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Abstract 

Burkitts lymphoma (BL) is a form of non-Hodgkin lymphoma (NHL) that arises from 

germinal center B cells. BL is characterized by translocations of the C-MYC oncogene 

to immunoglobulin light and heavy chain loci resulting in its constitutive deregulated 

expression. BL shows a rapid and aggressive growth pattern. There are three different 

forms of BL; sporadic BL (sBL), immunodeficiency-associated BL and endemic BL 

(eBL) which accounts for ~50% of all paediatric cancers in Sub-Saharan Africa. Due to 

financial restrictions, treatment and supportive care options are limited resulting in 

poorer outcomes in low - middle income countries (LMICs). Thus, there is a need to 

develop new affordable effective low toxicity treatments for eBL.  

Prior to this study, a panel of BL cell lines were tested against an in-house custom drug 

repurposing library developed in our lab (FMC Library) that contains ~100 approved and 

commonly used drug. This screen identified the nutritional supplement zinc acetate as 

an effective anti-BL candidate. Dose response studies showed that all BL cell lines 

tested had little/no response to zinc at 50 μM whereas 100 μM zinc killed all BL cell 

lines. In contrast, 100 μM zinc acetate induced no killing against a panel of non-BL cell 

lines including acute myeloid leukaemia (AML) which is a non BL cell tumour, diffuse 

large B cell lymphoma (DLBCL) which represent a B cell lymphoma that arise from 

germinal centre B cells and EBV infected lymphoblastoid cell lines (LCL) as a control 

cells. The latter were used as karyotypically normal B cell controls. Cell death in BL 

cells was associated with positive flow cytometry staining for propidium iodide and 

annexin V and activation of caspase 3 and 9 (western blotting) indicating cell death by 

apoptosis.  

The proto-oncogene C-MYC is mutated or deregulated in >50% of cancers. In BL, 

deregulated expression occurs as a consequence of translocation of C-MYC on 

chromosome 8q24 to either the immunoglobulin heavy chain enhancer region on 14q32 

(85% of cases) or the immunoglobulin kappa light chain or lambda loci on 2p12 or 

22q11, respectively (15% of cases). Thus, the effect of zinc on C-MYC protein levels 

were studied. Western blot analysis showed that 100 μM zinc was able to reduce C-

MYC protein levels rapidly and sustainably in BL cell lines whereas no change in C-

MYC protein levels was observed in non-BL cell lines. Zinc-induced reduction of C-MYC 



 
 

protein levels was time-dependent, reducing by approximately 20% after 6 hours with 

little/no protein detectable after 24 hours. 

C-MYC protein levels were not reduced following treatment with 50 μM zinc. 

Quantitative real time PCR (qRT-PCR) also showed a rapid reduction in C-MYC mRNA 

levels in BL cell lines after 6 hours exposure to 100 μM but not upon exposure to 50 

μM. Again, no reduction in C-MYC mRNA levels was seen in non-BL cell lines.  

Translocations of other genes to the immunoglobulin loci occur in other forms of NHL. 

The DLBCL cell line SU-DHL-4 has a t(14;18) translocation resulting in deregulated 

expression of the protooncogene BCL2. Western blotting showed no decrease in BCL-

2 protein levels in SU-DHL-4 in response to either 100 μM or 50 μM zinc acetate after 

6 or 24 hours indicating a selectivity of zinc action against C-MYC protein in BL cells.  

To further investigate the role of altered C-MYC expression in zinc-mediated killing of 

BL cells, the eBL cell lines Raji and Namalwa were stably transfected with C-MYC using 

a piggyBac transposon system that allows gene expression under a constitutively active 

promoter. However, overexpression of C-MYC from an alternative promoter did not 

rescue BL cells from killing by 100µM zinc. Although western blotting showed that C-

MYC protein levels were protected after 6 hours, protein reduction and loss of viability 

was again observed after 24 hours indicating that loss of C-MYC is important in zinc-

mediated killing of BL cells. In a second approach to rescue C-MYC expression, the 

proteasome inhibitor Bortezomib was used to inhibit C-MYC protein degradation via the 

ubiquitin-proteasome system (UPS). Whilst increases were observed in overall 

ubiquitinated proteins indicating bortezomib was working, western blotting and flow 

cytometry showed no rescue of C-MYC protein levels. Furthermore, bortezomib did not 

rescue cells from zinc-mediated killing after 24 hours. 

In conclusion, findings from this study have identified that 100 mM zinc is effective at 

killing BL cell lines selectively, and that this killing is associated with activation of 

apoptotic markers. Treatment with zinc resulted in a rapid and sustained reduction in 

C-MYC mRNA and protein levels that could not be rescued through constitutive 

overexpression or the use of proteasome inhibitors. Given that zinc deficiency is 

common in sub-Saharan Africa and that zinc supplementation is safely used to treat 

diarrhoeal episodes in children, the studies proposed here indicate that zinc may safely 

be used as an adjunctive therapy to target C-MYC in BL. 
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INTRODUCTION 
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1 Introduction. 

1.1 The blood components. 

Blood is composed of; plasma, red blood cells (RBCs), white blood cells (WBCs) 

and platelets. Plasma occupies around 50% of total blood volume and water forms 

more than 90% of its total composition (Maton et al., 1997). Due to the presence of 

proteins such as albumins, plasma is the delivery source of nutrients to the body’s 

cells. Electrolytes like potassium, sodium and chloride are dissolved in plasma. 

Similarly, hormones required for cellular communication or growth are carried by 

plasma alongside with clotting proteins factors including fibrinogens, prothrombin.  

Red blood cells (RBCs) are biconcave shaped, circular and non-nucleated disc cells 

enriched with haemoglobin which binds oxygen in the lungs and forms 

oxyhemoglobin, thereby transporting oxygen to all parts of the body. Oxygen is 

required for aerobic respiration to produce energy in the form of adenosine 5'-

triphosphate (ATP) (Klinken, 2002, Organization et al., 2014, Hoffbrand and Moss, 

2015). Carbon dioxide, a by-product of cellular metabolism combines with 

haemoglobin in RBCs to form carbaminohaemoglobin which, upon transport to the 

lungs, release carbon dioxide. Another function carried by haemoglobin in RBCs is 

the regulation of acid-base balance. 

Blood also consists of white blood cells (WBCs) which are important in defending 

against pathogens. WBCs are classified into two main groups; granulocytes which 

includes neutrophils, eosinophils, mast cells and basophils, and agranulocytes 

which includes lymphocytes and monocytes. Granulocytes differ from agranulocytes 

by the presence of granules that contain antimicrobial agents released as a defence 

response mechanism. For example, defensins, acid hydrolases and lysosomal 

enzyme are released from granulocytes to facilitate bacterial digestion 

(Organization et al., 2014).  

Lymphocyte are comprised of B and T cells. B lymphocytes primarily develop in the 

bone marrow (BM) and move to lymph nodes for further development. B cells 

mature into plasma cells and memory B cells that produce antibodies. Antibodies 

contribute to anti-microbial immunity in several ways:  
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1- they can bind to pathogens preventing them from entering and infecting 

cells or tissues.  

2- They stimulate the clearance of pathogens by coating the pathogens to 

mark them for macrophages (Shahaf et al., 2016, Cano and Lopera, 

2013).  

3- They stimulate other arms of the immune system such as complement 

proteins that create pores in the membranes of pathogens leading to cell 

lysis and death.  

T lymphocytes have an important role in cell mediated immunity by releasing 

cytokines that regulate natural killer (NK) cell activity and the development of 

activated B cells. Although T progenitor cells are in the bone marrow, the thymus is 

the primary site for T cells development.  Most viral infections are cleared by the 

help of T lymphocytes. The different types of T cells are cytotoxic T cells (CD 8) and 

T helper (CD 4) (Sauls et al., 2018, Janeway Jr et al., 2001).  

Platelets are another cellular component of the blood and play an essential role in 

the coagulation process and wound healing through formation of blood clots 

(Chanarin, 1989). Platelets have a short half-life of about 7 days and normal platelet 

count is 150,000-450,000 cells per cubic millimetre. Platelets are produced in a 

process termed megakaryopoiesis which involves HSPC differentiation into 

megakaryocytes by the effect of megakaryocyte colony stimulating factor (Meg-

CSF) (Siegal et al., 1999, Bernitz et al., 2017). 

 

 

 

 

 

 

Cell type Cell count / L Cell size (µm) Half life 

Red blood cells 4.50 – 6.50 X 1012 7 – 8 100 – 120 days 

Basophils 0.02 – 0.10 X 109 10 – 14 Few hours – few days 

Eosinophils 0.1 – 0.4 X 109 12 – 15 5 days 

Neutrophils 1.8 – 7.5 X 109 12 – 14 6 hours – few days 

Monocytes 0.2 – 0.8 X 109 16-22 Months 

Lymphocytes 1.0 – 4.0 X 109 5 – 17 Hours – years 

Platelets 140 – 400 X 109 2 – 4 5 - 10 days 

Table 1. 1 The cellular component of blood. (Rawat et al., 2015, NHS, 2022). 
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1.2 The formation of blood cells Haematopoiesis. 

The human body continually replenishes blood cells in a process termed 

haematopoiesis. Embryonic mammalian blood formation begins in yolk sac blood 

islands. Later, the site of blood formation is gradually relocated to the liver before it 

moves to central BM during human development (Tavian and Peault, 2003). RBCs 

are the first type of blood cells to be formed within the early stage of embryogenesis 

to support oxygen transportation which is required for tissue development (Tavian 

and Peault, 2003, Leffler et al., 2017). After 27 weeks of development, 

haematopoiesis takes place within the BM which is the spongy soft part of bone 

tissue located in the centre of bone (Figure 1.1) (Singh et al., 2019). In adult humans, 

haematopoiesis is concentrated in the tops of the long bones, sternum, pelvic and 

ribs. Haematopoiesis begins with haemopoietic stem cells (HSCs) which  produce 

all blood cells as well as self-renewing to maintain HSCs pool (Anthony and Link, 

2014). HSCs reside in the BM microenvironment niche which consists of different 

types of cells including adipocytes, endothelial cells, osteoblasts, neurons cells 

which work together and support each other by providing cell to cell interactions and 

soluble signals which are required for differentiation and maintaining the pool of 

HSCs (Morrison and Spradling, 2008, Crane et al., 2017). HSCs undergo cell 

proliferation by regulated via pathways including the binding of stem cell factor 

(SCF) protein with tyrosine-protein kinase Kit (c-KIT) that expressed on HSC 

surface. The CXC chemokine ligand 12 or (CXCL12) also participate HSCs 

proliferation via interacting with CXC-chemokine receptor 4 (CXCR4). Other factors 

such as Insulin-like growth factor 1 (IGF-1), thrombopoietin and leptin also play a 

vital role in maintaining HSC pool of cells in BM microenvironment niche (Matsuoka 

et al., 2015, Bishop et al., 2000). 
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Haematopoiesis starts with the differentiation of HSCs into multipotent progenitor 

cells (MPCs) which then differentiate to common myeloid progenitors (CMPs) by 

GATA-binding factor 1 (GATA-1) transcription factor which directs CMP cells to 

differentiation into myeloid lineage. Alternatively, MPCs can be directed into 

lymphoid linage by IKAROS transcription factor (IKAROS) and Forkhead box protein 

O1 (FOXO1) to differentiate into common lymphoid progenitors (CLPs) (Miyai et al., 

2018, Zhu and Emerson, 2002).  

During myeloid lineage, CMPs are stimulated to myoblast by several cytokines, 

regulatory proteins and activation of signalling pathways including Ras, Raf, MEK-

1/-2 kinases family (JAKs), phosphoinositide 3-kinases (PI3K), granulocyte-

macrophage colony-stimulating factor (GM-CSF) and signal transducers activators 

of transcription (STAT) which ultimately gives rise to the granulocyte, eosinophils, 

basophils, neutrophils or dendritic and macrophages cells (Miranda and Johnson, 

2007, Ivanovs et al., 2017).  

Figure 1. 1: Bone marrow microenvironment niche. Bone Marrow is composed of different 
types of cells including endothelial cells, macrophages, osteoprogenitors progenitors 
mesenchymal cells that function and communicate in a harmonious way to provide specific 
cellular differentiation signals  and to maintain progenitor’s pool (Abarrategi et al., 2018)  
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In lymphoid lineage, CLP cells lead to the generation of lymphoblast cells which give 

rise to natural killer cells, B or T lymphocytes. Recombination Activating Gene 1 

(RAG1) and Interleukin-7 receptor subunit alpha (IL-7Rα) genes are highly 

expressed during CLP cells differentiation (Lai and Kondo, 2006). CLP is regulated 

via purine box factor 1 (PU.1), interleukin-7 (IL-7), E‐box binding protein 2A (E2A) 

proteins which are crucial in guiding lymphoid linage fate. The differentiated B and 

T lymphocytes cells undergo further activation in secondary lymphoid organs and B 

cells will continue to maturate to form plasma cells (Draper et al., 2016). The 

different typed of blood cells are presented in Figure 1.2.  

 

 

1.3 Introduction to the human immune system. 

The human immune system has a major role in maintaining health and physiological 

integrity. The human body is continuously exposed to multiple pathogens including 

viruses, bacteria, parasites and toxic materials that can cause illness, serious 

Figure 1. 2: The hierarchy of different blood cell formation. All different cells are generated 
from hematopoietic stem cells (HSCs) during haematopoiesis. HSCs are differentiated into 
common lymphoid progenitor cells in lymphoid lineage to develop B cell, T cell and NK cells. 
Myeloid cells are developed from the common myeloid progenitor cells to generate granulocyte 
white blood cells, red blood cells and platelets during myeloid lineage of cell differentiation (Shaikh 
and Bhartiya, 2012). 
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diseases or even death if not cleared. The immune system that has evolved to 

defend against these threats is complex and highly sophisticated (Janeway et al., 

2005). However, like all other mammalian immune systems the human immune 

system is mechanistically and functionally divided into anatomical immunity, innate 

immunity and the adaptive immunity. In health, both innate and adaptive immune 

systems work together to combat invader agents. Both of innate and apatite immune 

system will be reviewed.  

 

1.3.1 Anatomical and Innate immune system. 

In humans, anatomical or physiological immunity is represented by physical barrier 

against pathogens entry. The most important barrier is epithelium which includes 

skin and epithelial cells lining the surface of the lung and airways, and intestinal 

epithelial cells lining the oral mucosa and gut (McDonald and Levy, 2019). Besides 

acting as a barrier, epithelial cells are able to fight bacteria or other microbes on the 

skin by releasing proteins such as defensins. Defensins belong to the antimicrobial 

peptide group and are produced by epithelial cells and other white blood cells aiming 

to digest the microbes following phagocytosis (Jarczak et al., 2013). The presence 

of mucus along the respiratory tract and gastrointestinal tract is crucial in supporting 

epithelial immunity by trapping and destroying microbes as it contains glycoproteins 

like mucin MUC1, MUC4 and MUC12 which neutralise microbes (Voynow and 

Rubin, 2009, Sperandio et al., 2015). 

The next level of immunity is the innate immune system which is a non-adaptive fast 

response system that includes biochemical reactions and secretion of interleukins, 

chemokines and activation of complement system (Sochocka and Błach-

Olszewska, 2005). The complement system is divided into classical, lectin and 

alternative pathways and is composed of more than 25 proteins circulating within 

blood vessels to detect microbes. It induces incudes inflammation by anaphylatoxins 

via complement component 3 (C3a, and C5a) (Hugli, 1986). Complement system 

marks microbes with (C3b) or forms membrane attack complex (MAC) by C5b, C6, 



7 
 

C7 and C8 to damage the microbe’s cell membrane (Figure 1.3) (Gaboriaud et al., 

2004).  

 

 

1.3.2 Second line of defence, adaptive immune system. 

The second component of the immune system is called adaptive immunity. The term 

adaptive refers to the developing response to be specific to the pathogen. The 

adaptive immune system is comprised of the humoral response and cell mediated 

response regulated by B cells and T cells, respectively. Innate and adaptive immune 

systems are interdependent and co-regulate each other during an immune 

response. For example, the adaptive immune system requires innate immunity to 

contain pathogens specific responses to the specific pathogen are developing. The 

adaptive immune response provides long-term protection to reduce reinfection 

(Alberts, 2017).  

Figure 1. 3 Complement system as a part of innate immune system. Three pathways are included 
in complement system activation, classical, lectin and alternative pathway. The purpose of the 
complement system is to activate complement 3 (C3) protein to initiate series of signalling cascades 
involving  complement 5 (C5) to activate phagocytosis process or cell lysis via opsonisation of targeted 
cell via membrane attack complex (MAC) (Srivastava and Pandey, 2015). 
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The fundamental feature of the adaptive immune response is that upon 

encountering a pathogenic antigen, the immune system is able to create pathogen 

specific molecules called antibodies (Murphy and Weaver, 2016). Unlike the innate 

response, adaptive immunity takes longer to start producing high affinity antibodies 

by plasma cells. Besides providing adaptive immunity, this remarkable system also 

creates cellular immunological memory in the form of memory B-cells, allowing for 

a quicker and more efficient protective response on re-exposure to the same attack. 

This ability to ‘recall’ pathogens is the biology that underpins vaccination and 

immunisation strategies including the recent campaigns to immunise against 

COVID-19.  

 

1.3.2.1 Cellular component of the adaptive immune system.  

The adaptive immune system can be classified into two classes: cell mediated 

responses (T cells) and humoral responses (B cells). T and B  lymphocytes  are 

white blood cells derived from common progenitors during haematopoiesis (Wood, 

2004). Humoral immunity is comprised of antibodies (Abs) produced by activated B 

cell in response to an antigen. In cell mediated immune response, pathogenic 

antigen is recognized by antigen presenting cells (dendritic cells and macrophages) 

and presented to immune cells like helper T cells that stimulate other immune cells 

like cytotoxic T cell to destroy the antigen by releasing cytokines and perforin 

molecules (Golstein and Griffiths, 2018, Metchnikoff, 1905). 

 

1.3.2.2 Antigen presenting cells (APCs). 

Antigen presenting cells or (APCs) have an important role in recognising foreign 

antigens and present them to T cells. APCs are dendritic cells, macrophages, and 

B cells. Dendritic cells are developed from myeloid progenitor cells. During 

development, immature dendritic cells are divided into follicular, interstitial and 

myeloid subsets. Follicular dendritic cells (FDC) are found mainly in the lymphatic 

system within lymphatic nodes while interstitial and myeloid dendritic cells (IDC, 
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MDC) are circulating in the blood. IDCs escape the peripheral circulation and 

predominantly locate in tissues including the skin, lung and intestines  (Shen and 

Louie, 2014).  

Epithelial skin migrant DCs are termed Langerhans cells and they  recognise viral 

or bacterial surface molecules through pattern recognition receptors (PRR) before 

engulfing the microbe (Maverakis et al., 2015). The engulfed pathogen is then 

degraded to produce small peptide chains composed of up to 30 amino acids that 

are presented to T cells in lymph nodes via DC major histocompatibility I/II  complex 

(MHC I/ MHCII) surface proteins (Flaherty, 2014). In response to the presented 

pathogen, T cells have a wide range of responses, they can release chemokines 

and interleukins recruiting Abs or macrophage to neutralise pathogenic effect or 

possibly they directly cause cell death of virus infected cell (Bakshi et al., 2014). 

Macrophages are also capable of processing pathogens to present them for 

adaptive immunity. Moreover, B cells at certain stage of activation express MHC 

I/MHCII and present antigen fragments to a specific type of T cell termed T helper 

cell which modulates the development of B cell to produce specific Ab molecules 

(Chen and Jensen, 2008). 

 

1.4 The stages of B cell development. 

1.4.1 BM development stage. 

B cell development begins by the commitment of HSCs into lymphoid lineage 

(Decker, Hoffman et al., 2017). HSC initiates the process when it is divided to 

multipotent progenitor cell (MPP). At this stage, the MPP is stimulated by external 

signals and proliferate into lymphoid multipotent progenitor cells (LMP). The 

transcription factor PU.1 regulates cellular differentiation by facilitating expression 

of Fms-like tyrosine kinase 3 (Flt3) which preserves lymphocyte production in 

precursor progenitors upon activation (Tobón et al., 2013, Patton et al., 2014). The 

fate of B cell development requires the expression of other regulatory proteins 

including IL-7 accompanied by vascular cell adhesion protein 1 (VCAM-1) which is 

released from BM stromal cells. 
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Common lymphoid progenitors (CLP) develop at this stage and receive further 

stimulation with E2A and early B cell factor (EBF) to enhance the development of 

progenitor B cell (Pro-B cell) which is regulated by Ikaros (John and Ward, 2011). 

This stimulatory series helps in committing the fate of B cell differentiation (Lai and 

Kondo, 2008). Afterwards, EBF regulates PAX5 expression which is crucial in Pro-

B cell differentiation to precursor B cells (Pre-B cell). Studies showed that PAX5 is 

a key regulator of B cell fate considering its ability in silencing T cell and NK cells 

genes during maturation stages by co-stimulation with SCF (Lai and Kondo, 2008, 

Hoffman et al., 2017). 

At the pre-B cell stage, B cell gene expression is directed towards the key stage of 

immunoglobulin (Ig) gene maturation (Mårtensson et al., 2010). Rearrangement and 

recombination of B cell Ig genes is an essential part of cell maturation allowing the 

expression of surface B cell receptor (BCR) or surface immunoglobulin. BCR on B 

cells will undergo positive and negative selection where it will be tested to avoid 

interaction with self-antigen to prevent autoimmune reactions. Later, B cells exit the 

BM for further development as an immature B cell (Klein et al., 2014). Figure 1.4 

shows the different stages of B cell development journey.  

 

1.4.1.1 Immunoglobulins (Igs).  

Immunoglobulins (Igs) or antibodies (Abs) are proteins produced by B cells to fight 

against infections or pathogens. They are heterodimeric proteins with different 

molecular weights ranging from 150 to 900 kDa based on their specific class. Igs 

Figure 1. 4 The different stages of B cell development in bone marrow, prepheral and lymph 
node. Haematopoietic stem cells (HSC) are differentiated inside BM to common lymphoid progenitor 
(CLP) and maintain the commitment of B cell lymphocyte development fate into progenitor B cell (pro-
B cell) and precursor B cell (pre-B) cells before exported to peripheral blood at transitional stage (T1 
– T2 B cells) where B cells undergo further development in the lymph node.   
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are complexes of two types of proteins, Ig heavy chain (IgH) and Ig light chain (IgL). 

IgH chain gene is located on chromosome 14 whereas IgL chain genes  are located 

on chromosome 2 or 22 (kappa (κ) or lambda (λ)) respectively (Tobón et al., 2013). 

Ig protein structure consists of two sections; (i) Fab section which is comprised of 

variable (V) region of IgL and IgH genes and (ii) Fc part which is made by constant 

(C) region of IgH gene. Variable region is defined as the antigen binding site of the 

Ab. The constant region of heavy chain determines the class or isotype of the Ab 

(Janeway et al., 2005). 

During B cell development, IgH and IgL genes undergo class switch recombination 

and somatic hypermutation to produce high specificity Igs with different binding 

specificity (Dorshkind and Rawlings, 2018). Crystallography (Figure 1.5) results 

showed that heavy and light chains are structurally linked together by disulphide 

bonds forming a Y shape morphology.  

There are five different Ab isotypes: IgG (Igγ), IgA (Igα), IgE (Igε) IgD (Igδ) and IgM 

(Igμ) classes. B cells first express IgM isotype and then class switch into the other 

isotypes as part of the maturation process when complexed with antigen (Dorshkind 

and Rawlings, 2018, Schroeder Jr and Cavacini, 2010, Tobón et al., 2013).  

 

Figure 1. 5 Crystal model of IgG isotype macromolecule. Ig is a protein molecule complex that 
is made by immunoglobulin heavy chain (IgH) and immunoglobulin light chain (IgL) genes. Two IgH 
(red and blue) and two IgL (green and yellow) proteins make the constant (C) and variable (V) region 
of the Ig structure and are linked together by disulphide bond (Jay et al., 2018).  
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1.4.2 Post marrow development stage. 

To complete their maturation, immature B cells migrate from the BM into the spleen 

as transitional B cells with limited numbers of immature B cells entering the 

peripheral system.  Migrant B cells enter secondary lymphoid tissues like lymph 

nodes, mucosa associated lymphoid tissue (MALT) or the spleen. They are termed 

as transitional B cells because they have to pass through stages T1 and T2 of 

development (Good-Jacobson, 2014). Once they enter the spleen they are referred 

to as T1 B cells. T1 B cell will transform into T2 B cells in the spleen and differentiate 

into marginal zone or follicular zone B cells depending on BCR signalling (Good-

Jacobson, 2014). The marginal B cells represent naïve B cells in the spleen when 

compared to follicular B cells with IgMhigh, IgDlow, CD21high, CD1high and express high 

levels of B7-1 and B7-2 ligands (Shabir et al., 2015). Most B cells are found in 

primary follicles. Upon activation with pathogenic antigens, B cells enter the 

secondary follicles and form germinal centres. In the secondary follicles, somatic 

hypermutation and class switching takes place which will ultimately result in 

formation of memory B-cells and plasma cells which are vital for cellular mediated 

immunity in humans (Shabir et al., 2015). 

 

1.4.3 T cell dependent activation. 

Naïve B cells recognise the presented antigen through binding with BCR (Schmitz 

et al., 2014).  After antigen binding with BCR, B cell starts its activation process 

where it engulfs the antigen via endocytosis and presents part of the antigen on its 

surface with major MHC II. Further activation signals from helper T-cell via IL-21, IL-

4 and CD40 ligand (CD40L) interaction with B cell (Kurosaki et al., 2015, Schmitz et 

al., 2014). B cells begin to colonise and form germinal centres within lymph nodes 

and secondary lymphoid organs including spleen, Peyer’s patches (PPs) for further 

activation process (Schmitz et al., 2014). 
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1.4.4 Germinal centre (GC) B cells. 

The germinal centre (GC) is a critical site for enhancing humoral immunity in human 

through diversification and Ig affinity maturation process (Figure 1.6). B cells receive 

signals from follicular T-cells to replicate and differentiate into plasma cells which 

produce high numbers of antibodies. GC are divided into two compartments 

anatomically, the dark zone (DZ) and light zone (LZ) (Figure 1.7). The LZ is for 

antigen driven selection while the DZ is for B cell proliferation and hypermutation. 

Within the DZ, CXCL12 expressing Reticular Cells (CRCs) are presented with a tight 

cluster of highly proliferative B cells called centroblasts that have the chemokine 

receptor CXCR4. Other supportive proteins that are required including CD28 which 

interacts with B7 on the B cell alongside Lymphocyte Function-Associated antigen 

1 (LFA-1) located on the surface of T cell that interacts with Intercellular Adhesion 

Molecule 1 (ICAM-1) on B cells to produce plasma cells. Moreover, CD40L must 

interact with the surface protein CD40 continually to stimulate the differentiation of 

B cells to antibody producing plasma cells (Schmitz et al., 2014). The LZ is less 

compact but diversified with GC B cells and naïve B cells with a smaller population 

of T follicular helper cells (Mesin et al., 2016).  
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Figure 1. 6 The development of B cells during GC reaction. Activated B cells initiate the 
formation of GC in the secondary lymph nodes where B cells proliferate at high rate. The formation 
of centroblast occurs inside the dark zone where B cells undergo somatic hypermutation (SHM) to 
produce high affinity Ig that is challenged by selection mechanism with dendritic cells in the light 
zone with follicular helper T cell to regulate and guide the maturation of B cell Ig by class switch 
recombination (CSR) to produce plasm cells. During class switch recombination, B cells Ig gene 
undergoes genetic mutation aimed to change the class of antibody produced by B cells to increase 
antibody affinity and specificity. The follicular dendritic cells FDC act antigen presenting cells to the 
affinity of the new surface antibody produced on B cells (Gibson-Corley, 2010).  

Figure 1. 7 The formation of GC in 
lymph nodes. The microenvironment 
formation of GC in lymph node is 
characterized by dark zone and light zone 
surrounded by follicular mantle. Inside 
GC, B cells undergo antibody maturation 
and class switching to produce antibody 
secreting plasma cells (TW Mak, 2014).  
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1.4.5 Activation-induced cytidine deaminase. 

Activation-Induced Cytidine Deaminase (AID) is a 24 kDa enzyme composed of 198 

amino acid residues which is encoded by the AICDA gene located on chromosome 

12 in humans (King and Larijani, 2017, Barreto and Magor, 2011, Conticello, 2008). 

AID belongs to the group of zinc-dependent proteins called the AID/APOBEC 

deaminase family (Budzko et al., 2013). AID is a natural mutator enzyme that 

facilitates the deamination process of cytosine (C) base converting it into uracil (U) 

in single strand DNA of the Ig gene during class switch recombination and somatic 

hypermutation (Ramiro and Barreto, 2015). The structure of the AID protein is 

characterized by the presence of a DNA binding catalytic domain which contains a 

zinc atom binding two cysteines and histidine (Budzko et al., 2017). 

 

1.4.6 Somatic hypermutation (SHM). 

Somatic hypermutation (SHM) and Class Switch Recombination (CSR) are carried 

out by AID in GC B cells to design specific Ab against specific antigen. AID causes 

multiple and repeated nucleotide conversions of cytosine into uracil on Ig gene locus 

aimed to generate different DNA sequences that consequently produce different Ig 

genetic codes (Di Noia and Neuberger, 2007, Lumsden et al., 2004). AID activity on 

the V region of the light and heavy chain Ig gene is termed as SHM focusing on V, 

D and J segments while CSR events occur on the C region of Ig heavy chain on 

switch (S) segments. In activated GC B cells, AID is expressed and catalyses the 

conversion of cytosine (C) to uracil (U) (Hwang et al., 2015).  

In SHM, V region mutations occur on bases located 200bp downstream of the 

promoter and up to 2 kb before reaching the Eμ enhancer and C region of the Ig 

gene. Studies suggested that the Ig promoter is vital during SHM to direct and 

position AID which is initiated before CSR (Rada and Milstein, 2001, Odegard and 

Schatz, 2006). In activated GC B cells, AID mediated mutation rates at each base 

pair located in V region during SHM can be up to 10-3 per cell. The main point is to 

create single point mutations that give transversion or transition mutations of base 

pairs thereby remodelling V regions to enhance Ab specificity (Casali et al., 2006).  
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In one scenario, the newly produced mutated uracil base is recognised as thymine 

(T) during cell division by DNA replication pathways which gives U-A base pair in 

one of the daughter cell and C-G base pair in the other one. The U-A base pair is 

converted into T-A base pair during subsequent replication cycles (Zeng et al., 2001, 

Simpson and Sale, 2003). The other scenario is that Uracil-DNA glycosylase (UDG 

or UNG) will detect U base through DNA repair machinery and excises U base 

leaving a basic site on the DNA (AP). The presence of AP sites leads to random 

nucleotide insertion during DNA replication in the newly synthesised DNA in 

subsequent cell generations  (Casali et al., 2006, Neuberger et al., 2005a). 

In another mechanism, DNA base pair excision repair (BER) is involved to recruit 

Apurinic/apyrimidinic AP endonucleases (APEX1 and APEX2) to create a single 

strand DNA nick which is later processed with DNA polymerases to fill the gap with 

nucleotides (Casali et al., 2006). AP sites provoke the recruitment of mismatch 

repair (MMR) to direct MSH 2, MSH 3 and MSH 6 proteins to form DNA nicks where 

the exonuclease 1 pathway is activated and digest DNA strand around nick sites. 

DNA synthesis is followed by error-prone DNA polymerase to replace missing 

nucleotides (Maul and Gearhart, 2010, Rada et al., 2004). The high speed of 

nucleotide replacement during BER and MMR pathways increases the chances of 

base pair mismatch leading to DNA sequence changes in daughter cells and results 

in protein diversity (Figure 1.8) (Casali et al., 2006, Rada et al., 2004, Neuberger et 

al., 2005b).  

https://en.wikipedia.org/wiki/APEX1
https://en.wikipedia.org/w/index.php?title=APEX2&action=edit&redlink=1


17 
 

 

1.4.7 Class switch recombination (CSR). 

AID induces multiple single strand breaks (SSBs) which are developed into double 

strand breaks (DSBs) in specific DNA segments called the switch region (S) located 

upstream of isotype determining Ig segments such as: Igμ, Igα, Igδ, Igε and Igγ. 

