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Abstract 

Wilms’ Tumour, or Nephroblastoma, is the most common paediatric renal cancer and though 

survival rates have increased over the last decade the anaplastic subtype display rates as 

low as 18%. The poor prognosis anaplastic Wilms’ Tumour subtype has displayed a greater 

level of MYCN expression, a known oncoprotein, and while genetic alteration of MYCN has 

been reported, no biological functional studies have been conducted. Here I have shown 

that MYCN depletion via small interfering RNA results in growth suppression whereas 

PRMT5 depletion leads to both growth suppression and apoptosis. This PRMT5 depletion 

resulted in a total reduction of MYCN protein and transcript levels. I also demonstrate that 

BRD4 potentially shares a positive feedback loop with MYCN and is regulated by PRMT5. 

Here I have also shown for the first time through co-Immunoprecipitation that MYCN directly 

interacts with PRMT5 in WiT49 cells which are of an anaplastic subtype. Together this 

potentiates a synthetic lethal relationship between MYCN and PRMT5 which could be 

exploited in the targeted treatment of MYCN overexpressing Wilms’ Tumour cases. Using a 

current PRMT5 inhibitor, GSK591, the alterations to MYCN protein and transcript levels were 

synonymous to the functional studies conducted. In sum, this project has identified PRMT5 

as an excellent novel target in the treatment of MYCN overexpressing Wilms’ Tumour.   
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1. General Introduction 

1.1. Paediatric Cancers 
 

Paediatric cancers are considered rarer than adult cancers with approximately 1,800 new 

cases in the UK each year (according to Cancer Research UK) and approximately 300,000 

globally (according to the WHO). The potential years of life lost from delayed diagnosis, 

misdiagnosis, unsuccessful treatment and/or toxicity post-treatment is staggering and 

therefore must be ameliorated. According to Cancer Research UK, the most common 

paediatric cancer is Leukaemia, accounting for 30% of all cases where the most common 

subtypes are acute lymphocytic leukaemia (ALL) and acute myeloid leukaemia (AML). 

Following this, Brain and Spinal Cord tumours account for 26% of paediatric cases where 5-

year survival rates are only 15% for malignant cases. Neuroblastoma is the third most 

common paediatric cancer, accounting for 6% of all cases. As an embryonal tumour 

affecting the sympathetic nervous system, it is classified as highly heterogeneous where 

MYCN (Neuronal-MYC) amplification status contributes to prognosis (Louis and Shohet, 

2015). MYCN, a well-known proto-oncogene, amplification is considered as 10 or more 

copies and has been identified in approximately 25% of primary tumours (Ruiz-Perez et al., 

2017, Huang and Weiss, 2013). These high-risk, poor prognosis neuroblastoma cases 

generally display 5-year survival rates of 40-50% as opposed to 90-95% for low-risk cases. 

The fourth most common paediatric cancer recorded is Wilms’ Tumour, or Nephroblastoma, 

and is categorised as the most common paediatric renal cancer. Affecting 1/10,000 live 

births, it most frequently develops before the age of 5 however, approximately 1% of 

recorded cases occur in adolescence and adult hood (Breslow et al., 2006, Rivera and 

Haber, 2005). Fortunately treatment outcome has significantly improved over the last few 

decades; however more targeted treatments are still required to minimize toxicity and 

secondary effects of current treatments. The premise of this project is to assess potential 

candidate genes in Wilms’ Tumour, which may function as predictive biomarkers for targeted 

treatment leading to improved therapy methods that could diminish the need for general 

chemotherapeutic agents.   
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1.2. Wilms’ Tumour 
 

Wilms’ Tumour (WT), named after the German pathologist and surgeon Dr. Max Wilms, was 

first described in 1899 (Raffensperger, 2015). Extensive research has been conducted since 

the characterisation of Wilms Tumour Protein (WT1) as a tumour suppressor gene in WT, as 

seen described in Huff et al. (1991). As mentioned, Wilms’ Tumour affects 1/10,000 live 

births and treatment outcomes have significantly improved for good-prognosis cases. 

Current treatment revolves around strategical surgery (partial or total nephrectomies), the 

use of general chemotherapeutic agents (such as doxorubicin, vincristine), and radiotherapy 

(most commonly external-beam radiation therapy) which often result in secondary toxicity 

(Wright et al., 2009). These secondary toxicities may include renal failure and cardiotoxicity 

as well as the potential to relapse. This further underpins the necessity to develop more 

targeted therapies. Over the last few decades, our understanding of the pathogenesis has 

increased however there are still some major gaps which must be studied to develop these 

target therapies. 

 

1.2.1. Wilms’ Tumour Clinical Features 
 

Peak incidence lies between the ages 3 and 4 where 80% of cases present as asymptomatic 

abdominal masses (Gooskens et al., 2016, Hung et al., 1993, Lonergan et al., 1998). As 

many cases are asymptomatic, a recorded 10% of cases are discovered through post-

trauma examinations, which are often unrelated to the tumour entirely (Lonergan et al., 

1998).  In approximately 90% of cases, tumours arise in a single kidney however the 

remaining percentage of cases show that tumours may also arise synchronously in both 

kidneys (bilaterally) or progress as multifocal tumours (Szychot et al., 2014, Rivera and 

Haber, 2005, Charlton et al., 2017). Figure 1.1. displays an example kidney with a large and 

small tumour located on the surface.  
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Figure 1.1. Displayed is a kidney with one large Wilms’ Tumour (1) and one smaller 
developing tumour (2). The kidney was taken form a patient with WAGR (Wilms Tumour-

Aniridia) syndrome. Figure adapted from Brown and Malik (2001).  

The recorded symptoms associated appear as general malaise and can include weakness 

and fatigue, fever, loss of appetite, and constipation (Leslie and Murphy, 2019). More 

commonly, haematuria is present in approximately 25% of cases. Hypertension associated 

with excess renin secretion from juxtaglomerular cells is also present in approximately 25% 

of cases (Maas et al., 2007). In some advanced cases of Wilms Tumour where metastases 

to the lungs may have occurred, respiratory symptoms have been recorded.  Looking 

specifically at bilateral Wilms Tumour cases, the assessment of 535 cases revealed that 

22% had associated syndromes or clinically relevant anomalies, where 35% of these cases 

exhibited genito-urinary abnormalities (Charlton et al., 2017). Following on from this, 18.3% 

of cases displayed isolated hemi-hypertrophy (overgrowth limited to one side of the body 

where no other symptoms of Beckwith-Wiedemann syndrome are apparent). 

A comprehensive staging protocol was developed by the National Wilms Tumour Study 

(NWTS) that leading oncology groups such as the Children’s Oncology Group (COG) and 

the International Society of Paediatric Oncology use (SIOP) (Williams et al., 2010). Risk-

stratification has been devised where these classification approaches have in time resulted 

in increased survival rates. Those classified with favourable histology show survival rates of 

up to 90% conversely those with unfavourable histology show survival rates as low as 18%, 

as seen in table 1.1. (Szychot et al., 2014, Davidoff, 2012)  

 

 

 

 

1 

2 
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Table 1.1. Comparison of favourable and anaplastic histology stages in 10-year 
relapse-free survival and overall survival. Table adapted from Davidoff (2012).  

 

1.2.2. Kidney Development 
 

As a developmental cancer, Wilms’ Tumour (WT) arises as a result of compromised kidney 

development, or nephrogenesis, and is believed to originate from the pluripotent embryonic 

renal precursor cells (Hohenstein et al., 2015). Nephrogenesis ordinarily results in the 

development of highly organised nephrons, which perform necessary filtration of the blood. A 

block in this development can cause mass disruption to the integral architecture, resulting in 

a disorganised structure. Pinpointing these developmental blocks may lead to the 

development of new, targeted treatments.  

The primary function of the kidneys is blood filtration where approximately 180L of blood is 

filtered per day. The main purpose is to remove nitrogenous metabolic waste, regulate 

Histology Stage Location 
(Dumba et al., 

2015) 

10 year 
relapse-free 
survival (%) 

10 year overall 
survival (%) 

Favourable I Confined to 

kidney 

91 96 

 II Spread locally 

e.g. renal veins 

85 93 

 III Residual 

disease 

confined to 

abdomen which 

may include 

lymph nodes 

84 89 

 IV Haematogenous 

metastases  

75 81 

 V Bilateral renal 

involvement  

65 78 

Anaplastic I - 69 49 

 II-III - 43 49 

 IV - 18 18 
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homeostatic balance of water, salt, and pH of tissue fluid (Bankir et al., 1989). Other key 

function of the kidneys is in the regulation of blood pressure via renin-angiotensin-

aldosterone system, erythropoietin production pivotal for erythrocyte production and in the 

activation of vitamin D (Jacobson et al., 1957, Wadei and Textor, 2012, Kumar et al., 2012). 

The ‘functional unit’ of the kidney is the nephron, where there are proximately 1 million per 

kidney (Norlen et al., 1978). Figure 1.2. displays the structure of this functional unit.  

 

Figure 1.2. Displayed is a schematic diagram of a single nephron. Initially, plasma is 

filtered via high pressure from the glomerulus into the Bowman’s capsule where it then 

travels through the tubules allowing the reabsorption of necessary ions and nutrients and the 

excretory components to collect via the collecting duct. Nephron spatial orientation within the 

kidney is displayed. Figure taken from Mullins et al. (2016).   

Renal filtration occurs within the renal corpuscle at the proximal end where blood passes 

through the glomerulus, described as a “convoluted knot of leaky blood vessels from” from 

the afferent vasculature (Bello-Reuss and Reuss, 1983). Fluid enters the interstitial space of 

the Bowman’s capsule where the glomerular basement membrane is lined with podocytes, 

highly specialised cells with actin protrusions (Reiser and Altintas, 2016). This functions as 

filtration barrier limiting entry of solutes larger than 15kDa into the nephron (Lawrence et al., 
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2017). In the proximal tubule, the epithelial membrane is essential in the reabsorption of 

critical molecules including glucose, amino acids and essential minerals. This proximal 

epithelial membrane functions primarily in membrane transport and is reflective of the cells 

characteristic transcriptional signature. As the proximal tubule progresses into the loop of 

Henle, the primary function is related to urine concentration through the recovery of water 

and sodium chloride (Mullins et al., 2016). As the loop of Henle progresses into the distal 

tubule, aldosterone and parathyroid hormone allow the recovery of sodium chloride and 

calcium where the macula densa plays a particular role in filtration rate regulation (Harrison-

Bernard, 2009). The macula densa is a highly specialised fragment of the distal tubule 

located adjacent to the glomerulus. The cells here detect the distal tubules salt levels and 

secrete local vasoconstrictors restricting the afferent arterioles to regulate filtration rate. It 

also functions alongside juxtaglomerular cells regulating renin secretion and systemic blood 

pressure via the renin-angiotensin-aldosterone system (Harrison-Bernard, 2009). The distal 

tubule connects to the collecting duct where urine accumulates in the bladder via the ureter 

for excretion (Peti-Peterdi and Harris, 2010).  

As mentioned, nephrogenesis ordinarily results in a highly organised network of nephrons 

allowing correct functioning of the kidneys. Nephrogenesis is comprised of a succession of 

kidney stages where complexity increases with each step. This process begins where 

initially, a non-functional pronephros forms from the intermediate mesoderm (Seely et al., 

2018). Following this, the mesonephros develops from the pronephros where the Wolffian 

duct (mesonephric duct) forms allowing rudimentary excretion. It is at this point where 

metanephros develops and the Wolffian duct extends forming the ureteric bud where 

extension into the intermediate mesoderm triggers formation of a cap. Formation of a renal 

vesicle quickly transforms into a comma-shaped, then S-shaped body and finally into a 

nephron which is accompanied by invagination of capillaries. Maturation of the nephron 

occurs throughout gestation and is not complete until 4-6 weeks after birth (Seely et al., 

2018).  Figure 1.3. displays the process from mesonephros to metanephros.  
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Figure 1.3. Nephrogenesis results in the development of a single functioning mature 
nephron. In the first stage, the Wolffian duct extends into the intermediate mesoderm where 

there is a resulting split in ureteric bud. Concentration of the metanephric mesenchyme 

around the ends of the bud forms the Six2+ nephron progenitors. Loss of these Six2+ cap 

mesenchyme cells has been shown to exhaust the nephron progenitor pool (Self et al., 

2006). In the second stage, signalling from the ureteric bud causes a renal vesicle to form 

which matures to a comma-shaped body then to an S-shaped and finally to the mature 

nephron structure. This process of maturation results in the proper formation of the proximal 

tubule, loop of Henle, and the distal tubule. Through further maturation via invading cells, 

such as endothelial cells, a functional glomerulus is established with mature podocytes. This 

is amplified by the continual branching of the ureteric bud to give rise to approximately 1 

million nephrons. Once nephrogenesis is complete, the glomerulus is able to perform its 

filtration function where drainage occurs via the collecting duct into the bladder for 

elimination. Figure taken from Hohenstein et al. (2015).  

