGF and PDGFR/PDGF 

cellular pathways are well-known participants of tumor development processes such as 

angiogenesis, metastasis, and vascular endothelial cell proliferation acting via paracrine signals 

(Lee et al., 2015, Taeger et al., 2011, Raica and Cimpean, 2010). However, studies have 

postulated an autocrine signaling thesis whereby the VEGFR/VEGF and PDGFR/PDGF 

pathway directly stimulate tumor cells resulting in increased and aggressive proliferative 

capacities (Ostman, 2004, Lin et al., 2017, Heldin, 2012, Goel and Mercurio, 2013). Indeed, 

neuroblastoma cell lines demonstrated expression of VEGFRs and PDGFRs along with the 

expression and secretion of their cognate ligands (VEGF and PDGF) (Rössler et al., 1999). 

http://etd.uwc.ac.za/ 
 



 

91 

These studies supported our notion to investigate the possible inhibitory effects of sunitinib on 

neuroblastoma VEGF and PDGF secretions and further possibly indicates an autocrine cell 

growth stimulatory loop. In doing so, we cultured SK-N-BE(2) cells in the presence of sunitinib 

at increasing doses for 48- and 72-hours after which the cell culture supernatants were collected 

to determine the concentration of VEGF165 and PDGF-BB secretion, using monoclonal 

ELISAs. 

4.2.5.1 SK-N-BE(2) Vascular Endothelial Growth Factor Secretions 

Interestingly, the present results showed reduced VEGF secretions in response to increasing 

sunitinib doses after 72-hours whereas little to no effect occurred during acute exposure (48-

hours). The study’s findings fall in line with a similar research study conducted by Calero et al. 

(2014), who demonstrated a significant reduction in SK-N-BE(2) VEGF secretions (39% as 

compared to the vehicle control) after 72-hours of sunitinib treatment. Human neuroblastoma 

cell lines are known to be highly expressive for VEGF (Eggert et al., 2000, Langer et al., 2000). 

With VEGF being a prominent growth factor, it’s high expression in neuroblastoma could 

therefore be indicative of VEGF’s prominent role in neuroblastoma malignant progression, but 

more so tumor cell proliferation. 

While the paracrine angiogenic signals of VEGF exerted on tumor endothelial and stromal cells 

has long been established, the possibility of VEGF autocrine signals directly acting on tumor 

cells promoting increased tumor cell proliferation and overall tumor survival has been 

hypothesized (Carmeliet, 2005). Several studies have supported this notion by demonstrating 

the potential importance of VEGF autocrine signalling in tumor cell proliferation via a cellular 

autonomous and angiogenic-independent way in gastric cancer, hepatocellular carcinoma, 

glioblastoma, breast cancer and melanoma (Lin et al., 2017, Szabo et al., 2016, Perrot-Applanat 

and Di Benedetto, 2012, Adamcic et al., 2012). Overexpression and secretion of VEGF165 in 

tumors that bear VEGFR-2 expression, has been suggested to promote tumor proliferation and 

overall survival via PI3K/Akt cellular transduction pathway (Graells et al., 2004). 
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Indeed, SK-N-BE(2) was found to express both VEGF and VEGFRs (Langer et al., 2000). 

Additionally, VEGF significantly increased SK-N-BE(2) cell growth in vitro by 35% after 48-

hours of exposure (Langer et al., 2000). Therefore, based on the present findings it is reasonable 

to suggest that the detected VEGF secretions could be acting via an autonomic cell proliferative 

capacity on SK-N-BE(2) neuroblastoma cells. Furthermore, the dose-dependent decrease of 

VEGF165 secretion in response to sunitinib, could be indicative of a blockade of the autocrine 

cell proliferative signals. 