Multiple DSB occur in two different S regions leading to the cleavage of both DNA 

strands (Iwasato et al., 1990). C region is re-joined together bringing the new class 

determinant segment near the V region to have a new class modified Ig gene (Manis 

et al., 2002). Similar to SHM, AID mutated U base pairs in S region are recognised 

by the UDG system and excised to create AP sites which are processed later with 

BER DNA repair mechanisms to create DNA nicks. MMR interfere as well to create 

SSD. The chance of having two adjacent SSBs in both DNA strands in opposite 

proximity results in DSBs (Figure 9) (Honjo et al., 2002).  Afterwards, DNA strands 

breaks are recognised by the Mre11, Rad50 and Nbs1 (MRN) complex pathway 

Figure 1. 8 The role of AID enzyme in deaminase cytosine base in DNA in SHM. AID   mutate 
C base into U base during SHM mechanism to induce transversion or transition mutation 
subsequently in daughter cells during cell division and DNA replication. DNA absaic sites 
generated by UDG/UNG could eventually give transversion or transition mutation in subsequent 
cells. Alternatively, BER – MMR activation is expected leading sequence changes in daughter 
cells (Neuberger et al., 2005a). 
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which repairs DNA double strands breaks by non-homologous end joining pathway 

(NHEJ) using the Ku protein family (Ku70, Ku80) (Figure 1.9) (Fear, 2013, Casellas 

et al., 1998). 

 

 

 

1.5 Haematological malignancies. 

Leukaemia is a malignant blood cancer associated with a rise in white cell counts 

within the BM or in the peripheral blood and lymphatic system. The major 

classifications are acute lymphoblastic leukaemia (ALL), acute myeloid leukaemia 

(AML), chronic lymphocytic leukaemia (CLL) and chronic myeloid leukaemia (CML) 

Figure 1. 9 Ig class switching in CSR mechanism mediated by AID. IgH chain gene 
comprised of V and C region which is separated by switch (S) segments positioned upstream 
each individual DNA coding exon that is responsible to give Ab its specific class. AID deaminases 
C bases in S segments to cause SSB and DSB eventually. DNA DSB occur in two different S 
segments and DNA circle portion is excised. Non-homologous end joining (NHEJ) pathway re-
join DNA strands producing new DNA sequence (Fear, 2013)  
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(Rodriguez-Abreu et al., 2007). The acute types are defined as a rapid proliferation 

of immature cells in BM leading to the suppression of other cell development and 

proliferation. The chronic form is defined by gradual increased proliferation rate of 

mature cells that result in increase of the number of white blood cell counts in the 

peripheral blood (Mesin et al., 2016).  

Leukaemias including ALL, AML, CLL and CML progress from abnormal precursor 

or primitive cell differentiation and proliferation when DNA synthesis checkpoint 

mechanism fails during cell cycle leading to aberrant proliferation and accumulation 

of blast cells in BM and peripheral blood. Leukaemia aetiology is multifactorial 

including genetic and environmental factors (Bispo et al., 2020). The accumulation 

of blast cells in the BM causes marrow failure (Julien et al., 2016). About 95% of 

CML patients are diagnosed with Philadelphia chromosome abnormality due to 

translocation of Breakpoint Cluster Region protein (BCRp) to tyrosine-protein kinase 

ABL1 gene (ABL) on chromosome 9 and chromosome 22, respectively (t(9;22)) 

(Wapner, 2014). The resulting BCR-ABL fusion gene codes for a protein that has 

constitutive tyrosine kinase activity in triggering the formation of cancer by promoting 

abnormal cell proliferation.  

Lymphomas are cancers that originate from lymphoid tissues and are divided into 

two major groups; Hodgkins Lymphoma (HL) or Non-Hodgkins Lymphoma (NHL). 

HL is characterized by the presence of Reed Sternberg cells as a hallmark (Figure 

1.10).  

Figure 1. 10 Reed Reed-Sternberg cells. Microscopic image showing the of Reed-Sternberg cells 
(black arrow) that are the hallmark in HL represented with owl eye morphology (Aggarwal and Limaiem, 
2019).   
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NHL are classified as low- or high-grade cancers based on proliferation rate. Low 

grade NHL divide very slowly and can last for months before being diagnosed. 

However, high grade NHL cancer cells are rapidly dividing and often diagnosed 

within a few weeks. 

There are different types of low-grade NHLs including; follicular lymphoma (FL), 

marginal zone lymphoma (MZL), mantle cell lymphoma (MCL). These types of NHL 

are characterised by the slow growth pattern (Bende et al., 2007, Ferreri and Zucca, 

2007, Barista et al., 2001). The high-grade NHL are Burkitt's lymphoma and diffuse 

large B cell lymphoma (DLBCL) which are characterized by the rapid growth pattern 

(Li et al., 2018).  

It is estimated that 30% of all B cell lymphoma cases are DLBCL making it the most 

common type seen in lymphoma patients around the world (Hunt and Reichard, 

2008). DLBCL originates from the GC B cells stage similar to Burkitt's lymphoma 

(BL). However, the mechanisms involved in its lymphomagenesis are still unknown 

(Xie et al., 2015). Several studies have suggested the mechanism to be related with 

BCL-2 translocation to IgH locus t(14;18)  (Iqbal et al., 2004). Different HL and NHL 

types and related characteristics are presented in Table 1.2.  
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1.6 Burkitt's lymphoma (BL). 

BL is a malignancy of B lymphocytes that originates in GC B cells. BL was firstly 

discovered in 1956 in Africa (Uganda) among children by the surgeon Denis Burkitt 

who noticed a rapid progression of jaw tumour in children (Ferry, 2006, Crombie and 

LaCasce, 2021). Following its discovery, world health organization (WHO) classified 

BL as a NHL (Thomas et al., 2011). BL is described as a high grade and fast-growing 

type of lymphoma which can double within two days. 

BL is characterized by the translocation of the C-MYC protooncogene from 

chromosome 8 to one of the Ig genes located on chromosome 14, 22 or 2 where C-

MYC is juxtapositioned to IgH or IgL (Lambda or Kappa) chain (Figure 1.11). This 

translocation results in constitutive C-MYC gene expression leading to dysregulated 

C-MYC protein activity and uncontrolled cell proliferation (Schmitz et al., 2014, 

Nossal, 2003). Molecular investigations have identified that the frequency of C-MYC 

gene translocation to IgH is 70% more than C-MYC translocation to IgL which 

makes it the most common type of C-MYC translocation in BL (Ferry, 2006, Graham 

and Lynch, 2021). 

 

 

 

 

 

 

 

 

 

Figure 1. 11 C-MYC translocation in BL 

(A) The hallmark of BL is the translocation of C-
MYC to either heavy or light chain Ig gene 
located on chromosome 14, 22 or 2. As showed 
in the figure, C-MYC is normally located on 
chromosome 8 and the normal location of IgH is 
on chromosome 14. In BL, C-MYC is 
translocated to IgH in chromosome 14 during B 
cell developmental next to constant region (CH) 
replacing variable region (VH) which is moved to 
C-MYC wild type location. (Nossal, 2003). (B) 
Fluorescence in situ hybridisation (FISH) shows 
C-MYC translocation in BL cells. C-MYC 
breakpoint at 8q24 and translocation to IgH at 
14q32 breakpoint.  Red arrow is pointing to C-
MYC gene wild type location and green arrow 
shows IgH gene wild type location. Yellow arrow 
shows the C-MYC/IgH fusion in BL cell  
(Cytology) 

A 

B 
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Based on epidemiological differences, BL is divided into 3 subtypes: endemic, 

sporadic, and immune deficiency BL type. BL is curable with managed long-term 

course of chemotherapy (Molyneux et al., 2012, Bishop et al., 2000, Dunleavy, 

2018).  

Generally, there are several methods involved in BL diagnosis which include 

microscopic cellular morphological evaluation, cytogenetic analysis and 

immunophenotyping. Under the microscope, BL cells exhibit a medium sized 

lymphocyte shape with increased nuclear size. BL cells are also characterized by 

the presence of multiple vacuoles distributed in the cytoplasm and clumped 

chromatin with multinuclear appearance. High apoptosis rate is one of the main 

characteristics of BL giving tumours a  “starry sky” appearance (Figure 1.12) 

(Kelemen et al., 2010, Faramarz Naeim, 2013).   

 

 

 

 

 

 

 

 

 

As a cancer of GC B cells, immunophenotyping with flow cytometry showed that BL 

cells express the classical B cell marker CD19, CD20, CD22, CD79a and surface 

IgM receptor.  BL cells are also positive for both CD10 and BCL-6 and negative for 

CD5 and terminal deoxynucleotidyl transferase (Bispo et al., 2020, Kelemen et al., 

2010).   

Figure 1. 12 Microscopic presentation of BL cell. (A) 

BM sample from BL patients show that BL cells are 

characterized by the presence of increased nuclear to 

cytoplasm ratio with multiple vacuoles around the 

basophilic cytoplasm. (B) microscopic image of the 

lymph node sample taken from BL patient shows the 

starry sky pattern of BL cells (Faramarz Naeim, 2013) 

A 

B 
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1.7 BL epidemiology and the different BL subtypes. 

As mentioned earlier, the first type of BL discovered was endemic or African BL.  

Endemic BL (eBL) occurs commonly in malaria endemic regions including Sub-

Saharan Africa (SSA) and Papua New Guinea where BL account for more than 50% 

of cancer cases among children (Stefan et al., 2017, Bouda et al., 2019a). There is 

a tight relationship between the incidence of BL and malarial infection in malaria 

endemic regions in Africa especially with Plasmodium falciparum malaria species. 

Epstein–Barr virus (EBV) infection was also detected in nearly all eBL cases (Stefan 

et al., 2017, Mbulaiteye, 2013, Hämmerl et al., 2019). More than 60% of eBL patients 

present at clinics with enlarged spleen and lymph nodes around the abdominal area. 

Almost 50% eBL patients presented with facial and jaws bones distortion due to 

enlarged lymph nodes in advanced stages (Orem et al., 2007, Shapira and Peylan-

Ramu, 1998, De Coninck et al., 2021). 

The incidence of eBL is notably higher in males compared to females with a ratio of 

4:1. The highest incidence of eBL were seen in patient around 5-9 years old 

(Hämmerl et al., 2019, Mwanda, 2004, Mwanda et al., 2004, Oguonu et al., 2002). 

Due to the shortage of medical supportive care which is required to overcome the 

tumour lysis syndrome seen in patients administered with chemotherapeutic drugs, 

the survival rate in SSA is not very high and it is estimated to fall between 30% and 

50% (Ozuah et al., 2020, Magrath, 2009, Lombardo et al., 2017).  

The second subtype of BL is sporadic BL (sBL) which is mostly found in non-African 

regions and accounts for about 2% of all NHL cases in adults in the United States 

and Western Europe. Like eBL, sBL incidence rate is higher in children than in adult 

and accounts for about 30-50% of NHL cases among children with a high male to 

female ratio (Philip, 1985, Molyneux et al., 2012, Mukhtar et al., 2017). Unlike eBL 

cases, EBV infection is not highly associated with sBL cases as the infection rate of 

EBV in sBL is lower than 30% (Thomas et al., 2011, Hämmerl et al., 2019). More 

than 60% of sBL patients present with enlarged abdomens. BM tumour invasion is 

associated with sBL patients in 20% the cases and in advanced stages central 

nervous system invasion is likely (Mbulaiteye, 2013, Dozzo et al., 2017). 
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The survival rate in patients with sBL is strongly related to early diagnosis of the 

disease and individual’s age. At early stage, survival rate in sBL patients can be up 

to 60%, especially among young individuals. However, survival rates decline in older 

patients, especially those with a late diagnosis (Costa et al., 2013). It is estimated 

that in the United Kingdom, the annual reported cases of BL is around 210 every 

year with median age of 55.4 years at diagnosis stage (Figure 1.13) (Cancer-

Research-UK, 2022, (HMRN), 2022).   

 

 

The third BL subtype is known as immune deficiency BL type. This subtype is 

commonly seen in patients infected with human immunodeficiency virus (HIV) and 

in organ transplantation patients on immunosuppressive therapy (Thomas et al., 

2011, Orem et al., 2007). The increased risk of BL development in HIV 

immunocompromised individuals is related to EBV infection and its role in 

lymphomagenesis. It was reported that HIV increases the risk of BL development 

57 times more in when compared to the other BL groups (Birlutiu et al., 2020, Dozzo 

et al., 2017). Additional reports mentioned that BL account for 15-40% of lymphoma 

developed in individuals with HIV and acquired immune deficiency syndrome 

(AIDS). The incidences of BL lymphomagenesis are 86.7% higher in males with HIV 

Figure 1. 13 Survival rate percentage of BL patients in United Kingdom. Average BL survival 
rate in BL (male and female) patients showed to be highly dependent to diagnosis time. Over 
70% and higher survival rate can be seen if patient achieved diagnosis in a time earlier than 1 
year of BL development. Provided data are obtained from The Haematological Malignancy 
Research Network website (HMRN, 2022). 
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infection than in females with general median age of 39 years (Komatsu et al., 2013, 

Alderuccio et al., 2021, Verdu-Bou et al., 2021). Table 1.3 summarises the 

differences between BL subtypes.  

 

BL represents an aggressive proliferation pattern, it can invade the BM and 

metastasise to the central nervous system. Early diagnosis and early treatment 

administration are important to avoid clinical complications seen with tumour 

progression during later disease stages. 

Signs and symptoms of BL include nausea, vomiting, gastrointestinal bleeding, 

intestinal obstruction or perforation, renal failure because of retroperitoneal disease 

and tumour lysis syndrome. Cancer diagnosis is primarily based on pathologic 

evaluation of the tissue biopsy. Lymph node biopsy is crucial for managing treatment 

and evaluate BL stage (Molyneux et al., 2012). A BM biopsy is needed for cases 

where there is a suspicion that the cancer has metastasised to bones. 

 Endemic BL 
(eBL) 

Sporadic BL 
(sBL) 

Immunodeficiency BL 

Geographical 
distribution and 
epidemiological 
factor 

- Mostly in African region 
with endemic malaria 
infection. 
- More common in 
children than adult. 

- Worldwide. 
- Very rare in adult with 
NHL. 
- 25-30% in children with 
NHL. 

 
- HIV infected patients 
worldwide. 
- Risk increases with 
HIV progression. 
- Most common in adult. 

Incidence/ 
population 

- - 5-10 / 100000. - - 2-3 / 1000000. 
 

- - 6-23 / 1000 individuals 
with AIDS 

Co-factor infection - Malaria and EBV. - EBV.  
- HIV. 
- Immunocompromised. 

Genetic mutations 
- C-MYC (100%). 
- ID3 / TCF3 (40-70%). 
- CCND3 (1.8%). 

- C-MYC (92%). 
- ID3 / TCF3 (40-67%). 
- CCND3 (38%). 

-  C-MYC (100%). 
- ID3 / TCF3 (67-40%). 
- CCND3 (1.8%). 

Involved tissues 

- Face. 
- Jaw bones. 
- Abdomen. 
- Gonads. 
- Central nervous system 
in late stage. 

- Ileocecal valve. 
- Bone marrow. 
- Central nervous system. 
- Kidney and breast. 

- Lymph nodes. 

EBV incidence rate - 95-100% - 30% - 50% 

Table 1. 3 : The differences and the characteristics of the different BL types (Orem et al., 
2007, Verdu-Bou et al., 2021, Dunleavy et al., 2016, Birlutiu et al., 2020, Schmitz et al., 2012, 
Huang et al., 2015, Chuang et al., 2008). 
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1.8 The role of EBV in BL pathogenesis. 

EBV is a member of the DNA herpes virus family. It infects human B lymphocytes 

and persists inside the cell lifelong. It is considered that 90% of total world population 

is infected with EBV (Gequelin et al., 2011, Smatti et al., 2018). The mechanism of 

EBV infection in B cell begins with infecting oropharyngeal epithelial cells. EBV 

enters B cells by viral glycoprotein gp350 binding to CD21 expressed on the B cell 

surface and glycoprotein gp42 antigen binding to major histocompatibility complex 

II (MHC II) (Odumade et al., 2011, Chesnokova and Hutt-Fletcher, 2014). Upon 

infection, EBV undergoes two different stages of viral life cycle known as the latent 

and lytic phases. In the latent phase, viral episomes in immunocompetent 

individuals remain silent and confined to infected memory B cells evading immune 

system and specifically cytotoxic T cells (CD4) which suppress the infected B cells 

(Young and Rickinson, 2004, Mawson and Majumdar, 2017, Rezk and Weiss, 

2007). EBV replicates via host cell DNA polymerase during host cell replication. EBV 

reactivation happens when latent EBV is triggered by triggering of the B cell 

receptor. This initiates the lytic viral phase to produce more infectious virions 

(Kenney and Mertz, 2014, Odumade et al., 2011).  

The contribution of EBV in B cell lymphomagenesis are via regulating and controlling 

B cell proliferation by expressing viral transforming proteins such as Epstein Barr 

nuclear antigens (EBNA) 1, 2 and 3 and Latent Membrane Proteins (LMPs). Later, 

EBV was used in laboratories as a useful tool in generating immortalized 

lymphoblastoid cell lines (LCL) B cells that have helped in understanding more 

about B cell lymphoma (Dugan et al., 2019, Saha and Robertson, 2019, Hui-Yuen 

et al., 2011, Sall et al., 2023).  

EBV gene products are different and are dependent on the actual activity and the 

viral latency stage as referred in Table 1.4 which also shows the associated disease. 

As mentioned before, there is an association between EBV and BL. Different EBV 

gene products were found in BL including; EBNA1, Epstein Barr virus encoded small 

RNA (EBER 1 and EBER 2) and BamHI fragment A rightward transcript (BART) 

micro-RNA (Pannone et al., 2014, Ambrosio et al., 2014, Saha and Robertson, 

2019). 
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Table 1. 4: EBV gene expression profiles during the different latency phases with associated 
diseases. EBV gene expression includes; Epstein–Barr nuclear antigen (EBNA), EBV-encoded 
small RNA (sRNA-EBER), micro RNA BamHI A region rightward transcript (miR-BART), Latent 
Membrane Proteins (LMP), micro RNA BamHI fragment H rightward open reading frame (miR-
BHRF) and BamHI-A rightward frame (BARF). Acquired immune difeceincy syndrome (AIDS). EBV 
gene expression is different and is related to viral phase of latency (Wyżewski et al., 2022, Yang et 
al., 2020, Price and Luftig, 2015, Lassmann et al., 2011, Grömminger et al., 2012, Kelly et al., 2013, 
Murata et al., 2021, Shechter et al., 2022). 

 

BL cells are known for their ability to proliferate rapidly and it was observed in vivo 

that even with this rapid proliferation, BL cells also showed an increased and rapid 

pattern of apoptosis which is driven by the activity of irregular C-MYC expression 

and absence of BCL2 expression (Milner et al., 1993, Gregory and Milner, 1994). 

The role of EBV in the progression of BL lymphomagenesis has been shown to be 

by inhibiting apoptosis in BL cells via EBV gene products during latency I stage (Xu 

et al., 2001). Apoptosis is normally carefully regulated in the cellular 

microenvironment by different genes. The tumour suppressor gene TP53 or tumor 

protein p53 has a major role in regulating apoptosis and in inducing cell cycle arrest. 

It was found that EBNA1 protein destabilizes P53 protein and facilitates its 

Latency phase Gene products Associated disease 

Latency phase 1 

- EBNA1 protein 

- sRNA-EBERs 

-miR-BARTs 

- Burkitt’s Lymphoma. 

- Gastric cancer. 

Latency phase 2 

- EBNA1 protein 

- sRNA EBERs 

- miR-BARTs 

- LMP (1, 2A and 2B) proteins 

- BARF1 protein 

- Diffuse large B cell lymphoma. 

- NK/T cell lymphoma. 

- Nasopharyngeal carcinoma. 

Latency phase 3 

- miR-BHRF1 

- miR-BARTs 

- EBNA (1, 2, 3A,3B, 3C and LP) 
proteins 

- LMP (1, 2A and 2B) proteins 

- sRNA-EBERs 

- Infectious mononucleosis. 

- Diffuse large B cell lymphoma. 

- Lymphoblastoid cells (LCLs). 

- AIDS related lymphoma. 

 W promoter (Wp)-
restricted latency 

- BHRF1 protein 

- EBNA (1,3A, 3B and 3C) proteins 

- sRNA-EBERs 

- miR-BARTs 

- Burkitt’s Lymphoma. 
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degradation. This mechanism involves the binding of EBNA1 to ubiquitin specific 

protease (USP7) to block the binding of P53 leading to the increased ubiquitination 

and degradation (Frappier, 2012). In vitro, it was observed that inhibiting EBNA1 

significantly reduced cell viability and increased apoptosis among BL cell lines 

(Kennedy et al., 2003) Thus, the role of EBV infection in the transformation of B cells 

was clearly illustrated to increase cell survival by targeting apoptosis. 

The BCL-2 protein family regulates the intrinsic pathway of apoptosis which is 

mediated by the mitochondria and caspases. BCL-2 protein family is divided into 

anti-apoptotic proteins (BCL-2, MCL-1 and BFL1) which block apoptosis, 

proapoptotic proteins (BAX and BAK) which increase apoptosis and BH3 only 

proteins (BAD, BIM and PUMA) that also induce apoptosis (Kale et al., 2018). EBV 

has a significant role in targeting BIM and PUMA proteins to supress apoptosis in 

BL during latency 1 stage of infection. However, there is another route used by EBV 

to induce more apoptosis resistance which involves the Wp viral promoter 

regulating: EBNA2, EBNA3A, EBNA-LP and BHRF1 protein expression (Mabuchi 

et al., 2021, Cartlidge, 2015, Kelly et al., 2009, Fitzsimmons et al., 2020). The 

increased resistance to apoptosis seen in 15% BL cases is due to the activity of the 

viral BHRF1 which is a BCL-2 homologue protein that blocks apoptosis. The anti-

apoptotic mechanism induced by EBV via BHRF1 protein was reported to be due to 

the interaction of BHRF1 with BIM, PUMA, BID, and BAK protein to prevent 

mitochondria permeabilization and maintain mitochondrial integrity and prevent 

further apoptotic signalling (Cartlidge, 2015). In addition, the impact of viral BHRF1 

in blocking apoptosis and increasing cell survival in BL was tested in vitro using an 

inducible plasmid system and it was shown that the mutant form of BHRF1 protein 

was not able to protect the cells against apoptosis when compared to WT BHRF1 

(Fitzsimmons et al., 2020, Kvansakul et al., 2010).  

 

1.9 The contribution of Malaria in BL progression.  

Plasmodium falciparum is one of six different falciparum malaria species that 

accounts for more than 75% of malarial infections amongst children in SSA 
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(holoendemic region) (Figure 1.14). (Nkumama et al., 2017, Thorley-Lawson et al., 

2016, Pannone et al., 2014). Studying the role of the Plasmodium falciparum 

parasite in developing BL has provided strong link to the pathogenesis of the 

disease. Malaria starts by infecting RBCs which triggers B cells to increase the 

production of polyclonal antibodies (Magrath, 2012).  

 

Interestingly, malarial infection was shown to prolong B cells at GC stage of 

development which triggered AID enzyme activity by releasing haemozoin from 

digested hemoglobulin. Studies showed that haemozoin binds to toll-like receptor 

(TLR9) on B lymphocytes causing deregulated AID activity and increased the risk 

of DNA breaks and MYC translocation (Edry et al., 2008).  

Tonsillar GC B cells collected from individuals infected with P. falciparum were 

shown to have a higher level of AID. This finding was linked to the study that showed 

an increased activity levels of AID in GC B cells as a response to haemozoin which 

was extracted from P. falciparum infected individuals. All these findings suggest that 

malarial infection can participate in the development of BL by inducing high levels 

of AID and increase the risk of genes breaks and translocations in GC B cells with 

high EBV infection rate (Thorley-Lawson et al., 2016).  

In response to malarial infection, RBCs infected with malaria express a protein 

known as cysteine rich interdomain region 1-alpha (CIDR1α). This protein was found 

to interact with memory B cells and increase the reactivation process of EBV virus. 

Figure 1. 14 Equatorial region in Africa 
is endemic with malarial infection. 
Equatorial region in Africa is endemic with 
malaria infection with high mosquito 
spread across the region (green). The 
same region with malaria infection  
showed  to share the distribution mapping 
of  eBL across equatorial Africa (Mwanda 
et al., 2004). 
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Also, malaria parasite was reported to reduce T cell responses against EBV-infected 

B cells which increase the risk of BL developing (Magrath, 2012, Rochford, 2016).  

 

1.10 The role of HIV in BL progression. 

BL lymphomagenesis in HIV infected people is related to the immunocompromised 

status of the individuals (Dozzo et al., 2017). Weakness of the immune system 

exposes the body to infection and increases the chance of having dysregulated 

cytokine actions which support the pathogenic effect of pathogens such as EBV 

(Grogg et al., 2007). The immunocompromised state of HIV individuals has been 

linked to activation of latent EBV infection and abnormal proliferation of B cells 

(Galanis and Levis, 2015). HIV virus encodes trans-activator of transcription (Tat) 

protein which was found to bring chromosome 8 and the C-MYC gene in close 

proximity to the IgH gene on chromosome 14 for prolonged periods of time. This 

phenomenon was shown to increase the risk of the AID enzyme inducing a C-MYC 

translocation (Germini et al., 2017). In HIV associated BL, there is a direct effect of 

Tat protein that promotes high proliferation rate in B cells thus increasing the chance 

of C-MYC translocation (Galanis and Levis, 2015). B cell development in HIV 

individuals is affected by inadequate and irregular cellular signalling which increases 

abnormal proliferation and metabolism in immature B cells, thus contributing to 

cancer development.  

 

1.11 The genetics of BL. 

As discussed earlier, BL is characterised by the translocation of C-MYC gene to 

immunoglobulin genes (either heavy or light chain gene). In addition to this particular 

translocation, other genetic mutations have been reported in different studies to be 

found in BL including endemic, sporadic and HIV related type. The development 

and progression of BL is not dependent on deregulated C-MYC gene expression 

only. Lymphoma progression requires multiple genomic mutations to evade 

apoptosis and proceed with cell cycle. Thus, genes that are responsible for 
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maintaining or regulating cell cycle, apoptosis, gene expression and cellular 

communications were found to participate in the progression of BL. 

Genomic investigation studies used RNA sequencing, DNA sanger sequencing and 

whole exome sequencing reported that BL showed a TP53 mutation in endemic and 

sporadic BL subtypes (Newman et al., 2022, Abate et al., 2015). The encoded P53 

protein from the tumour suppressor gene TP53 gene has a significant role in 

regulating different aspect of cellular events including cell cycle, apoptosis and DNA 

repair process. Irregular P53 function are linked to cancer progression which was 

found in almost 50% of cancers (Wang et al., 2022). The mutation of TP53 was 

reported in ~15% endemic BL whilst in sporadic BL, the mutation was present in 

about 50% of cases. Irregular P53 function and its contribution to BL progression 

was due to missense and or loss of gene heterozygosity causing protein failure to 

induce apoptosis and inhibit cell growth (Newman et al., 2022, Abate et al., 2015, 

Zhou et al., 2019). 

In addition to TP53 mutations, furthermore genomic investigations of BL via whole 

genome sequencing showed that the neurogenic locus notch homolog protein 1 or 

(NOTCH1) was mutated in some BL cells (Love et al., 2012a). Notch1, which is a 

member of the NOTCH protein family, functions as a transmembrane receptor that 

is important in cell communication. Upon activation with specific ligand, Notch1 

initiates multiple cellular cascades that are important for cell development and gene 

expression. Thus, NOTCH1 mutations can lead to irregular continuous signalling 

involved in cancer progression (Arruga et al., 2014). In a study conducted on 70 

different BL samples, mutation of NOTCH1 was reported in 5 BL samples which 

accounts for 7.1% where NOTCH1 was showing a truncating mutation (Love et al., 

2012a, Dozzo et al., 2017).  

Cell proliferation and the cell cycle are regulated by cell cycle proteins that facilitate 

cell cycle priming and progression during the different phases (Otto and Sicinski, 

2017). Cell cycle regulator proteins are known as cyclin and cyclin dependent 

kinases. Irregular cyclin and cyclin dependent kinase activity is strongly related to 

cancer development in different cancers (Otto and Sicinski, 2017, Casimiro et al., 

2012). Upon cell development and activation with mitogens, cyclin D3 (CCND3) 
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expression levels begin to increase and complex with other cyclin dependent 

kinases to stimulate the phase transition of the cell cycle from G1 to S phase (Ketzer 

et al., 2022). In BL, studies have observed that there are mutations in CCND3 that 

play a role in BL progression that was commonly reported in multiple BL samples 

(Rohde et al., 2017, Richter et al., 2012). In sporadic BL, CCND3 was mutant in 

38% while HIV related BL showed a higher percentage of 68%. Although CCND3 

mutations were reported in endemic BL, it was low with 1.8% compared to other BL 

subtypes (Schmitz et al., 2012). Genomic investigations of CCND3 performed by 

Sanger sequencing of the DNA of different BL cells showed missense, nonsense 

and frameshift mutations which were responsible for increasing protein stability and 

maintained activity by removing 41 amino acids. The mutation was reported to target 

the conserved PEST domain (proline, glutamic acid, serine and threonine) that 

regulates protein stability and degradation (Schmitz et al., 2012, Nguyen-Khac et 

al., 2021). 

Another approach that can be used to stimulate cancer progression is to target the 

activity of the transcription factor gene TCF3 and its negative regulator gene which 

is known as Inhibitor of DNA Binding 3 (ID3). The TCF3 protein is a transcription 

factor that belongs to the helix loop helix (HLH) protein family that has the ability to 

complex with other HLH transcription factors and binds to DNA to initiate multiple 

cellular events and programming. The regulation of TCF3 protein activity is 

controlled by ID3 protein that heterodimerises with TCF3 and inhibits its ability to 

bind DNA (Bakr et al., 2021, Yamazaki et al., 2020). In BL, the TCF3 and ID3 

pathway was reported to be involved in cancer pathogenesis with mutations in both 

TCF3 and ID3 genes. The TCF3 isoform (E47) mutation is very common in BL where 

N551K, V557E/G, D561E/V/N, M572K amino acid residues are affected. ID3 

nonsense and frameshift mutations were also reported in BL leading to the inability 

of ID3 protein to recognise and bind TCF3 and resulting in constitutive TCF3 activity. 

Mutations of TCF3/ID3 genes are very common in BL and reported in 67%, 70% 

and 40%  of sporadic, endemic and HIV related BL samples, respectively (Yamazaki 

et al., 2020, Schmitz et al., 2012).  

The transcription factor Forkhead Box Protein O1 (FOXO1) which plays an 

important role in cellular metabolism, was reported to be mutant in different sporadic 



34 
 

(29%) and endemic (54%) BL cases where missense and nonsense mutations of 

FOXO1 were reported using Sanger sequencing. In addition, FOXO1 mutations 

were commonly reported in the binding domain of AKT serine-threonine protein 

kinase at T24 and S22 causing protein retention (Zhou et al., 2019).  

Gene expression of the different proteins recruited during cell proliferation can be 

controlled by chromatin remodelling which results in easier gene access by other 

transcription factors and DNA binding proteins. Thus, it is crucial for chromatin 

remodelling to be maintained and regulated to avoid irregular cell proliferation. The 

SWitch/Sucrose Non-Fermentable (SWI/SNF) protein complex is a chromatin 

remodeller that targets nucleosome regulation. The ARID1A gene is responsible for 

producing AT rich interaction domain containing protein A1 which is a sub unit 

protein that belongs to SWI/SNF complex and found to be mutated in different 

cancers (Wu et al., 2014). In BL, truncating ARID1A mutations were found in 17.2% 

– 25% of endemic BL samples as reported by RNA sequencing (Abate et al., 2015, 

Wu et al., 2014). Additionally, in a study that was conducted for paediatric BL, 

nonsense ARID1A mutation was reported in 32% of total pediatric BL samples 

tested (Burkhardt et al., 2022). The anti-apoptotic Myeloid Leukemia 1 (MCL1) gene 

is a hot spot that inhibits apoptosis upon its upregulation in BL.  

The MCL-1 protein prevents mitochondrial cytochrome c release which is released 

as a consequence of BAK and BAX protein pathway. Increased MCL-1 protein 

activity was linked to cancer pathogenesis (Wang et al., 2021). Fluorescence in situ 

hybridization (FISH) analysis showed MCL1 gene amplification which causes MCL1 

overexpression in over 20% of tested BL samples. Additionally, increased MCL-1 

protein stability was reported due to point mutations found in the FBWX7 gene which 

produces a ubiquitin ligase protein that controls MCL-1 protein degradation (Roth et 

al., 2012, Klanova et al., 2022).  

All gene mutations discussed are listed in the following Table 1.5 which describes 

the different genetic mutations involved in BL. 
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Gene name Gene function Reported mutations in BL 

- Inhibitor Of DNA 
Binding 3 (ID3) 

- Transcription 
Factor 3 (TCF3) 

- ID3 protein is a negative 
regulator and suppressor of the 
transcription factor TCF3. 

- Missense and frameshift mutations 
in eBL (70%), sBL (67%) and HIV 
related BL (40%).  

 

- Mutations involve ID3 and/or TCF3 
protein binding domain. 