 

1.2.3. Molecular Pathogenesis of Wilms’ Tumour  
 

In 5% of cases, pre-disposition syndromes can lead to pathogenesis of Wilms Tumour where 

over 50 syndromes are known to be associated (Szychot et al., 2012). The most common 
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have been identified and separated into two distinct categories; those with genito-urinary 

malformation as a result of WT1 abnormalities and those with overgrowth phenotypes. 

Those with the former include WAGR syndrome (Wilms Tumour Aniridia Genitourinary 

Mental Retardation) and Denys-Drash syndrome (DDS) and those with the latter include 

Perlman and Beckwith-Wiedemann syndrome. WAGR syndrome comprises of an 11p13 

deletion, which harbours the WT1 gene along with an intragenic WT1 mutation, where 45-

57% of patients will develop WT. A variety of germline intragenic mutations, namely affecting 

the DNA-binding domain of WT1, is the known cause of DDS where approximately 74% 

develop WT. Perlman syndrome and Beckwith-Weidemann syndrome are both examples of 

macrocephalies prone to neoplasia where the risk of WT development are 64% and 5-10%, 

respectively (Kamien et al., 2018). As a rare occurrence, at least 8 cases have been 

documented where trisomy 18 (Edwards syndrome) has resulted in the pathogenesis of WT 

(Kondo et al., 1984, Cereda and Carey, 2012).  

As a heterogeneous cancer, Wilms’ Tumour is classified by its triphasic histology with 

varying compositions of blastemal, epithelial and stromal cells and can be seen in figure 

1.4.(Hohenstein et al., 2015). The blastemal cells are characterised as undifferentiated 

mesenchymal cells identified by their tightly packed, rounded structures and are usually 

seen in the earlier stages of nephrogenesis (Szychot et al., 2014).  Persistence of these 

blastemal cells after the 36-week point in gestation are known as nephrogenic rests 

(Beckwith et al., 1990, Szychot et al., 2014). Four types of nephrogenic rests have been 

classified; intralobar, perilobar, panlobar, and diffuse hyperplasic perilobar. It is speculated 

that these are the origins of the tumours which arise (Beckwith et al., 1990, Al-Hussain et al., 

2014).  

 

 

 

 

 

 

Figure 1.4. Characteristic triphasic histology of Wilms’ Tumor. Cross section of the 

kidney where the three main cell components are labelled. (B) blastemal cells (E) epithelial 

cells (S) stromal cells. Figure adapted from Brown and Malik, (2001). 

E 
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Nephrogenesis requires transcription factors to initiate development therefore it is clear that 

deregulation of this can drive oncogenesis (Diniz, 2016). Regarding molecular pathogenesis, 

very few recurrent somatic mutations have been identified in Wilms Tumour cases and 

therefore it was speculated epigenetics might play a larger role. The role of genetics and 

epigenetics in Wilms Tumour will be discussed in further detail. 

 

1.2.4. Wilms’ Tumour Genetic Abnormalities  
 

Epigenetics, first coined by Conrad Waddington in 1942, refers to the study of heritable 

changes in gene expression where the underlying DNA sequence remains unaffected. In 

contrast to genetic mutations, where an alteration to the genotype results in an observed 

phenotypic change, epigenetic alterations present changes without modification of the 

genotype. Additionally, epigenetic alterations are reversible, where at least four types of 

DNA modifications and sixteen classes of histone modifications are known.  

As previously mentioned, few recurrent somatic mutations could be associated with Wilms 

Tumour cases. This was evaluated through the analysis of the genes expressed in the 

nephrogenic rests of 324 tumours and it was concluded that few recurrent genetic 

aberrations could be identified (Gadd et al., 2012). Table 1.2. displays some of the few 

identified frequent mutations, as reported by multiple sources.   

Gene Function Mutation Occurrence 
(%) 

Reference 

WT1 Zinc finger DNA-binding 

transcription factor 

involved in genitourinary 

development, 

transcriptionally regulates 

a number of genes 

including DNMT3A and 

MYCN 

Deletion/somatic 

inactivating 

mutation 

12 (Hohenstein 

et al., 2015, 

Gadd et al., 

2012, 

Szemes et 

al., 2012, 

Ruteshouser 

et al., 2008, 

Zhang et al. 

1999) 

CTNNB1 Beta-catenin essential for 

epithelialization after 

mesenchyme-to-epithelial 

Protein stabilising 

point mutation 

often in conjunction 

15 (Gadd et al., 

2012, 

Ruteshouser 
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transition (MET) and the 

WNT pathway 

with WT1 resulting 

in nuclear 

accumulation of 

beta-catinin 

et al., 2008, 

Koesters et 

al., 1999) 

WTX 
(AMER1) 

Contributes to beta-

catenin degradation via 

ubiquitination 

Point mutation 

/deletion 

15/3 (Gadd et al., 

2012, 

Ruteshouser 

et al., 2008, 

Koesters et 

al., 1999, 

Scott et al., 

2012) 

TP53 Tumour suppressor gene 

which regulates cell cycle 

progression at the G1/S 

check point, initiate 

apoptosis and many other 

processes  

Missense mutation 

in exon 7/loss of 

copy number 

associated with 

anaplastic subtype 

5 (Bardeesy et 

al., 1994, 

Alami, 

Williams and 

Yeger, 

2003) 

FBXW7 F-box protein, a subunit in 

the ubiquitin protein 

ligase complex, SCF 

(SKP1-cullin-F-box) 

Loss of function 

mutation prevents 

degradation of 

MYCN 

4 (Williams et 

al., 2010) 

MYCN Basic helix-loop-helix 

transcription factor 

Over 

expression/gain of 

copy 

number/mutation 

(P44L) 

9/13/4 

(copy 

number 

increase is 

associated 

with 30.4% 

of 

anaplastic 

tumours) 

(Williams et 

al., 2010, 

Williams et 

al., 2015) 

 

 

 

 

 

SIX1/SIX2 Homeobox protein 

required for 

nephrogenesis  

Q177R missense Approx. 20 (Wegert et 

al., 2015) 

miRNA 
processor 

Biogenesis of mature 

miRNA 

Point mutations 

result in the 

Approx. 12 (Rakheja et 

al., 2014, 
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genes 
(DICER1, 
DROSHA) 

reduction of mature 

miRNA 

Torrezan et 

al., 2014) 

Table 1.2. The most frequent reported genetic mutations in Wilms’ Tumour compiled 

into a table with the following; gene name, normal functioning, mutation(s) identified, 

percentage of occurrence in reported cases/screenings, reference(s). 

Wilms Tumour Protein (WT1) has long been linked with Wilms’ Tumour however its reported 

occurrence is only 12%. Interestingly, a recorded 30.4% of anaplastic subtype tumours, 

representing poor prognosis, displayed a copy number increase in MYCN (Neuronal Myc). 

Generally we can see that over all there are few recurrent somatic mutations, though they 

contribute to the overall pathogenesis of Wilms’ Tumour there are underlying mechanisms 

likely synonymous between cases.    

1.2.5. The Epigenetics of Wilms’ Tumour 
 

It has been concluded that 65% of cases are negative for these somatic mutation (Charlton 

et al., 2015).  Comparative methylome analysis demonstrated that tumorigenesis could be 

mostly attributed to epimutations (epigenetic mutations), which results in the increase of 

epigenetic plasticity. For example, 66% of cases display aberrations in the imprinted 

IGF2/H19 locus on 11p15 that leads to a loss of imprinting (Scott et al., 1985, Schroeder et 

al., 1987). Imprinting is a form of epigenetic regulated gene expression, where one parental 

allele is methylated at random during development and is preserved throughout cell division 

(Jelinic and Shaw, 2007). The methylation marks are kept in place via DNA 

methyltransferase 1 (DNMT1). Loss of imprinting can be attributed to a dysregulation in 

epigenetic mechanisms and in the case of IGF2/H19 results in the activation of the silenced 

copy of the gene promoting growth (Ohlsson et al., 1999).  Understanding the key epigenetic 

mechanisms and the role played during development will aid in comprehending the 

molecular pathogenesis of Wilms’ Tumour and will be further discussed.  

 

 

1.2.5.1. Epigenetics Introduction 
 

Histones, seen in figure 1.5., are highly conserved basic proteins which form an octamer 

containing two of each histone H2A, H3B, H3, and H4. This octamer wraps around 147 bp of 
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DNA forming what is known as a nucleosome. Each nucleosome is linked via histone H1 or 

H5 and this arrangement yields a primary structure that resembles beads-on-a-string, and a 

secondary structure which produces a solenoid formation (Dressler, 2008).  

 

Figure 1.5. Displayed is the structure of a nucleosome containing each a histone 
octamer and 147 base pairs of DNA. Each nucleosome is linked via linker DNA and 

histone H1. Figure taken from Lu et al. (2017).  

 

As mentioned, there over sixteen known classes of histone modifications, some of the more 

common histone modifications can be seen in table 1.3. 
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Table 1.3. Displays a list of most common histone modifications. Abbreviations are as 

follows; me1-monomethylation, me2-dimethylation, me3-trimethylation, me2s-symmetric 

demethylation, me2a-asymmetric demethylation. Examples are given and referenced 

appropriately. Table adapted from Dawson and Kouzarides (2012).  

Histone acetylation is a well-researched form of histone modification where acetylation of 

lysine’s on histones via histone acetyltransferases (HATs) is associated with transcriptional 

activation (Rusche et al., 2003, Kurdistani and Grunstein, 2003). Conversely, histone 

deacetylation conducted by histone deacetylases (HDACs) can reverse this active state into 

a repressive state (Dressler, 2008). Acetylation of the lysine on the histone alters the positive 

charge to be neutral, decreasing the affinity of the histone complex to the DNA (Hong et al., 

1993). This facilitates the activity of RNA polymerase II by allowing access to the DNA 

during transcription.  

One type of well-known epigenetic DNA modification is DNA methylation (Berger, 2007). 

This involves the methylation of CpG islands, which hinders transcriptional machinery 

functioning at the promoter of a gene, ultimately resulting in gene silencing (Merlo et al., 

Histone Modification Nomenclature Attributed Function Example 

Acetylation K-ac Transcription, repair, 

replication, 

condensation 

Histone Acetyl 

Transferases e.g. 

p300/CBP (Eberharter 

and Becker, 2002) 

Methylation (Lysine) K-me1, K-me2, 

K-me3 

Transcription and 

repair 

E.g. G9a (EHMT2) 

(Tachibana et al., 

2001) 

Methylation (Arginine) R-me1, R-me2s, 

R-me2a 

Transcription Protein Methylarginine 

Transferases (PRMTs) 

(Branscombe et al., 

2001) 

Phosphorylation 

(Serine and 

Threonine) 

S-ph, T-ph Transcription, repair, 

condensation 

E.g. CDK2 

(Bhattacharjee et al., 

2001) 

Phosphorylation 

(Tyrosine) 

Y-ph Transcription, repair E.g. Janus Kinase 2 

(JAK2) (Dawson et al., 

2009) 

Ubiquitination K-ub Transcription, repair E.g. BRACA1-BARD1 

RING ubiquitin ligase 

(Chen et al., 2002) 
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1995). Additionally, CpG methylation patterns are inherited as during DNA replication 

maintenance of these methylation marks is conducted by DNA methyltransferases 

(Jenuwein and Allis, 2001). DNA methylation occurs via DNA-methyltransferases (DNMT) 

and includes DNMT3a, DNMT3b, and DNMT1. DNMT3a and DNMT3b are pivotal in placing 

de novo methylation marks on DNA during embryonic cellular division (Robertson et al., 

2000). It has been reported that WT1 is able to bind to the DNMT3a promoter and 

transcriptionally regulates it leading to silencing of downstream genes (Szemes et al., 2013). 

Proteins involved in cell cycle regulation and apoptosis have also been reportedly silenced 

via methylation resulting in dysregulation attributed to many cancers (Merlo et al., 1995, 

Neureiter et al., 2007, Jones and Baylin, 2002).  

 

1.2.5.2. Epigenetics of Wilms’ Tumour  
 

Dallosso et al. first demonstrated that hypermethylation of chromosome 5q31 

(encompassing protocadherin (PCDH) gene cluster) and validated the role that long-range 

epigenetic silencing has in Wilms’ Tumour. It was concluded that de novo PCDH 

hypermethylation transpires during pathogenesis of Wilms’ Tumour and results in 

transcriptional silencing of these genes. A study conducted by Charlton et al. identified that 

nephrogenic rest establishment is linked with hypermethylation of nephrogenesis genes, as 

well as bivalent domains. In embryonic stem cells, key regulatory genes were discovered to 

contain bivalent domains, where H3K4me3 signified an active epigenetic mark and 

H3K27me3 a repressive mark (Bernstein et al., 2006). Once the cells had committed to a 

specific lineage the bivalent marks also committed to either an active or a repressive state.  