Kang et al. (2008) showed that silencing the MYCN gene in neuroblastoma cell lines bearing 

amplified MYCN significantly reduced VEGF secretions and this was thought to occur due to 

PI3K/Akt pathway activation. Taken together, the findings implicate both PI3K/Akt pathway 

and MYCN as regulators of VEGF expression and secretion in neuroblastoma cells (Kang et al., 

2008). Moreover, studies demonstrated that sunitinib inhibited the PI3K/Akt signalling 

pathway which was accompanied by a decrease in MYCN protein levels as well as VEGF 

secretion in MYCN amplified SK-N-BE(2) neuroblastoma cells (Calero et al., 2014). Therefore, 

the decreased VEGF secretion observed in the current study could conceivably be a 

consequence of the indirect inhibitory effects of sunitinib on the PI3K/Akt- and MYCN-

mediated VEGF expression and secretion. However, assessing the PI3K/Akt pathway and 

MYCN protein levels are beyond the scope of this study and would be a feasible approach for 

prospective studies. 

4.2.5.2 SK-N-BE(2) Platelet-Derived Growth Factor Secretions 

Although, the current study anticipated a positive hypothesis in which SK-N-BE(2) PDGF-BB 

secretions would be consequentially reduced in response to increasing sunitinib concentrations, 

PDGF-BB secretions were undetected in the culture medium after being exposed to increasing 

concentrations of sunitinib for 48- and 72-hours. This was true for both the untreated control 

and experimental samples. The expression levels of 10 angiogenic factors, including VEGF165, 

VEGF-B and PDGF-A in 22 neuroblastoma cell lines were previously analyzed by Eggert et 
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al. (2000). The study’s findings showed variability in several angiogenic growth factor 

expression levels whereby VEGF isoforms were highly expressive in comparison to PDGF-A 

and other angiogenic factors. Moreover, approximately 9 of the 22 neuroblastoma cell lines 

expressed noticeable VEGF levels whilst PDGF-A was barely detectable in the remaining 

neuroblastoma cell lines. These results were conclusive irrespective of the MYCN amplification 

status of the neuroblastoma cell lines.  

Similarly, Hosaka et al. (2013) analyzed an array of human cell lines, including IMR32 

neuroblastoma, for PDGF-BB secretion in cultured conditioned medium and found PDGF-BB 

expression and secretion levels to be relatively poor in comparison to A431 vulva epidermoid 

carcinoma cell line. However, in patient-derived human primary neuroblastoma tumors, PDGF-

A was excessively expressed, most notably in advanced staged tumors (Eggert et al., 2000). 

Matsui et al. (1993) further showed undetectable expression of PDGF-B chain transcripts in 

neuroblastoma cell lines. Therefore, these studies are in line with our findings, whereby PDGF-

BB secretion levels by the SK-N-BE(2) neuroblastoma cell line model was undetected and 

could be a result of little to no PDGF-BB expression and secretion levels in neuroblastoma cell 

system.  

PDGF is upregulated in several tumor cells lines and believed to promote malignant 

development via autocrine or paracrine signalling, which is largely dependent on the expression 

of the receptive PDGFRs on tumor cells itself or stromal cells, respectively. As claimed by 

Matsui et al. (1993), the expression of PDGFs in neuroblastoma cell lines could be symptomatic 

of an autocrine cell proliferation mechanism. However, PDGF and PDGFR-β expression level 

were null or low in neuroblastoma cell lines compared to PDGFR-α as noted by Matsui et al. 

(1993), Shimada et al. (2008) and Eggert et al. (2000). Taken together, the current study could 

possibly dismiss the phenomenon of an autonomous PDGF cell signaling mechanism on SK-

N-BE(2) neuroblastoma cells as PDGF-BB secretion levels were undetected and PDGFR-β is 

known to be relatively low in expression levels. Furthermore, the present findings show that 
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PDGFR-β is an unlikely anti-proliferative target for sunitinib in the SK-N-BE(2) neuroblastoma 

cell system, although further analysis is required as examining PDGFR-β expression levels does 

not fall within the scope of the study. 