Specific cyclin D3 
(CCND3) 

- Cell cycle driver and regulator. 

 

- Facilitate G1/S phase transition.  

- Mutations reported in sBL (38%), 
eBL (1.8%) and HIV related BL 
(68%). 

 

-  Missense and nonsense mutations 
of PEST domain causing increased 
protein half-life.  

Neurogenic locus 
notch homolog 
protein 1 (NOTCH1) 

- Membrane receptors. 

 

- Regulates cellular development 
and proliferation and cell to cell 
interaction.  

- Truncating mutations in 7.1% of 
tested BL samples. 

 

- Increased NOTCH1 protein activity 
and continuous proliferation 
signalling pathway. 

 

AT rich interaction 
domain containing 
protein A1 (ARID1A) 

- Subunit protein in the SWI/SNF 
complex. 

- Important in chromatin 
remodelling. 

 

- Involved in DNA replication and 
repair process. 

- Truncating mutations in 17.2 - 25% 
of BL cases. 

 

- Nonsense mutations in 32% of 
paediatric BL.  

Tumor protein (TP53) 

- Regulates cell cycle progression 
and apoptosis. 

 

- Guards cellular DNA via DNA 
repair process upon DNA damage.   

- Loss of gene heterozygosity in 25 – 
50% of sBL and 15% of eBL. 

 

- Missense mutation with inactivated 
protein function. 

 

Myeloid cell 
leukemia-1 (MCL1) 

- Belongs to BCL-2 protein family 
that regulates apoptosis. 

 

- Prevents cytochrome c release 
from mitochondria.  

- Gene amplification in over 20% of 
tested BL samples.  

 

- Point mutations of ubiquitin ligase. 

- Overexpression in some of BL 
samples. 

Forkhead box protein 
O1 (FOXO1) 

- Transcription factor belongs to 
forkhead protein family. 

 

- Regulates different gene 
expression.  

- AKT binding site mutations in 29% 
sBL and 54% of eBL tested samples. 

Table 1. 5  The different names of mutated genes reported in BL and their cellular function. 
(Bouska et al., 2017, Rohde et al., 2017, Klumb et al., 2001, Love et al., 2012b, Zhou et al., 2019, Roth 
et al., 2012, Kelly et al., 2014, Nguyen-Khac et al., 2021, Dozzo et al., 2017, Dozzo et al., 2016, Amato 
et al., 2016, Preudhomme et al., 1995, Schmitz et al., 2012, Love et al., 2012a, Abate et al., 2015, 
Roschger et al., 2017, Newman et al., 2022, Burkhardt et al., 2022). 
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1.12 C-MYC gene and its role in regulating multiple cellular mechanism. 

Gene expression is regulated by specific groups of proteins known as transcription 

factors (TFs) that  bind the promoter region of target genes and regulate 

transcription (Chial, 2008, Wang et al., 2015). One of the most important 

transcription factors is called C- MYC protein. Besides being an oncogene, C-MYC 

is known to be involved in a wide network of molecular pathways as a master gene 

expression regulator (Chanu and Sarkar, 2014, Miller et al., 2012). C-MYC gene is 

located on chromosome 8 and encodes a protein with 439 amino acids that belongs 

to the basic helix-loop-helix zipper (bHLHZip) family (Sammak et al., 2019, Conacci-

Sorrell et al., 2014). C-MYC protein has a vital role in regulating cell cycle 

progression, cellular metabolism, cell division, DNA synthesis and repair and 

apoptosis (Figure 1.15) (Conacci-Sorrell et al., 2014).    

Figure 1. 15 The complex cellular functions that are regulated by C-MYC protein inside 
the cell. C-MYC is involved in multiple cellular pathways and mechanism including microRMA 
pathways, cell cycle phases where C-MYC regulates the expression of multiple cyclin proteins. 
C-MYC plays a major role in gene expression by functioning as a transcription factor, controls 
cellular development and differentiation. C-MYC also, participates in DNA synthesis and repair 
mechanism and engages in protein synthesis and programmed cell death by regulating P53. 
This figure was created using BioRender platform (www.BioRender.com).  

http://www.biorender.com/
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C-MYC protein has the capacity of regulating between 10% and 15% of the whole 

genome from drosophila through to humans. C-MYC gene expression mediated 

activation is achieved via different mechanisms which includes; DNA 

methyltransferases, histone acetylases recruitment and proteins that modulate 

chromatin (Dang, 1999). C-MYC protein binds with a transcription factor MAX or 

MAD (Figure 1.16) to form a heterodimer protein complex forming a DNA binding 

motif that looks like scissors to activate or supress gene expression (Amati and 

Land, 1994). 

 

 

 

 

 

 

 

Upon complexing with MAX or MAD, C-MYC binds to the E box sequence (5'-

CANNTG-3') in DNA which acts as a gene expression regulator region that is known 

as a binding site for (bHLHZip) family (Figure 1.17). Once bound to an E box, C-

MYC regulates the targeted genes transcription via chromatin remodeling complex 

and histone acetyl transferase or repressing the expression via regulating histone 

deacetylases 1 and 2, Paired amphipathic helix protein Sin3a (Sin3), and  Nuclear 

Receptor Corepressor (N-CoR) (Kharazmi et al., 2012, Dang, 1999, Chanu and 

Sarkar, 2014, Terme et al., 2009). 

Figure 1. 16 MYC-MAX dimerization.  
Crystallography structure of MYC-MAX 
dimerization at leucine zipper region of each 
protein. MYC-MAX complex binds DNA at E 
box initiating the transcription process of the 
gene (Tansey, 2014). 
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MYC regulates other transcription factors involved during cell cycle and 

differentiation including cyclin A2, cyclin D2, cyclin dependent kinases 4 and 6, P21 

and Integrin, etc (Miller et al., 2012, Conacci-Sorrell et al., 2014, Bretones et al., 

2015). Studies have shown that C-MYC regulates glucose metabolism via glucose 

transporter gene (GLUT1), lactate dehydrogenase A (LDHA) and hexokinase II (HK 

II) genes highlighting the function of C-MYC in the modulation of glycolysis and 

glucose uptake (Li et al., 2020). C-MYC is also significant in regulating different 

networks of microRNAs (miRNA) by stimulating miRNA-17-92 to block different 

miRNAs including miRNA precursor Let-7  (Li et al., 2014, Olive et al., 2010). C-

MYC also mediates the suppression of genes through the control of targeted genes 

by the Miz-1 pathways (Tansey, 2014, Van Riggelen et al., 2010) 

Earlier reports have demonstrated the involvement of C-MYC in energy metabolism 

and in mitochondrial biogenesis. C-MYC stimulates glycolysis and oxidative 

phosphorylation via transcription. At the DNA level, C-MYC targets aspartate 

transcarbamoylase (CAD) and ornithine decarboxylase (ODC1), that are involved in 

the repair and biosynthesis of DNA (Eberhardy and Farnham, 2001, Tsuji et al., 

2007, Bello-Fernandez et al., 1993). In terms of apoptosis, C-MYC was expressed 

in fibroblast and myeloid cell line and induced apoptosis by inhibiting P21 and 

activating TP53 (S, 2019, Ho et al., 2005).   

Figure 1. 17  Gene expression regulation by C-MYC- MAX heterodimerization. C-MYC- MAX 
complex binds to E Box region (CACGTG) of targeted gene and recruits RNA polymerase II for 
gene transcription.  
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C-MYC belongs to MYC protein family which includes; L-MYC and N-MYC. 

Functionally, there are no major differences among MYC members. They are similar 

in the way they affect cell proliferation and death except for potency differences 

(Nesbit et al., 1998). Each member is expressed variously based on cell type and 

mutations in the different MYC proteins are associated with different diseases. 

Studies focused on MYC and tumorigenesis revealed that C-MYC was found to be 

mutant in solid and other blood cancer such as lymphomas. On the other hand, L-

MYC and N-MYC were associated with lung cancer and neuronal cancer in brain, 

respectively (Tansey, 2014). Due to restricted understanding of how L-MYC and N-

MYC functions and expression mechanisms, most MYC gene related studies in 

human are focused on C-MYC (Malynn et al., 2000). 

 

1.13 C-MYC expression and phosphorylation.  

C-MYC protein level is increased or decreased differentially through the cell cycle. 

For instance, C-MYC levels are increased when cells are approaching G1 phase. 

C-MYC levels are regulated  by different mechanisms starting with transcription rate, 

mRNA stability and post translational modification such as phosphorylation which 

plays a major role in regulating C-MYC (Sears, 2004). A key mechanism regulating 

C-MYC levels is protein degradation via the ubiquitin proteasome system. 

Protein phosphorylation is required for C-MYC activation and RAS proteins are 

involved in this process. RAS is a signal transducers protein found in the cell 

(Goodsell, 1999). During cell cycle, growth factors induce a series of signalling 

events leading to activation of RAS protein which stimulates extra cellular receptor 

kinase protein (ERK) leading to phosphorylation of C-MYC at Serine 62 in the N-

terminus and protein stabilisation.  C-MYC degradation requires phosphorylation at 

Threonine 58 through GSK3β pathway alerting ubiquitination proteasome system to 

degrade C-MYC. Phosphatidylinositol-3-OH kinase also participated in regulating 

C-MYC stability by inhibiting Threonine 58 phosphorylation via inhibiting GSK3β 

(Figure 1.18)  (Sears, 2004). 

https://www.thesaurus.com/browse/variously
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Mutations at Serine 62 or Threonine 58 will affect the normal process C-MYC 

regulation and increase the risk of aberrant C-MYC activity and cancer progression. 

C-MYC mutations were observed in some types of leukaemia and lymphoma such 

as BL where C-MYC protein was continuously elevated (Salghetti et al., 1999, 

Sears, 2004, Thomas and Tansey, 2011).  Additionally, C-MYC expression rate is 

monitored in a sophisticated genetic mechanism preventing gene abnormalities 

which is reflected by the fact that C-MYC protein half-life  is determined to be around 

30 - 20 minutes (Dang, 2012). 

C-MYC expression is controlled by the wnt signalling pathway where mitogen and 

wnt ligand bind to G protein coupled receptor Frizzled (FZD). This interaction 

induces the phosphorylation of Low-density lipoprotein receptor related protein 6 

(LRP6) and GSK3β thus recruiting adenomatous polyposis coli (APC) to activate β-

catenin which enters the nucleus to progress with different gene expressions 

including C-MYC transcription (Figure 1.19) (Niehrs and Acebron, 2012, You et al., 

2002b, Jeong et al., 2018).  

Figure 1. 18 The role of phosphorylation in C-MYC stability. C-MYC stabilization and degradation 
is controlled by phosphorylating Serine 62 (S62-P) and Threonine 58 (T58-P) via rat sarcoma (Ras) 
pathways involving rapidly accelerated fibrosarcoma (raf)/mitogen-activated ERK kinase 
(MEK)/extracellular signal-regulated kinase (ERK) and glycogen synthase kinase 3 β (GSK3β) 
phosphorylation pathways. GSK3β phosphorylation via phosphoinositide 3-kinase (PI3K)/protein 
kinase B (Akt) increases C-MYC stability via inhibiting T58 phosphorylation (Sears, 2004). 
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C-MYC oncogenicity does not depend on C-MYC gene mutations only, it can occur 

due to irregular or uncontrolled activation via signalling pathways. Mutations in 

signal transducer genes contribute to continuously activating gene transcription and 

increase C-MYC oncogene transformation (Dang, 2012) 

 

1.14 The architecture of C-MYC breakpoints and the role of Ig enhancer 

elements in BL 

The C-MYC gene is composed of 3 exons with four different promoters that initiate 

C-MYC transcriptions process; P0, P1, P2 and P3 with most transcripts initiating 

from the P2 promoter (Nguyen et al., 2017, Levens, 2008). The first exon is a non-

Figure 1. 19 The role of wnt pathway in C-MYC expression. Wingless related integration site 
(wnt) signalling pathway plays a major role in regulating C-MYC expression. Mitogenic activation of 
Frizzled (FZD) receptors causing Low-density lipoprotein receptor-related protein 6 (LRP6) 
phosphorylation to activate β-catenin cascade via Adenomatous polyposis coli (APC) through T-cell 
factor (TCF)/lymphoid enhancer factor (LEF) transcription factors and induce C-MYC transcription. 
Multiple proteins are interacted in this process including glycogen synthase kinase 3 β (GSK3β), axis 
inhibition (Axin), Disheveled proteins (DVL) and Casein kinase 1 (CK1) (Jeong et al., 2018). 
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coding exon which includes both C-MYC promoters; P1 and P2. Exon 2 and 3 are 

the protein coding exons that have about 90% of sequence identity among different 

species (Figure 1.20) (Spencer and Groudine, 1991).  

 

 

As previously introduced, the C-MYC gene (8q24) is the driving force of BL 

progression and proliferation due to translocation to one of the Ig genes; IgH 

(14q32), IgK (2p12) and IgL (22q11). Depending on the translocation breakpoint, C-

MYC translocation falls into 3 different types classified as, class I, class II and class 

III. In class I translocations, the breakpoint is located within the C-MYC first exon in 

which C-MYC transcription is initiated from a cryptic sites located in the first intron 

(Levens, 2008). Class II translocations involve the 5’ end breakpoint of C-MYC 

resulting in head-to-head (5’–5’) translocation with Ig gene heavy or light chain ones. 

Class III translocation is characterized by a breakpoint that is located distantly from 

C-MYC up to 100 kilobases away (Nguyen et al., 2017, Boxer and Dang, 2001). 

Despite what BL subtype is, the common translocation of C-MYC was found to be 

related with IgH t(8;14)(q24;q32) where it is evaluated to be around 70-80% of BL 

cases (Ferry, 2006, Graham and Lynch, 2021). In eBL, the common C-MYC 

breakpoint type was class II whilst in sBL class I translocations occasionally occurs. 

For eBL, it is common for the breakpoint to be located in the variable region in either 

(V), diversity (D) or joining (J) segments of the IgH with respect to IgK and IgL that 

lack (D) segment. In addition, breakpoints can also occur in the constant region of 

Ig gene which is common in HIV related BL and sBL (Nguyen et al., 2017, Boxer 

and Dang, 2001).  

Figure 1. 20 the structure of C-MYC gene on chromosome 8 q24. C-MYC consists of 3 exons (red) 
and possesses 4 promoters; P0, P1; P2 and P3 (black arrows) that facilitate transcription sites. 
Nuclease hypersensitive element III 1 (NHE III 1) (light blue) is a C-MYC regulatory element that 
regulates C-MYC expression and induces transcriptional suppression. This figure was generated 
using BioRender platform (www.BioRender.com). 

http://www.biorender.com/
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Upon translocation, C-MYC expression is regulated via Ig intronic and the distal 

enhancer elements located at the constant region of the Ig gene causing C-MYC 

upregulation and shifting transcription to be initiated from P2 rather than P1 in an 

unknown mechanism (Boxer and Dang, 2001, Nguyen et al., 2017). The intronic 

enhancers of the IgH gene is referred to as Eµ and the 3’ distal enhancers are (HS1-

2, HS3 and HS4). Intronic enhancers of Igk and IgL are Ek and Eλ2-4 respectively 

while distal enhancers for Igk and IgL are 3’Ek and Eλ3-1 respectively (Bruzeau et 

al., 2022). When the breakpoint is located in the V(D)J region of the Ig gene, both 

of intronic and distal 3’ enhancers are likely to be present which is common in eBL 

cases. If the breakpoint is located in the constant region of the Ig gene, there is a 

high chance of losing the activity of intronic enhancer element which gives the 

advantage of the distal enhancer to deregulate C-MYC expression which is seen 

often in sBL.  Figure 1.21 demonstrates the possible breakpoints involved in C-MYC 

translocation to IgH, Igk and IgL genes.   

Figure 1. 21 Different C-MYC/Ig breakpoints involved in BL. (A top) IgH gene structure on 14q32 
which is composed of the variable region V(D)J, constant region (Ig isotype determinant). Enhancer 
elements; Eµ, HS1-2, HS3 and HS4 are shown in black. (A bottom) head-to-head C-MYC translocation 
to IgH t(8;14) (q24;q32) where breakpoint (//) is involved within V(D)J region. (B top) IgK gene structure 
on 2p12 showing variable VJ region, constant region. Enhancer elements; Ek and 3’EK are shown in 
black. (B bottom) C-MYC translocation to Igk t(2;8) (p12;q24) where breakpoint (//) is placed in variable 
region. (C top) IgL gene structure of variable VJ, constant region. Enhancer elements; Eλ2-4 and Eλ3-
1 are shown in black. (C bottom) breakpoint (//) involved where C-MYC is translocated to IgL t(8;22) 
(q24;q11). Figure was generated using BioRender platform (www.BioRender.com). 

http://www.biorender.com/
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1.15 BL treatment and the current therapies for BL in low- and high-income 

countries. 

BL can be treated under a controlled and scheduled regime that involves multiple 

drug combinations alongside supportive care protocols. It is also important to 

evaluate the cancer stage to determine which drug to be indicated at which dose 

and course. Treatment course must be progressed as soon as possible after 

diagnosis and evaluation of the stage of the cancer. Ann Arbor system or St Jude 

or Murphy staging system are usually used to stage BL and help in identifying the 

minimum therapies required depending on how aggressive the tumour is and 

identifying if there is an involvement of the central nervous system or BM (Linch, 

2012, Hasse et al., 2020).  

The combination of chemotherapy, radiation and surgical interventions are 

considered as the general protocol used in treating BL worldwide (Swerdlow et al., 

2016). The initial diagnosis step of BL in both high-income countries (HICs) and 

LMICs starts by performing fine needle analysis (FNA) which help in identifying 

lymphoma type (Gopal and Gross, 2018). Radiography tests and PET scans are 

also used but are not widely affordable in LMICs (Molyneux et al., 2012). Further 

clinical assessments routinely used to stage individuals with BL are required 

including general physical status, chest radiograph, abdomen ultrasound and 

cerebrospinal liquid analysis, followed by Ann Arbor and St Jude staging system for 

adults and children patients, respectively (Graham and Lynch, 2021). Lumbar 

puncture and bone marrow samples are collected from adults presenting with 

aggressive BL. Once diagnosis is completed, cytotoxic chemotherapeutic agents 

will be indicated with continuous evaluation which is vital to reduce mortality rate 

and to manage the general therapy related toxicity of the therapy. Unfortunately, 

due to irregular patient follow up and medical checks accompanied by limited access 

to advanced clinical facilities, eBL patients in SSA mostly reported with tumor lysis 

syndrome. High-risk group of BL patients are given a regimen of prednisone for up 

to 7 days (Graham and Lynch, 2021).  

For BL patients, cyclophosphamide is used with intrathecal therapy in a purpose of 

avoiding leptomeningeal recurrence. Applying this protocol improved survival rates 
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up to 60% in patient receiving the treatment for 1 year with only 10% mortality rate 

(Gopal and Gross, 2018). In HICs, surgical intervention and radiation therapy 

accompanied by a treatment course which combines doxorubicin, vincristine, 

etoposide and cytarabine play a significant role in curing and treating advanced BL 

stage (Olivotto et al., 2020, Molyneux et al., 2012). 

Survival rate is dependent on multiple factors that affect therapy outcome (Olivotto 

et al., 2020, Gupta et al., 2015). In SSA, BL individuals often present with advanced 

cancer that requires anthracycline to be added to the treatment plan and this 

reduced the general survival rate down to 40-50% after 1 year of receiving BL 

therapy. Methotrexate is another candidate drug that can be used in treating more 

advanced BL (Gopal and Gross, 2018). In comparison in HICs, the survival rate is 

increased to 75% after 1 year of receiving therapy. This percentage increase is due 

to medical resources availability, routine patients’ check-ups with early access to 

haematologist and oncologist consultations (Gopal and Gross, 2018).  

During BL therapy, tumour lysis syndrome is a problem. Thus, continuous blood 

analysis is necessary as part of the treatment protocol to avoid renal failure 

(Senbanjo, 2009). Hereto, Allopurinol is useful in treatment management alongside 

continuous hydration to reduce the increased uric acid production from lysed cells 

and to prevent kidney damage.  

Intravenous antibiotics are also another part of BL therapy management and is used 

in neutropenic fevers related with chemotherapeutic administration. Blood 

transfusions are also needed where patients develop anaemia and/or low platelet 

counts (Ferri, 2021). As part of BL treatment, patients are required to visit the clinical 

facility routinely in a period that lasts 2 years to perform medical follow-ups which is 

very important to evaluate cancer relapse susceptibility (Ferri, 2021, Action, 2021). 

Routine hospital and clinical centre visits are difficult in LMICs and this is an obstacle 

in improving survival rates (Bispo et al., 2020). Table 1.6 shows the different 

chemotherapeutic drugs that are used and the mechanism of action involved.  
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Drug name Known Mechanism(s) of action Side effect 

Doxorubicin 

- Inhibits DNA synthesis and replication via 
intercalating with DNA base pairs. 

- Inhibits topoisomerase II that regulates 
DNA coiling which is required during DNA 
transcription and repair mechanism.  

- Common: Nausea, Vomiting, Hair 
loss mouth and lips sores. 

- Less common: Diarrhoea, Joint 
pain and shortness of the breath.  

Cyclophosphamide 

- Alkylating agent. 

- Activity is triggered by the phosphoramide 
mustard which binds and crosslinks DNA 
strands to inhibit DNA replication.  

- Immunosuppressive drug that targets T 
cells by reducing interferon gamma and 
interleukin 12.      

- Common: hair loss, muscle aches, 
fatigue, bleeding gums and pain 
during urination.  

- Less common: loss of hearing, 
lack of hands sensation and 
arrythmia. 

Vincristine 

- Inhibits microtubules formation and 
chromosome separation during cell division 
via binding to tubulin. 

- Common: tingling hand and feet 
sensation, hair loss, fatigue, joint 
pain and constipation.  

- Less common: loss of appetite, 
diarrhoea, mouth sore and 
dizziness.  

Etoposide 

- Inhibits topoisomerase II DNA ligation 
activity. 

- leads to DNA damage and cell death.  

- Common: hair loss, constipation, 
abnormal liver function and 
arrhythmia. 

- Less common: blurred vision, 
metallic mouth taste, skin rashes 
and breathing difficulty.  

Cytarabine 

- Converts into cytosine arabinoside 
triphosphate that competes with cytosine 
within cellular DNA. 

-  Induces DNA damage during cell cycle 
and DNA synthesis. 

- Inhibits ribonucleotide reductase leading 
to inhibition of DNA synthesis.  

- Common: mouth sores, muscle 
and joint pain, fatigue, and hands 
numbness. 

- Less common: Skin rashes, pale 
skin, heartburn, diarrhoea and 
dizziness.   

Methotrexate 

- Inhibits the formation of tetrahydrofolate 
by targeting dihydrofolate reductase. 

- Inhibits DNA formation by targeting DNA 
nucleotides synthesis that uses folate. 

- Acts as immunosuppressant by targeting 
T cells via inhibiting aminoimidazole 
carboxamide ribonucleotide 
transforlmylase. 

Common: nausea and vomiting, 
loss of appetite fatigue, and fever.  

Less common: kidney failure, 
hepatotoxicity, skin rashes and 
pancreatitis.  

Anthracyclines 

- Extracted from Streptomyces species. 

- Bind DNA and inhibits DNA replications. 

- Inhibit topoisomerase II. 

- Generate oxidative stress via reactive 
oxygen species accumulation by 
cytochrome P450 reductase.  

- Common: fever, skin rashes, 
diarrhoea joint pain and cough.  

- Less common: cardiotoxicity, 
gastrointestinal bleeding, coma and 
leukopenia.  

 

Table 1. 6 The different names and molecular function of cytotoxic chemotherapeutic drugs 
used in BL patients. 



47 
 

1.15.1 Novel BL therapies. 

In recent years, significant effort has been put into developing novel therapies that 

target B cell lymphomas. Increased understanding of the molecular pathways 

involved in B cell lymphomas have massively helped in detecting some targets that 

can be used in the designing of effective therapies that also can be used in relapsed 

cases.  

Brutons Tyrosine Kinase (BTK) was found to be involved in the pathogenesis of B 

cell lymphoma by regulating nuclear factor kappa B (NF-B) pathway which was 

found to induce cellular proliferation. Thus, the development of new therapies that 

target BTK could be a good strategy in treating B cell malignancies. Ibrutinib (BTK 

inhibitor) was developed to bind  the active site of BTK (Cys-481) leading to the 

inhibition of downstream cascade of B cell receptor to supress cell proliferation 

signals and induce apoptosis (Davids and Brown, 2014, Shah et al., 2021).  

The addition of the α-CD20 monoclonal antibody rituximab as an immunotherapy to 

the panel of cytotoxic agents in therapeutic regime was reported to increase 

treatment efficacy with increased survival rate in patients with B cell lymphoma 

(Pfreundschuh et al., 2006). Rituximab acts by targeting CD20 in B cells and 

inducing antibody dependent cell mediated cytotoxicity (ADCC) and complement 

dependent cytotoxicity which causes cell death by apoptosis (Randall, 2016, Shah 

et al., 2021). It was reported that rituximab had increased overall survival in BL 

patients and with improved outcome when administered with cyclophosphamide, 

vincristine, doxorubicin and dexamethasone  (Fayad et al., 2007, Wildes et al., 

2014). 

Increased understanding of how the immune system works and reacts to cancer 

cells led to the development of chimeric antigen receptor T cell (CARs). Anti-B cell 

lymphoma CAR T cells are genetically engineered T cells that target CD19 on B 

cells and initiate cytotoxic effect to kill them and that can be combined as a treatment 

strategy for B cell malignancies (Feins et al., 2019, Foon et al., 2012).  

In SSA, BL accounts for more than 50% of cancer in children diagnosed with cancer. 

It is worth to consider that BL also accounts for a high percentage among NHL 
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children that reaches up to 60% worldwide (Bouda et al., 2019b, Frazer et al., 2019, 

Cunha et al., 2012). Thus, developing more effective low toxicity therapy for BL is 

important. The treatment regimen for BL requires multiple hospital visit, extended 

hospitalization and follow-up which are unfortunately costly and expensive and is 

one of the major obstacles for completing treatment course (Bouda et al., 2019a). 

In SSA, there is significant shortage of healthcare workers, medical facilities and 

supplies that are crucial during BL therapy including supportive care.  

There are different approaches used in treating BL including radiotherapy. In SSA, 

there is no accessible radiotherapy centre in more than 20 countries with a presence 

of a very limited hospital care. This makes BL patient more dependent on other 

options of treatment. Furthermore, there are very few pathologists who are qualified 

to evaluate the progression stage of tumours (Gopal et al., 2012). 

BL patients can present different responses to BL therapies with some patients 

presenting with refractory disease or relapsing. Different BL clinical studies which 

used chemotherapeutic agents reported that although chemotherapeutic agents are 

effective against BL, there is a risk of developing drug related toxicity and relapse 

which occurs after remission (Jakobsen et al., 2020, Nkrumah and Perkins, 1976a). 

Unfortunately, drug resistance can arise some BL patients who received vincristine, 

cyclophosphamide, methotrexate and dexamethasone (Williams et al., 1983, 

Cloonan and Williams, 2011, Tabata et al., 2020, Ozuah et al., 2020).  

There is an increased need to develop new therapy that is not expensive, that can 

be easily administered, shows a higher efficiency against BL with safer outcome 

profile and effective against relapsed and resistant BL cases. New therapies can be 

used as an adjunctive drug to current BL regimes to help in reducing drug related 

toxicity seen in BL patients and potentially reducing the course length of 

chemotherapeutic management. 

Drug repurposing is the use of existing drugs in a new clinical setting and has 

contributed to the development of novel therapies. Clofibrate (CA) or Bezafibrate 

which is an approved drug used to treat hyperlipidaemia and Medroxyprogesterone 

acetate (MPA) which is a steroidal sex hormone steroid showed an anti-proliferative 
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effect on BL cell lines and acute myeloid leukemia (AML) cell lines. BL cell lines 

were treated with CA and MPA individually and in combination. It was shown that 

CA alone was not enough to reduce cell growth in primary BL cells and MPA alone 

was able to have anti-proliferative effect. However, CA and MPA combination 

showed an increased suppression of cell growth in primary BL cells as represented 

with low levels of radioactive tritiated thymidine which is used to measure cell 

replication. Further investigations were taken to understand how CA and MPA 

acquire anti-proliferative effect against BL cells (Fenton et al., 2003).  

Our group participated in a clinical trial in Malawi using BaP (combination of 

Bezafibrate the Clofibrate alternative and MPA) where 95 children with relapsed and 

resistant BL were recruited and divided into different groups in which some were 

given low BaP dose, intermediate and high BaP dose. Administration of BaP began 

with the first day of conducting the study. BaP was given with other chemotherapy 

in one cohort of patients. Other patients were given BaP alone for 1 week followed 

by chemotherapy. Antibiotics were administrated in cases represented with 

infections. The clinical trial showed that BaP  reduced BL disease progression with 

improved clinical response relatively to increased doses and showed that BaP 

administration is safe and is effective (Molyneux et al., 2014). 
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1.16 FMC drug library. 

A primary area of research in our laboratory is the development of affordable low 

toxicity treatments for blood cancers including BL (Jiang et al., 2022, Molyneux et 

al., 2014). To facilitate this, our group constructed a drug library named (FMC) that 

contains 100 already approved and licensed drugs that have been used worldwide 

for many years. The concentration for each drug in the library was adjusted to 

represent the maximum serum dose (Cmax) achieved when the drug was used 

clinically.  Our group tested and screened different BL cell lines against the FMC 

drug library, measuring viability at 72 hours using a Celltitre Blue assay. The 

screening data highlighted zinc acetate as a potent anti-BL activity (Figure 1.22).  

 

Further screening studies in our laboratory have demonstrated that BL cells are 

significantly more sensitive to normal levels of zinc compared to normal B cells with 

apoptotic cell death of BL cells to be associated with induction of mitochondrial 

Figure 1. 22 FMC drug library screening data against different BL cell lines. Different BL cell 
lines are represented individually in the graph as small dot. Cell lines, viability was screened against 
FMC drug library agents as presented on the X axis. Zinc acetate showed to be the highest effective 
drug against all BL cell lines which showed to be sensitive against zinc acetate with decreased 
viability percentage after 72 hours as presented on the log scale Y axis.   
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superoxide (data not shown). A significant proportion of children developing eBL are 

likely to suffer from malnutrition and zinc deficiency (Fanzo, 2012).   

 

1.17 Zinc. 

Zinc is an essential micronutrient. It has  functional and structural importance in a 

significant number of macromolecules and plays a vital role in approximately three 

hundred enzyme structures with many DNA binding proteins known to be zinc 

binding  (Meunier et al., 2005). 

 Zinc is important for normal development processes in human body including the 

skeletal, nervous and immune system. Inadequate zinc levels have been shown to 

have adverse effects on normal growth status in children and infants during growing 

stage (Black, 1998, Brion et al., 2020). There are many proteins including 

transcription factor for instance that require one or more zinc atoms to form their 

structural motifs and maintain the integrity of functional structure (Cummings and 

Kovacic, 2009) (Marx et al., 2015, King and Larijani, 2017). Usually in zinc 

dependent proteins, the zinc atom forms bond with cysteine and histidine amino 

acids (Figure 1.23). Absence of zinc in zinc dependent proteins accounts for 

inactivity or malfunctioning. (McCall et al., 2000). Alkaline phosphatase (ALP) for 

instance, is a zinc dependent enzyme which was deactivated due to zinc deficiency  

in rats (Cho et al., 2007).  

 

 

Figure 1. 23 The role of zinc in maintaining zinc 
finger protein structure. Zinc finger protein (Zif268) 
shows the role of zinc (grey) in coordinating two 
histidine (red) and two cysteine (yellow) structure 
forming a zinc finger motif (Pabo et al., 2001). 
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Zinc sources can be obtained from the diet including fish, lean red meat, chicken, 

liver, kidney, and cereals. Plant sources of zinc include soy foods, fortified cereals, 

peas, nuts, dried beans, and seeds. The recommended intake for adult male is 

11mg and 8 mg for females. Children in ages between 13 years to 6 months, can 

have a range of 8mg to 2mg for both genders. Zinc toxicity has been reported after 

the intake of 4-8g of the mineral (Deshpande et al., 2013). 

 

1.18 Zinc Homeostasis and cellular zinc transporters.  

Systemic and cellular zinc homeostasis is important to regulate normal body 

functioning. The gastrointestinal system, in particular the small intestine mainly, has 

an important function as the main site of exogenous zinc absorption from the diet. 