It was also identified that nephrogenic rest preservation is attributed to methylation via the 

polycomb repressive complex, PRC2. This implicates faulty polycomb activity as a critical 

step in tumorigenesis. PRC2 ordinarily functions to trimethylate lysine 27 on histone H3 

(H3K27me3) which in turn recruits PRC1 and leads to ubiquitination of H2AK119 to ensure 

transcriptionally silent genes are maintained in a repressed state (Yoo and Hennighausen, 

2012). Figure 1.6. displays the composition of the PRC2.1 and PRC2.2. It has been reported 

that upregulation of these components does occur in Wilms’ Tumour, increasing PRC2 

activity within the tumours (Hohenstein et al., 2015, Chase and Cross, 2011). It has also 

been shown that WT1 transcriptionally downregulates EZH2 activity and therefore mutated 

WT1 could serve to prevent this downregulation, increasing EZH2 activity (Xu et al., 2011).  
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Figure 1.6. Diagram of the Polycomb Repressive Complex 2. EZH2 (enhancer of zeste 

homolog 2) is a histone-lysine N-methyltransferase and is the catalytic subunit of the 

complex but requires EED and SUZ12 for its activity as well as RbAp46/48 

(RBBP4/NURF55). Figure taken from Holoch and Margueron (2017).  

Epigenetics plays a central role in nephrogenesis where a key gene which defines the 

intermediate mesoderm, Pax2, has recently been implicated with an epigenetic system that 

aids in cell lineage commitment (Hilliard and El-Dahr, 2016, Patel and Dressler, 2013, Soofi 

et al., 2012). Further studies showed that Pax2 was able to indirectly recruit Polycomb 

complexes to repress gene expression of particular genes (Patel et al., 2012). Epigenetic 

modifiers act in tandem to transcriptionally activate or repress target genes and proteins 

where for example EZH2 is able to bind and activate DNA methyltransferases and PCR2 

can recruit HDAC through EED (Van Der Vlag and Otte, 1999, Vire et al., 2006). Therefore, 

dysregulation of these epigenetic modifiers may result in epigenetic plasticity providing cells 

with the ability to aberrantly regulate self-renewal and proliferation, driving oncogenesis. It is 

therefore vital to further understand these mechanisms in Wilms’ Tumour to find suitable, 

drugable targets for the development of more specific treatment. 

EZH2 has been shown to directly interact with Neuronal Myc (MYCN) in Neuroblastoma, 

where MYCN recruits the PCR2 component to repress gene expression of Clusterin (CLU) 

which contributes to pathogenesis of Neuroblastoma (Corvetta et al., 2013). As of yet, no 

direct interaction between EZH2 and MYCN has been reported in Wilms’ Tumour (WT) 

though it is likely that a form of dysregulation is operational in WT. Neuronal MYCN (MYCN) 

is a proto-oncogene implicated in several cancers including Neuroblastoma and Wilms’ 

tumour. During nephrogenesis, WT1 expression is linked with MYCN expression and 

therefore when WT1 is overexpressed, MYCN is often also overexpressed. Playing a crucial 

role in embryogenesis, Mycn-null mice are embryo-lethal at E10.5-12.5 with visible 
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morphological changes in the number of mesonephric tubules (Charron et al., 1992). The 

role of MYCN in Wilms’ tumor will be further discussed in the following chapter. 

 

1.3. The Role of Neuronal Myc in Wilms’ Tumour  
 

Neuronal Myc (MYCN) was first discovered in 1983 by Schwab et al. as a paralog to c-myc. 

As a proto-oncogene, dysregulated expression of MYCN has been shown to drive the 

progression of numerous cancers including Neuroblastoma, Medulloblastoma and Acute 

Myeloid Leukemia (Rickman et al., 2018). Over expression of MYCN has been reported in 

Wilms’ Tumour (WT), though its function and its role in the pathogenesis of WT remain 

unclear (Shaw et al. 1988).  

Neuronal Myc (MYCN) is a 60-63 kDa protein with a 30 minute half-life where, in normal 

cells, it functions as a transcription factor that is crucial in embryonic stem cell pluripotency 

of neural progenitor cells (Ruiz-Perez et al., 2017). It also plays a role in self-renewal leading 

to the development of the central nervous system (Knoepfler et al., 2002). MYCN 

amplification was first identified in 1988 by Norris et al. and as seen in figure 1.7. using the 

bioinformatics platform R2, analysis of MYCN expression in a set of 39 Wilms’ Tumour 

samples displays that MYCN expression is higher in WT compared to normal foetal kidney. 

This can be confirmed as significant through statistical analysis, also shown in figure 1.7.  
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Figure 1.7. Using the r2 genomic analysis and visualization platform, the Wilms’ 
Tumour (WT) Li dataset was analysed for MYCN gene expression and displayed as a 
box plot. Expression of MYCN was plotted with the sample group type; foetal kidney, 

sporadic WT, Denys—Drash syndrome WT, and WAGR WT. Statistical analysis conducted 

using a one way ANOVA determined a significant p value of 0.013 between foetal kidney 

and sporadic WT. (Hgserver1.amc.nl, 2019)  

MYCN is part of the myc gene family which includes the following; c-myc (439 amino acids), 

n-myc (464 amino acids), l-myc (364 amino acids) where their chromosomal location can be 

seen in table 1.4. Classed as nuclear proteins, their sequence homology is highest within 

MYCNBoxes (I, II, IIIa, IIIb, IV) and in carboxy-terminal basic-helix-loop-helix-leucine zipper 

domains (bHLH-LZ) (Kohl et al., 1986, Stanton et al., 1986). These bHLH-LZ domains 

encompass approximately 100 amino acids and permit MYC proteins to heterodimerise with 

myc-associated factor X (MAX), a bHLH-LZ domain protein that facilitates DNA binding 

(Blackwell et al., 1993). Binding to a broad range of promoters and enhancers, MYC proteins 

have the ability to modify transcription via all three RNA polymerases. 
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Table 1.4. Chromosomal locations of each of the myc family member genes with the 
corresponding references.  

Early murine studies revealed varying mRNA levels during development which displayed 

tissue specificity for each of the Myc genes (Zimmerman et al., 1986). MYCN is required 

during embryonic development where high levels of expression can be found in the central 

and peripheral nervous systems as well as the brain and kidneys (Zimmerman et al., 1986, 

Grady et al., 1987, Stanton et al., 1992). Deletion of either murine Mycn or c-Myc was shown 

to be embryonic lethal at midgestation demonstrating the importance of these genes for 

normal development (Sawai et al., 1993, Charron et al., 1992, Stanton et al., 1992, Davis et 

al., 1993). Additionally an early study showed that mice deficient in MYCN were 

embryolethal at E10.5-E12.5 (Charron et al., 1992). In another early study, regarding 16-19 

week old human foetuses, MYCN mRNA was found in high concentrations within the 

differentiating epithelial mesenchyme of the kidney (Hirvonen et al., 1989).  

Figure 1.8. displays the expression of MYCN in comparison to a large cohort of paediatric 

cancers using the St.Jude Cloud PeCan visualization platform. As seen, there is a greater 

level of gene expression compared to the average expression. It is not yet clear how MYCN 

contributes to the pathogenesis of Wilms’ Tumour, though it is known to be associated with 

poorer prognosis cases, and therefore functional studies would be necessary to elucidate its 

role.  

Chromosomal Location 

Gene Location References 

Mycn 2p24.3 (Schwab et al., 1984) 

Mycl 1p34.2 (Zelinski et al., 1988) 

c-myc 8q24.21 (Dalla-Favera et al., 1982) 
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Figure 1.8. MYCN RNA-seq gene expression from an array of paediatric cancers. 
Wilms’ Tumour samples (125) are seen in red and demonstrate that, on average, there is 

higher MYCN expression in Wilms’ Tumour cases in comparison to other paediatric cancers 

as seen by the box plots. Figure taken from St.Jude Cloud PeCan (Pecan.stjude.cloud, 

2019)    

 

1.3.1. The Role of Neuronal Myc in Transcription  
 

MYCN has been associated with upregulation and recruitment of histone modifiers, which 

may lead to gene activation or repression and can be seen in figure 1.9. (Westmark et al. 

2011). During gene activation, MYCN binds with Max, Myc-Associated Factor X, on the E-

box leading to recruitment of histone acetyl transferases. The resulting open chromatin 

structure allows MYCN to promote pause-release of RNA polymerase II by phosphorylation 

of serine 2 (S2). This then allows adherence of elongation factors, such as Positive 

transcription elongation factor (P-TEFb) (Majello et al., 1999). Conversely, during gene 

repression MYCN functions to recruit epigenetic modifiers capable of tightening the 

chromatin structure. For example MYCN associates with EZH2, a subunit of the PRC2 

histone methylase complex, repressing some of its target genes. Unfortunately no studies 

have been conducted to identify MYCN targets in Wilms’ Tumour and therefore it is unclear if 

MYCN regulates gene expression similarly to ‘normal’ functioning cells. 
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.  

 

Figure 1.9. MYCN functioning in gene activation and gene repression. In gene 

activation MYCN binds to its co-activator Max (MYCN associated protein X) on the E-box 

leading to transactivation and to the recruitment of histone acetyl transferases (e.g. 

p300/CBP, TRAP GCN5, TRAP TIP60) modifying the chromatin to give an open structure. 

MYCN also phosphorylates the C-terminal domain (CTD) of RNA polymerase II aiding in 

transcriptional elongation. In gene repression, MYCN-Max binds to Miz-1 (MYCN co-

repressor) and recruits epigenetic modifiers such as histone deacetylases (HDAC) and DNA 

methyltransferase 3a (Dnmt3a), which modify the chromatin to give a closed structure. 

Figure adapted from (Westermark et al., 2011). 

 

1.3.2. The Role of Neuronal Myc at the Protein Level 
 

Regulation of MYCN protein stability is depicted in figure 1.10. which usual occurs during 

G2-M transition (Sjostrom et al., 2005). It is important to note that the majority of MYCN 

characterisation has been completed through the use of neuronal cells and therefore may 

not translate to renal cells. As mentioned, MYCN has a half-life of approximately 30 minutes 

and is therefore rapidly turned over via ubiquitination targeting for degradation via the 

proteasome (Ruiz-Perez et al., 2017, Rickman et al., 2018). During this process, several 

phosphorylation marks are placed on the protein which enables it to be detected by FBXW7 

promoting ubiquitination and consequently targeting for degradation (Welcker et al., 2004). 

In neuroblastoma, the ubiquitin marks can be reversed by USP7 and ESP28 and therefore 

are not turned over (Tavana et al., 2016). Whether similar effects are concurrent in Wilms’ 

Tumour is unclear.  

TFIIH 
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Figure 1.10. MYCN regulation at the protein level.  A ‘stabilising’ phosphorylation at 

Serine 62 (S62) is first placed by ERK or CyclinB/CDK1 to allow phosphorylation at Tyrosine 

58 (T58) by GSK3ß, which targets MYCN for degradation via the proteasome. PP2A 

removes the stabilising phosphorylation to allow FBXW7 to recognise the phosphodegron 

part of MYCBox 1 of T58 (Welcker et al., 2004). This then promotes ubiquitination of MYCN, 

targeting it for degradation via the proteasome (Bonvini et al., 1998).  

Aurora Kinase A (AURKA) has the ability to shield MYCN from FBXW7 through competitive 

binding thereby increasing MYCN stability (Otto et al., 2009). Other MYCN stabilisers also 

include PLK1 (phosphorylates FBXW7 to inactivate it) and PI3K (phosphorylates GSK3ß to 

inactivate it) (Chesler et al., 2006). MYCN has been shown to promote NOXA, a pro-

apoptotic factor, and also binds to the E-box in the promotor region of p53 activating 

transcription (Chen et al., 2010).  

 

1.3.3. The Role of Neuronal Myc in Cancer  
 

The myc family members have been implicated in cancers such as neuroblastoma, small cell 

lung cancer, and Wilms’ Tumor (Schwab et al., 1983, Nau et al., 1985, Kohl et al., 1983). It 

has been documented that there are multiples avenues in which MYCN may drive 

oncogenesis in Wilms’ tumour (Williams et al., 2015). Whole exome analysis in 213 Wilms’ 

tumour cases exhibited that the P44L MYCN mutation was present in 3.8% of cases in 

comparison to 2% of high-risk Neuroblastoma cases (Pugh et al., 2013). No significant 

association was observed between histology and MYCN gain for blastemal, epithelial, 

stromal, mixed, regressive or focal anaplastic subtypes. Conversely, diffuse anaplastic 

subtypes displayed a significant association with MYCN gain where 30.4% of cases 

exhibited this. Integrated genomic analysis of Wilms’ tumour was conducted to determine 
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MYCN expression levels in the various histological subtypes, as seen in figure 1.11. In 

diffuse anaplastic and blastemal subtypes, the higher risk histologies, it was apparent that 

there were higher levels of MYCN expression, correlated with poorer prognosis (Wittmann et 

al., 2008). Interestingly, MYCN expression and methylation levels displayed strong negative 

correlation suggesting that overexpression of MYCN may be linked to hypomethlyation of the 

loci. However, it has been shown that in nephrogenesis, the transcription factors Eya1 and 

Six2 bind and dephosphorylate MYCN at Tyrosine 58 (T58) preventing degradation via the 

proteasome (Hohenstein et al., 2015). This is potentially one way in which MYCN activity is 

dysregulated in Wilms’ Tumour. 