4.2.6 Overall Conclusion of the Antiproliferative Effects of Sunitinib on 

Neuroblastoma 

Discernible SK-N-BE(2) cellular morphological changes were observed when exposed to 

increasing doses of sunitinib and similar findings were reiterated quantitatively as a measure of 

live cell counts and the extent of cellular mitochondrial dehydrogenase activity. Sunitinib was 

found to exert its anti-proliferative effects most effectively at higher concentrations (10 and 100 

µM). Overall, the cell viability findings occurred in a dose-dependent manner. Additionally, 

sunitinib decreased VEGF secretions whilst PDGF-BB was not detected. The results of this 

study suggested that sunitinib could be effective in neuroblastoma cell growth inhibition. 

4.3 Glioblastoma 

4.3.1 Introduction 

Glioblastoma is a common malignant brain cancer occurring predominantly in adults (Jhanwar-

Uniyal et al., 2015). Glioblastoma encompasses a genetically and phenotypical heterogenous 

set of malignancies (Karcher et al., 2006). Of these tumors, 90% of the cases are primary 

glioblastoma tumors, arising from malfunctional glial cells via an intricate multistep 

tumorigenic process whilst the remainder of glioblastoma malignant instances (10%) progress 

from low-grade neoplasm, as secondary tumors (Kabat et al., 2010, Tso et al., 2006). 

Aggressive cell proliferation is often associated with glioblastoma pathogenesis, which often 

pays homage to increased RTK activity and growth factors essentially governing malignant 

growth via enhanced downstream cellular pathways (Regad, 2015). RTKs of particularly 

interest to the current study was VEGFR and PDGFR and their ligands (growth factors), i.e., 

VEGF and PDGF-BB, respectively, which have previously been reported as glioblastoma cell 

growth agents (Xu et al., 2013, Sonoda et al., 2003, Lindberg and Holland, 2012, Lokker et al., 
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2002). Therefore, targeting RTKs with TKIs such as sunitinib, with the aid of seizing 

glioblastoma’s growth abilities, potentially offers an avenue of therapeutic intervention. 

4.3.2 U87 Cell Growth Curve 

U87 glioblastoma cell line was analyzed for its basic cell proliferative characteristics over time 

by means of constructing a cell growth curve. U87 cells display characteristic cell growth 

phases (lag, exponential and saturation phases) (Assanga and Lujan, 2013). Similarly, U87 

viability counts during the exponential growth phase which bared the most fertile cell growth 

capacity, was used to determine the growth rate (0.3936) and the doubling time (1.76 days). 

The ExPASy Bioinformatics Resource Portal (https://web.expasy.org/cellosaurus/CVCL 

_0022#:~:text=Doubling%20time%3A%2072%20hours%20(PubMed,~34%20hours%20(PB

CF)) reported doubling time of 3 days for U87 cells which is far greater than obtained in the 

current study. Conversely, other studies reported U87 cell populations to double within 21.5 

hours, which is relatively lower to the present study’s calculated doubling time. Nonetheless, 

in comparison to other glioblastoma cell lines, the current study’s calculated U87 doubling time 

was extensively shorter (Popescu et al., 2015). 

4.3.3 Micrographic Analysis of U87 in Response to Sunitinib Doses 

According to ATCC repository records, the U87 cell line has an epithelial-like morphology 

(https://www.atcc.org/products/all/HTB-14.aspx#generalinformation). In the present study, 

cultured U87 cells showed long protrusions under normal growth conditions. However, the 

normal morphology of U87 cells was compromised when exposed to sunitinib. Moreover, the 

most notable change in cell morphology was observed when exposed to higher sunitinib 

concentrations (10 and 100 µM) with concurrent increased exposure times (48- and 72-hours). 

The change in U87 morphology at higher sunitinib concentrations is indicative of the intense 

cytotoxic effects of sunitinib, putting the cells under stressful conditions and rendering the cell 

culture environment unfavourable for optimal cell growth. At extremely high sunitinib 

concentrations (100 µM), U87 cells become rounded and distressed which could be due to 
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induced cell death. Similarly, Mesti et al. (2014) showed, by fixation and haematoxylin 

staining, changes in U87 cellular morphology after 48-hours of treatment with 10 µM sunitinib. 