Aqueous form of zinc is more readily absorbed than the solid form including tablet 

supplementation (Roohani et al., 2013). Continuous consuming of zinc in the diet 

leads to zinc excretion via faeces and urine, sweat, hair and nails to prevent zinc 

toxicity. Zinc is rapidly absorbed via the intestine in zinc deficiency to regain normal 

homeostasis (King, 2011). In adults, the total overall grams of zinc distributed in the 

body is estimated to be around 3 grams (Jackson, 1989, Sandstead, 1981). Zinc is 

transported to different tissues via the circulatory system and enters the cell via 

cellular zinc transporters. Intracellularly, zinc is found generally in very low 

micromolar concentrations ranging between 10-100 µM or even lower (Hara et al., 

2017). Zinc is distributed and stored in cellular compartments including; cell 

membranes, inside nucleus, endoplasmic reticulum, cytosolic vesicles, 

mitochondria, bound to zinc binding proteins and metallothionein which functions as 

cellular zinc pools (Roohani et al., 2013, Kambe et al., 2015, Davis et al., 1998).   

Zinc homeostasis, referred to as muffing and buffering, regulates cellular zinc levels 

by increasing or decreasing zinc binding with proteins and metallothionein and 

facilitates zinc efflux or influx via zinc transporters to restore normal zinc 

concentration (Colvin et al., 2010). 

Membrane zinc transporter families; SLC39 (ZIP) and SLC30 (ZnT) play a  key role 

in regulating cellular zinc levels with 9 ZnTs and 14 ZIPs proteins (Colvin et al., 
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2008). ZnT and ZIP work together in a cooperative manner to control cellular zinc 

concentration. ZnT transporters proteins prevents abnormal increase of cellular zinc 

concentration by storing zinc in cytosolic vesicles or facilitate cellular zinc excretion 

(Cousins et al., 2006, Hara et al., 2017). ZnT structure is defined by the presence 

of transmembrane domains (TMD) with histidine and aspartic acid. ZnT is 

characterized by NH2 and COOH termini forming zinc binding motifs intracellularly. 

In contrast, ZIP transporter proteins regulate zinc homeostasis by increasing zinc 

influx and restoring stored zinc levels. ZIP shares similar ZnT protein structure with 

transmembrane domains (TMD) and extracellular NH2 and COOH termini domain 

(Figure 1.24) (Hara et al., 2017, Thingholm et al., 2020).  

 

Whilst zinc is an important metal for the biological system, copper also is another 

important element for human (Bost et al., 2016). Copper and zinc play an important 

role in the innate immune integrity. Nutritional deficiency of copper and zinc minerals 

make the body sensitive to pathogenic infections. It is known that long term high 

Figure 1. 24 zinc transporter (ZnT) and (ZIP) structure. Both transports share similar  protein 
structure and demonstrating the transmembrane domains (TMD) with NH2 and COOH termini and 
histidine rich domain (Thingholm et al., 2020). 



54 
 

zinc uptake reduces copper absorption in stomach and cause copper deficiency. 

Besides competing at absorption sites, excessive zinc uptake induces copper 

release from metallothionein leading to zinc induced copper deficiency (Tatineni et 

al., 2020). Thus, it is very important that cells maintain zinc levels with regulated 

homeostasis process to prevent copper deficiency.  

 

1.19 Importance of zinc for biological system. 

Zinc deficiency has been associated with mental disorders such as Alzheimers 

disease whilst amongst individuals with neck and head cancer, zinc levels were 

reported to be low (Prasad and Kucuk, 2002, Ho, 2004, Vinkenborg et al., 2009, 

Ghasemi et al., 2012, Prasad, 2013). It is estimated that about one third of total 

earth population required increased  zinc intake since studies illustrated that zinc 

levels vary between low to moderate level (Kumari et al., 2015). Zinc acts as an 

antioxidant. Thus, zinc deficiency increases the risk of reactive oxygen species 

accumulation and oxidative stress (Dhingra et al., 2009). It is possible for zinc 

deficiency to deregulate anti-apoptotic genes and some growth factors which 

facilitate tumorigenesis  (Prasad and Kucuk, 2002, Dhingra et al., 2009). Zinc can 

be used as a therapy strategy to treat macular degeneration which affects the eyes 

and also to relieve anorexia nervosa symptoms. Zinc was also shown to be effective 

against rectal cancer and male fertility problems (Reed et al., 2014, Nowak, 2015).  

Studies have shown that using zinc supplementation plays a significant role in 

reducing the adverse effects of diarrhoea incidence (Bolick et al., 2018, Bajait and 

Thawani, 2011). Diarrhoeal disease is one of the most severe diseases in and is 

among the top causes leading to childhood death below the age of 5 years 

(Lazzerini, 2016). In Africa, diarrhoea alone is responsible for over 800,000 children 

deaths every year (Jiwok et al., 2021). Using zinc supplements for individuals 

suffering from diarrhoea in Africa was promoted by UNICEF and WHO (Singer and 

Baer, 2018, Lamberti et al., 2015).  

Very low zinc concentrations are able to regulate and control a wide range of cellular 

mechanism including cell signalling, gene expression, cell proliferation, cell 
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differentiation, apoptosis, and many other cellular mechanisms which eventually 

affect tissue and organ of the biological system (Aggett and Comerford, 1995).  

Zinc can be found inside the nucleus as it is important for DNA and RNA synthesis 

(MacDonald, 2000). Proteins like transcription factors or nuclear receptor hormone 

are found to have zinc finger domain, so presence of zinc is very important for the 

cell development. Thymidine kinase is an important enzyme which is observed and 

used as a marker during cell replication in G1 and S phases. In vivo studies were 

involved in the measurement of low zinc effects and illustrated the significance role 

of zinc in regulating thymidine kinase level. Thymidine kinase levels were decreased 

and showed low activity after depleting zinc for 10 days. Similar results were 

obtained in vitro where fibroblast cell line (C3C) was treated with zinc chelator and 

showed low Thymidine kinase activity with incomplete cell division and DNA 

depletion (Prasad and Oberleas, 1974, Chesters et al., 1990). 
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1.20 The Aims of the study. 

As a part of drug redeployment studies, our laboratory previously demonstrated the 

ability of zinc acetate in killing BL cell lines. This thesis focused on understanding 

the role and the mechanisms of zinc-induced killing seen in BL cell lines. 

The aims of this study were:  

1- Investigate the role of zinc in the selective targeting of BL cells and 

investigate the mechanism of killing by measuring apoptosis events, 

caspases (3 and 9) activation and evaluating cell cycle patterns. 

2- Investigate the impact of zinc against C-MYC at mRNA and protein levels 

and investigate whether zinc targets Ig locus which is responsible for the 

deregulation of C-MYC seen in BL cells upon (C-MYC/Ig) translocation.  

3- Generate BL cell lines with exogenous expression of C-MYC to rescue BL 

cells viability when challenged with zinc which would help in understanding 

the role of C-MYC in maintaining BL cell viability. 

4- Inhibit C-MYC proteasomal degradation mechanism by the proteasome 

inhibitor (bortezomib) to determine whether increased stability of C-MYC 

protein can rescue BL cells and induce zinc resistance.



 

CHAPTER TWO 

MATERIALS AND METHODS 
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2 Materials and methods. 

All detailed recipes for reagents preparation in this study are provided in appendix 

A. 

2.1 Cell culturing protocols. 

2.1.1 Cell lines. 

In this study, a panel of lymphoma and leukaemia cell lines were used including BL 

(NAMALWA, RAJI, Akata, BL 30, BL 31, Glor, SAV and Dante), lymphoblastoid cell 

lines (LCLs- JT, KJ, LG, AR), acute myeloid leukemia (AML- HL-60) and diffuse 

large B cell lymphoma (DLBCL- SUDHL4, SUDHL5 and SUDHL6) (Table 2.1).  

Cell type Cell line name 
Genetic 

Mutations/ 
Translocation 

Cell line details Reference 

Burkitt’s 
Lymphoma (BL) 

RAJI BL 

(Endemic) 

- t(8:14) 
MYC/IgH 

-TP53 (Y234H) 

- Male 12 years 

- EBV+ 

(Cellosaurus, 2022f, 
ATCC, 2022c, Gutiérrez 
et al., 1999, Murai et al., 
2005) 

Akata BL 

(Sporadic) 

- t(8:14) 
MYC/IgH 

- TP53 (190 
frameshift 
GCCCCT-
GCCCT) 

 

- Female 4 years 

- EBV+ 

(Cellosaurus, 2022a, Lin 
et al., 2013, Gutiérrez et 
al., 1999, Farrell et al., 
1991) 

Dante BL 

(Endemic) 

- Unknown - EBV+ (Cellosaurus, 2022d, Lee 
et al., 2010, Boyce, 2009) 

NAMALWA BL 

(Endemic) 

- t(8:14)  

MYC/IgH 

-TP53 (R248Q) 

- Male 

- EBV+ 

(ATCC, 2022b, 
Cellosaurus, 2022e, 
Gutiérrez et al., 1999, 
Benjamin et al., 1982, 
Bhatia et al., 1993) 

Glor BL 

(Endemic) 

- Unknown - EBV+ (Habeshaw et al., 1999) 

SAV BL 

(Endemic) 

- TP53 (G244D) - EBV+ (Cellosaurus, 2020, Kelly 
et al., 2002, Kelly et al., 
2014) 

BL 30 

(Sporadic) 

- Unknown - Caucasian Male 
19 years 

- EBV- 

(Cellosaurus, 2022b, 
Philip et al., 1984) 
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BL 31 

(Sporadic) 

- t(8:14)  
MYC/IgH 

-TP53 (V172F) 

- Male 14 years 

- EBV – 

(Cellosaurus, 2022c, 
Philip et al., 1984, Kelly 
et al., 2014) 

Acute myeloid 
leukaemia 

(AML) 

HL60 - Amplified C-
MYC gene 

- Female 35 years (ATCC, 2022a, Shima et 
al., 1989) 

Diffuse large B 
cell lymphoma 
(DLBCL) 

SU-DHL-5 - Negative for 
t(14;18), BCL2 
/IgH 

- Female 17 years (ATCC, 2022e, Abbott et 

al., 2009) 

SU-DHL-6 - t(14;18) BCL2 
/IgH 

- TP53 
inactivation 
(17p13.1)  

- TP53 (A701G) 

- Male 43 years 

- EBV- 

(ATCC, 2022f, Hua et al., 
1988, Dharanipragada 
and Parekh, 2019, de 
Jong et al., 2019) 

SU-DHL-4 - t(14;18) 
BCL2/IgH 

-TP53 (C817T) 

 (ATCC, 2022d, Abbott et 
al., 2009, Strauss et al., 
2007, de Jong et al., 
2019) 

Lymphoblastoid 
(LCL) 

KJ LCL - - EBV+ - 

JT LCL - - EBV+ - 

LG LCL - - EBV+ - 

AR LCL - - EBV+ - 

 

 

Cells lines were obtained from the university of Birmingham (school of biosciences 

and cancer research laboratories). All cell lines were STR profiled and authenticated 

by using 24 polymorphic STRs by (Northgene, Deeside, UK). 

 

2.1.2 Cell culture nutrient and maintenance. 

All cell lines used in this study were cultured in RPMI 1640 medium supplemented 

with 10% v/v foetal bovine serum (FBS), 1% v/v penicillin (100U/mL) and 1% 

streptomycin (100U/mL) (all purchased from Gibco, Thermo Fisher Scientific). Cells 

Table 2. 1 The different cell lines used in this study (BLs, LCLs, AML and DLBCLs). All cell 
line details were obtained from reported references and databases. The table shows the 
charactristics of the cell lines used. B cell lymphoma 2 (BCL2), immunoglubulin heavy chain IgH), 
Epstein-Barr virus (EBV) and tumour protein p53 (TP53). Amino acids; Tyrosin (Y), Histidine (H), 
Arginine (R), Glutanime (Q), Glycine (G), Aspartic acid (D), Valine (V), Phenylalanine (F), Alanine 
(A), Cysteine (C), Threonine (T).  
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were incubated in a humidified incubator at 37˚C and 5% CO2. Cells were passaged 

every other day to maintain cell densities between 0.5x106 to no more than 2x106 

cells/mL. 

 

2.1.3 Cell storage and recovery from frozen stock. 

For long term storage: A total of 5-10x106 exponentially growing cells were 

collected and centrifuged at 1500 rpm for 5 minutes in sterile universal tubes. 

Following centrifugation, supernatant was discarded and the cell pellet resuspended 

in 1 mL freezing media (90% FBS + 10% DMSO) and transferred to 1 mL cryovials 

(Greiner). Tubes were transferred to a freezing box (Mr.Frosty) and stored at -80°C. 

After 24-48 hrs, cryovials were transferred to liquid nitrogen for long term storage.  

Cell recovery from frozen stock: frozen stocks of cell were thawed rapidly in a 

37°C water bath. Using pasture pipette, cells were transferred from cryovials into 

sterile 30 ml universal tubes and washed with cold culture medium by adding cold 

medium (20 mLs) dropwise while swirling gently. Cells were centrifuged at 1500 rpm 

for 5 minutes and supernatant was discarded. Cell pellet was resuspended in 

complete medium and cultured in 24 well plate in 1.5-2 ml/well and incubated at 

37°C with maintained humidity and 5% CO2. Following cells recovery, cells were 

transferred into T25 flask (25 cm2) (all from Corning) and maintained at 37°C with 

humidity and 5% CO2.  

 

2.2 Zinc acetate treatment. 

Zinc acetate was purchased from Fisher Scientific (1998872) and prepared in sterile 

dH2O at 1M stock. Filter-sterilised stocks were stored at -20°C. Cells were treated 

with zinc acetate at 50 or 100 µM as described in each specific experiment.  
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2.3 Flow cytometry protocols. 

All flow cytometry experiments were performed using a FACSCalibur machine from 

BD Bioscience with CellQuest Pro analytical software.  

 

2.4 Cell viability and cell count determination using flow cytometry. 

Cell viability and cell counts were determined using flow cytometry. Within each 

experiment, at the specified time points, 100-200l cells were collected into 5 mL 

flow cytometry tubes (Sarsted) and fixed with an equal volume of FACS fix 

(Appendix A 9.3). 10l Counting beads (Biolegend, 9.97x105 beads/µL) were added 

and samples analysed by flow cytometry either immediately or stored at 4°C and 

analysed within 72 hours. Forward and side scatter dot plots were analysed by 

gating on live cells and beads absolute cell count (cells/mL) was calculated using 

the following formula:  

𝑽𝒊𝒂𝒃𝒍𝒆 𝒄𝒆𝒍𝒍 𝒄𝒐𝒖𝒏𝒕 (𝒄𝒆𝒍𝒍𝒔
µ𝑳⁄ ) = (

𝒏𝒖𝒎𝒃𝒆𝒓 𝒐𝒇 𝒃𝒆𝒂𝒅𝒔 𝒂𝒅𝒅𝒆𝒅 𝒕𝒐 𝒄𝒆𝒍𝒍 𝒔𝒂𝒎𝒑𝒍𝒆

𝒗𝒐𝒍𝒖𝒎𝒆 𝒐𝒇 𝒄𝒆𝒍𝒍 𝒔𝒂𝒎𝒑𝒍𝒆 (𝒖𝑳)
)  ×  (

𝒕𝒐𝒕𝒂𝒍 𝒆𝒗𝒆𝒏𝒕 𝒄𝒐𝒖𝒏𝒕 𝒐𝒇 𝒗𝒊𝒂𝒃𝒍𝒆 𝒄𝒆𝒍𝒍 

𝒕𝒐𝒕𝒂𝒍 𝒆𝒗𝒆𝒏𝒕 𝒄𝒐𝒖𝒏𝒕 𝒐𝒇 𝒃𝒆𝒂𝒅𝒔
)  

 

2.5 Analysis of apoptosis: Annexin V and propidium iodide (PI) staining.  

Cells were treated as described in each specific experiment. At the specified time 

point, 0.5x105 - 1x105 cells were transferred to FACS tube and washed twice with 

2ml cold PBS at 1500 rpm 5 minutes. Annexin V/PI stain was prepared by mixing 

100 L of 1X Binding Buffer (BD pharmingen) + 2 µl of Annexin V FITC (BD bd 

pharmingen) + 5 µl PI (SIGMA) stain per sample. Cells were incubated with the stain 

solution for 15 minutes at room temperature (RT)(25°C) in the dark. 250 µl of 1X 

Binding Buffer was added to each tube and samples analysed by flow cytometry 

within 1 hour. Annexin V-FITC was analysed in FL-1 and PI in FL-2.  
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2.5.1 Cell cycle analysis. 

For cell cycle analysis, cells were stained with propidium iodide (PI) using Cell Cycle 

Buffer (Appendix A 9.4). Cells were sampled at the timepoints specified for each 

experiment in the figure legend and results text. At each specific time point, 200-

300 L of cell sample was transferred into a FACS tube and centrifuged at 1500 

rpm for 5 minutes. After discarding the supernatant, 300 L of PI cell cycle buffer 

was added and incubated overnight at 5-8 °C in the dark. PI intensity was analysed 

by flow cytometry using FL-2.  

 

2.6 Protein preparation and analysis. 

2.6.1 Cell preparation for total protein extraction. 

At the timepoint specified in the text, 0.5-6 x 106 cells from treated or non-treated 

cultures were collected into 1.5 mL eppendorf tubes and centrifuged at 1500 rpm 

for 5 minutes. Following centrifugation, supernatant was discarded and the cell 

pellet washed with 1.0 mL PBS before centrifuging again at 1500 rpm for 5 minutes. 

100-200 L of RIPA lysis buffer (Appendix A 9.2.9) supplemented with protease 

inhibitor cocktail (cOmplete, Mini Protease Inhibitor Cocktail Tablets) (from Roche) 

was added to the cells and incubated on ice for 1 hour with vortexing every 15 

minutes. Protein samples were centrifuged at 14000 rpm for 20 minutes at 4°C and 

the supernatant transferred into clean tubes before storing at -20 °C.  

 

2.6.2 Protein determination assay. 

Protein concentrations in lysates were measured using Protein Assay kit (Bio-rad). 

Using transparent 96 well plates, 2 L protein lysate or 2 L/ well of Bovine Serum 

Albumin (BSA) protein standards (0, 0.625, 1.25, 2.5, 5 and 10 mg/mL) were added 

to triplicate wells. Next, 25 L /well of freshly prepared protein assay reagent 

(prepared by adding 20 L of reagent S per 1 mL of reagent A) was added followed 

by 200 L of reagent B from protein assay kit. After incubating for 10 minutes at 

room temperature, absorbance at 690 nm wavelength was measured using plate 
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reader (Perkin Elmer Victor x3 machine) and Perkin-Elmer software. Protein 

concentrations of samples were calculated from a standard curve generated from 

the BSA standards.  

2.7 Western blotting assay. 

2.7.1 Sample preparation. 

Following protein determination, 30 ug total protein was mixed with 4X sodium 

dodecyl sulphate (SDS) gel loading buffer (Appendix A 9.2.10) and total volume was 

brought to 20 µL using RIPA lysis buffer. Sample were denatured in a thermal cycler 

(Applied Biosystem 2720) by incubating at 70 °C for 10 minutes. Samples were 

centrifuged at 14000rpm briefly to collect all the sample at the bottom of the tube 

before electrophoresis.  

 

2.7.2 Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-

PAGE).  

12% polyacrylamide SDS resolving gels were prepared using ProtoGel (acrylamide 

12% w/v) (National diagnostics), (0.39 M) trisaminomethane (Tris), 0.1% SDS, 0.1% 

ammonium persulphate (APS) and 0.04% N,N,NN-Tetramethylethylenediamine 

(TEMED). Gel mixture was poured into 1.5mm thick casting plates and incubated 

for 20 minutes at room temperature. Stacking gel was prepared using ProtoGel 

(5.1%) (from national diagnostics) with dH2O, (0.13 M) tris aminomethane (Tris), 

0.1% SDS, 0.1% Ammonium persulphate (APS) and 0.1% N,N,NN-

Tetramethylethylenediamine (TEMED). 1.5 mm 10 well combs were inserted into 

the stacking gel and gels incubated for 20 minutes at room temperature until 

complete gel polymerization. Gels were placed in Mini Protean 3 gel chamber (Bio-

Rad) and filled with 1X running buffer (Appendix A 9.2.1). Following comb removal, 

5 L of BLUeye protein standard ladder (SIGMA) was loaded in the first well and 

samples loaded into subsequent wells.  Gels were electrophoresed at 120 volts for 

60 minutes, or until the dye front had reached the bottom of the gel.   
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2.7.3 Semi-dry protein transfer. 

Electrophoresed protein samples were transferred onto prepared sized 

polyvinylidene difluoride (PVDF) membrane (from Millipore) using semi-dry transfer 

method. 12 sheets of 3MM filter paper (Whatmann) were cut to the size of the gel. 

The PVDF membrane was activated in methanol for 20 seconds and washed with 

dH2O before soaking in cold 1x Transfer Buffer (Appendix A 9.2.2). 6 filter papers 

were soaked in cold 1X transfer buffer and placed on the base plate of the Semi-

Dry Transfer tank (Bio-rad), followed by the. PVDF membrane gel and the 6 more 

sheets of 3MM filter paper. Proteins were transferred onto the PVDF membrane at 

25 volts for 1 hour.  

 

2.7.4 Immunoblotting and protein visualization. 

Following transfer, PVDF membranes were blocked by incubation in 5% skimmed 

milk powder in Tris buffer saline + Tween (TBS-T, see Appendix A 9.2.5) for 1 hour 

at room temperature with gentle agitation. Following blocking, membranes were 

incubated overnight at 4 °C with gentle agitation with primary antibody diluted in 5% 

skimmed milk in Tris buffer saline with TWEEN 20 (TBS-T) (see Table 2.2 for 

dilutions).  

 

 

 

 

 

 

 

Primary antibody Manufacturer Species 
Dilution factor in TBS-T 

with 5% skimmed milk 

Anti β-Actin 
Sigma Aldrich (A5441) Mouse  1:15000 

Anti C-MYC - Y69 
Abcam (ab32072) Rabbit 1:1000 

Anti-Caspase-3  
Cell Signalling 

Technology (9662) 
Rabbit 1:1000 

Anti-Caspase-9  
Cell Signalling 

Technology (9504) 
Mouse  1:1000 

Anti-Ubiquitin 
Cell Signalling 

Technology (P4D1) 
Mouse  1:1000 

Table 2. 2: Western blot primary antibodies names, species and their dilution factor 
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Following incubation, membranes were washed with TBS-T with shaking at 70 rpm 

for 5 min X 3 times. To visualize the protein, secondary fluorescent antibodies were 

used against on primary antibody species by diluting secondary antibodies in 5% 

skimmed milk in TBS-T with 0.01% SDS and incubated with gentle agitation for 1 

hours at room temperature. All secondary antibodies and their dilution factors are 

listed in the Table 2.3 below.  

 

secondary antibody Manufacturer Species 
Dilution factor in TBS-T 
with 5% skimmed milk 

and 0.01% SDS 

IRDye 800 anti- Rabbit IgG 
LI-COR Goat 1:15000 

IRDye 700 anti- mouse IgG 
LI-COR Goat 1:15000 

Table 2. 3: Western blot primary antibodies names, species and their dilution factor 

 

Following incubation with secondary antibodies, membranes were washed in TBS-

T at 70 rpm for 5 minutes X3 times covered from the light and processed for 

scanning using LI-COR Odyssey CLx infrared imaging scanner. Protein 

quantification and analysis was performed using LI-COR Image Studio Light 

software.  

 

2.8 Quantifying and measuring C-MYC mRNA levels. 

2.8.1 Cell preparation for total RNA extraction. 

Based on the experimental protocol, 2-5 x 106 cells from treated or non-treated 

cultures were collected into 1.5 mL eppendorf tubes and centrifuged at 1500 rpm 

for 5 minutes. Following centrifugation, supernatant was discarded and cell pellets 
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were washed with one mL of PBS and centrifuged again at 1500 for 5 minutes X 2 

times. Cell pellets were snap frozen in either a cold methanol bath with dry ice or 

with liquid nitrogen and stored at – 80 °C.  

Total RNA was extracted using the RNeasy RNA extraction kit (Qiagen). As per the 

kit protocol, cell pellets were resuspended in 350 µL RLT buffer, transferred into 

Qiashredder tubes and centrifuged to break down DNA into small fragments. 70% 

ethanol (350 µL) was added to the flowthrough and the mixture was transferred into 

labelled RNeasy spin columns with collecting tube. Columns were spun at 8000 x g 

for 15 seconds and flowthrough was discarded. RNA in the column membrane was 

washed by pipetting 700 µL RW1 buffer onto the column and centrifuging for 15 

seconds at 8000 x g. The flowthrough was discarded and 500 µL RPE buffer was 

added to the column and spun again for 15 seconds at 8000 x g. The flowthrough 

was discarded and 500 µL of RPE buffer was added to the column and spun for 2 

minutes for 8000 x g. The RNeasy column was transferred into new 1.5 mL 

eppendorf tube and 30 µL RNase free water pipetted onto the column. After a 1 

minute incubation, the columns were centrifuged 8000 x g for 1 minute. The 

concentration the eluted total RNA was measured using IMPLEN Geneflow 

NanoPhotometer P-Class P330. Total RNA concentration was read as ng/µL.  

 

2.8.2 Converting RNA into complementary DNA (cDNA) using reverse 

transcriptase. 

RNA was converted into cDNA using Superscript III (Invitrogen). Firstly, the 

following were mixed together in a 0.2ml PCR tube. 

Total 

RNA 

dNTP (10 

mM) 

Hexamer primers 

(0.4ug/uL) 

RNase free 

dH2O 

1 µg 1 µL 0.5 µL Up to 12 µL 

Table 2. 4: Reagents used to synthesise cDNA from RNA (reverse transcription) 
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Using a thermal cycler (Applied bio system 2720), samples were heated to 65 °C 

for 5 minutes before 7 µL of the following mix were added. 

 

 

 

 

Table 2. 5: Reagents used to synthesise cDNA from RNA (reverse transcription) 

 

Samples were centrifuged quickly to mix the solution completely. Samples were left 

at room temperature for 2 minutes and then 1 µL of Superscript III reverse 

transcriptase (Invitrogen) was added and sample was run on thermos cycler as the 

following:  

- 25 °C for 10 minutes 

- 42 °C for 90 minutes 

- 70 °C for 15 minutes 

- 4 °C at the termination 

cDNA was stored at -20 °C until required. 

 

2.8.3 Checking the synthesis of cDNA with β-actin PCR. 

To check cDNA synthesis process was successful, β-actin PCR was performed. The 

reaction was performed in 0.2mL PCR tubes (Star Labs) and reagents used are 

listed in the Table 2.6 below: 

 

 

Reagent Volume/sample (µL) 

5 X first strand buffer (Invitrogen) 4 

0.1 M Dithiothreitol (DTT) (Invitrogen) 2 

Rnase inhibitor 10000 u (from Bioline) 1 
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Table 2. 6: Reagents used in the synthesis of β-actin from cDNA 

 

PCR amplification was performed in a thermal cycler using the following cycle 

conditions:  

- 35 cycles of: 

o 92 °C for 1 minute 

o 55 °C for 2 minutes 

o 72 for 1 minute  

- 4 °C for storing the sample.  

β-actin PCR product was electrophoresed in on 2% agarose gels prepared using 2 

g of agarose (Bioline) in 100 mL 1 X Tris borate EDTA (TBE) buffer (Appendix 

9.2.11). The mixture was heated in the microwave to completely dissolve the 

agarose. 5 µL of Ethidium Bromide (EB) was added, mixed properly and the molten 

agarose solution poured into small gel trays with fixed combs. Once solidified, 12 

µL of β-actin DNA PCR product +4 uL 5 X gel loading buffer (from Bioline) was 

loaded into the wells. Hyperladder I 1kb (from Bioline) was used as a DNA ladder 

and the gel was electrophoresed at 100 volts in 1 X TBE running buffer for 20-30 

minutes. β-actin PCR product (453bp) was visualised under UV light. A strong band 

indicated successful synthesis of cDNA. 

Reagent Volume/sample (µL) 

RNAse free dH20 40.5 

cDNA  1 

Β-actin forward primer (10 µM) 

5’ GTCACCAACTGGGACGACA 3’ (from Sigma) 

1 

Β-actin reverse primer (10 µM) 

5’ TGGCCATCTCTTGCTCGAA 3’ (from Sigma) 

1 

dNTP mix (10 mM) 1 

10 X PCR buffer 5 

Taq polymerase  0.5 
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2.8.4 Quantitative real time polymerase chain reaction (qRT-PCR). 

2.8.5 Measuring C-MYC mRNA levels via qRT-PCR. 

C-MYC mRNA levels were quantified using qRT-PCR on cDNA produced from 

treated and non-treated cells at the time points specified in the text. Once β-actin 

was checked, C-MYC qRT-PCR was performed using Sensifast SYBR green 

master mix- Low ROX (Bioline). Reactions were prepared in 0.2ml PCR tubes as 

described in Table 2.7. 

 

 

 

 

 

 

 

 

Primers used for this reaction:  

C-MYC forward primers: 5’ TCAAGAGGTGCCACGTCTCC 3’ 

C-MYC reverse primers: 5’ TCTTGGCAGCAGGATAGTCCTT ‘3 

18 S (18SrDNA) forward primers: 5’ GCCGCTAGAGGTGAAATTCTT 3’ 

18 S (18SrDNA) reverse primers: 5’ CATTCTTGGCAAATGCTTTCG ‘3 

 

Master Mix was properly mixed by pipetting up and down and 19 µL of master mix 

was pipetted into 96 well PCR plate (ABA 17500) (from Geneflow). Both C-MYC and 

18 S (18SrDNA) master mix was pipetted into the labelled plate and 1 µL of cDNA 

added to each well in triplicate wells. PCR plate was sealed with plastic film and 

centrifuged at 1500 rpm for 5 minutes. The qRT-PCR was performed using ABI 

prism 7700 machine (from Applied Biosystem) with ABI 7700 software.  

Data analysis was processed by calculating Δ Ct values for each sample by 

subtracting 18 S ribosomal RNA Ct values from C-MYC Ct values from. 

ΔCt =  18 S Ct value −  C − MYC Ct value  

Reagent Volume/sample (µL) 

2 X Sensifast SYBR green (Bioline) 10 

C-MYC or 18 S (18SrDNA) forward 

primers (10 µM) 

0.4 

C-MYC or 18 S (18SrDNA) reverse 

primers (10 µM) 

0.4 

RNAse free dH2O 8.2 

Table 2. 7 qRT-PCR master mix reagent component 
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ΔΔCt values were calculated by subtracting ΔCt control samples from each sample. 

ΔΔCt = sample ΔCt value −  control ΔCt value  

And then to calculate the fold change for each sample:  

fold change = 2 −ΔΔCt 

 

2.9 Silver staining. 

One of the methods used to visualise proteins in SDS-PAGE was silver staining. 

Silver staining is very sensitive technique in detecting protein and can detect protein 

at 5 ng concentration. The principle of this method is to deposit silver ions on 

separated protein present on SDS gel following electrophoresis. Deposited silver 

ion will later be reduced to form metallic silver which gives a dark pigmentation 

proportional to bound protein. ProteoSilver™ Silver Stain Kit (SIGMA) was used in 

this study. The protocol started by electrophoresing 30 µg of total protein lysate in 

12% polyacrylamide SDS-PAGE as described earlier. Gels were fixed with fixing 

solution (dH2O with 50% ethanol and 10% acetic acid) overnight in cold room at 4 

°C. Gels were washed with dH2O with 30% ethanol for 10 minutes followed by dH2O 

wash for 10 minutes. Gels were then incubated in sensitization solution provided by 

the kit for 10 minutes before washing with dH2O for 10 minutes. Gels were incubated 

with silver in equilibration step for 10 minutes and then washed with dH2O for 1 

minute. Silver ion reduction was performed with developer solution provided by the 

kit for 3-7 minutes until sufficient protein visualization was obtained. 5 ml of 

ProteoSilver™ stop solution was added to stop the reaction.  

 

2.10 BL transfection with C-MYC using Piggyback Transposon System. 

In this study, the PiggyBac vector transposon System (Vectorbuilder) was used to 

transfect and constitutively express C-MYC in BL cell lines.  
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The Piggybac system utilizes a cut and paste method which is defined by the ability 

of transposase to recognize the cutting sites in plasmid at specific sequence known 

as inverted terminal repeats (ITRs) to free the sequence of interest (transposon) and 

insert into the host cell genome.  In this study, 2 genes were introduced into BL cell 

line: 

1- C-MYC (VB200623-1116ump) showed in Figure 2.1 (VectorBuilder) 

2- EGFP (VB900088-2218fcw) showed in Figure 2.2 (VectorBuilder) which is 

used as a transfection control. 

Co-transfection with hyPBase (VB160216-10057) was required (coding for the 

transposase) as shown in Figure 2.3.  