 

Figure 1.11. MYCN expression in Wilms’ tumour subtypes. Box plots displaying the 

intensity of MYCN expression in various Wilms’ tumour histological subtypes where (a) 

discerns six of the SIOP histological subtypes and (b) discerns the same data as high or 

intermediate risk cases. The high-risk histological subtypes are blastemal (n = 9) and diffuse 

asaplastic (n = 11). The intermediate-risk histological subtypes are epithelial (n = 0), mixed 

(n = 17), regressive (n = 10) and stromal (n = 9). Figure taken from Williams et al. (2015).  

MYCN has been demonstrated as a good therapeutic target in high-risk, poor prognosis 

Neuroblastoma. As MYCN has been implicated in a large proportion of anaplastic subtype 

tumours in Wilms’ Tumour, associated with unfavourable histology, it may also be an optimal 

therapeutic target. Reported small molecular inhibitors of MYCN include Alisertib/MLN8237 

(targeting Aurora Kinase A) and JQ-1/MZ1 (targeting Bromodomain and Extra Terminal 

Domain (BETs) such as BRD4) (Otto et al., 2009, Brockmann et al., 2013, Puissant et al., 

2013). Aurora Kinase A (AURKA) complexes with MYCN shielding it from proteasomal 

degradation and therefore AURKA inhibitors such as Alisertib (MLN8237) have been used to 

increase MYCN protein turnover (Brockmann et al., 2013, Richards et al., 2016). As a phase 

II clinical trial drug, it may function as a suitable comparative control. Bromodomain and 
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extraterminal domain (BET) proteins, a subgroup of the bromodomain family (Ferri et al., 

2016), function to recognise acetylated lysine residues and recruit transcriptional regulatory 

complexes to alter transcriptional activity (Eberharter and Becker, 2002). BRD4 functions to 

regulate MYCN transcription where small molecular inhibitors such as JQ1 have a 

downregulatory effect on MYCN expression. This has been demonstrated in Neuroblastoma 

as well as Wilms’ tumour previously by our laboratory where impaired growth and increased 

apoptosis was observed (Puissant et al., 2013).  

Located on chromosome 19 (19p13.12), Bromodomain-Containing Protein 4 (BRD4) is a key 

transcriptional and epigenetic regulator in embryogenesis and oncogenesis. BRD4 

contributes in a multitude of cellular functions, most notably in transcriptional regulation, and 

more recently has been described as a keeper of genomic stability (Donati et al., 2018). As a 

member of the Bromodomain and Extra Terminal Domain (BET) family, BRD4s primary 

function is to recognise acetylated lysine residues on super-enhancer sites (Loven et al., 

2013). Other BET family members include BRD2, BRD3, and BRDT and are all ubiquitously 

expressed (Wu and Chiang, 2007, Dhalluin et al., 1999). BRD4 contains two bromodomains 

(BD1 and BD2) where each consists of four alpha helices partitioned by a variable loop 

region, which allows the establishment of a hydrophobic pocket (Wu and Chiang, 2007, 

Dhalluin et al., 1999). This hydrophobic pocket allows identification of acetylated lysine 

residues, where binding affinity increases the more residues there are (Moriniere et al., 

2009, Filippakopoulos et al., 2012). The C-terminal domain (CTD) has ability to bind 

transcription factors (TF) as well as histone modifiers, such as histone acetyl transferases 

(HATs) or histone de-acetylases (HDACs). This process facilitates the recruitment of these 

factors to promoter or enhances sites in the regulation of transcription (Dey et al., 2003). 

Three BRD4 isoforms exist (A, B, and C) and can be seen in figure 1.12.  
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Figure 1.12. The domain architecture of human BET family members is displayed. 

Focusing on the three BRD4 isoforms (A-C), BRD2, BRD3, and BRDT are also shown 

(excluding their isoforms). ET stands for extra-terminal domain, CTD C-terminal domain, BD 

bromodomain. Figure taken from Shi and Vakoc (2014).  

One such example is the recruitment of positive transcription elongation factor b (p-TEFb), 

which is able to phosphorylate RNA polymerase II modulating activity and promoting 

transcriptional initiation and elongation (Jang et al., 2005, Yang et al., 2005).  As seen in 

figure 1.13., this p-TEFb complex comprised of BRD4, HATs, and CDK9, functions in the 

structuring of super-enhancers leading to upregulation of expression of the genes associated 

with these super-enhancer regions.  

 

Figure 1.13. A schematic diagram displaying the role of BRD4 in the structuring of 
super enhancers. (A) As BRD4 is able to recognise acetylated chromatin, it recruits the 

mediator complex bridging the super enhancer and promoter. BRD4 further functions to 

recruit and activate P-TEFb, modulating RNA polymerase II activity and shifting from a state 

of initiation to elongation. (B) BRD4 inhibition releases BRD4 from the chromatin through 

file://NAS/NAS_iMAC/Bianca/MASTERS/FINAL/Final%20Draft.docx#_ENREF_142
file://NAS/NAS_iMAC/Bianca/MASTERS/FINAL/Final%20Draft.docx#_ENREF_71
file://NAS/NAS_iMAC/Bianca/MASTERS/FINAL/Final%20Draft.docx#_ENREF_177


25 
 

competitive binding with the acetylated residues. As a result the complex is disrupted and 

the super enhancer and promoter are no longer bridged. The resulting effect is a decreased 

transcription of oncogenes. Figure taken from Donati et al. (2018). 

Other functions of BRD4 have been identified, such as its role in embryogenesis. During 

early development, BRD4 functions to maintain self-renewal capabilities of embryonic stem 

cell pools through the interaction with transcription factors such as Nanog and OCT4 (Wu et 

al., 2015, Liu et al., 2014, Di Micco et al., 2014). Further studies evaluated the effects of 

BRD4-null mice embryos, which demonstrated embryo lethality due to the failure of cell 

mass maintenance and would give rise to embryonic stem cell pools (Houzelstein et al., 

2002). During later embryonic development, BRD4 functions in the regulation of cell lineage 

determination primarily in adipose and muscle tissue development (Lee et al., 2017).  

Another function of BRD4 is in the stimulation of non-homologous end joining as a result of 

DNA damage, illustrated in figure 1.14. bellow (Li et al., 2018).  

 

 

Figure 1.14. A schematic diagram of the proposed mechanism of BRD4 in DNA repair. 
BRD4 is recruited via increased acetylation on histone H4, which is correlated to double 

strand DNA breaks. This allows the establishment of the DNA repair complex via recruitment 

of DNA repair proteins. Also illustrated, is a schematic of resulting BRD4 inhibition on DNA 

repair. Figure taken from Li et al. (2018).  

Functioning as a mitotic bookmark, BRD4 remains associated with H4K5ac during mitosis 

promoting re-initiation of transcription once mitosis is complete (Devaiah and Singer, 2013, 

Zhao et al., 2011). Many of these are M/G1 transitional genes driving cell cycle progression 

(Dey et al., 2009, Yang et al., 2008). Therefore, BRD4 plays a key role in the maintenance of 

epigenetic memory. Another role of BRD4 includes the regulation of immunological 

responses mediated by NF-kb. BRD4 recognises acetylation marks on the NF-kb subunit 
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RelA and enhances transcriptional activation of NF-kb inflammatory genes (Huang et al., 

2009). A form of BRD4 dysregulation in oncogenesis may lead to a perpetual state of 

inflammation, however this mechanism remains obscure (Zou et al., 2014).   

Upregulation of oncogenic genes, such as MYCN, may occur when BRD4 incorrectly 

promotes transcription of these genes via its role in structuring super-enhances, as seen in 

figure 1.13. A study demonstrated that MYCN transcription is disrupted with BRD4 targeting 

using JQ1 in neuroblastoma and lead to the conclusion that MYCN amplification functions as 

a predictive marker in the effectiveness of JQ1 treatment (Puissant et al., 2013). Another 

study observed a consistent effect using another BRD4 inhibitor, OTX015, where evidence 

demonstrated that BRD4 is unable to bind to acetyl residues located at the MYCN promoter 

(Henssen et al., 2016). BET inhibition appears to work effectively in MYCN driven cancers 

and therefore may prove useful in the treatment of Wilms’ Tumour.  

Functional studies have elucidated the role of MYCN in Neuroblastoma, however less is 

known about its function in nephrogenesis and Wilms’ Tumour. What is known is that during 

embryonic development, correct functioning of MYCN aids cell proliferation and cell growth. 

The cell cycle, under control of cyclin dependant kinases, is a strictly regulated process in 

which MYCN amplification has been shown to prevent cells from arresting in G1. MYCN 

inhibition has displayed a reduction in the ability of a cell to progress through the G1/S 

checkpoint into S phase (Woo et al., 2008). This causes an increase in the population of 

cells stuck in G1. Inhibition had also lead to a decrease in E2F transcription factor, which 

functions to coordinate cell cycle progression (Ren et al., 2002). It has also been reported 

that protein arginine methyltransferase 5 (PRMT5) regulates MYCN in Neuroblastoma and 

has recently been shown by this lab to also regulate MYCN in Wilms’ Tumour (Park et al., 

2015). The subsequent sub-chapter will assess the current known role of PRMT5 in Wilms’ 

tumour and the role it may play in the future treatment of Wilms’ tumour. 

 

1.4. The Role of Protein Arginine Methyltransferase 5 in Wilms’ Tumour 
 

Protein arginine methyltransferase 5 (PRMT5) is part of the protein methyltransferase 

(PRMT) family of proteins that function to methylate arginine groups as a form of post-

translational modification. PRMTs are able to recognise GAR motifs (glycine and arginine 

rich motifs) and are involved in the methylation of histones, transcription factors, splicing 

machinery, and many other components in the cell, demonstrating the complexity and 

diversity that the PRMTs have a role in (Chittka et al., 2012, Bezzi et al., 2013). Little is 
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known about the role PRMT5 plays in nephrogenesis and Wilms’ Tumour therefore part of 

this project will be to evaluate the functionality of PRMT5 in Wilms’ Tumour.  

Possessing the catalytic ability to transfer methyl groups from S-adenosylmethionine (SAM) 

to the guanidine nitrogen of an arginine group, the resulting product yields a methylarginine 

and an S-adenosylhomocysteine (SAH) (Stopa et al., 2015).  PRMTs can be categorised 

into three groups based on their enzymatic abilities; type I, type II, and type III. Type III 

PRMTs are only capable of forming mono-methylarginine (MMA) and includes only PRMT7, 

whereas type I and type II PRMTs are capable of forming further methylation marks using 

MMA as an intermediate. Type I PRMTs are capable of forming asymmetric dimethylarginine 

(ADMA) and include PRMT1, PRMT2, PRMT3, PRMT4 (CARM1), PRMT6, and PRMT8. 

Type II PRMTs are capable of forming symmetric dimethylarginine (SDMA) and include 

PRMT5 and PRMT9 (Bedford and Richard, 2005, Yang and Bedford, 2013, Blanc and 

Richard, 2017). This is illustrated in figure 1.15.  

 

Figure 1.15. Arginine methylation catalysed by PRMT family members. Displayed are 

the three PRTM family types and the resulting intermediary products. Type I PRMTs yield 

asymmetric dimethylarginine products (ADMA), type II PRMTs yield symmetric 

dimethylarginine (SDMA), and type III PRMTs yield mono-methylarginine (MMA). Figure 

taken from Sandqvist (2016). 

Proteomic analysis of human tissue using mass spectrometry elucidated the abundance of 

each PRMT family members in a range of tissues, both adult and foetal, as seen in figure 

1.16. Overexpression of PRMT5 has been documented in a plethora of cancers including 

Neuroblastoma. As seen in the figure, PRMT5 and MEP50 appear to be constitutively 

expressed across foetal and adult tissues highlighting its significance in both embryonic 

development and maintenance of lineage-committed cells.     
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Figure 1.16. PRMT family members and MEP50 proteome map in foetal and adult 
tissues. A heat map displays the relative protein abundance using mass spectrometry 

analysis of the human proteome map. As displayed, PRMT5 and MEP50 are broadly 

expressed in somatic and embryonic tissues with similar expression patterns. Unfortunately 

no foetal kidney expression is displayed, however we can see in the adult kidney that only 

PRMT5, MEP50, CARM1 and PRMT1 are expressed at a high enough abundance to detect. 

Figure taken from Stopa et al. (2015).  

The requirement of PRMTs during embryogenesis has been demonstrated through deletion 

of each PRMT, which results in developmental defects and/or embryolethal mice (Tee et al., 

2010, Pawlak et al., 2000). PRMT5 has been demonstrated to specifically play a crucial role 

in the maintenance of stemness during embryogenesis in mice (Bezzi et al., 2013, Tee et al., 

2010). 