Although the authors appreciated a change in morphology from spindle-shaped to a fibroblast-

like cell phenotype after 10 µM sunitinib treatment, the current study could not reproduce such 

a definite conclusion as cell fixation and staining were not part of the methodology. Hatipoglu 

et al. (2015), too, showed morphological changes induced by sunitinib at higher concentrations 

in glioma cell lines. Therefore, the present findings are supported by previous U87 

morphological studies and suggests sunitinib induces morphological modifications. However, 

these results serve as a set of preliminary findings for the subsequent experimental objectives 

and suggest a more thorough morphometric analysis for future studies. 

4.3.4 Trypan Blue Exclusion Dye U87 Cell Count in Response to Sunitinib 

After photomicrographic analysis of U87 morphology, quantitative U87 cell viability was 

assayed by performing viable cell counts utilizing trypan blue dye exclusion. Although trypan 

blue dye exclusion has been used widely in previous studies with great success and is an 

inexpensive, rapid and simple method, past literature reviewed the shortcomings of the trypan 

blue dye exclusion technique as a cell viability assay (Assanga and Lujan, 2013, D'Agostino et 

al., 2012, Aslantürk, 2018). Instead, this study used trypan blue exclusion dye as a preliminary 

assay to assess the effects of the selected sunitinib concentrations on U87 cell growth.  

Overall, the extent of reduced U87 cell viability exerted by sunitinib was concentration-

dependent. The greatest decrease in U87 cell viability occurred at higher concentrations (10 

and 100 µM) with a further reduction in viable cells after extended exposure periods of 48- and 

72-hours. The findings showed that the selected sunitinib concentrations were capable of 

exerting cell growth inhibition of U87 cells in a dose-dependent manner. Additionally, these 

results mimic the photomicrographic images of treated U87 cells in such a way that visual 

representation of sunitinib cytotoxicity reflects cell viability counts. Nevertheless, the present 

study required a highly sensitive cell viability assay to further investigate the effects of sunitinib 
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on U87 cell growth, i.e., the CCK-8 assay. 

4.3.5 Effects of Sunitinib on U87 Cell Viability by Measurement of 

Mitochondrial Dehydrogenase Activity 

Analyzing cell viability as a measurement of metabolically viable cells using the highly 

sensitive CCK-8 assay, deemed reliable based on a study by Miyamoto et al. (2002). As with 

the previous results obtained by U87 cell micrographic analysis and conducting viable U87 cell 

counts in response to sunitinib using the trypan blue exclusion assay, higher sunitinib 

concentrations (10 and 100 µM) elicited the greatest reduction in cell viability whilst lower 

concentrations produced little to no effect after 24–72-hours of treatment. The present 

observations greatly agree with available scientific evidence referred to above and below. 

Sunitinib’s anti-proliferative activity towards glioma cell lines (U87 and M059K) were 

evidenced by Giannopoulou et al. (2010). Furthermore, in accordance with the present study, 

the GL15 human glioblastoma cell line previously showed a great reduction in cell proliferation 

when treated with higher concentrations of sunitinib (10 µM) whilst the lower concentrations 

(0.1 µM and 1 µM) seemed ineffective against the aggressive growth capacity of GL15 cells 

(de Bouard et al., 2007). Similarly, U87 cells have been previously shown to be responsive to 

a selective VEGFR-2 inhibitor (SU1498), more so at higher concentrations and after 72-hours 

of treatment (Mesti et al., 2014).  

Additionally, Hatipoglu et al. (2015) found analogous results whereby various human glioma 

cell lines, including U87, showed reduced cell viability in a dose-dependent manner after 

treatment with sunitinib for 72-hours. This study, too, found that at 10 µM of sunitinib, U87 

cell viability was reduced to less than 50% as compared to the control (Hatipoglu et al., 2015). 