The C-MYC-EGFP plasmid included antibiotic gene for plasmid selection and the 

C-MYC gene under the regulation of the constitutively active eukaryotic translation 

elongation factor 1 α (EF1A) promoter. The C-MYC gene was fused with EGFP via 

small peptide (T2A) that undergoes self-cleavage during translation and the 

specified region is covered by 5’ and 3’ ITR sites that are recognized by transposase 

during gene cutting and pasting process. Thus, cells that express C-MYC also 

express EGFP. Full details of vector is provided in appendix B. 

 Figure 2. 1 C-MYC-EGFP vector VB200623-1116ump design used to overexpress C-MYC in BL 

cell lines. Vector shows 5’ and 3’ inverted terminal repeats (ITR) site for transposases activity, human 

eukaryotic translation elongation factor 1 α1 promoter (EF1A), Kozak translation initiation sequence (Kozak), 

C-MYC gene (c-Myc(P01106-1)), (self-cleaving 2A peptide (T2A), enhanced green fluorescent protein (EGFP), 

rabbit Polyadenylation signal (rBG pA), human cytomegalovirus immediate early promoter (CMV), Hygromycin 

resistance (Hygro), polyadenylation signal (BGH pA), Ampicillin resistance (Ampicillin), origin of replication (pUC 

ori). C-MYC is under the influence of EF1A promoter for continuous expression. EGFP is fused with 

C-MYC via self cleaved T2A protein. 
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Figure 2.3 hyPBase vector VB160216-10057design used to overexpress transposases in BL 

cell lines. hyPBase vector shows piggyBac 5' inverted terminal repeat (CAG), Kozak translation 

initiation sequence (Kozak), piggyback transposase (hyBase), Simian virus 40 late polyadenylation 

signal (SV40 late pA), human cytomegalovirus immediate early promoter (CMV), Variant of mRFP1 

(mCherry), Polyadenylation signal (BGH pA), origin of replication (pUC ori), Ampicillin resistance 

(Ampicillin). The mechanism of hyPBase vector activity is initiated by cutting co-transfected vector 

at ITR sites and pasting into host chromosome.   

Figure 2.2 EGFP vector VB900088-2218fcw design used to overexpress EGFP in BL cell lines. 
Vector shows 5’ and 3’ inverted terminal repeats (ITR) site for transposases activity, human eukaryotic 
translation elongation factor 1 α1 promoter (EF1A), Kozak translation initiation sequence (Kozak), 
enhanced green fluorescent protein (EGFP), rabbit Polyadenylation signal (rBG pA), c, Hygromycin 
resistance (Hygro), polyadenylation signal (BGH pA), Ampicillin resistance (Ampicillin), origin of 
replication (pUC ori). EGFP is under the influence of EF1A promoter for continuous expression.  
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Purchased vectors were hosted in VB UltraStable strain. Vectors were grown in LB 

broth supplemented with Ampicillin (100 µg/mL) overnight shaking at 220 rpm at 30 

°C.  PureLink™ Expi Endotoxin-Free Maxi Plasmid Purification Kit was (Invitrogen) 

was used to purify plasmid.  

BL cells were prepared for transfection by growing them to exponential phase at 

5x105 cells/mL. Cells were collected (5x105) cells and transferred into 50 ml falcon 

tubes. Cells were washed with PBS up to 20 mL and centrifuged at 1500 rpm for 5 

minutes. Meanwhile, transfection master mix solutions were prepared as follows 

(Table 2.8). 

 

 

 

 

 

 

 

Table 2. 8 transfection components and preparation required to transfect BL cell line. 

 

Following centrifugation, supernatant was discarded and pellet was mixed with 100 

µL transfection master mix and mixed gently by pipetting up and down. The mix was 

transferred to transfection cuvettes and electroporated using Nucleofector II. Upon 

transfection, 500 µL of warm complete media was added and cells were transferred 

into 6 well plates (Corning) together with 3 mL of complete media / well and 

incubated at 37 °C for 3 days. During this time, transposase will cut vectors at ITR 

and paste into the host genome. BL cell lines were then incubated with Hygromycin 

(100 µg / mL) in complete media (20% FBS). 

Transfection efficiencies were evaluated using flow cytometry to measure EGFP. 

Cells that were bright for EGFP (EGFP++) were sorted and enriched by FACS.  

solution 

Required volume - 

concentration 

Ingenio electroporation 

solution (Mirus) 

100 µL / reaction 

(Including DNA materials) 

hyPBase (Transposase) 1 µg/ reaction 

C-MYC-EGFP or EGFP 1.5 ug/ reaction 



 
 
 

 

  

CHAPTER THREE 

THE CHARACTERISATION OF 

ZINC ACTIVITY AS AN ANTI-

BL 
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3   The characterisation of zinc activity as an anti-BL. 

Whilst intensive cytotoxic chemotherapy and radiation therapy are the mainstay of 

treatment for BL In HICs, the toxicities and costs associated with these treatments 

limit their use in LMICs. Outcomes are worsened since many eBL patients in LMICs 

and SSA often present with more advanced disease due to delays in getting to 

hospital and obtaining a diagnosis, thus there is an urgent need to develop 

affordable, low toxicity and effective alternative therapies for BL patients that are 

suitable for LMICs. Previously in our lab, BL cell lines were screened against a drug 

repurposing library developed in-house (FMC Library) which comprised of 100 oral, 

licensed drugs listed in the British National Formulary (BNF). Using a Celltiter Blue 

viability assay, zinc acetate was identified as possessing anti-BL activity against a 

panel of BL cell lines including eBL (DANTE, EZEMA, GLOR, NAMALWA and SAV) 

and sBL (AKATA, BL30 and BL31). Dose response experiments showed that all 

tested BL cell lines were sensitive to zinc acetate at 100 µM and higher doses with 

significantly reduced cells viability. 

Zinc is an essential mineral that is involved in many different human biological 

systems including DNA synthesis, cell maturation, immune system integrity, 

hemostasis, oxidative stress and development (Yan et al., 2008). Zinc is an 

essential cofactor in more than 300 proteins as a key component of zinc finger like 

domains which are involved in structural and functional integrity (Cheng and Chen, 

2021).  

The essential role of zinc is highlighted by the fact that zinc deficiency has been 

linked with various disorders including hepatic failure, immune dysfunction, growth 

retardation and diarrhoea (Tuerk and Fazel, 2009, Wong et al., 2012). Also, it was 

found that 65% individuals with head and nick cancer had zinc deficiency and zinc 

was found to be very low in prostate cancer samples suggesting the potential link 

between zinc deficiency and disease progression (Prasad et al., 2009, Jarrard, 

2005). The clinical benefit of  zinc was seen among children in SSA where zinc 

supplementation helped in reducing diarrhoeal events caused by Rotavirus and 

Escherichia coli as a consequences of poor sanitation system and limited access to 
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hygienic water for consumption (Pande et al., 2008, Jamison, 2006). The World 

Health Organisation (WHO) recommends 20 mg of zinc orally in diarrhoea 

management which has been shown to be effective in reducing diarrhoeal severity 

and duration in acute cases (Yeshaw et al., 2020, Dhingra et al., 2020, Walker et 

al., 2007). The estimation of zinc deficiency among worldwide population is about 

17.3%. In SSA, a high phytate diet means that ~30% of the population are estimated 

to be zinc deficient (Wessells and Brown, 2012, Bailey et al., 2015, Belay et al., 

2021, Agedew et al., 2022). 

The aims of this section of work were to characterise the anti-BL activity of zinc. The 

effect of zinc acetate against different BL cell lines including eBL and sBL was 

characterized at different time points and zinc concentrations. The response of BL 

cell lines was compared to a panel of non-BL lines including diffuse large B cell 

lymphoma (DLBCL) cell lines which are a germinal center B cell tumour similar to 

BL, and acute myeloid leukemia (AML) which represents a non-B cell tumour to 

investigate whether zinc is primarily targeting BL cells. Lymphoblastoid cell lines 

(LCLs), which are immortalized EBV-infected B cells, were also used as normal 

controls to focus on the role of zinc against control B cells. Cell viability was 

assessed using flow cytometry analysis and cellular morphology were investigated 

via Jenner-Giemsa stain to image damaged cell.  

In order to characterize the mode of cell death induced by zinc in BL cells, markers 

of apoptosis were tested. Apoptosis was assessed using staining with annexin V 

and flow cytometry. Additionally, western blot analysis was performed to measure 

caspase 3 and 9 protein levels which are crucial during intrinsic apoptosis pathway 

in zinc treated BL cells. Furthermore, both BL and non-BL cell lines were stained 

with propidium iodide to investigate cell cycle via flow cytometry to investigate 

whether zinc can induce cell cycle arrest in treated cells. All these tests will help in 

further characterizing zinc acetate effects in BL and non-BL cell lines.  
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3.1 Screening of FMC drug library against BL cell lines. 

In our lab we have established the FMC drug library containing already approved 

drugs at concentrations, that when used in in vitro, screens reflect the maximum 

concentration achieved in human serum when used for their primary indication. Drug 

screening using FMC drug library was applied against a panel of eBL (DANTE, 

EZEMA, GLOR, NAMALWA and SAV) and sBL (AKATA, BL30, BL31) cell lines. 

The viability of BL cells after 72 hours treatment was measured using the CellTiter 

blue assay. Figure 3.1 shows data from the FMC screen redacted to show the top 

31 hits (greatest reduction in average viability across all BL lines tested) (the 

complete FMC drug list is in appendix C). Each treatment including solvent controls 

(DMSO, EtOH, methanol and water) were normalised to non-treatment controls 

(media). In this analysis zinc acetate was the best hit and selected for further 

investigation.  
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Figure 3. 1 FMC drug library screening against BL cell lines. AKATA, BL30, BL31, DANTE, 
EZEMA, GLOR, NAMALWA and SAV BL cell lines were seeded at 5x105 cells/mL and treated with 
FMC drug library for 72 hours. Drug stocks are designed to be at the maximum dose achieved in 
serum when used for their primary indication and when diluted (1:1000) into the assay. Cell titer blue 
assay was performed to measure the viability of BL cell lines. X axis show the top 31 hits (greatest 
reduction in average viability across all BL lines tested) and solvent controls. Y axis represents a log 
scale of relative viability to untreated controls (media). The data in this figure was generated by other 
members in the group before the beginning of this project. 
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3.2 Determining the zinc acetate dose response of a panel of BL cell lines.  

Having identified the potential anti-BL activity of zinc, the same panel of eBL 

(DANTE, EZEMA, GLOR, NAMALWA and SAV) and sBL (AKATA, BL30, BL31) cell 

lines were exposed to a range of zinc acetate concentrations to determine the dose 

response of the cell lines, again using the celltiter blue assay after 72 hours. As 

shown in Figure 3.2, the individual BL cell lines demonstrated similar dose 

responses when challenged with zinc acetate with the majority of lines being 

relatively unaffected below 100 µM zinc acetate and demonstrating greater than 

90% loss of viability within the range of 100-250 µM zinc acetate.  

 

 

To further characterise the effects of zinc acetate on sBL cells lines (AKATA, BL30) 

and eBL (DANTE, GLOR and SAV) cells were treated with 50 and 100 µM zinc 

acetate to assess their viability and cell counts at 24 and 48 hours using flow 

cytometry.  Figure 3.3 shows representative forward and side scatter plots using 

individual viable cell gates for each cell line that were set using the corresponding 

plots for 0 µM zinc acetate.  

Figure 3. 2  Zinc acetate dose reponse in BL cell lines. BL cell lines were seeded at 5x105 cells/mL 
and treated with increasing doses of zinc acetate for 72 hours. Celltiter blue assay was performed to 
measure cell viability. X axis represents zinc acetate concentration and Y axis shows viability 
percentage. The data in this figure was generated by other members in the group before the 
beginning my project. 
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The plots show events inside and outside of these gates and include counting beads 

which appear as a distinct cloud in the upper left of the plots.  As shown, 50 µM zinc 

acetate showed little effect on BL cells at 24 hours and only minor shifts in cell 

viability at 48 hours.  In contrast, 100 uM zinc acetate induced loss in viability at 24 

Figure 3. 3 Flow cytometry analysis of zinc acetate effect of on BL cell lines viability after 
24 hours (top panel) and 48 hours (bottom panel). BL cell lines (AKATA BL, BL 30, DANTE 
BL, GLOR BL and SAV BL) were seeded at 5x105 cells/mL and treated with 0, 50 and 100 µM 
zinc acetate for 24 and 48 hours. Cell viability and cell count were measured using Flow 
cytometry assay with counting beads. 
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hours and total or near complete loss of viability at 48 hours in all tested BL cell 

lines. Figure 3.4 shows meaned data from N=3 experiments performed as in Figure 

3.3. 

 

The data confirm that there was near complete loss of cell viability in all BL cell lines 

tested when treated with 100 µM zinc acetate for 48 hours and that a diminished 

viability was detected after 24 hours. After 24 hours only the eBL cells DANTE 

showed statistically reduced viability in response to 50 µM zinc acetate. After 48 

hours, BL 30 and GLOR BL showed a statistically difference in viability between 

cells exposed to 0 or 50 µM zinc acetate. To investigate morphological changes in 

Figure 3. 4 Effect of zinc acetate on BL cell lines viability after 24 and 48 hours. BL cell lines 
(AKATA BL, BL 30, DANTE BL, GLOR BL and SAV BL) were seeded at 5x105 cells/mL and treated 
with 0, 50 and 100 µM zinc acetate for 24 and 48 hours. Data are the mean from N=3 experiments 
measured using flow cytometry as shown in figure 3.3. Analysis was performed using one-way 
ANOVA.* P<0.05. 
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zinc acetate treated BL cell lines, cytopspin preparations of treated cells were 

stained with Jenner-Giemsa (JG) (Figure 3.5). The (top panel) shows representative 

images for each cell line at 24 hours and (bottom panel) at 48 hours. The images 

demonstrate the marked decrease in viable cell numbers at both 24 and 48 hours 

in all the treated cell lines when exposed to 100 µM zinc acetate at both 24 and 48 

hours. The figures also illustrate the non-viable morphologies of the cells that 

remained in these cultures. In contrast, the morphologies and density of the cells 

treated with 50 µM zinc acetate at either 24 or 48 hours were similar to those of 

untreated control cells.  

Figure 3. 5 Effect of zinc acetate on BL cell lines viability morphology after 24 and 48 hours. 
sBL (AKATA BL and BL 30) and eBL (DANTE BL, GLOR BL and SAV) cell lines were seeded at 
5x105 cells/mL and treated with 0, 50 and 100 µM zinc acetate for 24 and 48 hours. Cytospin slides 
were prepared and stained with Jenner-Giemsa stain. Images are represented with 75 µM bar scale. 
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3.3  Zinc acetate has no/limited activity against diffuse large B cell lymphoma 

(DLBCL) acute myeloid leukemia (AML), or and lymphoblastoid cell lines 

(LCLs).  

The above data showed BL cells are killed by 48 hours exposure to 100 µM zinc 

acetate. To investigate the potential selectivity, or not, of BL cell sensitivity to zinc, 

a panel of non-BL cell line were also investigated. Lymphoblastoid cell lines (LCLs) 

are immortalised B cells generated in the laboratory by infecting normal peripheral 

B cells with Epstein - Barr virus (EBV) causing B cells to proliferate continuously 

(Padmanabhan, 2014). LCLs are commonly used to represent a model of 

proliferating karyotypically normal B cells. Four LCLs cell lines JT, LG, KJ and AR 

LCL together with cell lines representing diffuse large B cell lymphoma (DLBCL; SU-

DHL-4, SU-DHL5 and SU-DHL-6) and acute myeloid leukaemia (AML; HL 60) were 

treated used to assess their response to 50 and 100 µM zinc acetate. Exponentially 

grown cells were seeded at 5x105 cells/mL and exposed to zinc acetate 50 and 100 

µM for 24, 48 and 72 hours. 

Flow cytometry dot plots were generated for each non-BL cell line at 24, 48 and 72 

hours. Analysis at 24 and 48 hours revealed no significant loss of cell viability 24 or 

48 hours when exposed to 50 or 100 µM zinc acetate. Representative forward and 

side scatter dot plots generated using flow cytometry after 72 hours treatment with 

zinc acetate data for 72 hours exposure is shown in Figure 3.6. As shown in the 

figure, neither 50 nor 100 µM zinc acetate caused significant loss of cell viability in 

LCLs, DLBCL or AML cells after 72 hours.  
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Data for N=3 experiments for each cell line were meaned and compared to 

untreated control as shown in Figure 3.7. Neither 50 nor 100 µM zinc acetate caused 

noticeable loss of cell viability of LCL and DLBCL cell lines after 72 hours of 

treatment. HL 60 showed a minor significant reduction in cell viability with both 50 

and 100 µM.  

Figure 3. 6  Effect of zinc acetate on non-BL cell lines viability after 72 hours. Non-BL cell lines 
(LG LCL, AR LCL, KJ LCL, SU-DHL 4, SU-DHL 5, SU-DHL 6 and HL 60) were seeded at 5x105 
cells/mL and treated with 0, 50 and 100 µM zinc acetate for 72 hours. Cell viability and cell count 
were acquired using Flow cytometry assay with counting beads. Dot plots show side scattered on Y 
axis and forward scattered on X axis. 
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Jenner-Giemsa stained images at 72 hours are shown in Figure 3.8. These images 

show no morphological changes in non-BL cells with 50 and 100 µM zinc acetate at 

72 hours.  

Figure 3. 7 Effect of zinc acetate on non-BL cell lines viability. Non-BL cell lines (LG LCL, AR 
LCL, KJ LCL, SU-DHL 4, SU-DHL 5, SU-DHL 6 and HL60) were seeded at 5x105 cells/mL and 
treated with 0, 50 and 100 µM zinc acetate for 72 hours. Data are the mean from N=3 experiments 
measured using flow cytometry as shown in figure 3.6. Analysis was performed using one-way 
ANOVA.* P<0.05. 
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Figure 3. 8 Effect of zinc acetate treatment on non- BL cell lines morphology after 72 hours. 
Non-BL cell lines (JT LCL, LG LCL, AR LCL, SU-DHL-4, SU-DHL-5, SU-DHL-6 and HL 60) were 
seeded at 5x105 cells/mL and treated with 0, 50 and 100 µM zinc acetate for 24 hours. Cytospin 
slides were prepared and stained with Jenner-Giemsa stain. 
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Hereto, the results demonstrate that 100 µM zinc acetate targets sBL (AKATA, and 

BL 30) and eBL (DANTE, GLOR and SAV) cell lines selectively and reduces their 

viability after 24 hours and near complete loss of viability was seen after 48 hours. 

On the other hand, non- BL cell lines LCLs (JT, AR, KJ and LG), DLBCL (SU-DHL-

4, SU-DHL-5 and SU-DHL-6) and AML (HL 60) were not reflecting the same viability 

response to zinc acetate treatment seen in BL cell lines over the time.  

Cumulative viability data for both of BL and non-BL group of cells from all previous 

experiments are represented in Figure 3.9. Total cell count (viability) over the time 

is represented in the figure where it illustrates that BL cells were sensitive and were 

killed with zinc acetate treatment at 100 µM more than 50 µM as seen with the halted 

cell proliferation pattern over 24 and 48 hours, while non-BL cells generally are 

remained viable and grow over the extended time points for up to 72 hours.   
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Figure 3. 9 Cumulative proliferation pattern of BL and non-BL cell line in a response to zinc 
acetate treatment. sBL (Akata BLand BL 30), eBL (SAV BL, DANTE BL and GLOR) and non-BL 
cell lines (JT LCL, AR LCL, KJ LCL and LG LCL, SU-DHL-4, SU-DHL-5, SU-DHL-6, and HL 60) were 
seeded at 5x105 cells/mL and treated with 0, 50 and 100 µM zinc acetate for 24,48 and 72 hours. 
Data are the mean from N=3 experiments of each cell line. Analysis was performed using one way 
ANOVA *p<0.05. 
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3.4 Zinc acetate increases Apoptosis in BL cell lines. 

Combined annexin V and propidium iodide (PI) staining was used to investigate the 

possible role of apoptosis in the differential response of BL and non-BL cell lines to 

50 and 100 µM zinc acetate. In viable cells, phosphatidylserine is located on the 

inner surface of cell membrane and during apoptosis it is exposed to the outer 

surface. Phosphatidylserine can be detected using flow cytometry when the cells 

are stained with Annexin V conjugated with fluorescent APC which has affinity to 

bind phosphatidylserine. Alongside Annexin V, propidium iodide is used to stain 

cellular DNA in dead but not live cells.  

Thus, increased apoptosis events correlate with increased Annexin V signals and 

PI signals. eBL: DANTE and GLOR BL, sBL: BL 31, AKATA and BL 30 with non-BL 

cell lines; AR LCL, SU-DHL-4 and HL 60 were tested. All cells were grown 

exponentially then seeded at 5x105 cells/mL and treated with 50 and 100 µM zinc 

acetate for 24 hours. Figure 3.10 shows the representative flow cytometry dot plot 

generated for each cell line.  
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Figure 3. 10 Annexin V and PI flow cytometry dot plots for BL and non-BL cell lines treated 
with zinc acetate for 24 hours. BL cell lines (DANTE BL, BL 30, AKATA, GLOR BL and BL 31) and 
non-BL cell lines (AR LCL, SU-DHL-4 and HL 60) were treated with zinc acetate 0, 50 and 100 µM. 
After 24 hours of incubation, cells were stained with propidium iodide and annexin V. Flow cytometry 
dot plots represent propidium iodide signal intensity on Y axis and Annexin V signal intensity on X 
axis. 
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As shown in Figure 3.10, lower left quadrant of the dot plot shows the live cells 

events for each cell line which defines cells that are not undergoing apoptosis. 

Lower right quadrant defines an early stage of apoptosis where cells are exposing 

phosphatidylserine into outer membrane and becoming annexin V+. Upper right 

quadrant represents cells which are undergoing later stage of apoptosis as cells are 

represented with annexin V+ and become leaky allowing PI to enter the cells and 

stain DNA as described in the materials and methods in chapter 2.  

In BL cells (eBL:DANTE BL, SAV BL and sBL: BL 30 and AKATA), data showed 

that 100 µM zinc acetate induced apoptosis as seen in the noticeable event shift 

from lower left to lower right suggesting an increase in annexin V staining. Moreover, 

upper right quadrant showed an increase in late apoptosis events. No activation of 

apoptosis was observed with 50 µM. eBL GLOR cells treated with 100 µM showed 

no increased sign of early apoptosis as represented in lower right quadrant, 

however, it showed a late apoptosis event with loss of viable cell events as seen in 

the upper right quadrant when compared to control. Similar to other BL cell lines 

tested, 50 µM showed no major changes when compared to the control. In a 

comparison, annexin V and PI stain levels in cells treated with 50 and 100 µM 

remained nearly the same as the control the non-BL group (AR LCL, SU-DHL-4 and 

HL 60) 

Figure 3.11 shows meaned annexin V data for N=3 experiments as in Figure 3.10. 

100 µM zinc acetate significantly increased annexin V in all BL cell lines tested after 

24 hours while non-BL cells showed no difference in annexin V staining compared 

to control cells. There were no significant differences seen with 50 µM zinc acetate 

dose in either BL or non-BL cell lines after 24 hours.    
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Figure 3. 11 Apoptosis evaluation in BL and non-BL cell lines treated with zinc acetate for 24 
hours. BL cell lines (DANTE BL, BL 30, AKATA, GLOR BL and BL 31) and non-BL cell lines (AR 
LCL, SU-DHL-4 and HL 60) were treated with 0, 50 and 100 µM zinc acetate. After 24 hours, cells 
were stained with propidium iodide and annexin V. Data represent meaned analysis of total annexin 
V staging (upper and lower right quadrant) from N=3 experiments using flow cytometry dot plots as 
shown in figure 3.10. Data analysis was performed using one-Way ANOVA. *P<0.05. 
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3.5 Activation of caspases in BL cell lines as a response to zinc acetate. 

The above data showed that BL cells demonstrated increased levels of apoptosis in 

response to 100uM zinc acetate after 24 hours. Caspases are key mediators in 

apoptosis, especially executioner caspases such as caspase 3 and 9 which activate 

downstream signalling cascades once cleaved and activated. Therefore, caspase 3 

and 9 activation were assessed in BL cell lines (eBL: DANTE, SAV BL and sBL: BL 

30) and non-BL cell (JT LCL) when exposed to zinc acetate for 6 hours. Western 

blotting assay was performed to measure the inactive (uncleaved) form of caspase 

3 and 9 protein levels. 

Figure 3.12 shows representative caspase 3 western blot images and meaned 

densitometry data from N=3 experiments normalised with β-actin and compared to 

control untreated cells for three BL cell lines (sBL: BL 30, and SAV and eBL: 

DANTE) and one non-BL LCL (JT LCL) after 6 hours.  

As illustrated in the figure, all tested BL cell lines had reduced levels of uncleaved 

caspase 3 protein compared to control which is significant with 100 µM zinc acetate 

treatment. Western blot images show 2 bands captured by the antibody used in all 

tested cells which is used to detect the full length of caspase 3. Only the lower band 

(33 kDa) was sensitive to 100 µM zinc acetate whilst the top one was more stable. 

This upper band may be due to non-specific binding of the antibody or alternatively, 

may be caspase 3 which has been post-translationally modified. Phosphorylation of 

caspase 3 at Ser150 by p38-MAPK is believed to adjust protein threshold to prevent 

apoptosis (Thomas et al., 2018). This finding was not seen with 50 µM as caspase 

3 levels remained similar to the control in BL cell lines. In contrast, the non-BL cell 

lines JT LCL showed no changes to caspase 3 protein levels with 50 or 100 µM zinc 

acetate after 6 hours.  
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Investigation of caspase 9 protein levels by western blotting is shown in Figure 3.13. 

Meaned protein levels of N=3 experiments of cells treated with 50 and 100 µM zinc 

acetate are represented after being normalised with β-actin and compared to 

control. Significant reduction in caspase 9 protein level was observed with 100 µM 

zinc acetate in BL cell lines (sBL: BL 30 and eBL: SAV and Dante) while 50 µM 

showed no significant changes as compared to control. No caspase 9 changes were 

observed in JT LCL for either zinc doses. 

Figure 3. 12 Caspase 3 protein levels in zinc acetate treated BL and non-BL cell lines after 
6 hours. BL cell lines (DANTE, BL30, SAV), LCL cell line (JT LCL) were treated with 0, 50 and 
100 µM zinc acetate for 6 hours. Western blot images are represented for each cell lines. Both 
images are represented in red colour since both primary anti caspase 3 and anti β-actin were 
generated in mouse and secondary fluorescence antibodies are anti mouse (Red 700). Primary 
Caspase 3 protein levels were normalised to β-actin and compared to control. Data analysis was 
performed using one way ANOVA. * P<0.05. 
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Figure 3. 13  Caspase 9 protein levels in zinc acetate treated BL and non-BL cell lines 
after 6 hours. BL cell lines (DANTE, BL30, SAV), LCL cell line (JT LCL) were treated with 0, 
50 and 100 µM zinc acetate for 6 hours. Western blot images are represented for each cell 
lines. Caspase 9 protein levels were normalised to β-actin and compared to control. Data 
analysis was performed using one way ANOVA. * P<0.05. 
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3.6 Cell cycle analysis in BL and non-BL cell line and their response to zinc 

acetate.  

The previous analysis showed that zinc acetate initiates apoptotic cell killing in BL 

cell lines. Cell cycle analysis was also performed on zinc acetate treated cells. 

Exponentially grown BL cell lines (eBL: DANTE, GLOR and SAV) and (sBL: AKATA 

and BL 30) and non-BL cell lines; AR LCL, SU-DHL-4 and HL 60 were seeded at 

5x105 and treated with 0, 50 and 100 µM zinc acetate. After 24 hours, cells were 

permeabilised, stained with propidium iodide and analysed by flow cytometry. 

Representative histograms of cell cycle phases are shown in Figure 3.14 A Meaned 

data for N=3 of all BL cell lines tested and non-BL cells are represented in stacked 

bar charts in Figure 3.14 B. The data show that after 24 hours of treating BL cells 

with 100 µM zinc acetate, no arrest was seen in cell cycle. However, the majority of 

BL cells line tested had significant increases in sub-G0 events which corresponds 

with apoptosis derived DNA fragments. These were not observed in control and 50 

zinc acetate treated cultures. None of the non-BL cell lines displayed significant 

differences in cell cycle phases when compared to controls at either 50 or 100 µM 

zinc acetate. 
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Figure 3. 14 Cell cycle phase evaluation and measurement in BL and Non-BL cell lines treated 
with zinc acetate for 24 hours. BL cell lines (DANTE BL, SAV BL, NAMALWA BL, GLOR BL and 
RAJI BL) and Non-BL cell lines (HL 60, AR LCL and SU-DHL-4) were seeded at 5x105 cells/mL and 
treated with 0, 50 and 100 µM zinc acetate. After 24 hours of incubation, cells were permeabilized 
and DNA was stained with Propidium Iodide (PI). (A): flow cytometry histogram for a representative 
BL cell line (RAJI) and non-BL (AR LCL). X axis represents PI stain that indicates cell cycle phases 
and Y axis represent the count. (B): Meaned data of N=3 experiment represents phase PI peaks 
analysis of BL and non-BL cell lines demonstrate the percentage of each cell cycle phase (Y) axis 
and zinc acetate concentration on X axis. Analysis was performed using one-way ANOVA. P<0.05. 
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3.7 Discussion and summary. 

The need to develop an alternative, safe, effective and affordable BL therapy in 

LMIC is due to the challenges of treating BL which needs significant resources to 

help in managing the outcomes and side effects of intensive chemotherapy. Due to 

financial limitations, these resources are not always easily available, thereby limiting 

treatment options and reducing response rates. In addition to newly diagnosed BL, 

some BL patients present with a tumour that is drug resistant and others will relapse. 

For these patients, survival rates are reduced to ~ 20% (Woessmann et al., 2020). 

Radiotherapy and surgical intervention to debulk the tumor is another procedure that 

also form a challenge in treating advanced cases of the disease.  

Prior to the start of this project, our group had demonstrated that the repurposed 

drug combination of bezafibrate and medroxyprogesterone acetate (BaP) had 

potent in vitro anti-BL activity (Fenton et al., 2003). This was translated into 

improved outcomes in a phase 2 clinical trial in relapsed/refractory BL in Malawi 

(Molyneux et al., 2014). These data demonstrated that repurposed drugs can 

improve outcomes in LMICs. Thus, further work was done to identify additional 

repurposed drugs that had anti-BL activity. A panel of BL cell lines were screened 

against a custom in-house library of repurposed drugs (FMC library) and viability 

assessed using the Cell Titre Blue Assay. These experiments identified that the 

mineral supplement zinc acetate had potent anti-BL activity. Dose titration 

experiments showed that zinc at 100 µM was able to significantly reduce the cell 

viability of eBL; DANTE, EZEMA, GLOR, NAMALWA and SAV and sBL; AKATA, 

BL30, BL31 in 72 hrs. The effect of zinc was characterised in the context of time 

and dose in greater depth against BL cell lines. The responses of BL cell lines were 

compared to a panel of non-BL cell lines including DLBCLs, AML and LCLs which 

represent “normal” B cells. Flow cytometry using counting beads were used to 

obtain cell counts and showed that BL cell lines were acutely sensitive to 100 µM 

zinc acetate. BL cell numbers decreased by nearly 80% after 48 hrs among sBL; 

AKATA, BL30 and eBL; DANTE, GLOR and SAV, whereas 50 µM zinc had no 

significant effect on cell viability. In all of the non-BL cell lines tested, including LCL; 

JT, AR, KJ and LG and non-BL tumour cell line DLBCL; SU-DHL-4, SU-DHL-5 and 
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SU-DHL-6 and AML; HL60, cell numbers increased over 72 hours equally in the 

presence or absence of zinc demonstrating that zinc had no effect on these cells. 

Combined, these data suggest a BL-specific action of zinc. Interestingly, Sirinian et 

al demonstrated that 100 µM zinc sulfate was able reduce C-MYC protein levels in 

the eBL RAJI cell line even after 24 hours which was not seen in the tested HL 60 

cell line as the study showed. In addition, different leukemic cell lines (JURKAT and 

K562) were tested and showed no zinc-related apoptotic effects (Sirinian et al., 

2003). Different study showed that thin films coated with zinc oxide (ZnO) was able 

to induce cell death after 24 hours among RAJI cell line with no significant effect 

observed in tested peripheral blood mononuclear cells (PBMCs). Furthermore, ZnO 

was found to induce the generation of reactive oxygen species in RAJI cells which 

also downregulate inhibitor of apoptosis proteins (IAPs) levels and modulating 

phosphorylated form of P53 to facilitate apoptosis in BL cells (Moon et al., 2016).  