 

1.4.1. The Role of Protein Arginine Methyltransferase 5 
 

As discussed, PRMT5 contains a highly conserved catalytic domain is ubiquitously 

expressed throughout all eukaryotes (Shailesh et al., 2018). Initially termed the Janus 

Kinase Binding Protein, further studies have elucidated its role in symmetric methylation 

(Branscombe et al., 2001). A key co factor of PRMT5 is MEP50, also known as WDR77, and 

has the ability to increase substrate-binding affinity to methylation targets (Antonysamy et 

al., 2012, Ho et al., 2013). Figure 1.17. displays the heterooctameric structure of this 

complex.  
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Figure 1.17. A cartoon spatial configuration of the vertebrate heterooctameric PRMT5-

MEP50 complex. Shown are the head-to-tail N- and C-terminal positioning. Figure taken 

from Stopa et al. (2015). 

PRMT5 functions to catalyse arginine methylation on histones and other proteins, where 

poor prognostic cancers generally display a greater level of expression and activity (Chen et 

al., 2017). Through symmetric dimethylation of H2AR3me2, H3R8me2, and H4R3me2, 

PRMT5 is able to epigenetically alter transcription of genes (Bedford and Clarke, 2009). It 

was previously shown that PRMT5 H3R2me2s is associated with transcriptional activation 

whereas H4R3me2s and H3R8me2s are associated with transcriptional repression (Barski 

et al., 2007, Di Lorenzo and Bedford, 2011). PRMT5 also post-transcriptionally methylates 

various protein substrates including p53 and NF-kB (Jansson et al., 2008, Wei et al., 2013). 

Additionally, PRMT5 has the ability to methylate transcription factors, including MYCN, in 

Neuroblastoma (Park et al., 2015). More recently it was shown that PRMT5-MEP50 and 

PRMT7 function to methylate spliceosomal proteins during mRNA silencing (Gonsalvez et 

al., 2007).  

PRMT5 has been implicated in an array of cancers and has been deemed an oncoprotein 

(Deng et al., 2017). Through functional studies, it was determined that PRMT5 was able to 

transcriptionally repress the tumour suppressor genes RB1, RBL1 and RBL2 through 

methylation of their promoter regions. This signifies PRMT5’s role in regulation of the RB-

E2F pathway in G1-S phase cell cycle regulation (Wang et al., 2008). Furthermore, PRMT5 

is able to supress miR96, which ordinarily functions to supresses Cyclin D, leading to 

activation of the Cyclin D-Cdk4/6 complex. This then permits hyperphosphorylation of Rb, 

rendering it unable to bind and suppress E2F transcriptional activation (Chung et al., 2013). 

Targets of E2F include polycomb repressor complex 2 (PRC2), which as seen plays a role in 

epigenetic regulation of gene expression (Bracken et al., 2003). Invasive cancer cell 

phenotypes, such as lung adenocarcinoma, are driven by the pivotal role of PRMT5-MEP50 

in maintenance of metastatic epithelial-to-mesenchyme transitional markers as well as 

epigenetically regulating TGFß mediated responses (Tam and Weinberg, 2013, May et al., 

2011).  
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Transcriptional repression mediated by oncogenic PRMT5 may lead to silencing of tumour 

suppressor genes, such as programmed cell death 4 (PDCD4), where high expression of 

PRMT5 correlates with poor prognosis in breast cancer (Powers et al., 2011). It has been 

shown that PRMT5 post-translationally regulates MYCN in Neuroblastoma and displays a 

synthetic lethal relationship (Park et al., 2015). In this analysis, PRMT5 knockdown in MYCN 

amplified neuroblastoma cell line BE(2)C lead to mass cell death which could be seen 

morphologically and was verified by the detection of cPARP on an immunoblot. PRMT5 

knockdowns also lead to a dramatic decrease in MYCN protein detection where MYCN 

amplified cells showed the most significant effects regarding PRMT5 depletion, potentiating 

a PRMT5-MYCN oncogenic axis. Co-immunoprecipitation determined a direct relationship 

between PRMT5 and MYCN, thus it was hypothesised that PRTM5 functions to stabilise 

MYCN protein levels via arginine methylation. This was also confirmed via liquid 

chromatography tandem mass spectrometry analysis of the immunoprecipitated MYCN. In 

short, PRMT5 appears to act as a co-operative co-repressor for MYCN-mediated gene 

regulation. More recently this lab has shown that PRMT5 also regulates MYCN in Wilms’ 

tumour, also displaying a potential synthetic lethal relationship. It has been shown that 

MYCN positively regulates MEP50 in Neuroblastoma and therefore may be another route of 

dysregulation in Wilms’ tumour (Valentijn et al., 2012).  

As PRMT5 plays a role in facilitating cancer progression, therefore PRMT5 inhibition could 

provide a more specific treatment for these various cancers. One such drugable target 

includes the PRMT5-MEP50 complex, which functions to post-translationally modify its 

substrates more efficiently (Stopa et al., 2015). GSK591, a recent selective PRMT5 inhibitor, 

functions by inhibiting the formation of the PRMT5-MEP50 complex from methylating 

H4R3me2 (Chan-Penebre et al., 2015). The effectiveness of this inhibitor will be analysed in 

the treatment of Wilms’ Tumour in this report 

 

1.4.2. The Role of other Protein Arginine Methyltransferases 
 

A recent study identified CARM1 (PRMT4) as a key epigenetic regulator of autophagy in 

mammals (Shin et al., 2016). Autophagy is a form of self-digestion that functions to maintain 

the homeostatic balance of the cell, as well as cell viability, during times of nutrient starvation 

(Mizushima et al., 2008). As a highly conserved process, cytoplasmic components have 

been well researched however the role of epigenetic regulation in autophagy remains to be 

full characterised (Yang and Klionsky, 2010). Comprehending these epigenetic and 

transcriptional components is essential to understanding the molecular dynamics of 

file://NAS/NAS_iMAC/Bianca/MASTERS/FINAL/Final%20Draft.docx#_ENREF_117
file://NAS/NAS_iMAC/Bianca/MASTERS/FINAL/Final%20Draft.docx#_ENREF_112
file://NAS/NAS_iMAC/Bianca/MASTERS/FINAL/Final%20Draft.docx#_ENREF_157
file://NAS/NAS_iMAC/Bianca/MASTERS/FINAL/Final%20Draft.docx#_ENREF_149
file://NAS/NAS_iMAC/Bianca/MASTERS/FINAL/Final%20Draft.docx#_ENREF_21
file://NAS/NAS_iMAC/Bianca/MASTERS/FINAL/Final%20Draft.docx#_ENREF_143
file://NAS/NAS_iMAC/Bianca/MASTERS/FINAL/Final%20Draft.docx#_ENREF_101
file://NAS/NAS_iMAC/Bianca/MASTERS/FINAL/Final%20Draft.docx#_ENREF_176


31 
 

autophagy, and allowing potential exploitation for use in treatment. Figure 1.18. displays the 

expression of CARM1 in comparison to a large cohort of paediatric cancers using the 

St.Jude Cloud PeCan visualization platform. As seen, there is a greater level of gene 

expression compared to the average expression. It is not yet clear how CARM1 contributes 

to the pathogenesis of Wilms’ Tumour, though it is known to be associated with poorer 

prognosis cases, and therefore functional studies would be necessary to elucidate its role. 

 

Figure 1.18. CARM1 RNA-seq gene expression from an array of paediatric cancers. 
Wilms’ Tumour samples (125) are seen in red and demonstrate that, on average, there is 

higher CARM1 expression in Wilms’ Tumour cases in comparison to other paediatric 

cancers. Figure taken from St.Jude Cloud PeCan (Pecan.stjude.cloud, 2019)    

It was found that during nutrient starvation, AMPK-dependent phosphorylation of FOXO3a 

transcriptionally represses SKP2. SKP2-containing E3 ligase complex ordinarily functions to 

ubiquitinate CARM1; therefore transcriptional repression results in increased CARM1 

stability and in turn methylates H3R17me2. Autophagy was induced via glucose deprivation 

in mouse embryonic fibroblasts (MEFs) and it was observed that H3R17me2 methylation 

levels increased. A similar effect was also observed during amino acid deprivation, where 

both starvation methods displayed an increase in CARM1 levels. Common autophagic 

biomarkers were used to confirm that increased CARM1 protein levels, and respective 
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arginine methylation, were as a consequence of autophagy. Genome-wide analysis 

implicated CARM1 as a transcriptional co-activator for autophagy-related and lysosomal 

genes via TFEB. This establishes AMPK-SKP2-CARM1 as a pivotal signalling axis and 

along with CARM1 mediated arginine methylation are key components in the regulation of 

autophagy. This can be seen in figure 1.19.  

 

Figure 1.19. A schematic diagram of AMPK-SKP2-CARM1 signalling axis. Epigenetic 

regulation of autophagy can be seen, where under nutrient-deprived conditions SKP2 is 

downregulated as a result of AMPK-dependent phosphorylation of FOXO3a. The resulting 

effect is therefore increased CARM1 stability as it is not target for ubiquitination. CARM1 co-

activates TFEB and dimethylates H3R17 upregulating autophagy and lysosomal genes. 

Figure taken from Shin et al. (2016).  

 

1.5. The Use of Small Molecular Inhibitors in the Treatment of Wilms’ 
Tumour 

 

Current therapy for the treatment of Wilms’ Tumour includes general chemotherapeutic 

agents such as Vincristine and Actinomycin D potentially in conjunction with doxorubicin. It 

also includes surgery such as partial or total nephrectomies (removal of the affected 

kidney(s)) and the potential conjunction with radiotherapy (Green, 2013, Janeczko et al., 

2015). As mentioned previously, due to advanced staging and classification of the tumours 

by SIOP, COG and NWTSG there has been great advances in survival (table 1.1.). 

Unfortunately, those with unfavourable histology, such as the anaplastic subtypes, still show 

incredibly low survival rates of approximately 18%.  
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Although survival rates may be high in those with favourable histology, the quality of life 

does not necessarily equate due to complications of chemotherapeutic agents, radiotherapy, 

and surgery. For example, nephrotoxicity and cardiotoxicity have been associated with the 

use general chemotherapeutic agents and surgeries (Wright et al., 2009). The development 

of more targeted therapy is essential in improving both the quality of life and survival rates in 

those with unfavourable histology. One way in which this may be achieved is in the use of 

small molecular inhibitors by specifically targeting a synthetic lethal interaction. Figure 1.20. 
demonstrates the premise of a synthetic lethal interaction, with MYCN and PRMT5 as 

examples. In tumours with overexpression of MYCN, inhibition of PRMT5 could lead to cell 

death as the cell is heavily reliant on these genes. This would provide a form of targeted 

treatment as ‘normal’ cells should express ‘normal’ levels of MYCN and inhibition of PRMT5 

should not result in cell death (Hartwell et al., 1997).  

   

Figure 1.20. An example of a synthetic lethal interaction. Overexpression of gene A, 

example MYCN, in a cell relies on the expression of gene B, example PRMT5/Aurora Kinase 

A. The inhibition of gene B renders the cell incapable of survival and results in cell death. 

Image adapted from O’neil et al. (2017). 

The selected pharmacological inhibitors in this project include GSK591, Alisertib, and TP064 

for preliminary investigation. As previously discussed, PMRT5 is an arginine 

methyltransferase functioning to methylate a variety of substrates. Substrate binding affinity 

increases when PRMT5 complexes with its co-factor, MEP50. PRTM5 post-transcriptionally 

methylates protein substrates such as transcription factors and also methylates histones 

resulting in transcriptional repression or activation. It has also previously been shown by this 

laboratory that PRMT5 may share a synthetic lethal relationship with MYCN in MYCN 

overexpressing cells; therefore using small molecular inhibitors could be used in the 

file://NAS/NAS_iMAC/Bianca/MASTERS/FINAL/Final%20Draft.docx#_ENREF_170
file://NAS/NAS_iMAC/Bianca/MASTERS/FINAL/Final%20Draft.docx#_ENREF_57


34 
 

treatment of Wilms’ Tumours with overexpressing MYCN. The repertoire of small molecular 

inhibitors of PRMT5 are expanding rapidly, one of the most recent is GSK591. In an in vitro 

biochemical assay, it was shown that GSK591 inhibits the PRMT5/MEP50 complex from 

methylating histone H4. GSK591 is a further developed version of the drug EPZ015666 

which was previously used by this laboratory.  

As a small molecular inhibitor of MYCN, Alisertib, functions to inhibit Aurora Kinase A 

rendering MYCN protein exposed for degradation via the proteasome. Alisertib also was 

shown to disrupt mitotic spindle assembly and chromosome segregation resulting in cell 

cycle arrest (Liewer and Huddleston, 2018). The National Cancer Institute currently reports 

three separate phase II clinical trials using Alisertib in the treatments of Rhabdoid tumours 

and triple-negative Breast cancers. In the past, a phase II study of Alisertib in children with 

solid tumours was conducted by the COG (Mosse et al., 2019). During this study, 

improvement in event-free survival for Wilms’ Tumour cases were statistically significant 

(Maris et al., 2010). In this project, Alisertib will be used as a control due to the fact it is a 

current phase II clinical trial drug, allowing for comparison with GSK591 effectiveness.  