More interestingly, Mesti et al. (2014) illustrated more than 60% of the U87 cell sample 

population were viable after 72 -hours of treatment at 10 µM SU1498, whereas the present 

study saw a more significant impact on U87 cell viability at 10 µM sunitinib after 72-hours.  
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This could be due sunitinib’s multitargeted affinity for VEGFR-1, VEGFR-2, VEGFR-3, 

PDGFR-α, PDGFR-β, KIT, FLT-3, and RET, all of which are malignant progressive cell 

surface receptors (Aparicio-Gallego et al., 2011, Papaetis and Syrigos, 2009). This signifies 

that perhaps a multitargeted anti-proliferative agent, such as sunitinib, would yield a greater 

efficiency as an antiproliferative agent against glioblastoma as compared to a single-targeted 

agent. 

Taken together, these previous reports are supportive of the current study’s main finding in 

which sunitinib exerted anti-glioblastoma cell growth most notably at higher concentrations. In 

fact, Hatipoglu et al. (2015) showed that the sunitinib gliomatoxic concentration range detected 

in the present study, slowed glioma cell proliferation and tumor progression whilst maintaining 

a steady tumor bulk in sunitinib-treated rat brain slices previously implanted with the F98 

glioma cell line. Also, tumor growth almost vanished at even higher sunitinib concentrations. 

However, the present study did not detect a significant decline in cell viability at lower sunitinib 

concentrations, which is in contrast to Giannopoulou et al. (2010) who evidenced cell growth 

inhibition at low concentrations. Although one might argue or suggest that the current study is 

inaccurate in this regard, this discrepancy, however, bears support from literature (Riss et al., 

2016). The difference in results could be due to utilizing different cell viability assays. MTT 

cell viability assay used by Giannopoulou et al. (2010) is less sensitive than CCK-8 cell viability 

assay utilized in the present study (Riss et al., 2016). Nonetheless, the current results show that 

sunitinib induces U87 cell growth inhibition in a dose-dependent manner. 

The data generated from the CCK-8 cell viability assays were further scrutinized for 

construction of a dose-response curve and determination of the IC50 value in response to 

sunitinib treatment for 72-hours. Sunitinib became more efficient in U87 cell growth inhibition 

as the concentration and exposure time increased as indicative by the decreasing IC50 values 

estimated. However, previous reports in which U87, among other glioblastoma cell lines, were 
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subjected to increasing concentrations of sunitinib for 72-hours generated a fairly lower half-

maximal inhibitory concentration (1.38 µM) than that yielded in the study of Martinho et al. 

(2013). However, it is worth noting that the current IC50 value after 72-hours does indeed fall 

within the entire spectrum of IC50 values generated by 8 glioblastoma cell lines exposed to 

sunitinib (Martinho et al., 2013). Utilizing different initial cell seeding densities, cell line 

passage number and cell viability techniques with varying sensitivity could all be contributing 

factors to different IC50 values generated. Likewise, a confounding high IC50 value of 73.52 µM 

was reported when a glioblastoma cell line (GB9B) responded to a selective VEGFR-2 inhibitor 

after 72-hours (Popescu et al., 2015). This was considerably higher compared to the present 

study’s findings and could be attributed to sunitinib’s prolific receptor targeting capacity 

(Aparicio-Gallego et al., 2011). Moreover, an ever decreasing or relatively low IC50 is highly 

favourable and pharmacologically more desirable (Caldwell et al., 2012). Therefore, based on 

the present findings, it is possible to suggest that sunitinib was effective in reducing 

glioblastoma cell proliferation in a dose- and time-dependent manner. 