A previous study described that 60 -100 µM zinc acetate activated the executioner 

caspase 3 via intrinsic pathways in RAMOS BL cells with no apoptotic response 

found with lower concentrations. Caspase 3 activation led to the cleavage of poly-

ADP ribose polymerase (PARP) which is a hallmark in apoptosis event. In the same 

study, adding the caspase inhibitor zVAD-fmk prevented  apoptosis indicating an 

essential role for apoptosis in zinc-mediated killing of RAMOS cells (Schrantz et al., 

2001b). This was confirmed in the present study. Using Annexin V and propidium 

iodide staining and flow cytometry, all the BL cell lines tested (DANTE, SAV, GLOR, 

AKATA and BL30) showed an increased annexin V signals with 100 µM dose of zinc 

with no significant increase seen at 50 µM. Neither 50 nor 100 µM zinc doses 

induced significant annexin V staining on non-BL cell lines. Apoptosis is either 

activated via the intrinsic or extrinsic pathway. Western blot analysis of caspase 9 

and the executioner caspase 3 showed that 100 µM zinc is triggering apoptosis in 

different BL subtypes including eBL (DANTE and SAV) and sBL (BL30) cell lines 

which is not seen on the non-BL LCL (JT). These findings indicate that zinc is 

initiating apoptosis in BL cells via the intrinsic pathway in a mechanism involving 

mitochondrial stress and cytochrome C release leading to activate procaspase 9 

and procaspase 3. Measuring of cytochrome C release from the mitochondria would 
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further confirm the ability of zinc to induce apoptosis via intrinsic pathway in BL cell 

lines as the killing mechanism.  

Cell cycle analysis demonstrated that zinc does not induce cell cycle arrest in BL 

cells. However, an increase in the sub-G1 peak was observed which further support 

the presence of apoptosis.  

In conclusion, characterization of zinc treatment against BL showed that zinc is able 

to kill all tested BL cell lines tested at 100 µM after 48 hrs via induction of apoptosis 

involving caspase 3 and 9 activation with no cell cycle arrest. These effects were 

not observed among the other non-BL cells lines and controls LCLs treated with 

either 50 or 100 µM dose. The data suggest the potential of zinc as an adjunctive 

therapy in BL. Zinc has been used in management of several different diseases. 

Studies have shown that adding zinc in treating malaria can reduce febrile episodes 

(Shankar et al., 2000). Whilst in leprosy, giving 400 mg of zinc twice a day was found 

to help in managing skin nodules and erythema reduction which is also found to be 

useful in patients with cutaneous leishmaniasis in a dose of 10 mg/kg (El-Shafei et 

al., 1988, Sharquie et al., 2001). Up to 600 mg dose of zinc was given daily to 

patients with Wilson’s disease aimed to excrete excessive stored copper and helped 

in managing disease symptoms (Rossaro et al., 1990). Moreover, zinc was also 

found to be effective in managing  rheumatoid arthritis, diabetes type 1 and 2, leg 

ulcers, atopic eczema, macular degeneration and others more (Haase et al., 2008). 

The effect of zinc against BL cells was studied by using different form of zinc 

including nanoparticles materials. It was indicated via WST-1 assay that zinc oxide 

(ZnO) nanoparticles triggered a significant toxic effect against the eBL DAUDI cell 

line than normal B cells after 24 hours of incubation (Carofiglio et al., 2021). Indeed, 

zinc nanoparticles were studied in several studies against different types of cancers 

including blood cancers and showed an increased efficiency in targeting and killing 

cancer cells in multiple pathways and also helped in increase the potency of 

photodynamic therapy (Akhtar et al., 2012, Luengas et al., 2015, Yi et al., 2020, 

Firdous, 2018, Li et al., 2023). ZnO nanoparticles investigation were tested using 

multiple cancer cells of different origins including; hepatocellular carcinoma 

(HepG2) and lung carcinoma (A549) and showed an increased loss of cell viability 
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compared to primary hepatocytes cells. It was reported that ZnO induced DNA 

fragmentation and affect apoptotic proteins including; P53, BAX and BCL-2 (Akhtar 

et al., 2012).  

The data in this chapter identified that zinc was killing BL cells selectively and that 

involved the induction of apoptosis whereas non-BL cell lines were not sensitive. A 

remarkable feature of the killing of BL cell lines observed with zinc was that the dose 

responses were very similar between all the BL cells tested indicating a similar 

mechanism of action or target. A key defining feature of BL is translocation of C-

MYC to one of the Ig genes located on chromosomes 14, 2 or 22 resulting in 

dysregulated constitutive expression of C-MYC. Whilst some of the other cancer cell 

lines overexpress C-MYC, it is not due to this particular translocation. Thus, it was 

postulated that zinc may be killing BL cells by targeting C-MYC gene or protein. This 

was investigated in the next chapter.   
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4 Impact of zinc acetate treatment on expression of C-MYC in BL cell lines. 

C-MYC deregulation is very common in many human cancers. The oncogenic effect 

of C-MYC protein was found to be linked to more than 60% of human cancers 

including; breast cancer, colorectal carcinoma, esophageal cancer, ovarian cancer 

and lymphoma (Duffy et al., 2021). In BL, C-MYC is translocated to either the 

immunoglobulin heavy chain IgH (14q32), light chain kappa IgK (2p12) or lambda 

IgL (22q11) loci. This translocation occurs in GC B cell during B cell development 

where an extensive gene editing process is involved carried out by the DNA editing 

enzyme activation induced cytidine deaminase (AID). AID is essential for somatic 

hypermutation and class switch recombination during B cell development 

(Stavnezer, 2011). Off-site activity of AID has been shown to cause C-MYC 

translocation to the Ig locus bringing expression of C-MYC under the control of Ig 

intron and 3’ enhancer elements resulting in constitutive expression of C-MYC (Hu 

et al., 2007, Schmitz et al., 2014, Poole et al., 2018). 

In BL, the different C-MYC breakpoint can occurs within exon 1 (class I), head-to-

head break points (class II) or involve the far distant breakpoint (class III) with 

MYC/IgH t(8;14) to be the common translocation (Nguyen et al., 2017, Boxer and 

Dang, 2001). Despite the important role of C-MYC in many cancers, no clinically 

available drugs have been developed that can target C-MYC. Zinc (100 µM) was 

previously reported to target C-MYC protein in the RAJI BL cell line causing protein 

reduction but not in LCL cells which were used as a control for B cell (Sirinian et al., 

2003). This study also looked at HL60 cells which have an amplified C-MYC (Birnie, 

1988). Whilst a short-term decrease in C-MYC protein was observed in HL 60 cells, 

this was not sustained beyond 8 hours (Sirinian et al., 2003). Since C-MYC is 

important and plays an essential role in driving the proliferation and pathogenesis 

of BL cells, the effect of zinc against C-MYC mRNA and protein will be investigated 

and assessed in this chapter.  

There are multiple possibilities in how zinc may regulate C-MYC including at the 

transcriptional level by regulation of the promotor or the enhancers, or by regulating 

protein degradation. To address whether the Ig enhancer regions are targeted by 

zinc, we looked at another translocation involving the IgH locus, notably the 
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BCL2/IgH t(14;18) (q32;q21) translocation. The BCL-2 protein family regulates 

apoptosis by inducing or suppressing cell death. It is crucial for BCL-2 protein to be 

tightly regulated to prevent potential cancer development (Czabotar et al., 2014). 

Given its role in preventing cell death, irregular BCL2 overexpression is common in 

neuroblastoma, breast cancer, lung and squamous cell carcinoma (Um, 2016). 

BCL2 gene is located on chromosome 18 and its translocation to IgH is a common 

mutation reported in follicular lymphoma (FL) and DLBCL leading to BCL2 

overexpression (Salam et al., 2020). In BCL2/IgH t(14;18), BCL2 overexpression is 

initiated from both promoters P1 and P2 which usually have low to no activity. 

However the close proximity to the Ig enhancer elements resulting from the 

translocation induces high levels of expression (Figure 4.1) (Duan et al., 2007).  

 

This translocation pattern shows a similar pattern to the C-MYC translocation 

t(8;14)(q24;q32) found in BL where IgH enhancers deregulate C-MYC expression 

(Kirkin et al., 2004, Xiang et al., 2011). The DLBCL cell line (SU-DHL-4) is 

characterized by BCL-2/IgH translocation and thus can be used to investigate 

whether zinc is targeting Ig enhancer elements to affects BCL2 expression and 

relate these findings with the effect of zinc against C-MYC in BL cell lines. 

Figure 4. 1 The architecture of BCL2/IgH t(14;18) (q32;q21) translocation. (A) BCL2 gene 
structure shows the three exons of BCL2, P1 and P2 promoter, major breakpoint (MBR), minor 
cluster region (MCR), coding parts of the gene (black). (B) shows the BCL2/IgH t(14;18) (q32;q21) 
translocation where BCL2 overexpression is hijacked by IgH HS enhancer elements. Figure was 
generated using BioRender platform (www.BioRender.com). 

http://www.biorender.com/
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4.1 Evaluation of basal C-MYC protein levels in BL and non-BL cell lines. 

In 2003, Sirinian et al reported that C-MYC protein levels were reduced in response 

to zinc sulphate in RAJI BL cells when measured by western blotting (Sirinian et al., 

2003). We therefore wished to investigate whether the action of zinc acetate in BL 

cells involves decreasing C-MYC expression. In order to test this, basal C-MYC 

protein levels were determined in multiple BL (eBL: NAMALWA BL, RAJI BL, GLOR 

BL, SAV BL and sBL: AKATA, BL 30, BL 31), LCL (AR LCL and KJ LCL), AML (HL 

60) and DLBCL (SU-DHL-4, SU-DHL-5 and SU-DHL-6) cell lines using western 

blotting.  

As shown in Figure 4.2 A and B, C-MYC protein was present as three commonly 

occurring bands variably expressed across all cell lines with molecular masses of 

66 kDa, 62 kDa and 55 kDa. Although not investigated here these differences are 

most likely related to different post translational modification of C-MYC (Sears, 

2004).  

Figure 4.2 A and B show representative western and total basal C-MYC protein 

levels for N=3 experiments meaned and represented as a stack bar graphs with the 

corresponding protein band sizes. C-MYC protein levels were calculated using 

densitometry and represented as relative expression in comparison to the 

housekeeping gene protein β-actin. Not all samples could be run on the same gel 

therefore HL 60 as a representative non-BL cell line and eBL: NAMALWA as a 

representative BL cell line were included in all gels to aid comparison of the data. 

The analysis showed that C-MYC protein levels were variable between BL cell lines 

but were significantly lower in all non-BL cell line tested, an observation consistent 

with the translocation driven constitutive expression of C-MYC in BL. The 62 kDa C-

MYC band was the most strongly represented amongst BL and non-BL cells. 
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 Figure 4. 2 Basal C-MYC protein levels in BL and Non-BL cell lines. BL cell lines (eBL: 
NAMALWA BL, RAJI BL, GLOR BL, SAV BL, and sBL: AKATA BL, BL 30, BL 31) and Non-BL 
cell lines (HL 60, AR LCL, KJ LCL, SU-DHL-4, SU-DHL-5 and SU-DHL-6) were provided by 
cancer research centre and school of biosciences- university of Birmingham and were STR 
profiled. Cells were run with electrophoreses assay as detailed in materials and methods. 30 µg 
protein of each sample were loaded to the gels. (A) Western blot immunoblotting images for C-
MYC and β-actin with corresponding stack bar chart represents the different C-MYC protein sizes 
as total protein levels among all BL cell lines and AML (HL 60). (B) Western blot immunoblotting 
images for C-MYC and β-actin with corresponding stack bar chart represents the different C-
MYC protein sizes as total protein levels among all non-BL cell lines (AML, LCLs and DLBCL) 
and NAMALWA BL. Data analysis was performed using one way ANOVA. SAV BL analysis was 
performed using unpaired T-test. *P<0.05. 
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4.2 C-MYC protein levels are selectively regulated by zinc acetate in BL cell 

lines. 

It was investigated whether the loss of cell viability in all BL cell lines when exposed 

to 100 µM zinc acetate is associated with downregulation of C-MYC protein levels. 

Since only one BL cell line was tested in Sirinian et al study and since they used a 

different zinc salt, we wished to investigate the effect of zinc acetate on C-MYC 

levels on a larger panel of BL and non-BL cell lines (Sirinian et al., 2003). 

C-MYC protein levels was investigated in BL cell lines (eBL: NAMALWA, SAV, 

GLOR and sBL: BL 30, BL 31,) and LCLs (AR and KJ) treated with 0, 50 and 100 

µM zinc acetate for 1, 2 and 6 hours using western blotting as referred in Figure 4.3 

(A and C). As shown, 100 µM zinc acetate noticeably and selectively reduced C-

MYC protein in all BL cell lines after 6 hours, but not in LCLs. Although there is an 

increase in C-MYC signal seen with 50 µM zinc in eBL NAMALWA and sBL BL30 

after 6 hours, other repeats showed no differences.  

Since zinc-mediated death of BL cells occurs later than 6 hours, we also looked at 

C-MYC protein at 24 hours for the same panel of cell lines treated with 0, 50 and 

100 µM zinc acetate in a separate experiment. Figure 4.3 (B and D) shows 

representative BL and non-BL western blot images respectively at 24 hours. As can 

be seen the western images for untreated cells at 24 hours appear different to those 

from the cells harvested at 6 hours. The reason for this is unclear but due to supply 

issues with the C-MYC antibody, a different batch of antibody was used and may 

explain the difference. Nonetheless, C-MYC bands were detected at the same 

molecular weights. Importantly, a complete loss of all C-MYC bands was seen after 

24 hours in BL cells treated with 100 µM zinc acetate but not the LCLs. The complete 

loss of all bands by 24 hours in 100 µM zinc acetate treated BL cells suggests that 

quantifying total C-MYC may be more informative than focusing on the distribution 

between the bands. Indeed, quantifying loss of signal in one of the bands cannot 

distinguish between loss of protein per se or movement of protein from one post 

transcriptionally altered state to another.   
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Total C-MYC protein levels were measured and densitometry values were 

normalised with β-actin and meaned from N=3 experiments. The data in Figure 4.4 

shows that in each of the BL cell lines tested there is a 50% or greater loss of total 

C-MYC protein by 6 hours in response to 100 µM zinc and a complete loss of 

Figure 4. 3 The effect of zinc acetate on C-MYC protein levels in BL and non-BL cell lines. Different 
BL cell lines (sBL: BL 31, BL 30, and eBL: SAV BL, NAMALWA BL and GLOR BL) (A and B) and non-BL 
(AR LCL and KJ LCL) (C and D) were seeded at 5x105 cells/mL and treated with 0, 50 and 100 µM zinc 
acetate 1, 2,6 (A) and 24 hours (B). 30 µg of total protein was electrophoresed and C-MYC and β-actin 
protein levels assessed by western blot as shown from N=3 experiments. 
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detectable C-MYC by 24 hours. In contrast, there was sustained C-MYC expression 

when the same cells were treated with 50 µM zinc acetate. The loss of C-MYC 

expression in response to 100 µM zinc acetate was not recapitulated in either KJ or 

AR LCLs.   

 

   

Figure 4. 4 Measuring C-MYC protein levels in zinc acetate treated BL and non-BL 
cell lines. Different BL cell lines (sBL: BL 31, BL 30, and eBL: SAV BL, NAMALWA BL, 
GLOR BL) and LCLs (AR LCL and KJ LCL). Total C-MYC values from Figure 3.16 were 
normalised to β-actin and compared to the control at the same time point normalised 
value of total C-MYC and treated with. Data analysis was performed using two-way 
ANOVA. * P<0.05. 
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Besides LCLs, we also measured the impact of zinc acetate on C-MYC expression 

in DLBCL (SU-DHL-4, SU-DHL-5 and SU-DHL-6) and AML (HL 60) cell lines. Cells 

were treated with 0, 50 and 100 µM zinc acetate for 6 and 24 hours. Samples were 

collected and analysed using western blotting. As presented in Figure 4.5, 6 and 24 

hours total C-MYC protein levels were meaned from N=3 experiment are 

represented for each cell line with its representative western blotting images. The 

data show that like LCL cells but in contrast to BL cells, C-MYC was not reduced in 

DLBCL and AML cell lines after 6 or 24 hours with any of zinc acetate doses when 

compared to its control at the same time. 

 

 

 

  

Figure 4. 5 C-MYC protein level in zinc acetate treated non-BL cell lines DLBCLs (SU-DHL-4, 
SU-DHL-5 and SU-DHL-6) and AML (HL 60) after 6 and 24 hours. Different Non-BL cell lines (SU-
DHL-4, SU-DHL-5, SU-DHL-6 and HL 60) were seeded at 5x106 cells/mL and treated with 0, 50 and 
100 µM zinc at for 6 and 24 hours. Western blotting was performed and total C-MYC was compared to 
control. Data analysis was performed using one way ANOVA. * P<0.05. 



107 
 

4.3 The modulation of C-MYC gene expression in BL cell lines as a response 

to zinc acetate.  

Having observed the significant and selective reduction of C-MYC protein in BL in 

response to 100 µM zinc acetate, it was useful to understand the mechanism of zinc 

in reducing C-MYC protein levels by investigating whether zinc interferes with C-

MYC expression at the transcriptional level. Figure 4.6 shows C-MYC qrt-PCR 

analysis for BL and non-BL LCL cell lines when treated with 0, 50 and 100 µM zinc 

acetate for 6 hours. Mean C-MYC mRNA levels from N=4 experiments as a fold 

change compared to 0 µM zinc acetate for each cell line was measured. In BL cell 

lines, C-MYC mRNA was reduced in response to zinc acetate after 6 hours in sBL: 

BL 30, BL31 and eBL: GLOR, SAV, NAMALWA BL. This reduction was significant 

in all BL cell lines with 100 µM while 50 µM zinc acetate showed no significant 

effects. These findings correlate with the loss of C-MYC protein in the same cells 

after 6 hours with 100 µM zinc acetate. mRNA data for non-BL cells (KJ, JT and AR 

LCL) showed no reduction in C-MYC mRNA which again correlates with sustained 

C-MYC protein expression in these cell lines. 
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Figure 4. 6 C-MYC mRNA levels in BL and non-BL cell after 6 hours treatment with zinc 
acetate. BL cell lines (eBL: SAV, GLOR and NAMALWA and sBL: BL 30, BL 31), LCL cell line (AR 
LCL, KJ LCL and JT LCL) were seeded at 5x105 cells/mL and treated with 0, 50 and 100 µM zinc 
acetate for 6 hours. Total RNA was extracted and cDNA synthesized as mentioned in material and 
methods. Data represent C-MYC mRNA fold changes levels compared to control untreated 
sample. Data analysis was performed using one- way ANOVA. BL 30 data analysis was performed 
using unpaired T-test.P<0.05. 
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4.4 Does zinc acetate also regulate other genes translocated to Ig gene in non-

BL cancer cell lines?  

One rationale for the regulation of C-MYC by zinc acetate in BL but not the other 

cell lines is that zinc acetate targets transcription of the translocated C-MYC in BL 

via the Ig enhancer. In BL, the translocated C-MYC allele is regulated via Ig 

enhancer elements; intronic element (Eµ) or 3’ regulatory (HS1-2, HS3 and HS4) 

which upregulate C-MYC expression. Given that C-MYC mRNA was decreased 

preferentially in BL cells in response to zinc, It was hypothesized that zinc may 

regulate C-MYC expression by affecting the Ig gene enhancer regions. To study this 

hypothesis, the DLBCL cell line SU-DHL-4 was used which has translocation of 

BCL2 gene to the IgH locus t(14;18) which makes BCL2 under the control of 

enhancer elements activity (Bertram et al., 2021).  

SU-DHL-4 and SU-DHL-5 (which does not have t(14;18)) were seeded at 5x105 

cells/mL and treated with 50 and 100 µM zinc acetate for 6 and 24 hours. Figure 4.7 

shows representative BCL-2 western blot images and meaned densitometry data 

analysis of N=3 experiments. The data demonstrate that BCL-2 protein levels in SU-

DHL-4 and SU-DHL-5 were unchanged with either 50 or 100 µM zinc acetate after 

6 and 24 hours.  
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Figure 4. 7 BCL-2 protein level in zinc acetate treated non-BL cell lines DLBCLs (SU-
DHL-4 and SU-DHL-5) after 6 and 24 hours. DLBCL cell lines (SU-DHL-4 and SU-DHL-5) 
were seeded at 5x105 cells/mL and treated with 0, 50 and 100 µM zinc at for 6 and 24 hours. 
Western blotting was performed to measure BCL-2 and housekeeping β-actin. Data analysis 
was performed using one way ANOVA. * P<0.05. 
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4.5   Discussion and summary. 

Given the importance of C-MYC as a master regulator of hundreds of genes 

involved in metabolism, cell cycle and proliferation, it is not surprising that C-MYC 

deregulation is a common genetic feature observed in more than 60% including 

breast cancer, colorectal carcinoma, esophageal cancer, ovarian cancer and 

lymphoma (Duffy et al., 2021).  In BL, the C-MYC translocation to IgH (14q32) or 

IgK (2p12) or lambda IgL (22q11) is the hallmark genetic mutation found in all BLs.  

Despite the involvement of C-MYC in so many cancers, no therapies are clinically 

available that directly target C-MYC. 

In 2003, Sirinian et al demonstrated that zinc reduced C-MYC protein levels in the 

BL cell lines RAJI (Sirinian et al., 2003). Thus, given the very selective activity of 

zinc against BL cell and the similar dose responses observed, we postulated that 

zinc targets C-MYC in BL cells. Before testing the effect of zinc, baseline C-MYC 

protein levels were established. As expected, western blotting for C-MYC 

demonstrated that BL cell lines (eBL: RAJI, GLOR, SAV, and sBL: AKATA, BL 30, 

BL 31) possessed higher levels of C-MYC protein compared to LCLs (AR and KJ) 

which were used as B cell controls. Although DLBCL (SU-DHL-4, SU- DHL-5 and 

SU-DHL-6) arise similarly from GC B cells, C-MYC protein levels were shown to be 

higher in the BL cell lines. In addition, the AML cell line HL60 is characterized by C-

MYC gene amplification but still had lower levels when compared to BL cell lines.  

The effect of zinc treatment on C-MYC was then tested in BL cell lines (eBL: 

NAMALWA, SAV, GLOR, and sBL: BL 30, BL 31) and compared to non-BL cells; 

LCL (AR and KJ), DLBCL (SU-DHL-4, SU-DHL-5 and SU-DHL-6) and AML (HL 60). 

C-MYC protein levels in BL cell lines were decreased significantly with 100 µM zinc 

within 6 hrs. Protein reduction was seen firstly in the highest molecular weight band 

(66 kDa). C-MYC phosphorylation at S62 causes protein activation and stabilization 

while phosphorylation at both of S62 and T58 are the key regulator in C-MYC 

degradation to initiate protein ubiquitination (Cao et al., 2011). Data from antibody 

websites and the molecular weight indicates that the 66 kDa band (represents the 

S62 and T58 biphosphorylated form of C-MYC. Extended exposure to zinc 

treatment for 24 hours showed complete protein loss with no effects seen with 50 
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µM as shown by western blot analysis. No changes in C-MYC protein levels were 

observed in all of the non-BL cell lines tested. These findings strongly correlate with 

the cell viability data in chapter 3 where 100 µM zinc induced killing of BL cell lines, 

but not the non-BL cell lines tested. This is in agreement with the published data of 

Sirinian et al (Sirinian et al., 2003).  

Zinc-mediated decreases in C-MYC protein can occur at either the transcriptional or 

the post-transcriptional levels. In order to determine whether zinc modulates C-MYC 

at the transcriptional level, qRT-PCR was performed on BL and non-BL cell lines 

treated with zinc. qRT-PCR showed that within 6 hours, 100 µM zinc significantly 

decreased C-MYC mRNA levels in tested BL cell lines (eBL; SAV, NAMALWA, 

GLOR and sBL; BL 30 and BL 31) with no changes seen in non-BL LCL (AR, KJ 

and JT).  Given the half-life of C-MYC mRNA (30-60 mins), and C-MYC protein (20-

30 mins), decreases in mRNA will result in rapid decreases in the protein (Gregory 

and Hann, 2000, Lemm et al., 2002).  

C-MYC breakpoints in BL cells are divided into 3 different types: class I where 

breakpoint is located within C-MYC first exon, class II or head-to-head translocation 

with 5’ end of C-MYC gene is localized to the 5’ end of Ig and class III with distant 

C-MYC breakpoint (Nguyen et al., 2017). Upon translocation, intronic and distant 3’ 

enhancer elements of Ig gene are responsible for inducing C-MYC constitutive 

overexpression in BL cells.  

In a similar scenario, follicular lymphoma cells and some of DLBCL cells possess a 

BCL2/ IgH translocation of t(14;18) (q32;q21) putting the expression of the apoptosis 

regulator gene BCL2 under the control of constitutive IgH enhancer elements 

activity. The DLBCL SU-DHL-4 cell line is characterized by the presence of 

BCL2/IgH translocation (Xiang et al., 2011, Kasprzyk et al., 2021, Salam et al., 

2020). BCL2 breakpoints fall majorly within major breakpoint region (MBR) and less 

commonly within minor cluster region (MCR). This makes this line a reasonable 

comparator model of translocations involving the IgH locus. Thus, the effect of zinc 

on BCL-2 protein levels was tested in SU-DHL-4 cells and compared with the other 

DLBCL cell line SU-DHL-5 which has no BCL2/IgH translocation. Western blot 

analysis showed that neither 50 nor 100 µM doses of zinc induced BCL-2 protein 
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reduction in either DLBCL cell lines after 6 and 24 hrs. These data would suggest 

that zinc is not reducing C-MYC expression by working directly on the IgH enhancer 

elements. In translating this finding to BL cells, this finding suggests that zinc is 

targeting C-MYC in BL in a different mechanism.  

It is worth noting that whilst all the BL cell lines and SU-DHL-4 have translocation 

involving the Ig enhancer regions, the exact breakpoint and translocation site is not 

known in all the BL cell lines.  Future work would sequence the breakpoint regions 

and identify exactly which transcription factor binding sites are conserved or different 

between the cell lines. It is known that the transcription factors Yin-Yang 1 (YY1) 

and nuclear factor kappa B (NF-κB) are key regulators of Ig enhancer activity 

(Kanda et al., 2000, Gordon et al., 2003). Thus, further experiments would aim to 

look at the activity of these and whether zinc affects their activity. 

Given that zinc reduced C-MYC protein and mRNA levels and this directly correlated 

with cell death, there may be a link to the Ig enhancer regions. We next attempted 

to rescue the BL cells by overexpressing C-MYC from the EF1A promotor using 

stable transfections. These experiments would give further insight as to how zinc is 

switching off C-MYC in the BL cells.    
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5 Overexpression of C-MYC in BL cell lines 

Previous experiments observed the role of zinc in reducing deregulated C-MYC 

protein and mRNA levels in BL cell lines which correlated with reduced cell viability. 

This suggests that C-MYC is an important regulator in maintaining BL cell 

proliferation and viability. In order to determine the role of C-MYC downregulation in 

BL cell death, we aimed to overexpress C-MYC stably from an independent 

promoter. Cellular C-MYC overexpression experiments have been conducted in 

several studies to understand the different cellular pathways of C-MYC. Responses 

were dependent on cell type and levels of C-MYC overexpression. Ectopic 

expression of C-MYC increased the rate of cell proliferation in mesenchymal stromal 

cells (Melnik et al., 2019). In contrast, the human fibrosarcoma cell line (HT1080), 

human colon carcinoma and lymphoblastoid (LCL) cells were shown to be sensitive 

to increased levels of C-MYC expression and presented with increased rate of 

apoptosis (You et al., 2002a, Cutrona et al., 1995, Donzelli et al., 1999). Thus, 

controlled C-MYC expression is crucial for preventing irregular protein activity in the 

cells. To understand the process of C-MYC in protecting BL cell lines against zinc, 

it was hypothesized in this thesis that restoring C-MYC protein levels via ectopic C-

MYC gene expression would protect BL cells and overcome zinc mediated killing of 

BL cells.  

In this chapter, stable transfection of C-MYC in eBL cell lines; NAMALWA and RAJI 

was performed using the transposon-transposase PiggyBac system which involves 

the cutting and inserting of exogenous C-MYC to random TTAA sites in the host 

genome. The human elongation factor 1 α (EF1A) promoter was used to maintain 

constitutive co-expression of C-MYC and EGFP, the latter helps in confirming 

successful transfection and gene expression. EF1A promoter activity is regulated 

via several proteins as referred by their binding sites including; activator protein 1 

(AP-1), Nuclear factor kappa B (NF-kB), signal transducers and activator of 

transcription (Stat), GATA-binding factor  (GATA) and specificity protein 1 (Sp1) 

(Wakabayashi-Ito and Nagata, 1994, Wang et al., 2017). Using similar techniques 

described in the previous chapters, the effect of zinc at 50 and 100 µM on cell 

viability and on C-MYC levels was investigated on stably transfected C-MYC BL cell 

lines. 
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5.1 The transfection of BL cells with C-MYC PiggyBac transposon victor 

The previous observations have shown that 100µM zinc acetate reduces BL cell 

viability in association with down regulating C-MYC RNA and protein levels. To 

attempt to understand the link between loss of C-MYC and cell killing, exogenous 

C-MYC overexpression in BL was used to determine whether higher levels of C-

MYC can render the cells more tolerant to zinc acetate. Although different BL cell 

lines were transfected, only eBL: NAMALWA and RAJI were able to survive and 

grow following the transfection while other BL cells died and could not survive.  

As shown in Figure 5.1, VB200623-1116ump vector was used to transfect different 

BL cell lines aimed to overexpress C-MYC (transfection details are provided in 

materials and methods). The plasmid design includes 5’ and 3’ ITR sites that are 

recognized by transposase during gene cutting and pasting process. C-MYC gene 

which is fused with EGFP via small peptide (T2A) that undergoes a self-cleavage 

during translation. Expression was controlled by eukaryotic translation elongation 

factor 1 α (EF1A) which is continuously activated. In parallel, BL cells were 

transfected with EGFP plasmid as a transfection control set of cells.  

 

 

 

 

 

 

 

 

 

Figure 5. 1 Structure of VB200623-1116ump vector. C-MYC (c-Myc) expression is controlled via 
constitutive human elongation factor 1 α (EF1A) promoter and fused with enhanced green 
fluorescent protein (EGFP) by self-cleaved peptide (T2A). Two ITR transposase cutting sites 5’ and 
3’ which determine plasmid insertion sites into host chromosomes. (5' ITR) piggyBac 5' inverted 
terminal repeat, (Kozak) Kozak translation initiation sequence, (T2A) Self-cleaving 2A peptide, (rBG 
pA) Rabbit beta globin polyadenylation signal, (CMV Promoter) Human cytomegalovirus immediate 
early enhancer/promoter, (Hygro) Hygromycin resistance gene, (BGH pA) Bovine growth hormone 
polyadenylation signal, (3' ITR) piggyBac 3' inverted terminal repeat, (Ampicillin) Ampicillin 
resistance gene, (pUC ori) pUC origin of replication. 
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Flow cytometry was used to measure EGFP signals from WT, EGFP (transfection 

control cells) and C-MYC cells as a measure of the efficacy of transfection (Figure 

5.2).  
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Figure 5. 2 Measuring EGFP signals in WT, EGFP and C-MYC transfected BL cell line. eBL cell 
lines (RAJI and NAMALWA BL) were transfected with EGFP and C-MYC plasmids. EGFP signals were 
measured from exponentially growing cells using flow cytometry. (A) Side and forward scatter dot plot 
for NAMALWA (top) and RAJI (bottom) BL with EGFP histogram corresponding to viable gate. (B) 
NAMALWA (top) and RAJI (bottom) BL flow cytometry dot plot representing live gate forward scatter 
against EGFP+ with corresponding histogram. (C) EGFP geometric mean analysis for NAMALWA and 
RAJI BL cells. Analysis was performed using one way ANOVA. * P<0.05. 
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As seen in the Figure 5.2 A, the live cells of both eBL: NAMALWA and RAJI BL cells 

showed positive EGFP signals as represented by the representative EGFP 

histogram for both C-MYC and EGFP cells compared to WT. Figure 5.2 B shows 

dot plots of forward scatter against EGFP for the live cell gate as shown in Figure 

5.2 A. As shown in Figure 5.2 B & C EGFP cells had stronger EGFP expression 

compared to C-MYC cells. Furthermore C-MYC eBL: NAMALWA cultures contained 

a distinct sub-population of EGFP weak/negative cells and C-MYC eBL: RAJI cells 

also had a less bright EGFP positive population that appears as part of the same 

cloud in the dot plots and a shoulder in the histogram.  Figure 5.2 (C) shows meaned 

EGFP signal levels from N=3 experiments.  

 

5.2 BL cell lines growth kinetic profile as a response to C-MYC 

overexpression. 

In order to investigate the effects of exogenous C-MYC expression on BL cell growth 

eBL: RAJI and NAMALWA BL (WT, EGFP and C-MYC) were seeded at 5x105 

cells/mL and counted at days 2, 4 and 6 using flow cytometry. Figure 5.3 shows the 

cumulative cell count for eBL: RAJI and NAMALWA BL (WT, EGFP and C-MYC) for 

N=3 experiments. 