One further drug will be used in this project as preliminary experimentation, TP064. TP064 is 

a selective inhibitor for CARM1 (PRMT4). (Nakayama et al., 2018). As reported in chapter 

1.4.2. CARM1 has been implicated as a key epigenetic regulator of autophagy, or self-

digestion. To explore if there may be potential in the exploitation of this CARM1 dependent 

process, we aim to assess if TP064 may induce cell death as the cell is not able to regulate 

homeostasis and cell viability during nutrient starvation.  
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2. Aims 
 

Due to recent findings implicating a PRMT5-MYCN oncogenic axis in cancers such as 

Neuroblastoma, this report will assess the role of MYCN and PRMT5 in the molecular 

pathogenesis of Wilms’ Tumour. Aims include the following:  

• Examine the PRMT5-MYCN-BRD4 oncogenic axis and the role of MYCN regulation 

via PRMT5. 

• Establish if there is a synthetic lethal relationship between PRMT5 and MYCN. 

• Assess the effectiveness of the PRMT5 inhibitor GSK591 as a therapeutic compound 

relative to other small molecular inhibitors of MYCN, such as Alisertib.  
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3. Methods and Materials  

3.1. Wilms’ Tumour Cell Lines and Cell Culture 
 

WiT49 

The human Wilms’ tumour cell line established from a first generation mouse xerograph, 

WiT49, is an example of an aggressive tumour. Originally obtained from lung metastases, 

classified as stage IV, the histology is characteristic of anaplastic phenotype. It is 

characterised by the following; normal WT1 expression, IGFII overexpression, TP53 

mutation on exon 7, HGF overexpression (Li et al., 2010).  

Isogenic MYCN Cell Line 

Created by a member of the lab, Dr. Szemes, using WiT49 cells a Dox inducible system was 

created. The addition of Dox switched on expression of MYCN and could be confirmed via 

the detection of red fluorescence.  

Cell Culture Media  

The WiT49 line was maintained in Gibco DMEM with the addition of 15% FBS, 1.2ug/mL 

insulin, 2mM L-glutamine, 100U/mL penicillin, 0.1mg/mL streptomycin, 6uL/L beta-

mercaptoethanol.  

Recovery of Frozen Cells 

Upon selection of cryopreserved cells, the cryovial was immediately deposited in a 

preheated 37°c water bath. After the cells had thawed, they were transferred to a universal 

tube with 4mL of corresponding culture media and centrifuged at 1500rpm for the duration of 

3 minutes. The cells were then resuspended in corresponding media and placed into a T25 

culture flask. The cells were incubated (as described previously) for use once the cells had 

reached appropriate confluency.  

Maintenance of cell lines 

The WiT49 cell line was grown and incubated at 37 degrees Celsius at 5% CO2. The growth 

media has was replenished in between sub-culturing as required.  

Subculture 

Once the cell lines reached approximately 80% confluence, they were passaged routinely. 

To passage the cells, they were first washed in PBS followed by the addition of trypsin until 
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the cells were detached and singular, as seen under a microscope. Deactivation by the 

addition of fresh media and collection into a sterile universal tube was followed by 

centrifugation at 1500 RPM for 3 minutes. The supernatant was aspirated and fresh media 

added to resuspend the cells. The appropriate proportion of cells was added in a new culture 

flask and returned to the incubator.  

 

3.2. Transfection of Small Interfering RNA 
 

Small Interfering RNA Sequences for Knockdowns 

Gene siRNA Sequence (5’-3’) 

MYCN siMYCN-new GAA CCC AGA CCU CGA GUU U 

MYCN siN-myc 1 CCC GGA CGA AGA UGA CUU CUA  

PRMT5 siPRMT5-1 ACC GCU AUU GCA CCU UGG A 

PRMT5 siPRMT5-2 GGA CCU GAG AGA UGA UAU A  

BRD4 siBRD4-1 CCG UGA UGC UCA GGA GUU U  

TP53 siP53 GAG TGC ATT GTG AGG GTT ATT 

Negative Control  siVE UGG UUU ACA UGU UUU CUG A 

Table 3.1 The Small Interfering RNA sequences (siRNA) used for RNA mediated 
knockdowns are displayed. As stated, all sequences are displayed as their 5’-3’ direction.   

Small Interfering RNA knockdown Protocol 

Small interfering RNA was used to knockdown various genes within cells. On the day of 

transfection, the media of cells at approx. 80% confluence was refreshed 3 hours prior to the 

experiment. A final concentration of 25nM of siRNA was reverse transfected using 2uL of 

Lipofectamine RNAiMAX per sample. Opti-MEM was used to dilute the siRNA and 

RNAiMAX solutions. The samples were harvested at 48h or 72h and are clearly identified in 

the results.  

 

3.3. MTT Cell Viability Assay 
 

MTT Cell Viability Assay Buffers  

MTT reagent – 50mg/mL in PBS filtered  
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Lysis solution – 10% SDS (w/v) in 0.1M HCl 

MTT Cell Viability Assay Protocol 

The assessment of proliferation and cell viability was used to examine the effect of small 

molecular inhibitors on different cell lines. 1000-5000 cells per well were seeded in 160uL of 

media, using a standard 96-well plate. After 24h the cells were treated with 40uL of the 

corresponding drug and concentration (achieved via a 1:2 serial dilution) along with a 

suitable control vehicle, such as DMSO. The different drug treatments were performed in 

triplicates where short term assays (72h) or long term assays (144h) were selected based on 

the drug in use. After 72h of the long term assay, the wells were aspirated and replenished 

with 160uL of fresh media followed by the addition of the correct drug and correct 

concentration. At the end of the incubation period, 10uL of MTT reagent was added to each 

well and incubated for 3h. 50uL of warm SDS lysis buffer was added to each well and each 

plate was incubated overnight. Using a Molecular Devices SpectraMax 190 plate-reader, the 

absorbance values at 570 and 650nm was read and used to calculate the percentage of 

surviving cells. Using this data, dose-response graphs were created using GraphPad Prism 

where the corresponding IC50 could be determined once biological replicates had been 

measured.  

Equipment: Molecular Devices SpectraMax 190 plate-reader – plate reader  

 

3.4. Pharmacological Inhibitor Treatment  
 

Drug Treatment using Small Molecular Inhibitors 

The cells were first passaged and seeded into the appropriate plate at the appropriate 

density. The cells were then left to attach overnight.  

GSK591 – dissolved as 100mM stocks in DMSO and stored as aliquots in a -80 

degrees Celsius freezer. On the day of treatment, the media was aspirated, and the cells 

were then treated with 1uM/2uM via dilution in appropriate media and incubated for three 

days. On the third day the media was aspirated and re-treated as described and incubated 

for another three days. The cells were harvested on the sixth day.  

Alisertib - dissolved as 100nM stocks in DMSO and stored as aliquots in a -80 

degrees Celsius freezer. On the day of treatment, the media was aspirated, and the cells 

were then treated with 10nM/1uM via dilution in appropriate media and incubated for three 
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days. On the third day the media was aspirated and re-treated as described and incubated 

for another three days. The cells were harvested on the sixth day. 

TP064 - dissolved as 100nM stocks in DMSO and stored as aliquots in a -80 degrees 

Celsius freezer. On the day of treatment, the media was aspirated, and the cells were then 

treated with 1.25uM-20uM via dilution in appropriate media and incubated for three days. On 

the third day the media was aspirated and re-treated as described and incubated for another 

three days. The cells were harvested on the sixth day. 

 

3.5. Live Cell Imaging and Cell Counts 
 

Real-Time Live Imaging  

Using IncuCyte Zoom, a real-time live imagining system, we were able to observe both the 

physiological differences between cells and also track growth rates. Experiments were set 

out as described in their respective subsections and the cells were placed in the machine. 

Using the 10x objective lens, each well was recorded approximately every two hours where 

multiple fields of view were recorded. Analysis post treatment using the IncuCyte Zoom 

2016A software yielded the percentage-phage confluence of each well for all time points 

recorded. Using GraphPad Prism software, the corresponding growth curves were plotted.  

Equipment: Essen Bioscience IncuCyte® Zoom – live-cell analysis system 

Cell Counting  

The Trypan Blue inclusion assay was used during the course of this project to collect the 

number of total cells, live cells, dead cells, and viability of the sample. This was automatically 

calculated using the Invitrogen Countess. The resuspended cells from subculturing methods 

were mixed in a 1:1 ratio (using 10uL) with the Thermo Fisher trypan blue dye. This mixture 

was pipetted into a Thermo Fisher countess slide and inserted into the machine for 

automated cell counting. The data was collected and analysed in Microsoft Excel to test for 

statistical significance via a student’s t-test, as described in section 3.10.  

Equipment: Invitrogen Countess – automated cell counter 

 

3.6. Protein Extraction and Detection 
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Protein Extraction Buffers 

RIPA buffer – 2.5mM Tris-HCl, 150mM EDTA, 0.2% SDS (w/v), 0.5% NP40, 0.2% sodium 

deoxycholate  

1x cell signalling lysis buffer – 10x cell signalling lysis buffer, 1x phosphatase inhibitor,  

1x protease inhibitor, ddH2O 

Protein Extraction Protocol 

During the harvesting of cells, floating and attached cells were collected via trypsinization. 

The cells were washed in cold PBS, centrifuged (2000 RPM for 5 minutes), and 

resuspended in either RIPA or Cell Signalling Lysis Buffer. The samples were then sonicated 

for 2 and a half minutes at a high frequency and centrifuged (13,000 RPM for 15 minutes at 

4 degrees Celsius). The supernatant was transferred into a new Eppendorf tube and either 

stored at -80 degrees Celsius or used immediately for a Western Blot.  

BCA assay 

The samples collected from protein extraction were quantified using a Thermo Fisher Micro 

BCA™ protein assay kit and a standard 96-well plate. A standard curve was established 

using 2uL of various BSA concentrations at a range of 0-12ug/uL, 5uL of ddH2O, and 100uL 

of BCA solution prepared as instructed by the manufacturers. 2uL of the samples were also 

added to separate wells along with water and BCA. Each BSA concentration and sample 

was done in duplicate. The plate was incubated for 15 minutes at 37 degrees Celsius and 

then analysed using a Molecular Devices SpectraMax 190 plate-reader. Absorbance values 

at 562nm were recorded and used to calculate the protein concentration in each sample.  

Equipment: Molecular Devices SpectraMax 190 plate-reader – plate reader  

Western Blot 
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Antibodies and their Use in Western Blotting  

Antibody Supplier Catalogue 
Number 

Antigen/Species Dilution Molecular 
Weight (kDa) 

n-Myc 
(B8.48) 

Santa Cruz SC-53993 Ms/Mono 1:1000 64 

PRMT5 Bethyl 

Laboratories 
A300-850A Rb/Poly 1:1000 72 

BRD4 Abcam Ab128874 Rb/Mono 1:1000 Isoform A - 

250 

Isoform B - 

152 

Isoform C - 

110 

cPARP Abcam Ab32064 Rb/Mono 1:1000 25 

SDMA    1:1000 20 

p53 
(pab240) 

Santa Cruz SC-99 Ms/mAb 1:1000 53 

EZH2 CST 5246s Rb/Mono 1:1000 98 

PRMT1 CST 2449s Rb/Mono 1:1000 42 

CARM1 Bethyl 

Laboratories 
A300-421A Rb/Poly 1:1000 66 

Lin28b CST 11965 Rb/Mono 1:1000 27 

Beta-Actin    1:20,000 42 

Table 3.2. Compiled list of antibodies used throughout this project. Primary antibodies 

were diluted in filtered 5% BSA 0.2% Sodium Azide solution. Secondary antibodies were 

diluted in 5% non-fat milk.  

Western Blotting Buffers  

Resolving gel buffer – 1.5M Tris-HCl (pH8.8), 0.4% SDS (w/v) 

Stacking gel buffer – 0.5M Tris-HCl (pH6.8), 0.4% SDS (w/v) 

10x Running buffer – 15.15g Trizma base, 72.1g Glycine, 5g SDS, 500mL ddH2O 

SDS Loading buffer, 1x Laemmli sample buffer – 312.5mM TrisHCl pH7.4, 50% glycerol 

(v/v), 10% SDS (w/v), 5% beta-mercaptoethanol (v/v)  

1x Transfer buffer – 14.4g Glycine, 3g Trizma base, 200mL methanol, 800mL ddH2O 
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PBST washing buffer – 1X PBS, 0.01% Tween-20 

Blocking buffer – 5% skimmed milk powder (w/v) in PBST 

Stripping buffer – 25mM Glycine, 1% SDS (w/v) ddH2O, pH2 

SDS-PAGE (Sodium dodecyl sulphate – polyacrylamide gel)  

Resolving Gels 6.5% 8% 10% 12.5% 13% 15% 

ddH2O 7.03mL 8.46mL 7.3mL 4.85mL 5.5mL 4.4mL 

1.5M Tris pH8.8/0.4% SDS 3.625mL 4.4mL 4.4mL 3.625mL 4.4mL 4.4mL 

30% acrylamide/1%bis 2.9mL 4.64mL 5.8mL 6.05mL 7.6mL 8.7mL 

Ammonium persulphate 
(0.5G/mL) make it fresh in 
~500uL in H2O 

110uL 110uL 110uL 110uL 110uL 110uL 

TEMED 3.6uL 3.6uL 3.6uL 3.6uL 3.6uL 3uL 

 

Stacking Gel 2 Gels 

ddH2O 2.95mL 

0.5M Tris Ph6.8/0.4% SDS 1.3mL 

30% acrylamide/1%bis 0.75mL 

Ammonium persulphate (0.5G/mL) make it 
fresh in ~500uL in H2O 

55uL 

TEMED 1.5uL 

Table 3.3. Resolving and stacking gel composition with various gel percentages. The 

corresponding solutions used are mentioned below.  