To further understand sunitinib’s anti-proliferative effects, it was imperative to review and cite 

prior literature pertaining to glioblastoma’s malignant cell proliferation and relate it to the 

context of the present study. Previous studies have noted that sunitinib’s mode of action is 

largely believed to be due to RTK inhibition (Christensen, 2007, Izzedine et al., 2007). More 

specifically, sunitinib targets receptor activation of VEGFR-1, VEGFR-2, VEGFR-3, PDGFR-

α, PDGFR-β, KIT, FLT-3, and RET which subsequently disrupts major downstream cellular 

transduction pathways involved in tumor progression such as cell proliferation (Giordano and 

Petrelli, 2008, Papaetis and Syrigos, 2009). The major downstream cell signalling pathways 

activated in gliomas are PI3K/Akt; RAS/RAF/MAPK, and JAK/STAT pathways (Nakada et 

al., 2011, Swiatek-Machado and Kaminska, 2020). Martinho et al. (2013) showed that the 

activation of JAK/STAT signaling pathway in the U251 glioblastoma cell line was greatly 

reduced in a dose-dependent manner in response to sunitinib and was thought to be influential 

in the reported enhanced cytotoxic effects.  
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Even though Martinho et al. (2013) showed relatively no change in the PI3K/Akt and 

Ras/Raf/MAPK pathway in glioblastoma cells in response to sunitinib, previous studies have 

reported otherwise. In fact, Moeckel et al. (2014) explicitly demonstrated a dose-dependent 

inhibition in the phosphorylated activated state of PI3K/Akt pathways and to a lesser extent the 

Ras/Raf/MAPK pathway in high-grade glioma (stages III and IV) brain tumor initiating cells 

when treated with sunitinib. Therefore, considering prior evidence and putting it within the 

context of the current study, it is quite possible that the inhibition of targeted RTKs (e.g. 

VEGFR-2) as a result of sunitinib treatment, indirectly affected the major intercellular signaling 

pathways that regulate glioblastoma cell proliferation and resulted in a significant reduction in 

U87 cell viability. 

4.3.6 Effects of Sunitinib on U87 Vascular Endothelial Growth Factor and 

Platelet-Derived Growth Factor Cytokine Levels 

Observing such a pronounced response to reduced U87 cell viability after exposure to increase 

concentrations of sunitinib, it seemed fitting to evaluate the potential effects of prominent 

growth factors, namely, VEGF and PDGF in glioblastoma. VEGF and PDGF are mitogenic 

stimuli and ligands for VEGFR and PDGFR, respectively, which consequently activates a 

cascade of major intracellular pathways for enhanced malignant status, favoring increased cell 

proliferation, angiogenesis, among other neoplastic drivers. Therefore, assessing glioblastoma 

VEGF and PDGF cytokine levels in relation to RTK inhibition brought about by sunitinib, 

provided evidence regarding the importance of angiogenic growth factors (VEGF and PDGF) 

in glioblastoma cell growth. Hence, U87 cells were exposed to exponential (log10) doses of 

sunitinib for 48 and 72-hours after which cell culture cytokine secretion was analyzed by means 

of ELISAs for VEGF and PDGF protein concentrations. 

4.3.7 Effect of Sunitinib on U87 VEGF Secretion 

The present study demonstrated sunitinib’s ability to reduce U87 VEGF secretion levels in a 

concentration and time-dependent manner. More specifically, treatment with the highest 
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sunitinib doses (10 and 100 µM) after 72-hours generated the greatest response, whilst a 

moderate reduction in VEGF cytokine levels occurred after 48 hours. The human glioblastoma 

U87 cell line expresses upregulated VEGF levels (Ke et al., 2000, Mesti et al., 2014). The 

addition of exogenous VEGF to glioblastoma cells consequently resulted in increased 

phosphorylation of major intracellular signaling pathways, including PI3K/Akt and MAPK 

pathways, known to propagate glioma cell proliferation and tumor progression (Knizetova et 

al., 2008). This indicates VEGF’s prominent role in glioblastoma cell proliferation and reducing 

its cytokine levels could prove to be effective in opposing glioblastoma aggressive growth 

capacity. 