 

 

 

 

 

 

 

 

Figure 5. 3 Growth kinetics of eBL: NAMALWA and RAJI WT, EGFP and C-MYC 
overexpressing cells lines. WT, EGFP and C-MYC overexpression eBL cell lines 
NAMALWA and RAJI were seeded at 5x105 cells/mL. Cell count was measured using flow 
cytometry on days 2, 4, and 6. Data analysed using two way ANOVA. * P<0.05. 
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As shown in Figure 5.3 transfection of BL cells and expression of either EGFP or C-

MYC had little impact on the growth rate of the cells. Statistical analysis showed that 

in RAJI BL, C-MYC cells grew slightly slower when compared to WT whilst in eBL: 

NAMALWA BL, a difference was seen at day 2 when compared to WT for the same 

set of cells.  

 

5.3 Measuring C-MYC protein levels in C-MYC overexpressed BL cell lines. 

Having confirmed by EGFP expression that both eBL: NAMALWA and RAJI BL cell 

lines had been stably transfected, their level of C-MYC expression was compared 

to WT type cells. Total protein was extracted from exponentially growing NAMALWA 

and RAJI BL (WT, EGFP and C-MYC) As shown in Figure 5.4, both WT and 

transfected NAMALWA and RAJI BL showed the different C-MYC bands previously 

observed. Noticeably, C-MYC cells also showed a faint upper C-MYC band that is 

most likely related to uncleaved C-MYC that remains fused with EGFP. Meaned 

densitometry analysis for of N=4 experiments for total C-MYC signals were 

calculated as a ratio to β-actin as referred for each sample. Data in Figure 5.4 shows 

that unexpectedly there was no statistical difference in total C-MYC protein levels in 

C-MYC transfected cells compared to either EGFP or WT NAMALWA and RAJI BL 

cells.  
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5.4 Assessing zinc acetate sensitivity of transfected BL cell lines.  

Despite that no difference was seen in basal C-MYC protein levels in WT and C-

MYC transfected BL cell lines, the effect of zinc acetate against C-MYC transfected 

BL cells was tested. eBL: NAMALWA and RAJI BL cells were seeded at 5x105 

cells/mL and treated with 0 and 100 µM zinc acetate for 6 and 24 hours. After 6 

hours, total protein was extracted and analysed by western blotting. Data are 

represented in Figure 5.5 which illustrates representative western blot images for 

both of eBL: NAMALWA and RAJI WT, EGFP and C-MYC cells and meaned 

densitometry data from N=3 experiments. Figure 5.5 shows that as expected 100µM 

zinc acetate reduced overall C-MYC protein after 6 hours in both eBL: NAMALWA 

and RAJI BL WT and EGFP cells. In contrast, exposure of eBL: NAMALWA or RAJI 

C-MYC cells to 100µM zinc acetate for 6 hours did not lower overall C-MYC 

expression. This observation suggests that although in unchallenged conditions 

there was no overexpression of C-MYC in eBL: NAMALWA and RAJI C-MYC cells, 

Figure 5. 4 Western blotting for total C-MYC protein levels in WT, EGFP and C-MYC 
transfected BL cells eBL: NAMALWA and RAJI. Both eBL: NAMALWA and RAJI BL cells (WT, 
EGFP and C-MYC transfected cells) were grown exponentially at 0.5x106 cells/mL. Total protein 
extraction and 30 µg of protein loaded into SDS-PAGE electrophoresis. Total C-MYC calculated 
as a ratio to β-actin. Bar charts represent data analysis as referred in western blot images. Data 
analysis was performed using one way ANOVA. 
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that C-MYC expression from the transfected plasmid was occurring and became 

evident at 6 hours exposure to 100 µM hours when endogenous C-MYC expression 

was lowered. This has further implications for interpreting the unchallenged C-MYC 

expression data and may indicate that BL cells regulate C-MYC expression in 

complex ways. 

 

 

 

 

 

 

 

 

 

 

 

   

Figure 5. 5 Measurement of C-MYC protein in C-MYC transfected BL cell line eBL: 
NAMALWA and RAJI BL after 6 hours of treating with zinc acetate. eBL: NAMALWA and 
RAJI BL cell lines (WT, EGFP and C-MYC) were seeded at 5x105cells/mL. Cells were treated with 
0 and 100 µM zinc acetate for 6 hours. Western blot images represent C-MYC protein levels in 
(WT, EGFP and C-MYC) eBL: NAMALWA and RAJI BL cell lines with corresponding control cells. 
Data analysis showed total C-MYC protein levels in zinc acetate treated BL cell line compared to 
same cell control. Data analysis was performed using one way ANOVA. * P<0.05. 
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We next investigated C-MYC expression by transfectants after 24 hours exposure 

to zinc acetate. Figure 5.6 shows representative western blots and meaned 

densitometry data from N=3 experiments. As expected, both WT and EGFP 

transfection control cells showed a significant reduction at C-MYC protein levels 

after 24 hours following zinc acetate treatment at 100 µM. However, importantly at 

24 hours eBL: NAMALWA and RAJI C-MYC cells also showed dramatic loss of C-

MYC protein indicating that exogenous expressed C-MYC was also sensitive to 

prolonged exposure to 100µM zinc acetate. 
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Figure 5. 6 24 hours measurement of C-MYC protein in C-MYC transfected eBL cell line 
NAMALWA and RAJI BL after 24 hours of treating with zinc acetate. eBL: NAMALWA and RAJI BL 
cell lines (WT, EGFP and C-MYC) were grown exponentially and seeded at 5x105cells/mL. Cells were 
treated with 0 and 100 µM zinc acetate for 6 hours. Western blot images represent C-MYC protein levels 
in (WT, EGFP and C-MYC) eBL: NAMALWA and RAJI BL cell lines with corresponding control cells. 
Data analysis showed total C-MYC protein levels in zinc acetate treated BL cell line compared to same 
cell control. Data analysis was performed using one way ANOVA. * P<0.05. 
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5.5 Impact of exogenous C-MYC overexpression on the cell viability response 

of BL cell lines to zinc acetate.  
 

Thus, zinc acetate caused C-MYC protein reduction in the cells BL cell line after 24 

hours. This pattern was not only seen in WT BL cells lines, but this was also seen 

in both BL cell lines which were transfected with C-MYC. To link that with cell 

viability, WT, EGFP and C-MYC transfected BL cells were tested against zinc 

acetate to evaluate their viability for different time points by flow cytometry assay.  

Exponentially growing eBL: NAMALWA and RAJI BL (WT, EGFP and C-MYC) cells 

were seeded at 5x105 cells/mL and treated with 0 and 100 µM zinc acetate for 24, 

48 and 72 hours to investigate whether overexpressing C-MYC in BL cells can 

encounter zinc effect against BL cell viability and rescue the cells. At each time 

point, cells were collected and cell numbers determined using flow cytometry. 

Analysis of N=3 experiments are shown in Figure 5.7. 

 

 

 

 

 

 

 

 

 

The analysis shows that BL cells viability was reduced in eBL: NAMALWA and RAJI 

BL including WT, EGFP and C-MYC as a response to zinc acetate at 100 µM. 

Significant reduction in cell viability was seen after 24 hours of zinc acetate 

Figure 5. 7 eBL NAMALWA and RAJI BL (WT, EGFP and C-MYC) cells viability as a response to 
zinc acetate. WT, EGFP and C-MYC overexpression eBL cell lines (NAMALWA and RAJI) were seeded 
at 5x105 cells/mL and treated with zinc acetate with 0 and 100 µM for 24, 48 and 72 hours. Viability was 
measured using flow cytometry. Analysis represents cumulative cell count at 24, 48 and 72 hours. Data 
analysed using two way ANOVA. * P<0.05. 
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treatment with near total loss of cell viability at 72 hours. This pattern was not only 

seen in WT cell lines but also occurred in C-MYC and EGFP transfection control cell 

lines. Therefore, no rescue of the cells was seen in exogenous C-MYC 

overexpression eBL: NAMALWA and RAJI BL cell lines.  

 

5.6 Discussion and summary. 

In this thesis, it was shown that 100 µM zinc acetate reduced the viability of BL cell 

lines via activation of apoptosis and reduced C-MYC protein and mRNA levels. In 

this chapter, it was hypothesized that if zinc reduces C-MYC protein levels by 

regulating transcription then overexpressing C-MYC from an independent promoter 

in BL cell lines might protect the BL cells against zinc mediated killing. The PiggyBac 

transposon-transposase system was used to stably transfect multiple sBL and eBL 

cell lines with exogenous C-MYC that is linked with reporter EGFP via the self-

cleavage peptide T2A. The constitutive promoter EF1A was used to ensure 

constitutive C-MYC expression in transfected cells.  

There are several promoters that can be used in research to express genes of 

interest in transfected cells including; Simian virus 40 (SV40) and Rous sarcoma 

virus (RSV) and Cytomegalovirus promoter (CMV) which is one of the commonly 

used promoters. Although CMV is known to induce efficient gene expression, the 

promoter activity is likely to be repressed due to DNA methylation process. Using 

constitutively active promoter of mammalian origin like EF1A can produce a stronger 

gene expression that is more resistant to promoter silencing (Wang et al., 2017). In 

eukaryotic cells, the EF1A enzyme which facilitates the transferring of aminoacyl 

tRNA to ribosomes was found to be abundantly expressed in all types of mammalian 

cells (Kim et al., 1990, Ejiri and biochemistry, 2002). The EF1A promoter possesses 

binding sites for regulatory proteins including; TATA box, CAAT box, NF-kB, Ap1 

and Sp1 (Wang et al., 2017, Ferreira et al., 2011, Wakabayashi-Ito and Nagata, 

1994). Thus, in transfected cells, C-MYC expression should be driven from both the 

EF1A promoter in addition to the endogenous promoter. The C-MYC promoter is 

activated via signal transducing pathways and involves APC, (wnt/β-catenin) and 

TCF proteins. Similar to the EF1A promoter, Ig enhancer elements have been 



 

125 
 

shown to contain NF-kB binding site motifs. Octamer transcription factor (OCT-1 

and OCT-2), YY1, E47 and E12 were also found to bind Ig enhancer region that 

regulate Ig transcription process (Sepulveda et al., 2004, Eckhardt, 1992). 

In this chapter, transfection was successfully achieved in NAMALWA and RAJI eBL 

cell lines as represented by flow cytometry analysis for EGFP after transfection and 

selection with hygromycin. Interestingly, it was noted that C-MYC transfected BL cell 

lines had variable EGFP expression with cells with either high and low EGFP 

signals. Importantly, the EGFP expression should correlates with C-MYC 

expression since they are co-expressed, thus it would be fair to assume that there 

were also high and low levels of C-MYC. Thus, we would predict that the transfected 

cells would be expressing C-MYC from both the endogenous promoters (WT and 

translocated) and also from the plasmid EF1A promoter.  

Previous studies have shown that ectopic constitutive expression of C-MYC has 

different cellular impacts where it can increase proliferation rate or increase 

apoptosis events and proliferation arrest depending upon the cell types used (Sears, 

2004, De Alboran et al., 2001, Felsher et al., 2000). The ability to obtain a successful 

C-MYC transfection in only 2 BL cell lines  could be due to increased sensitivity of 

the other BL cells or the inability to tolerate increased high C-MYC expression which 

possibly induced cell death (Mitchell et al., 2000). These data would further support 

that different cell types and cell lines have different thresholds for C-MYC 

overexpression. Different cell lines responses were mentioned upon C-MYC 

overexpression and transfection in rat and mouse quiescent fibroblasts, Chinese 

hamster ovary (CHO-K1) and human small cell Lung cancer cells (SCLC) (De 

Alboran et al., 2001, Palmieri et al., 1983, Ifandi and Al-Rubeai, 2003, Johnson et 

al., 1986). As discussed earlier, C-MYC is involved in multiple cellular pathways 

including; cellular proliferation, apoptosis and differentiation. It was reported that 

mesenchymal cells transfected with C-MYC had 2.5 fold increase of their 

proliferation rate compared to the control group. In addition, the effect of C-MYC 

overexpressing in mesenchymal cells induced cellular differentiation delay as 

measured via Alizarin Red S stain (Melnik et al., 2019). Dental pulp stem cells 

(DPSCs) transfected with C-MYC were shown to have increased rates of apoptosis 

when compared to the control cells which was suggested to be related to increased 
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caspase 3 activity (Dissanayaka et al., 2017). In LCLs, ectopic expression of C-MYC 

increased apoptosis rate in transfected cells. Apoptosis rate was measured via flow 

cytometry analysis of PI stained cells and was found to be sensitive to fetal calf 

serum concentration (Cutrona et al., 1995). Additionally, Human fetal lung (WI38) 

fibroblast cells transfected with C-MYC showed high apoptosis rates that presented 

with the inhibition of cell cycle modulator P21 protein (Mitchell and El-Deiry, 1999).  

In our experiments, WT and transfected eBL cell lines were analyzed for growth 

kinetic for 6 days using flow cytometry analysis. These data showed that all cells 

were growing and proliferating over the time at approximately the same rate and 

there was no major difference between WT, EGFP or C-MYC transfectants cells. 

Although successful transfection was achieved with both the EGFP control plasmid 

and the EGFP-C-MYC plasmid as defined by EGFP expression, western blot 

showed that total C-MYC protein levels were not significantly different in C-MYC 

transfected cell lines as compared to the WT and EGFP control cells. This would 

imply that there is an upper threshold or limit of C-MYC overexpression in BL cells.  

Published data also indicate that the C-MYC protein threshold may vary between 

different cell types. C-MYC-driven tumor cells of transgenic mice and UBR5 ubiquitin 

ligase depleted cultured Hela cells showed to regulate C-MYC protein levels to a 

point that cannot be exceeded or subceeded to the oncogenic levels otherwise cells 

will be programmed to undergo proliferation arrest and apoptosis (Qiao et al., 2019, 

Shachaf et al., 2008, Ambrosio et al., 2019, Murphy et al., 2008, Lin et al., 2012). 

This was supported in a different study where RAJI BL western blot images showed 

no increase in the protein levels upon transfection with C-MYC under CMV promoter 

activity. The BL CA46 cell line also showed no differences in C-MYC protein levels 

upon transfection with C-MYC that is also under CMV promoter activity and suggest 

that there is an upper limit of C-MYC protein levels that cells can tolerate (Bahram 

et al., 2000, Gregory and Hann, 2000).  

The mechanisms by which C-MYC transfected cells may regulate exogenous C-

MYC overexpression is not very clear, but it is suggested to be via downregulating 

expression of the WT endogenous C-MYC, increased mRNA degradation of either 

exogenous or endogenous C-MYC mRNA to balance transcripts pool and post 
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translational modification to target either endogenous or exogenous protein.  

In zinc treatment experiments, both C-MYC transfected eBL NAMALWA and RAJI 

cell lines demonstrated some rescue of C-MYC protein levels after treatment with 

100 µM zinc for 6 hrs compared to WT and EGFP transfection control cells. 

However, by 24 hours, almost all the C-MYC protein was gone in all the cell lines, 

both WT, EGFP and C-MYC transfected indicating that zinc is targeting C-MYC 

protein.  Similarly to WT and EGFP control cells, flow cytometry analysis showed 

that transfected eBL cell lines; NAMALWA and RAJI showed to lose their viability 

after 24-48 and 72 hrs and suggesting the inability of C-MYC transfection to rescue 

the cells against zinc. 

Both transfected eBL cell lines showed high and low C-MYC expression levels as 

represented by EGFP signals. Neither of these populations were able to rescue BL 

viability following zinc treatment and it is not shown whether C-MYC protein 

reduction after 24 hrs is related to low or high EGFP population of transfected cells. 

It could be that exogenous C-MYC gene transcripts are undergoing mRNA 

degradation, or the exogenous protein is being affected by post translational 

modification, ubiquitination and T2A cleavage. From the presented data, it is not 

possible to determine whether the C-MYC protein observed in the EGFP-C-MYC 

positive transfected cells is all coming from the EF1A promoter, and the endogenous 

promoter has been silenced, or whether both promoters have moderated expression 

levels. A targeted qRT-PCR using primers specific to the transfected transcript 

would answer this. Further work could also use an epitope tagged exogenous C-

MYC that can be distinguished from the endogenous form by selective antibodies 

and would thus allow us to determine which protein is being moderated to give a 

tolerable maximal C-MYC expression. 

Since attempts to overexpress C-MYC did not rescue the BL cells from zinc-

mediated killing, in the following chapter, another approach for rescuing BL cells 

was used. Bortezomib, the proteasome inhibitor was used to inhibit C-MYC protein 

proteasomal degradation and rescue the WT and EGFP, C-MYC transfected BL 

cells.  
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6 Does proteosome inhibition protect against zinc acetate induced C-MYC 

degradation in BL cell lines? 

Proteins are regulated at multiple levels by several mechanisms to maintain them 

at functional levels. Rates of transcription, translation and degradation are crucial 

cellular processes that control protein levels. Inactive or misfolded proteins undergo 

degradation which is also an important mechanism in regulating transcription factors 

that have a higher tendency to rapid degradation mechanism (Cooper, 2000, 

Majumder and Baumeister, 2020).  

The proteasome and ubiquitin system (UPS) is an ATP dependent proteolysis 

system that plays a major role in protein degradation. The UPS initiates protein 

degradation by recruiting ubiquitin molecules that bind to targeted proteins and 

function as signaling mediators for the proteasome 26S complex that is composed 

of 2 components, the 20S (core) and the 19S subunits to form the cylinder shape 

(Marshall and Vierstra, 2019, Schweitzer et al., 2016). Colon and breast cancer cells 

were shown to have increased proteasome activity. The 26S proteasome was 

proposed to be an interesting target in several cancer therapy studies where 

inhibiting proteasomal activity in multiple myeloma and mantel cell lymphoma 

induced increased reactive oxygen species production and higher P53 activation 

leading to cellular apoptosis (Soave et al., 2017, Ding et al., 2009, Pandit and Gartel, 

2011).  

Bortezomib, a clinically approved proteasome inhibitor binds reversibly to the 

proteasomes 20S core causing proteasome 26S inactivity and protein 

accumulation. In multiple myeloma, the NF-kB inhibitor (IκB) is insufficiently active 

giving rise to deregulated NF-kB activity that drives cell proliferation. Bortezomib 

was found to prevent the degradation of IκB leading to suppression of the NF-kB 

pathway and inhibition of cell proliferation. Additionally, proteasome inhibition 

induced apoptosis via c-Jun N-terminal protein kinase (JNK) pathway and caspase 

3 activation (Fennell et al., 2008, Nunes and Annunziata, 2017, Hideshima et al., 

2011).  

In this thesis previously, data demonstrated that overexpression of C-MYC in eBL 

cell lines NAMALWA and RAJI could not prevent zinc-induced C-MYC protein 
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reduction and no cell rescue was achieved. Thus, in this chapter, the ability of 

bortezomib (BTZ) to inhibit proteasome 26S activity was used to try and prevent C-

MYC protein proteasomal degradation. It was hypothesized that inhibition of the 

proteasome, rescue of C-MYC expression would rescue BL cells against zinc-

induced apoptosis. The eBL cell lines NAMALWA and RAJI were used for these 

experiments as were the EGFP and C-MYC stably transfected lines.  

 

6.1 Bortezomib (BTZ), treatment leads to accumulation of poly-ubiquitinylated 

proteins in BL cell lines 

It is well established the C-MYC protein has a short half-life of nearly 20 minutes 

and this is in part mediated by proteasomal degradation (Gregory and Hann, 2000). 

The drug Bortezomib (BTZ) inhibits proteasome activity, thus we hypothesised that 

using (BTZ) may prevent C-MYC degradation and stabilize C-MYC protein levels in 

zinc acetate treated BL cells. Firstly, both eBL: NAMALWA and RAJI BL cell lines 

were treated with Bortezomib alone at 6, 7, 8, 9 and 10 nM for 6 and 24 hours. Total 

protein was extracted and run using electrophoresis. Figure 6.1 shows silver 

staining images (left panel) and western blotting for ubiquitin (right panel).  

 

 

 

 

 

 

 

 

Figure 6. 1 Visualizing total protein levels as a response to Bortezomib in eBL: 
NAMALWA and RAJI BL cells. eBL: NAMALWA and RAJI BL cells were seeded at 5x105 
cells/mL and treated with BTZ 6, 7, 8, 9 and 10 nM for 6 and 24 hours. Western blotting for 
ubiquitin and silver staining images are indicated with corresponding bortezomib (BTZ) doses. 
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As seen in the figure, both overall protein levels in the cell lines as revealed using 

silver staining, were not dramatically altered in either BL cell line.  Increased levels 

of higher molecular weight bands were seen in ubiquitin western blots of eBL: 

NAMALWA BL cells after 24 hours exposure to all concentrations of BTZ.  This is 

consistent with successful proteasome inhibition and the accumulation of poly-

ubiquitinated proteins. In RAJI cells there was increased presence of higher 

molecular weight ubiquitinated protein at 6 hrs in response to 10 nM BTZ and at 24 

hrs in response to 6 and 8 nM BTZ.  

 

6.2 The impact of BTZ on BL cell lines in the presence and absence of zinc 

acetate.  

eBL; NAMALWA and RAJI BL cell lines were treated with BTZ at 6, 7, 8, 9 and 10 

nM for 6 and 24 hours with and without 100 µM zinc acetate. Cell viability was 

measured at each time point using flow cytometry.  

As shown in Figure 6.2, 6.3 and Figure 6.4, no significant changes in viability were 

observed after 6 hours in either tested cell lines when treated with BTZ alone or with 

100 µM zinc acetate. At 24 hours, BTZ alone did not markedly alter cell viability in 

eBL: NAMALWA BL cells. In contrast eBL: RAJI cells appeared to show a dose 

dependent loss of cell viability when treated with BTZ. As expected, there was 

significant loss of viability in both cells line in response to 100 µM zinc acetate which 

was not altered in the presence of BTZ at the concentrations used. 
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Figure 6. 2 eBL: NAMALWA BL forward and side scatter flow cytometry dot plot treated 
with BTZ and zinc acetate for 6 and 24 hours. eBL: NAMALWA BL cell line were grown 
exponentially and seeded at 5x105 cells/mL and treated with 6, 7, 8, 9 and 10 nM BTZ with and 
without 100 µM zinc acetate. Each time point is presented with only BTZ doses (left column) and 
BTZ with 100 µM zinc acetate (right column). 
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Figure 6. 3 eBL: RAJI BL forward and side scatter flow cytometry dot plot treated with 
BTZ and zinc acetate for 6 and 24 hours. eBL: RAJI BL cell line were grown exponentially and 
seeded at 5x105 cells/mL and treated with 6, 7, 8, 9 and 10 nM BTZ with and without 100 µM 
zinc acetate. Each time point is presented with only BTZ doses (left column) and BTZ with 100 
µM zinc acetate (right column). 
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Meaned data for numbers of viable cells /ml for N=3 experiments is shown in Figure 

6.4 The viability of both cell lines at 6 hours was unchanged with increasing BTZ 

concentrations either in the absence or presence of 100 µM zinc acetate. At 24 

hours both cell lines demonstrated a dose dependent decrease in cell number in 

response to BTZ. Combining the data from Figures 6.2, 6.3 and 6.4 would suggest 

that this dose response in NAMALWA cells constitutes a cytostatic response without 

major loss of cell viability. Cytostatic cell responses to proteosome inhibitors have 

been described by others (Suk et al., 2022). In contrast RAJI cells appear to 

demonstrate a dose dependent loss of cell viability in response to increasing BTZ. 

As seen in Figures 6.2 and 6.3 no concentrations of BTX enhanced killing by 100 

µM zinc acetate.  

  

Figure 6. 4 eBL: NAMALWA and RAJI BL cell viability treated with BTZ with and without 
zinc acetate after 6 and 24 hours. eBL: NAMALWA and RAJI BL cells were grown 
exponentially and seeded at 5x105 cells/mL and treated with 6, 7, 8, 9 and 10 nM BTZ with 
and without 100 µM zinc acetate for 6 and 24 hours. Each letter represents BTZ dose in nM 
(A=0 - B=6 – C=7 – D=8 – E=9 – F=10). Letters represent statistical significance among 
annotated BTZ doses. Data analysis was performed using one way ANOVA. * P<0.05. 
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6.3 Does BTZ prevent C-MYC degradation in zinc acetate treated BL cells? 

In order to investigate the impact of BTZ on C-MYC protein levels in BL cell lines, 

eBL: NAMALWA and RAJI BL cells were seeded and treated with 6, 8 and 10 nM 

BTZ with and without 100 µM zinc acetate for 6 and 24 hours. Total protein was 

extracted at each time point and western blotting for C-MYC performed. 

Figure 6.5 shows representative C-MYC westerns for eBL: NAMALWA and RAJI BL 

cells and meaned densitometry data for N=3 experiments at 6 and 24 hours. In the 

case of eBL: NAMALWA cells, C-MYC levels were significantly elevated at 6 hours 

in a dose dependent fashion in response to BTZ treatment alone. At 24 hours, C-

MYC levels became normalised with no significant changes in BTZ treated cells 

compared to controls. As seen before, eBL: NAMALWA C-MYC protein levels were 

decreased by 6 hrs upon exposure to 100 µM zinc acetate and were undetectable 

by 24 hours in the absence of BTZ. At both 6 and 12 hrs there was a trend towards 

BTZ treated cells exposed to 100 µM zinc having slightly higher C-MYC levels than 

cells treated with 100 µM zinc alone. Thus, in eBL: NAMALWA cells BTZ had some 

protective activity against diminished C-MYC levels in response to zinc but the effect 

was small, especially at 24 hours.  

The result with eBL: RAJI cells was different as in Figure 6.5 B. In eBL: RAJI BL 

cells, 6 hours treatment with BTZ appeared not to significantly elevate C-MYC in the 

absence of 100 µM zinc acetate and did not show evidence of countering loss of C-

MYC at 6 hrs in response to µM zinc acetate. At 24 hours, C-MYC was undetectable 

in all BTZ treated cells exposed to µM zinc acetate. Interestingly 24 hrs exposure to 

10 nM BTZ appeared to also ablate C-MYC expression in RAJI cells.  
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Figure 6. 5 C-MYC protein levels in BTZ treated eBL cell NAMALWA and RAJI with and without 
100 µM zinc acetate after 6 and 24 hours. eBL: NAMALWA and RAJI BL cell lines were seeded at 
5x105 cells/mL and treated with 6, 8 and 10 nM BTZ with and without 100 µM zinc acetate for 6 and 24 
hours. (A) eBL: NAMALWA BL 6 and 24 hours western blot images with analysed data. (B) eBL: RAJI 
BL 6 and 24 hours western blot images with analysed data. Data analysis for N=3 experiments was 
performed using unpaired T-test. * P<0.05. 
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6.4 Evaluation of cell viability and C-MYC protein levels as a response to BTZ 

and zinc acetate in BL cells with exogenous C-MYC expression  

eBL; NAMALWA and RAJI BL transfected with C-MYC were tested for further 

investigations to the role of BTZ in preventing C-MYC reduction and rescuing BL 

cells against zinc acetate. eBL: NAMALWA and RAJI BL WT, EGFP and C-MYC 

cells were treated with 6, 8 and 10 nM BTZ with and without zinc acetate 100 µM 

for 24 hours. Samples were run using flow cytometry and representative flow 

cytometry dot plots and meaned data analysis from N=3 experiments for eBL: 

NAMALWA BL are showed in Figure 6.6.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. 6 eBL: NAMALWA BL (WT, EGFP and C-MYC) cells viability as a response to BTZ 
alone or with and without zinc acetate after 24 hours. Cells were seeded at 5x105 cells/mL and 
treated with 6, 8, and 10 nM BTZ with and without 100 µM zinc acetate for 24 hours. (A) 
Representative forward and side scatter dot plots for different set of cells. (B) Cell viability meaned 
data for each set of cells. Analysis was performed using one way ANOVA. * P<0.05. 
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Flow cytometry dot plots showed BTZ to cause a small shift in viable cells of all sets 

compared to control with a clear shift in zinc acetate treated cells. Data analysis of 

the dot plots showed that C-MYC transfected cells also had the cytostatic effect of 

BTZ in a dose dependant pattern reducing cell viability significantly compared to 

control with no recovery seen following adding zinc acetate. eBL: RAJI BL cells (WT, 

EGF and C-MYC) also were tested with BTZ in a similar way for 24 hours as showed 

in Figure 6.7.  

  

Figure 6. 7 eBL: RAJI BL (WT, EGFP and C-MYC) cells viability as a response to BTZ alone or 
with and without zinc acetate after 24 hours. Cells were seeded at 5x105 cells/mL and treated with 
6, 8, and 10 nM BTZ with and without 100 µM zinc acetate for 24 hours. (A) Representative forward 
and side scatter dot plots for different set of cells. (B) Cell viability meaned data for each set of cells. 
Data analysis for N=3 experiments was performed using one way ANOVA. * P<0.05. 

EGFP C-MYC 

EGFP C-MYC 



 

138 
 

As show in the figure, eBL: RAJI WT, EGFP and C-MYC transfected cells were 

sensitive to increased doses of BTZ alone when compared to control with no 

rescued cells following zinc acetate. Data analysis represents meaned data for N=3 

experiments.  

Total protein was extracted after 24 hours of treatment from eBL: NAMALWA and 

RAJI BL C-MYC cells and run on electrophoresis. Figure 6.8 showed representative 

western blot images for C-MYC protein for both cell lines with meaned analysis for 

N=3 experiments. Analysis showed that C-MYC protein was not increased with BTZ 

doses after 24 hours. However, no protein rescue and significant loss of the protein 

levels were noticed with 100 µM zinc acetate.   

  

Figure 6. 8 C-MYC protein levels in C-MYC transfected eBL: NAMALWA and RAJI BL treated 
with BTZ with and without zinc acetate after 24 hours. C-MYC cells from eBL: NAMALWA and 
RAJI BL were treated with 6, 8 and 10 nM BTZ with and without zinc acetate for 24 hours and run with 
western blot to measure C-MYC protein levels. Data analysis was performed using unpaired T-test. * 
P<0.05. 
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6.5 Discussion and summary. 
 

Since 2003, BTZ has been used to treat multiple myeloma patients clinically as the 

first proteasome inhibitor. The ability of BTZ to inhibit 26S proteasomal protein 

degradation showed to be effective against multiple myeloma cells where increased 

accumulation of cell cycle inhibitors proteins, misfolded proteins were correlating 

with increased apoptosis rate and mitochondrial depolarization process (Robak and 

Robak, 2019). C-MYC protein is known to be regulated by 26S proteasomal 

degradation (Gregory et al., 2000).  

As demonstrated in this thesis, zinc treatment resulted in decreased C-MYC protein 

in BL cell lines. Since BL is a C-MYC dependent, it was hypothesized that preventing 

C-MYC degradation in BL cells might be able to rescue cell viability against zinc 

treatment. Overexpression of C-MYC in BL cell lines by stable transfection showed 

no cell rescue. In this chapter, an alternative method of stabilizing C-MYC protein 

was approached. Bortezomib was used to inhibit proteasome activity to prevent C-

MYC protein degradation.  

Different bortezomib doses were used (6,8 and 10 nM) against eBL NAMALWA and 

RAJI cell lines to visualize the accumulation of proteins ubiquitination by western 

blot and silver staining methods. Since BL cells are sensitive to bortezomib, the 

specified mentioned doses of bortezomib used in this section of the study were to 

find a suitable bortezomib concentration that inhibit proteasome activity against C-

MYC protein and prevent its degradation with minimal cytotoxic effect which would 

be beneficial to understand C-MYC protein responses. Different studies used higher 

bortezomib concentrations that range from 16 nM up to 2 µM. Approximately, doses 

of 5, 8, 10 and 12 nM were also used in different studies to understand the role of 

bortezomib against BL cells (Zhang et al., 2016, Suk et al., 2015, Zou et al., 2007).  

In this chapter, increasing doses of bortezomib resulted in increasing proteins 

accumulation inside the cells as shown by silver staining, reflecting the inhibition of 

26S proteasome activity.  

After 24 hrs treatment with BTZ, the NAMALWA eBL cell line showed accumulation 
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of ubiquitinated proteins which increased with escalating BTZ doses. 

Analysis of viability showed that NAMALWA and RAJI cell lines treated with 6, 7, 8, 

9 and 10 nM bortezomib demonstrated a dose dependent decrease in cell number 

after 24 hrs of treatment. Adding 100 µM zinc to bortezomib treated eBL cells 

showed no cell rescue as represented by flow cytometry analysis. No major changes 

were seen after 6 hrs of treating the cells with either bortezomib or zinc and 

bortezomib combination. 