Western Blotting Protocol 

SDS-PAGE were created at the correct percentage for the detection of a particular protein 

according to its molecular weight. The quantified protein samples were used at a 

concentration of 20-40ug using appropriate volumes of 5x SDS loading buffer and ddH2O. 

These prepared samples were boiled at 95 degrees Celsius for 5 minutes and used to load 

into the wells of the prepared SDS-PAGE along with a ladder and placed into a tank. The 

tank was loaded with running buffer and the appropriate voltage was applied to separate out 

the proteins. The gels were then washed for 10 minutes in cold transfer buffer while a PVFD 

membrane was washed in methanol for 5 minutes and then equilibrated in cold transfer 

buffer. To transfer the proteins from the gel to the PVDF membrane a sandwich was built as 

the following; one sponge, two filter papers, the gel, the PVDF membrane, 3 filter papers, 
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one sponge. All bubbles were removed while building the sandwich to prevent any 

interference with transfer. The sandwich was placed into a tank and filled with cold transfer 

buffer along with an ice pack where 120 Volts was applied for 1 hour.  

The membrane was then washed gently with 5% milk blocking solution for 1 hour at room 

temperature followed by 3 5 minute PBST washes. The membrane was then incubated with 

the appropriate primary antibody at 4 degrees Celsius overnight. The membrane was then 

washed 3 times for 5 minutes with PBST and washed gently with 5% milk with the 

appropriate secondary antibody (1:50000) for one hour at room temperature. The membrane 

was washed as previously described before detecting the protein via ECL Prime western 

blotting chemiluminescence reagent and captured on light-sensitive films. The films were 

finally developed using a Compact X4 Film Processor. 

Equipment: X-ograph Imaging Systems Ltd Compact X4 Film Processor – 

chemilluminesescence imaging 

Bio-Rad PowerPac™ HC high-current power supply – power supply 

Bio-Rad Mini Trans-Blot® cell – western blot transfer chamber 

 

3.7. RNA Extraction and Detection 
 

RNA Extraction Buffers 

Lysis buffer – RLT (Qiagen)  

Extraction kit – RNAeasy Kit (Qiagen)  

RNA Extraction Protocol  

Using the manufacturer’s instruction from a Qiazol RNeasy-Mini Kit, RNA was extracted from 

harvested cells. The cells were lysed using 350uL of RLT buffer with 10uL of beta-

mercaptoethanol per 1mL. The samples were vortexed briefly followed by the addition of 

350uL of 70% ethanol. Each sample was centrifuged at 10RPM for 15 seconds in the 

provided collection tubes. The flow through was discarded followed by the addition of 350uL 

of RW1. Each sample was centrifuged at 10RPM for 15 seconds and the flow through was 

discarded. Being careful not to pierce the membrane, 80uL of DNase was added directly to 

the membrane followed by 15 minutes of incubation at room temperature. The samples were 

centrifuged at 10RPM for 15 seconds and washed twice with 500uL of RPE and centrifuged 
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at 10RPM first for 15 seconds and second for 2 minutes. The flow through was discarded 

and the samples were spun dry at 10RPM for 1 minute. Using water from the kit, 50uL was 

added directly onto the membrane of each sample and incubated at room temperature for 5 

minutes. The samples were spun at 11RPM for 1 minute, where the flow through yielded the 

desired extracted RNA. The concentration and purity was tested using a Nanodrop 

Spectrophotometer.  

cDNA synthesis 

Using the extracted RNA samples, 1ug of the RNA was mixed with 1uL 10nM dNTP, 0.5uL 

50uM Oligo d(T)20, and 0.5uL 50ng/uL random hexamer primers. Using DEPC-treated 

water, an appropriate volume was added to bring the total mixture to 12uL. Following gentle 

pipetting to mix, the samples were briefly centrifuged and then heated at 65 degrees Celsius 

for a total of 5 minutes. Placing the tubes on ice, the mixture was chilled for approximately 1 

minute. Following on from this, 7uL of RT mixture was added to each RNA sample. 

Following gentle pipetting to mix, the samples were briefly centrifuged and then heated first 

at 23 degrees Celsius for 10 minutes, then 50 degrees Celsius for 10 minutes, then 80 

degrees Celsius for 10 minutes. This prepared cDNA was diluted with DEPC water and 

stored at -20 degrees Celsius until it was ready for use.  

RT mixture (per reaction) – 4uL 4x SSIV buffer, 1uL 100mM DTT, 1uL ribonuclease inhibitor, 

1uL SuperScript™ IV reverse transcriptase 

Quantitative Real-Time PCR (qRT-PCR) 

Using the cDNA synthesised, 2.5uL was added to a master mix of Syber Green + ROX 

(7.5uL), 10uM F/R primer mix as seen in table 3.4. (0.6uL), and ddH2O (4.4uL). Placing the 

samples into the qPCR machine and following the cycles as described in table X.  

Equipment: Stratagene Mx3005P – qPCR machine 
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Step Temperature (degrees Celsius) Time 

Initial Denaturation 95 15 minutes 

Denaturation (40 cycles 
total) 

95 15 seconds 

Annealing (40 cycles total) 60 30 seconds 

Extension (40 cycles total) 72 30 seconds 

Termination 95 1 minute 

 58 30 seconds 

 95 30 seconds 

Table 3.4 The cycle process for quantitative real-time PCR (qRT-PCR)  

Real Time PCR Primers for qPCR 

Gene Primer Forward/Reverse  Sequence (5’-3’) 

MYCN MYCNnew F CCTCAGTACCTCCGGAGAGGA 

MYCN MYCNnew R TTCTCCACAGTGACCACGTCG 

PRMT5 PRMT5 F TGAGGCCCAGTTTGAGATGCCTT 

PRMT5 PRMT5 R AGTAGCCGGCAAAGCCATGTAGT 

BRD4 BRD4 F CTCCTCCTAAAAAGACGAAGA 

BRD4 BRD4 R TTCGGAGTCTTCGCTGTCAGAGGAG 

TBP TBPRQ F ACTTCTTGGATCAGCTGGAGAG 

TBP TBPRQ R ATGCATCCGACCTTCAATCAT 

Table 3.5. Primer sequences selected for use in Real Time qPCR. ‘F’ denotes the 

forward primer and ‘R’ denotes the corresponding reverse primer. As stated, all sequences 

are displayed as their 5’-3’ direction.  

Following on from this, the Cycle Threshold (Ct) was determined using the software 

SoftMaxPro. This was then normalised to the reference gene, in this project TBP, Ct value to 

calculate the average relative expression of the gene.     

 

3.8. Propidium Iodide Staining and Flow Cytometry 
 

Propidium Iodide staining  

To analyse cell cycle distribution in a population of cells, propidium iodide staining was used. 

Treated cells were harvested after appropriate incubation periods (i.e. drug treatment or 
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siRNA knockdown) and washed once with DPBS. The cells were counted using trypan blue 

to ensure there were approx. 1x106 cells. The samples were then spun down at 1200 rpm for 

5 minutes at 4 degrees Celsius before adding 1mL of fridge-cold 70% ethanol drop wise 

whilst gently vortexing. The samples were kept at 4 degrees Celsius for a maximum of 2 

weeks. Once the cells were ready to use for flow cytometry analysis, they were spun down 

at 2000 rpm for 5 minutes at 4 degrees Celsius where the supernatant was then discarded. 

The cells were washed using fridge-cold DPBS three times. RNase A was prepared by 

diluting the stock 1:1000 in DPBS where 100uL of this dilution was used to resuspend each 

sample which were then transferred into a round-bottomed flow cytometry tube. The 

samples were then incubated at 37 degrees Celsius in the dark for 5 minutes. Propidium 

iodide was prepared by diluting the stock (1mg/mL) to give a working concentration of 

75ug/mL. 400uL of the working solution was added to each sample, mixed twice, and 

incubated at 37 degrees Celsius for 5 minutes. The samples were used immediately for flow 

cytometry analysis using LSRFortessa™ X-20 (BD biosciences) and FlowJo software.   

Equipment: BD Biosciences LSRFortessa-X20 – flow cytometer  

 

3.9. Co-Immunoprecipitation  
 

Co-Immunoprecipitation  

First wash the cells twice in ice-cold PBS, then add enough Co-IP lysis buffer to cover all the 

cells (this will be dependent on the size of the flask used but approximately 250uL for a T25 

flask). The lysate was then recovered and placed into an Eppendorf, which was kept on ice 

for approximately 10 minutes. Once the lysates were chilled, they were sonicated briefly 

where they were then stable to be frozen at -80 degrees Celsius. The nuclear lysate was 

centrifuged for 10 minutes at 13,000 RPM at 4 degrees Celcius where the supernatant was 

then transferred to a fresh Eppendorf. A BCA protein assay was then conducted as 

mentioned in the corresponding section. For this project 33uL of beads (6ug antibody) and 

1000ug of protein was used in a volume of 500uL co-IP buffer.  

Keeping everything on ice, the beads were washed and prepared by adding the 

appropriately calculated amount (33uL per IP) to an Eppendorf. The tube was added to the 

magnetic rack and the supernatant was removed and replaced with 500uL of co-IP buffer, 

vortexed and placed back onto the magnetic rack. The supernatant was removed and 

replaced with 33uL of co-IP buffer for resuspension. A pre-clearing step was performed 
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where 33uL of the prepared isotype/IgG beads were added to the protein lysate of interest 

and rotated in a cold-room for 6 hours. The beads were washed 3 times using 500uL co-IP 

buffer using the magnetic rack.   

Continuing keeping everything on ice, add the antibody bound beads to the protein lysates 

and rotate overnight at 4 degrees Celsius. Place the Eppendorf on the magnetic rack and 

save the supernatant, this is the immunodepleted lysate. The beads were washed gently by 

adding 500uL co-IP buffer and then mixed gently by inverting the tube; this step is repeated 

3 more times. To elute the complexes, the beads are heated at 95 degrees Celsius in 2x 

laemmli buffer for 5 mins. This can now be stored stably at -20 degrees Celsius. A western 

blot as described in the corresponding section was then performed using the samples from 

the co-IP.  

Co-IP lysis buffer: Co-IP Lysis Buffer (make up in double distilled water)  

20mM Tris-HCl (pH 7.5)  

150mM NaCl  

1mM Na2EDTA  

1mM EGTA  

1% Triton  

2.5mM sodium pyrophosphate  

1mM b-glycerophosphate  

1mM Na3VO4  

1μg/ml leupeptin  

10% glycerol  

0.5mM DTT (added fresh from 1M stock in water) 

 

3.10. Statistical Analysis  
 

Student’s t-Test  
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A two-tailed students t-test was applied where possible to assess statistical significance 

between the control data and treated data. The p values are clearly marked where significant 

values are marked with an asterisks. Furthermore, the number of replicates are also clearly 

marked as n = x.  

 

3.11. Software’s and Bioinformatics  
 

Software 

GraphPad Software – GraphPad Prism 6 

SoftMaxPro 

Essen Bioscience IncuCyte® ZOOM 2016A 

Microsoft Excel 

Stratagene MxPro qPCR software 

EPSON Scan software  

FlowJo® 

Adobe Inc. PhotoshopTM 

 

Bioinformatics  

The following datasets were used for analysis using R2: Genomics Analysis and 

Visualization Platform: Tumor Wilms’ – Li – 39 – MAS5.0 – u95a MYCN (209757_s_at) 

The following genes were used for analysis using St. Jude Cloud PeCan DData Portal: 

MYCN, CARM1 

Microarray analysis was used to detect MYCN, PRMT5, BRD4, and CARM1 expression in 

the developing kidney using GudMap 
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4. Assessment of MYCN in Primary Wilms’ Tumour Cell Line 

4.1. Introduction  
 

The role of MYCN and PRMT5 in Wilms’ Tumour is yet to be fully understood, although 

some progress has been made in the last few years. What is known is that MYCN 

amplification is implicated in many cancers, most notably Neuroblastoma, of which many are 

paediatric cancers governed primarily by epigenetic alternations and mutations (Rickman et 

al., 2018). As mentioned in chapter 1.2.4., copy number increase of MYCN has been 

attributed in 30.4% of anaplastic tumours, furthermore reported mutations in MYCN 

regulators, i.e. FBXW7, present  MYCN as a potential therapeutic target (Williams et al., 

2010, Williams et al., 2015). The role of PRMT5 in driving oncogenesis and its link with 

MYCN remains to be determined.   