As seen from prior and current observations, glioblastoma tumor cells are a great source of 

VEGF (Pore et al., 2003). VEGF which acts via paracrine signals on vascular endothelial cells, 

activating cellular processes such as cell proliferation and angiogenesis, is a current paradigm 

for targeting in several malignancies (Villegas et al., 2005). Emerging from this, the notion of 

autonomous cell proliferation signaling in glioblastoma has been postulated as discussed in 

Chapter 1 (Pathogenicity of Glioblastoma Multiforme). The criteria for autonomous cell 

signaling stem from co-expression of VEGFRs and VEGF. Although, Mesti et al. (2014) 

showed little to no expression of VEGFR-1 and VEGFR-2 in U87 glioblastoma cells, some 

studies have opposed this. Knizetova et al. (2008) showed VEGFR-1 and VEGFR-2 co-

expressed with all 3 VEGF isoforms (VEGF189, VEGF121, VEGF165) in the U87 cell line. The 

co-expression of these RTKs further suggests that the VEGF/VEGFR pathways in glioblastoma 

function under autonomic cell signaling for tumor cell proliferation. 

VEGF expression and secretion is well-regulated in glioblastoma neoplasms. Pore et al. (2003) 

showed that when U87 cells were exposed to EGFR or PTEN wild-type PI3K/Akt pathway 

inhibitors, VEGF mRNA levels and VEGF secretion were reduced. Similarly, glioblastoma 

cells exposed to a selective VEGFR-2 inhibitor, abrogated the prominent phosphorylated state 

of intracellular signaling pathways such as PI3K/Akt and MAPK pathways (Knizetova et al., 
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2008). In fact, sunitinib was shown to reduce the phosphorylated state of these intracellular 

pathway intermediates in glioblastoma cell models (Martinho et al., 2013, Moeckel et al., 

2014). Based on the evidence from the literature, and placed within the context of current study, 

we hypothesize that the observed anti-VEGF activity in U87 cells could be influenced by 

sunitinib’s ability to inhibit RTKs such as VEGFR resulting in intervention in the major 

intracellular signaling pathways known to be role players in enhanced cell growth. However, 

this postulation requires further discretion which could form part of impending studies. 

4.3.8 PDGF-BB Secretion Undetected in U87 Glioblastoma Cells 

In contrast to VEGF secretion analysis, the study found undetected PDGF-BB cytokine 

secretion from U87 glioblastoma cells after exposure to increasing concentrations of sunitinib. 

This was true for both the experimental and control groups. Although it was highly anticipated 

that PDGF-BB will be expressed and secreted by tumor cells (Takeuchi et al., 2004, Hosaka et 

al., 2013), our findings are contradictory to previous reports, but nonetheless supported by 

Karcher et al. (2006). The authors showed via immunohistochemical analysis that all PDGF 

isoforms were weakly expressed in glioblastoma cells, but more specifically immunosorbent 

analysis showed no detectable PDGF-BB cytokines, whilst moderate levels of PDGF-AB levels 

and extensive VEGF-A secretions were detected (Karcher et al., 2006). Further in corroboration 

of the current study, neuroblastoma cell secretions contained no detectable PDGF-BB cytokines 

(Hosaka et al., 2013). Therefore, based on our results, we can support the notion that U87 

glioblastoma weakly secretes PDGF-BB. However, further confirmatory analysis is required to 

support our current findings which could possibly form part of experimental designs for further 

exploration of the current study. 

Several studies have proposed an autonomous cell signalling pathway via glioblastoma-derived 

PDGF activation of PDGFRs expressed on tumor cell surfaces (Takeuchi et al., 2004, Martinho 

et al., 2009). For this to be true, it is imperative for both PDGF and PDGFR to be co-expressed 

to allow for further enhanced tumor cell proliferation (Hermanson et al., 1992). However, 
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considering the undetected U87 PDGF-BB cytokine levels, the present study could possibly 

dismiss this phenomenon. Instead, the lack of PDGF-BB cytokines could rather potentiate 

paracrine glioblastoma cell growth whereby extracellularly-sourced-PDGF stimulates PDGFR 

expressed on tumor cells itself. Indeed, PDGFR is highly expressed in glioblastoma tumors and 

cell lines (Fleming et al., 1992). It is noteworthy that although this study suggests the paracrine 

cell stimulus hypothesis, extensive research is required for further validation of such a 

mechanism and thus our findings would serve as a preliminary set of experimental results. 