In a different study, different doses of bortezomib (4,8,12,16 nM) were found to 

reduce DAUDI BL cell line viability after 24 hrs when measured by CCK-8 assay 

(Zhang et al., 2016). It was reported that bortezomib induced apoptosis in eBL cell 

line RAJI in a mechanism involves the activation of NF-kB and p53 proteins (Yang 

et al., 2009). In observing C-MYC protein stabilization as a response to bortezomib, 

western blot analysis was performed on both BL cell line treated with bortezomib 

with and without zinc. 6 hrs samples showed C-MYC protein was protected against 

100 µM zinc in the presence of bortezomib. A slight increased C-MYC protein 

protection was seen with increased doses of bortezomib (6, 8 and 10 nM). However, 

this protection was lost after 24 hrs in eBL Raji cell line which was presented with a 

significant C-MYC protein loss where eBL NAMALWA cell line showed to have a 

little protected C-MYC protein. Bortezomib alone showed to increase C-MYC total 

protein levels in both eBL cell lines after 6 hrs with no major changes seen at 24 

hrs. However, eBL RAJI cell line showed a significant protein drop after 24 hrs with 

10 nM bortezomib alone.  

In previous study, C-MYC protein was reported to be targeted by bortezomib (10 

nM) significantly after 12 hours (Suk et al., 2015). On the other hands, the 

heterogenous ribonucleoprotein-K (hnRNP-K) protein is found inside the nucleus 

which is recruited for DNA repair mechanism, chromatin remodelling and works as 

a telomere regulator (Inoue et al., 2007). It was found that hnRNP-K is involved in 

cancer progression and can target C-MYC at transcriptional and translational levels 

(Baber et al., 1999, Notari et al., 2006). Low levels of SUMOylated hnRnP-K protein 

are relative to low C-MYC protein levels. Interestingly, 10 nM bortezomib was 

reported to decrease hnRNP-K SUMOylation thus inducing C-MYC degradation in 
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the BL cell line DAUDI which is also presented with low proliferation rate after 24 

hours. DAUDI BL cell line transfected with C-MYC - luciferase reporter plasmid and 

treated with (1,5 and 10 nM) bortezomib showed a declined luciferase and hnRnP-

K proteins levels suggesting that bortezomib is targeting C-MYC transcription via 

hnRnP-K downregulation after 12 hours of treatment (Suk et al., 2015). C-MYC is 

targeted via Stat3 protein. In a different cell line type, 10-50 nM bortezomib doses 

were found to target Stat3 activity and reduced C-MYC protein expression 

eventually after 48 hours in chondrosarcoma cell line SW1353 in a dose and time 

dependent pattern (Bao et al., 2017). 

eBL NAMALWA and RAJI cell lines transfected with C-MYC and EGFP were also 

treated with similar bortezomib doses with and without zinc. No differences were 

obtained from C-MYC transfected cell compared to WT cell lines where cell viability 

count showed to be sensitive to either bortezomib alone or with combination with 

zinc. Similar findings also were seen at C-MYC protein levels where no rescue of 

the protein was obtained after 24 hrs which is again suggest the role of bortezomib 

an activating apoptosis in BL cells  (Bota et al., 2013, Poulaki et al., 2007, Coquelle 

et al., 2006). It was hypothesized that treating BL cells with bortezomib could rescue 

C-MYC protein levels but it showed to induced apoptosis. In this thesis it was shown 

that zinc induces apoptosis in tested BL cell lines, thus in this chapter, adding zinc 

to bortezomib treated BL cell line could further increase apoptosis events which is 

reflected by low viable cells count after 24 hrs.  
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7 Discussion.  

BL is a  NHL malignancy  that is developed in the germinal centre stage of B cell 

development (Mukhtar et al., 2017).  In SSA, BL is associated with EBV and malaria 

infections. In BL, the translocated C-MYC is deregulated which drives the 

uncontrolled cell proliferation. The treatment course for BL involves intensive 

chemotherapy drugs which requires an intensive and supportive medical care 

system with high ability to diagnose the disease at early stage. Many of these 

resources are limited in SSA and LMIC (Gopal and Gross, 2018). 

Although using chemotherapy regimens and protocols in treating BL are effective, 

there are still some concerns about the increased rate of relapsed cases and drug 

resistance among patients who had cancer remission. Clinical studies have 

demonstrated that patients who completed a limited treatment course are showing 

relapse signs up to 50% while intensive chemotherapeutic and supportive care bring 

relapse rate down to 7% during observation period after completing treatment 

course (Nkrumah and Perkins, 1976b, Ziegler, 1977, Intermesoli et al., 2013). BL is 

uncommon in the United Kingdom with 5 years survival rate to be around 55%. As 

compared to the United kingdom, the survival rate in SSA is lower and reported to 

be around 30% (Ozuah et al., 2020, UK, 2022).  

In this study, the main goal was to develop alternative an anti-BL therapy that is 

affordable and exert a very low toxicity to overcome the side effects seen with 

traditional strategies of treatment. Before the beginning of this study, drug 

repurposing studies were performed using different BL cell lines screened against 

FMC drug library. Among all candidate drugs, zinc acetate, a commonly used 

mineral supplement was found to be effective against BL cells viability with a good 

safety profile. It was reported that 17% of world population is zinc deficient with 

African population to be the most zinc deficient (Belay et al., 2021).  

Zinc deficiency is suggested to be linked to the increased morbidity and mortality 

rate among children due to malnutrition in Africa. Clinical studies reported that in 

Nigeria, over 60% of woman and children are suffering from zinc deficiency. Quite 

similarly, clinical study conducted in Tanzania showed that 67% of 153 participated 
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children are zinc deficient (Young et al., 2014, Veenemans et al., 2012, Gupta et al., 

2020).  

A series of experiments were conducted in this study as shown in chapter 3 to 6 to 

characterise the anti-BL activity of zinc. Detailed analysis of BL cell viability was 

conducted and identified a steep dose response with 50 µM not killing BL cells 

whereas all BL cell lines died in response to 100 µM zinc. These findings were found 

in both of sBL: AKATA, BL 30 and BL 31 and eBL: RAJI, NAMALWA, DANTE, SAV 

and GLOR. Additionally, zinc acetate demonstrated selective killing of BL cells when 

compared to non-BL cell lines tested in this study including AML: HL 60), DLBCL: 

SU-DHL-4, SU-DHL-5 and SU-DHL-6 and LCL: LG, KJ and AR. 

This study showed that zinc had no impact on cell cycle among any cell lines used. 

Zinc impact was seen in annexin V, caspase 3 and 9 activation in BL cell lines as a 

response to 100 µM zinc acetate only. Zinc has demonstrated to regulate apoptosis 

events in different cancer cells (Truong-Tran et al., 2001, Franklin and Costello, 

2009). As compared to findings observed in this study, Schrantz et al (2001) in their 

study tested zinc against the BL cell line RAMOS and found that zinc chloride 

induced apoptosis and caspase 3 activation as measured by western blotting at 

doses ranged from 60-100 µM with no effect seen at doses lower that 60 µM which 

is interestingly agreed to the dose range used in this thesis (100 µM) (Schrantz et 

al., 2001a). This mechanism is suggested to be linked to the ability of zinc to induces 

higher levels of mitochondrial superoxide production thus decreases mitochondrial 

membrane potential and rapidly increases apoptosis due to PARP cleavage. Also, 

the activation of caspase 9 seen in this thesis is linked to the intrinsic pathway of 

apoptosis where mitochondrial membrane potential is targeted to release 

cytochrome C which is important in the cascade of caspase 3 activation (Allan and 

Clarke, 2007). 

A key defining feature of all BL is the constitutive expression of C-MYC due to 

translocation to one of the Ig loci which brings the C-MYC gene under the control of 

the Ig enhancer. C-MYC is normally tightly regulated as the gene undergoes 

expression, translation and eventually proteasomal degradation with protein half life 

of 20-30 minutes (Gregory and Hann, 2000). Considering C-MYC protein as a 
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driving force for BL cell proliferation, one of the questions was if there is any link 

between zinc induced killing in BL and C-MYC.  

Sirinian et al (2003) in their study  reported that another form of zinc, zinc sulphate,  

was decreasing C-MYC protein levels in BL cell line (RAJI) after 6 hours of treatment 

with 100 µM zinc sulphate (Sirinian et al., 2003). This agreed with what was 

observed in this study among all BL cell lines tested. C-MYC amplification is defined 

by the increased levels of gene transcripts due to increased number of gene. The 

AML HL 60 cell line is characterised by C-MYC amplification and was reported to 

show decreased levels of C-MYC protein as a response to 100 µM zinc sulphate in 

the early time point with protein levels recovering back to normal levels after 24 

hours (Sirinian et al., 2003). 

Similarly, no C-MYC protein reduction was seen in LCLs lines nor DLBCL cells 

tested in this thesis. The rapid C-MYC protein sensitivity seen previously in the BL 

cell lines after 6 hours is linked to the ability of zinc acetate to reduce mRNA levels 

which is translated by reduced translation and protein levels especially when 

considering the short half life of the protein. This C-MYC reduction was thought to 

be linked to the ability of zinc acetate to regulate the Ig enhancer elements (HS1-2, 

HS3 and HS4) that control the translocated C-MYC allele in BL cells. Thus, the 

DLBCL cell line SU-DHL-4 which has a BCL2/IgH t(14;18) translocation was used 

and tested. In BCL2/IgH translocation, BCL2 is translocated to a proximity to IgH 

enhancer elements which makes it under the control of Ig enhancer elements 

hyperactivity. This model can be used as a representative model of C-MYC/IgH 

translocation in BL. No BCL-2 protein reduction was observed suggesting that zinc 

acetate did not target the enhancer element. It is worth noting this could be due to 

breakpoint differences. 

As explained previously, C-MYC is tightly regulated inside the cell which begins by 

gene expression, translation and degradation. The 26S proteasome machinery is 

an important mechanism that is involved in C-MYC degradation and maintaining C-

MYC protein levels at levels of tolerance. The FDA approved Bortezomib is a drug 

that works by inhibiting 26S proteasome and leading to proteins accumulation. BL 

cell lines are sensitive to bortezomib. Thus, it was difficult and challenging in this 
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study to identify the suitable dose that inhibits proteasome without killing the cells. 

In this thesis findings, the lowest dose of bortezomib used 6 nM was sufficient to 

induce cell death in both tested BL cell lines eBL: NAMALWA and RAJI after 24 

hours in a dose dependent pattern with very slight rescue of C-MYC protein seen in 

eBL: NAMALWA cells in the presence of zinc. Bortezomib was reported to prevent 

proteasome 26S induced C-MYC degradation in RAMOS BL cell line when treated 

with BL mitochondrial superoxide inducer BZ-234 drug after 6 hours (Sundberg et 

al., 2006).  

Tellingly, in our study we found that bortezomib is not efficient for extended zinc 

acetate exposure as both cell lines had lost the protein after 24 hours with no rescue 

seen in their viability as well. In a different study, Suk et al (2015) reported C-MYC 

protein reduction after 12 hours in DAUDI BL cell line as a response to 10 nM 

bortezomib alone (Suk et al., 2015). This mechanism is related to the activity of 

bortezomib to downregulate the Heterogeneous nuclear ribonucleoprotein K 

(hnRNP K) leading to C-MYC protein reduction (Suk et al., 2015). Bortezomib was 

found to induce apoptosis and proliferation repression in BL cell lines due to 

caspase 3 activation pathway which kills BL cells in C-MYC independent pattern 

(Bota et al., 2013, Poulaki et al., 2007, Coquelle et al., 2006). 

In BL, the tumour suppressor (TP53) gene product (P53) is a DNA binding protein 

that is involved in cell cycle suppression, DNA repair mechanism and apoptosis. 

Irregular P53 functioning and mutation is linked to many cancers including: (head 

and neck, ovarian, colorectal and almost in 5% of leukaemia cases) (Olivier et al., 

2010). In BL, TP53 is commonly mutated with up to 40% in primary BL cells and 

70% among BL cell lines (Klumb et al., 2001). Almost all BL cell lines used in this 

study were reported in different studies to have missense TP53 mutations rendering 

different amino acid substitution that affect protein functioning. Clinically, TP53 

mutations are highly associated with aggressive refractory or relapsed BL cases. 

Almost, all relapsed BL patients possess TP53 mutations or gene deficient (Reutter 

et al., 2021). In the context of this study, P53 is a zinc dependent protein that 

requires zinc to maintain the functional folding and structure of the protein. Thus, 

insufficient zinc levels may lead to protein dysfunction (Loh, 2010, Ha et al., 2022). 

Observations seen with all BL cell lines tested in this study and zinc suggest that 
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zinc may also target P53 in BL cells. Different studies reported zinc can refold 

misfolded P53 to its WT confirmational structure (Kogan and Carpizo, 2018, Farrell 

et al., 1991, Sachdeva et al., 2009). This study suggests that adding zinc to BL cells 

may activate mutant P53 which leads to apoptosis. This pathway is interesting, and 

this thesis is proposing to study this pathway in the future to understand the 

mechanism involved. This can be performed using the available antibody Pab 240 

which recognizes the mutant misfolded form of P53 via immunoprecipitation assay. 

Interestingly, Puca et al (2011) had transfected the human non-small cell lung 

carcinoma cell line (H1299) with mutant misfolded P53 expressing vector and found 

that 100 µM of zinc chloride was able to restore P53 folding after 24 hours as 

reported via immunoprecipitation and western blotting (Puca et al., 2011). Zinc 

chloride also increased drug sensitivity in tested cells. This finding can be related 

with what was reported in this thesis. Investigating the role of P53 activation in BL 

is highly recommended for future work. Different studies investigated the role of P53 

in regulating C-MYC expression in a process involves recruiting histone 

deacetylases to C-MYC promoter region (Hoffman et al., 2002, Ho et al., 2005). 

Both in vivo and in vitro studies showed the role of P53 in supressing C-MYC 

transcription as reported by (Ho et al., 2005) where activation of P53 in human acute 

myeloid leukaemia cells via γ-irradiation result in C-MYC suppression with no 

expression in p53-null cells. Moreover, it was shown that the tumour suppressor 

miR-145 can regulate C-MYC expression as a response to P53 activation in breast 

and colon cancer cells through Akt pathway (Sachdeva et al., 2009). This study 

proposes the study of this pathway by suggesting that zinc is reactivating P53 in BL 

cells which later increase the miR-145 expression as a direct target which later 

supress C-MYC expression.   

In this thesis, overexpression of C-MYC was used to prevent and rescue BL cell 

viability in response to zinc. Different BL cell lines were stably transfected with C-

MYC plasmid that is controlled by the constitutively active promoter EF1A. Whilst 

BL cells are difficult to transfect, flow cytometry data indicated that transfection was 

successfully achieved in both eBL: NAMALWA and RAJI BL cell lines as 

represented by EGFP signals. Due to tight regulation of C-MYC inside the cells, C-

MYC expression as represented by the EGFP signals is variable among the two BL 
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cell lines suggesting that there is an upper limit of the protein where cells are 

tolerating to avoid cell death linked with elevated C-MYC levels (Thompson, 1998, 

Nilsson and Cleveland, 2003). No C-MYC rescue and no BL cell viability was 

achieved as a response to zinc treatment after 24 hours. There is no clear 

mechanism in describing that reduction of C-MYC when considering its complex 

regulation pathways involved. However, the suggested mechanism is that 

exogenous C-MYC is sensitive to the continuous zinc acetate exposure causing 

protein degradation. It is recommended to investigate the role of overexpressing C-

MYC in BL at earlier time points between 6 and 12 hours which can show if there is 

any protein resistance seen as a response to zinc. 

Zinc is an important micronutrient as discussed earlier. Zinc is already implicated in 

medical uses including reducing diarrhoeal series among children, reducing malarial 

febrile episodes, managing skin nodule in leprosy, Wilson’s disease and furthermore 

cases. (Shankar et al., 2000, El-Shafei et al., 1988, Sharquie et al., 2001). The 

recommended daily dose of zinc is 11 mg and 8 mg for male and female respectively 

with normal serum level of 70 - 180 µgm/100mL (Deshpande et al., 2013, Arora et 

al., 2002). Zinc is important for normal growth and importantly in boosting and 

developing the immune system which help in fighting cancer cells (Prasad, 2008). 

In combining findings from this study, zinc may be a promising anti BL therapy where 

it also can be given adjunctively to current BL therapy protocol and management. 

Collectively, this thesis recommends using zinc in the protocol of treating BL cases 

especially in SSA and in LMIC where alternative therapy is required to overcome 

the difficulties in providing traditional BL therapy.  

 

8 Future Work. 

To further understand how zinc is effective against BL cells, it is recommended to 

test zinc effect against normal B cells. Although in this study, in vitro culturing and 

proliferation of B cells (purified from peripheral blood mononuclear cell) was 

successfully achieved, it is useful in the future to test zinc against GC B cells models 
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which can be obtained from tonsils which represent a better model than peripheral 

blood B cells. 

In vivo zinc studies are also recommended for future studies. This can be performed 

by using a model that resembles C-MYC translocation in BL. The available mouse 

model (Eμ-Myc transgenic mice) which possess C-MYC/IgH t(8;14) translocation is 

a good representative model of C-MYC driven B cell lymphomagenesis where 

deregulated C-MYC expression is controlled by the Ig enhancer element (Eμ).  

Although using cell lines is useful in scientific research, zinc can be tested in vitro 

against primary BL cells obtained from BL patients which help in further 

understanding of how primary BL cells respond to zinc. Moreover, primary BL cells 

can be implanted in an immunodeficient mouse to generate patient-derived 

xenograft mouse model (PDX) which help in understanding the mechanism and the 

effects of zinc in BL progression thoroughly (Zhang et al., 2017, Forde et al., 2021). 

Zinc transporter is another important aspect to be investigated in future studies for 

BL cells. An important question that needs addressing is whether there is a 

difference in the zinc uptake by BL cells compared to other tumour cells. To test 

this, a cellular fluorescent zinc probe was used. Preliminary data indicated that zinc 

acetate was highly accumulated in the tested eBL: NAMALWA cell line with no signs 

of zinc acetate accumulation in the other tested non-BL cell line SU-DHL-4 (N=1). 

In this experiment, both eBL: NAMALWA BL and DLBCL: SU-DHL-4 cell lines were 

treated with zinc acetate at 50 and 100 µM with and without zinc chelator (provided 

with assay kit) 30 minutes and 2 hours. To measure cellular zinc acetate levels, cells 

were probed at each time point with GFP zinc probes and analysed by flow 

cytometry. Cytospin slides were also made to visualize zinc acetate under the 

fluorescent microscope. Figure 7.1 shows the 30 minutes and 2 hours fluorescent 

microscopic images for both eBL: NAMALWA BL and DLBCL: SU-DHL-4 cell lines 

which include the positive control and zinc acetate treated sample with and without 

zinc chelator. There were clear differences in GFP signals in the microscopic images 

for eBL: NAMALWA BL cells treated with zinc acetate especially at 100 µM when 

compared to DLBCL: SU-DHL-4 which showed minimal fluorescence. Further flow 

cytometry analysis to measure GFP signals are showed in Figure 7.2. eBL: 
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NAMALWA BL showed an increased GFP signal with 100 µM zinc acetate after 30 

minutes where DLBCL: SU-DHL-4 cells showed no changes. Fluorescence was 

shown to be time dependent in eBL: NAMALWA BL cell lines where higher GFP 

signals were measured after 2 hours. Still, DLBCL: SU-DHL-4 showed no changes 

to the untreated control even after 2 hours. Thus, suggesting that BL cell lines 

accumulate zinc intracellularly in a higher level than non BL cells. Further 

investigations are needed to study the role of zinc transporters in BL cell lines as 

one of the approaches to understand zinc sensitivity in BL cell lines. 

Considering data generated in this study beside the general understating of zinc 

pharmacodynamics and pharmacokinetic with zinc deficiency studies, there is no 

significant point that stands as an obstacle for starting to give zinc to BL patients or 

to be a part of designing a clinical trial to study disease progression especially in 

relapsed and resistance cases. Given the fact of how zinc deficiency is common, 

findings from this thesis can be clinically translated into BL patients by giving high 

zinc doses and measuring serum zinc levels with continuous evaluation of cancer 

symptom and progression. Clinical trial of zinc is already in progress in Africa which 

was designed, planned, initiated and led by members from the lab with all hopes to 

find positive outcomes that can be translated into actual clinical use for BL patients.  
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Figure 7. 1 Visualizing zinc acetate in NAMALWA BL and SU-DHL-4 after 30 minutes and 2 hours 
of treatment.  Both NAMALWA BL and SU-DHL-4 were treated with zinc acetate at 50 and 100 µM with 
control sample preparation with and without zinc chelator. Samples were probed with zinc probes at the 
time point with cytosine slides preparation. Images were taken using fluorescent microscopy. 
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Figure 7. 2 Measuring cellular zinc acetate level in NAMALWA BL and SU-DHL-4 cell lines after 30 

minutes and 2 hours. (A) EGFP signal intensity represent by histograms for each treated sample in 

NAMALWA BL and SU-DHL-4 cell line. (B) EGFP geometric mean analysis compared to the control for 

each treated samples in NAMALWA BL and SU-DHL-4 at 30 minutes and 2 hours (N=1). 
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10 Appendix A. 

10.1 Materials and methods buffer and solution preparations. 

10.2 Western blotting. 

10.2.1 10X Running SDS buffer (for 2 litre). 

 

 

 

 

 

 

 

- All compounds are mixed in a glass bottle with dH2O up to 2 L (keep at room 

temperature). 

- 1X running SDS buffer was prepared by diluting 10X running SDS with dH2O 1:10 

(keep at room temperature). 

 

10.2.2 10X Transfer buffer (for 1 litre). 

 

 

 

- All compounds are mixed in a glass bottle with dH2O up to 1 L (keep at room 

temperature). 

- 1X transfer buffer was prepared by diluting 10X transfer buffer with dH2O 1:10 with 

20% methanol (200 mL methanol + 100 mL 10X transfer buffer + dH2O up to 1 L 

(keep at 4 °C). 

Compound name Chemical form 
Volume or 

weight 

Final compound 

concentration in 2 L 

tris(hydroxymethyl)aminomethan

e (Tris) (121.14  g/mol) 
powder 60 g 250 mM 

Glycine (75.07 g/mol) powder 288 g 1.92 M 

Sodium dodecyl sulfate (SDS) 

(288.38 g/mol) 
powder 20 g 34.67 mM 

Compound name Chemical form 
Volume or 

weight 

Final compound 

concentration in 1 L 

tris(hydroxymethyl)aminomet

hane (Tris) (121.14 g/mol) 
powder 30 g 250 mM 

glycine powder 144 g 1.92 M 
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10.2.3 1 M Tris solution (PH 7.5) (1 litre). 

- 121.14 g Tris. 

- 800 mL dH2O. 

- Adjust PH with Hydrochloric acid (HCL) or Sodium hydroxide (NaOH). 

- Add dH2O up to 1 L (keep at room temperature). 

 

10.2.4 Tris-buffered saline (TBS) (2 litre). 

  

 

 

 

- All compounds are mixed in a glass bottle with dH2O up to 2 L (keep at room 

temperature). 

 

10.2.5 Tris-buffered saline (TBS-T) (2 litre). 

- Same Tris-buffered saline (TBS) ingredients + adding 2 mL of (Tween® 20). 

- All compounds are mixed in a glass bottle with dH2O up to 2 L (keep at room 

temperature). 

 

 

Compound name Chemical form 

Volume 

or 

weight 

Final compound 

concentration in 2 L 

1 M Tris PH 7.5 liquid 40 mL 20 mM 

Sodium chloride (NaCl) 58.44 (g/mol) Powder / 

granules 
16 g 136.89 M 
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10.2.6 Tris 1.5 M (PH 8.8) (500 mL). 

 

 

 

- Mix well and adjust solution PH to 8.8 with Hydrochloric acid (HCL) or Sodium 

hydroxide (NaOH) then fill with dH2O up to 500 mL (keep at room temperature).  

 

10.2.7 Tris 1 M (PH 6.8). 

 

 

 

- Mix well and adjust solution PH to 6.8 with Hydrochloric acid (HCL) or Sodium 

hydroxide (NaOH) then fill with dH2O up to 500 mL (keep at room temperature).  

 

10.2.8 Tris-glycine SDS-polyacrylamide gel. 

A- Resolving gel (10 mL). 

 
 
 
 
 

 

 

 

 

Compound name Volume (mL) 

tris(hydroxymethyl)aminomethane 

(Tris) (121.14 g/mol) 
90.8 g 

dH2O 400 mL 

Compound name Volume (mL) 

tris(hydroxymethyl)aminomethane 

(Tris) (121.14 g/mol) 
90.8 g 

dH2O 400 mL 

Compound name Volume (mL) 

dH2O 3.3 

30% acrylamide mix (ProtoGel)  4 

1.5 M Tris (PH 8.8) 2.5 

10% SDS 0.1 

10% ammonium persulphate (APS) 0.1 

Tetramethylethylenediamine 

(TEMED) 
0.004 
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B- Stacking gel (5 mL). 

 

 

 

 

 

 

10.2.9  Radioimmunoprecipitation assay cell lysis buffer (RIPA buffer) (100 

mL). 

 

 

 

 

 

-  All compounds are mixed in a glass bottle with dH2O up to 100 mL (keep at 4 °C). 

- Before using, 1 tablet of cOmplete™, Mini Protease Inhibitor Cocktail is added to 

7 mL of RIPA buffer and then kept at -20 °C.  

 

10.2.10 Protein gel loading buffer (4X SDS). 

 

 

 

 

 

 

Compound name Volume (mL) 

dH2O 3.4 

30% acrylamide mix (ProtoGel)  0.83 

1 M Tris (PH 6.8) 0.63 

10% SDS 0.05 

10% ammonium persulphate (APS) 0.05 

Tetramethylethylenediamine 

(TEMED) 
0.005 

Compound name Chemical form Volume or weight 

NP40 liquid 1 mL 

Sodium deoxycholate (414.6 g/mol) Powder 0.5 g 

10% SDS liquid mL 

Compound name Chemical form Volume or weight 

Tris PH 6.8 liquid 2 mL 

Glycerol (92.09382 g/mol) liquid 4 mL 

Sodium dodecyl sulfate (SDS) 

(288.38 g/mol) 
powder 0.8 g 

β-mercaptoethano 14.7 M liquid 0.4 mL 

Ethylenediaminetetraacetic acid 

(EDTA) 0.5 M 
liquid 1 mL 

Bromophenol blue  powder 0.8 mg 
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- All compounds are mixed in a glass bottle with dH2O up to 8 mL (keep at -20 °C). 

- Mix with protein lysate upon loading to acrylamide gel with respect to total protein 

concentration. 

 

10.2.11 Tris borate buffer (TBE). 

 

 

 

 

- All compounds are mixed in a glass bottle with dH2O up to 1 L (keep at room 

temperature). 

 

10.2.12 Preparation pf agarose gel (2 %). 

 

 

 

 

- All compounds are mixed in a glass bottle and microwave heated. Ethidium 

bromide was added when mixture cooled down (before solidified).  

 

10.3 Flow cytometry fixation solution (FACS FIX). 

 

 

 

 

- All compounds are mixed in a glass bottle and kept at 4 °C. 

Compound name Chemical form Volume or weight 

Tris  powder 10.8 g 

Boric acid (61.83 g/mol) Powder 5.5 g 

Ethylenediaminetetraacetic acid 

(EDTA) 5 M PH 8 
liquid 4 ml 

Compound name Chemical form Volume or weight 

Agarose  powder 2 g 

1X TBE buffer liquid 100 mL 

Ethidium bromide (Added after 

heating the above) 
liquid 5 µL 

Compound name Chemical form Volume or weight 

Formaldehyde (37/40%)  liquid 16.6 mL 

Fetal bovine serum (FBS) liquid 10 mL 

Phosphate buffered saline (PBS) 
liquid 

10.4 mL 
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10.5 Cell cycle buffer. 

 

 

 

 

 

- All compounds are mixed in a glass bottle with dH2O up to 100 mL and kept at 4 

°C. 

 

10.6 Transfection reagents (Piggybac transfection). 

10.6.1 Luria Bertanibroth (LB). 

 

 

 

- LB broth was mixed in a glass bottle with dH2O up to 500 mL. 

- LB mixture was autoclaved. 

- 500 µg Ampicillin ➔ (100 µg/mL). 

- Bacterial growth was performed on sterile surface close to Bunsen burner. 

 

 

11 Appendix B. 

11.1 Vector construct. 

All details are obtained from VectorBuilder spreadsheet for each plasmid construct.  

11.1.1 VB200623-1116ump. 

Name Description 
5' ITR piggyBac 5' inverted terminal repeat 

EF1A Human eukaryotic translation elongation factor 1 α1 promoter 

Kozak Kozak translation initiation sequence 

C-MYC C-MYC gene 
T2A Self-cleaving 2A peptide 

EGFP Enhanced green fluorescent protein 

rBG pA Rabbit Polyadenylation signal 

CMV promoter Human cytomegalovirus immediate early 
promoter 

Hygro Hygromycin resistance  

Compound name Chemical form Volume or weight 

Sodium chloride (NaCl) Powder 584.4 mg 

Triton  liquid 1 mL 

propidium iodide (30 µg/mL) liquid 3 mL 

Compound name Chemical form Volume or weight 

LB broth (L3022)  powder 10 g 
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BGH pA Polyadenylation signal 

3' ITR piggyBac 3' inverted terminal repeat 

AmpiciIIin AmpiciIIin resistance 

pUC ori origin of replication 

 

 

11.1.2 VB900088-2218fcw. 
 

Name Description 
5' ITR piggyBac 5' inverted terminal repeat 

EF1A Human eukaryotic translation elongation factor 1 α1 promoter 

Kozak Kozak translation initiation sequence 

EGFP Enhanced green fluorescent protein 

rBG pA Rabbit Polyadenylation signal 

CMV promoter Human cytomegalovirus immediate early 
promoter 

Hygro Hygromycin resistance  

BGH pA Polyadenylation signal 

3' ITR piggyBac 3' inverted terminal repeat 

AmpiciIIin AmpiciIIin resistance 

pUC ori origin of replication 

 

 

 

11.1.3 VB160216-10057. 
 

Name Description 
CAG piggyBac 5' inverted terminal repeat 

Kozak Kozak translation initiation sequence 

hyPBase piggyback transposase (PBase) 

SV40 late pA Simian virus 40 late polyadenylation signal 

CMV promoter Human cytomegalovirus immediate early 
enhancer/promoter 

mCherry Variant of mRFP1 

BGH pA Polyadenylation signal 
pUC ori origin of replication 

AmpiciIIin AmpiciIIin resistance 
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12 Appendix C. 

12.1 FMC drug library full list. 

Drug Name Drug Name 

prednisolone itraconazole 

amantidine hydrochloride methyldopa 

folic acid fenofibrate,  

thiamine HCL,  clofibric acid 

ranitidine/zantac clobetasol propionate 

fluoxetine paracetamol (acetaminophen),  

dexamethasone alverine citrate 

DMSO mefenamic acid 

phytomenadione/ vitamin K1 prochlorperazine 

carbamazepine chlorambucil 

propanolol hydrochloride metoclopramide HCL 

erythromycin chloroquine 

retinol metformin hydrochloride 

bendroflumethiazide niclosamide 

propylthiouracil pravastatin sodium 

nicotinic acid nortriptyline 

theophylline dantrolene sodium 

nicotinamide omeprazole 

ascorbic acid diclofenac sodium 

Acyclovir ritodrine hydrochloride,  

allopurinol 
selegiline hydrochloride / deprenyl 
HCl  

chlorpheniramine disodium salt mebendazole 

neostigmine flupentixol 

alpha tocopheryl acetate acipimox 

2-bromo-a-ergocryptine methanesulfonate salt/ bromocriptine ethanol 

cyclophosphamide desferrioxamine mesilate 

imatinib imipramine 

zinc acetate artemisinin 

valproic acid propantheline bromide 

rifampicin diltiazem hydrochloride 

  ampicillin sodium salt 

praziquantel methanol 

flutamide amphotericin b 

clomipramine danazol 

testosterone phenoxymethyl penicillin 

calciferol/ergocalciferol 5'aminosalicyclic acid/ mesalazine 

doxycycline finasteride 

tetracycline colchicine 

ibuprofen levothyroxine sodium 
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norethisterone methotrexate 

cefaclor chloramphenicol  

cyanocobalamin (vitamin B12)  Bortezomib 

medroxyprogesterone acetate mifepristone 

bezafibrate phenelzine 

paroxetine,  media 

trimethoprim clomiphene citrate 

water carvedilol 

naloxone hydrochloride amiodarone 

simvastatin,  methylphenidate 

flecainide acetate selenium 

pilocarpine HCl meperidine phenidate 

fluconazole riboflavin  

acitretin Memantine 

Magnesium Sulfate (MgSO4)  

 

 

 

 

 

 

 

 

 

 

 

 

 

 