4.3.9 Overall Effect of Sunitinib on U87 Glioblastoma Cell Proliferation 

After investigating the effects of sunitinib on U87 cell growth by analysis of cellular 

morphological changes, viable cell counts and measurement of mitochondrial dehydrogenase 

activity in viable cells, sunitinib was demonstrated to exert U87 cell growth inhibition. The 

overall greatest decrease in glioblastoma cell viability was shown to occur at higher 

concentrations of sunitinib along with increased treatment duration. 
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CHAPTER 5 

CONCLUSION AND STUDY LIMITATIONS 

5.1 Conclusion 

The current study determined sunitinib’s cytotoxic efficacy against neuroblastoma and 

glioblastoma cell proliferation. Sunitinib induced similar cellular morphological changes in both 

cell lines which induced cellular distress and visible cell death at high concentrations. However, 

when considering the quantitative measurement of cell viability, U87 glioblastoma cells were more 

responsive to sunitinib treatments as opposed to SK-N-BE(2) neuroblastoma cells. This could be 

due to the biological nature of each malignant cell line such as increased resistance capacity towards 

selective drug treatments. Nonetheless, both SK-N-BE(2) and U87 cells exhibited significant 

reduced cell viability most notably after treatment with high doses of sunitinib. Based on the present 

findings, sunitinib showed the greatest cell growth inhibition at higher concentrations. 

Additionally, sunitinib’s effectiveness was further explored against VEGF and PDGF-BB cytokine 

secretions. Overall, sunitinib induced the greatest reduction in VEGF secretions from U87 cells 

when considering the outcome of SK-N-BE(2) VEGF secretions. More interestingly, PDGF-BB 

cytokine secretions were undetected for both U87 and SK-N-BE(2) cells. Concluding from the 

results of the current study, sunitinib’s inhibition of selective RTKs (e.g. VEGFR) resulted in a 

consequential reduction in VEGF cytokine secretion which, based on previous literature, can be 

directly linked to reduced cell viability. The study suggests sunitinib as a possible anti-proliferative 

agent for neuroblastoma and glioblastoma cell lines via the VEGF/VEGFR signaling pathway. 

However, further studies are required to validate the current study’s findings. 
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5.2 Limitations 

As much as the outcome of the present study was significant, limitations and insights emerged:  

  The study was limited to the selected assays utilized due to funding constraints. Additional 

assays are often incorporated into experimental designs to evaluate the proliferative effects 

and efficiency of selected drug treatments on cells such as apoptosis, cell cycle arrest 

analysis and multidrug resistance analysis. 

  ELISA kits are designed with high precision which allows for highly accurate results. 

However, after cytokine analysis, Western blot analysis is often required to further support 

and confirm ELISA results. It is unfortunate that the current study was constrained and 

therefore could not perform these supporting proteomic analyses. 

  This study was limited to the use of sunitinib, and although sunitinib is a multitargeted 

receptor tyrosine kinase inhibitor (TKIs), combination therapy has been reported to have 

a higher pharmacological efficacy (potency). Additionally, a comparative study between 

various selected TKIs would have provided a much broader spectrum of possible treatment 

strategies. 

 The current study was limited to VEGF and PDGF cytokine analysis. Evaluating additional 

growth factors and their receptors such as EGF/EGFR which are often increased in 

glioblastoma and neuroblastoma, would have provided additional malignant proliferative 

targets. 

  Nonetheless, due to the nature of the study and availability of resources and funding 

opportunities, the study was restricted to in vitro analysis and therefore the findings could 

not be relayed to in vivo or possibly clinical studies. However, these shortcomings may 

inform and refine an array of prospective studies.
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