Extensive work has been conducted in the stratification and classification of Wilms’ tumour, 

which has led to high survival rates in favourable cases; however unfavourable cases 

display survival rates as low as 18% (Davidoff, 2012). Understanding the role of MYCN at 

the cellular level may therefore lead to advances in the treatment of poor prognosis Wilms’ 

tumour. This lab has previous demonstrated a PRMT5-MYCN regulator axis active in Wilms’ 

Tumour and therefore further analysis must be conducted to further elucidate this dynamic.  

Initially, this lab conducted an expression panel of MYCN and PRMT5 in eight primary 

Wilms’ Tumour lysates, which indicated that PRMT5 was detected more strongly in those 

tumours with increased MYCN expression (WT87 and WT96). Accompanying RNA also 

determined a strong positive correlation between PRMT5 and MYCN transcription. This is 

seen in figure 4.1.1.  

 

file://NAS/NAS_iMAC/Bianca/MASTERS/FINAL/Final%20Draft.docx#_ENREF_166
file://NAS/NAS_iMAC/Bianca/MASTERS/FINAL/Final%20Draft.docx#_ENREF_166
file://NAS/NAS_iMAC/Bianca/MASTERS/FINAL/Final%20Draft.docx#_ENREF_167
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Figure 4.1.1. PRMT5 and MYCN expression are positively correlated in Wilms’ Tumour 
cell lines and primary tumours. (A) PRMT5 and MYCN expression in eight primary Wilms’ 

tumour samples and a foetal kidney sample (FK). Red dots signify primary tumour samples 

that were derived from patients with stage 3 Wilms’ tumour that unfortunately did not survive. 

The immunoblot also displays the loading control, beta-actin. (B) Normalised MYCN and 

PRMT5 transcript expression is positively correlated with a line of best fit displaying an R2 

value of 0.6477 in the primary Wilms’ tumour samples. The expression levels were 

measured using quantitative real-time PCR and the samples were normalised to the 

housekeeping gene, TBP. The correlation is significant with the p = 0.089. (C) PRMT5 and 

MYCN expression in various Wilms’ tumour cell lines. Wilms1 and Wilms 3 (derived from 

stromal primary Wilms’ tumour) and WiT49 and 17.94 (derived from anaplastic primary 

Wilms’ tumour) were probed for PRMT5, MYCN, and the loading control, GAPDH. A positive 

control, lysates of SK-N-BE(2)C, was also used as it is a known MYCN-amplified 

Neuroblastoma cell line. Figure taken from Ji Park (2018) unpublished work.    

Following on from this, MYCN knockdowns were conducted in WiT49 cells where the 

resulting effect was growth suppression without the induction of apoptosis. Cell cycle 

analysis demonstrated that the successful knockdowns resulted in a decrease of the S-

phase population and an increase in G2/M population, leading to the conclusion that MYCN 

knockdown results in G2/M arrest with no apoptosis. Conversely, PRMT5 knockdowns 

displayed that growth suppression accompanied by apoptosis in WiT49 cells via detection of 

cleaved PARP in the lysates. Importantly, these observations were only detected in cells 

over-expressing MYCN and showed no significant difference in the normal embryonal kidney 

cell line, RIMM-18. As in MYCN-amplified Neuroblastoma cell lines, PRMT5 knockdown in 

WiT49 cells displayed a dramatic reduction of MYCN protein and also resulted in an 

increase of Sub-G1 population and G1 cell cycle arrest. The relationship between PRMT5 
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and MYCN was further explored by conducting a cycloheximide-chase experiment to assess 

the alterations in MYCN stability post PRMT5 depletion. This was conducted on the basis 

that PRMT5 depletion results in a decreased MYCN half-life in Neuroblastoma. No 

significant decrease in MYCN half-life was observed in WiT49 cells leading this laboratory to 

form the view that MYCN is regulated via PRMT5 through an alternate mechanism in Wilms’ 

Tumour.  

Further examination focused on the role of BRD4 in Wilms’ Tumour primarily through 

knockdown analysis and JQ1 treatment (a BRD4 and BRD3 inhibitor). Through this analysis 

it was concluded that PRMT5 regulated BRD4 and MYCN expression where a potential 

positive feedback loop is in operation. PRMT5 was shown to interact directly with BRD4 by 

the use of co-IP and was suggested that PRMT5 methylates the GAR motif within BRD4 to 

modulate its activity. A proposed model of this PRMT5-MYCN axis can be seen in figure 

4.1.2.  

 
Figure 4.1.2. Proposed PRMT5-MYCN regulatory axis operational in Neuroblastoma 
and potentially Wilms’ Tumour. It is suggested in the model that PRMT5 post-

transcriptionally methylates MYCN arginine residues, which results in increased protein 

stability. The subsequent evasion of cell cycle checkpoints allows the cells to progress 

rapidly through the cell cycle. In this model, it is proposed that inhibition of PRMT5 via 

siRNA-mediated depletion or drug treatment would lead to the destabilization of MYCN in 

turn induce apoptosis. Figure taken from Park et al. (2015).  

 

Figure 4.1.3. displays microarray data using the mouse gene ST array (ST1) in 64 

developing kidney samples (e.g. cap mesenchyme). Analyzing MYCN, PRMT5, BRD4, and 

CARM1 (PRMT4) all the genes display the highest expression levels in the cap 

mesenchyme and also some in the ureteric tip. PRMT5, BRD4, and CARM1 also display 

some high levels of expression in podocytes and juxtaglomerular cells. This gives us a rough 

indication of the role of each gene in the development of the kidney and at what point 

development blocks may occur in Wilms’ Tumour. As described in chapter 1.2.2. during 

nephrogenesis there is concentration of the metanephric mesenchyme where the ureteric 



52 
 

bud commences and forms the Six2+ cap mesenchyme (Self et al., 2006). This implicates 

MYCN, PRMT5, BRD4, and CARM1 in the development of the nephron progenitor pool and 

therefore dysregulation could lead to the loss of this contributing to pathogenesis of Wilms’ 

Tumour. This is also concurrent with a study displayed high expression of MYCN within the 

differentiating epithelial mesenchyme of the kidney (Hirvonen et al., 1989).  

 

 

Figure 4.1.3. Microarray using the Mouse Gene 1.0 ST array in developing kidney 
samples (64). Displayed are probes for MYCN, PRMT5, BRD4, and CARM1 (PRMT4). The 

intensity of detection can be seen in the corresponding keys. Figure taken from Gudmap.org. 

(2019) 

As there is strong evidence that MYCN acts oncogenically in Wilms’ Tumour, further 

research must be conducted to comprehend the role of MYCN, PRMT5, and BRD4 in order 

to be able to exploit this axis therapeutically. Therefore, the main aims of this chapter are as 

follows: 

1. Assess the biological role of MYCN and PRMT5 in Wilms’ Tumour 

2. Discern if a PRMT5-MYCN regulator axis is operational in Wilms’ Tumour 

3. Assess whether BRD4 contributes to MYCN dysregulation 

  

 

 

 

MYCN 

PRMT5 

BRD4 

PRMT4/CARM1 

file://NAS/NAS_iMAC/Bianca/MASTERS/FINAL/Final%20Draft.docx#_ENREF_60
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4.2. Co-Immunoprecipitation Demonstrates Neuronal Myc and Protein 
Arginine Methyltransferase Physically Interact 

 

Firstly, to assess if there is a physiological interaction between MYCN and PRMT5 in the 

Wilms’ Tumour cell line WiT49, co-Immunoprecipitation (co-IP) of WiT49 lysate was 

performed to detect endogenous MYCN and PRMT5 complexes. The endogenous MYCN 

was immunoprecipitated from the WiT49 lysate using anti-MYCN antibody and then an 

immunoblot of the eluted MYCN complexes were probed for PRMT5, EZH2, and G9a. No 

interaction could be confirmed for G9a and nor EZH2. For the first time I report that there is a 

direct interaction between MYCN and PRMT5 in WiT49 cells. As seen in figure 4.2. a strong 

interaction was detected between endogenous MYCN and PRMT5 signifying that PRMT5 

functions to directly regulate MYCN. As hypothesised by this lab, it may be through post-

translational arginine methylation.  

  

EZH2 

PRMT5 

MYCN 

Figure 4.2. Physiological interaction between MYCN and PRMT5 in Wilms’ Tumour 
cell line WiT49. Co-immunoprecipitation of endogenous MYCN with PRMT5 and EZH2. 

Endogenous MYCN was immunoprecipitated from WiT49 cell lysates with anti-MYCN 

where the eluted immunoprecipitates were probed with EZH2, PRMT5, and MYCN 

antibodies. As a control, non-specific immunoprecipitation with IgG was also conducted. 

Input of WiT49 lysates as well as the depleted MYCN and IgG precipitates are indicated.  
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4.3. Small Interfering RNA Mediated Depletion of Protein Arginine 
Methyltransferase Results in the Depletion of Neuronal Myc and Induces 
Apoptosis 

 

Continuing on from the work this laboratory has previously conducted the biological role of 

MYCN and PRMT5 in Wilms’ Tumour was assessed through knockdown of WiT49 cells. 

Two MYCN siRNAs (MYCN new and N-myc 1) and two PRMT5 siRNAs (PRMT5 1 and 

PRMT5 2) were used throughout this project along with the control, siNEG. Using the live-

cell real-time imagining system, Incucyte Zoom, we were able to observe morphological 

variations in the cells and track proliferation. The transfected WiT49 cells were harvested at 

the 72-hour point, counted using trypan blue inclusion, and then lysed for immunoblotting. 

The morphology, knockdown analysis, and average percentage of cell death can be seen in 

figure 4.3.1. and figure 4.3.2.  

Figure 4.3.1. displays live-cell images from this experiment set and show that depletion of 

MYCN via both siRNAs appears to have had resulted in some growth suppression as cells 

are less densely packed in comparison to the control siNEG with some signs of floating cells. 

Depletion of PRMT5 via the siRNA PRMT5 1 displays clear growth suppression and signs of 

cell death where the imaging software captured floating cells. Morphologically the PRMT5 

depleted cells appear much more round with some cells displays branching protrusions. 

Depletion of PRMT5 via the siRNA PRMT5 2 did not display the same effect as the siRNA 

PRMT5 1, however there also appears to be some element of growth suppression with clear 

morphological differences.  
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As seen in figure 4.3.2. (A) knockdown analysis using an immunoblot confirmed depletion of 

MYCN was substantial for both MYCN siRNAs. Unfortunately, the same is not displayed for 

siPRMT5 1 though siPRMT5 2 displays a reduction of approximately 50%. Despite the lack 

of substantial PRMT5 depletion, we can see that MYCN protein is almost completely 

depleted in these samples. This is in concurrence with this laboratory’s previous 

observations.  

In figure 4.3.2. (B), the graph displays the proportion of live and dead cells collected for each 

knockdown. In agreement with the live-cell images in figure 4.3.1., knockdown using 

siMYCN new there are significantly fewer live cells and therefore displays a growth 

suppression effect. No significant changes were recorded for siN-myc 1 although it can be 

seen that there is near significance in the reduction of live cells. Also concurrent with the 

live-cell images, siPRMT5 1 significantly decreased the proportion of live cells and 

significantly increased the proportion of dead cells, in comparison to siNEG cells. Though a 

significant decrease in live cells was seen in the siPRMT5 2 sample, the proportion of dead 

cells was not significant but shows near significance. The siP53 cells did have a significant 

decrease in the live cells and near significance in the increase of the dead cells.  

siNEG siMYCN new siN-myc 1 

siPRMT5 1 siPRMT5 2 

Figure 4.3.1. Small Interfering RNA screen of MYCN and PRMT5 in WiT49 cells 
identifies PRMT5’s role in cell survival. Live cell images using Incucyte Zoom of 

WiT49 72 hours after siRNA transfection. Knockdowns are confirmed. Scaling is 

indicated on each image.  
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A 

B 

Figure 4.3.2. Small Interfering RNA screen of MYCN and PRMT5 in WiT49 cells 
identifies PRMT5’s role in cell survival. (A) Immunoblot confirming knockdowns used; 

negative control (siNEG), two different MYCN siRNAs, two different PRMT5 siRNAs. 

Treatment was conducted for 72 hours and B-actin was used as a loading control. (B) 
Floating and adherent cells were harvested and counted for trypan blue inclusion. The 

graph displays proportion of live and dead cells (x10^5) for each siRNA transfection with 

corresponding error bars. Significant values in comparison to siNEG were calculated via a 

student’s t-test are shown indicated with an asterisks (* p<0.05, ** p<0.005, *** p<0.0005) 

where n = 2. 

PRMT5 

MYCN 

 B-Actin 
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Having confirmed that there is a direct interaction between MYCN and PRMT5 in WiT49 

cells and that small interfering RNA mediated depletion of MYCN displays growth 

suppression and PRMT5 displays growth suppression and cell death, further assessment of 

MYCN, PRMT5, and BRD4 was conducted through siRNA-mediated depletion of gene 

expression. As seen in figure 4.3.3. (A), using the live-cell real-time imaging software 

Incucyte Zoom we were able to monitor the percent phase confluence of each siRNA 

treatment. Displayed is a growth proliferation curve indicated as normalized percent phase 

confluence of the WiT49 transfected cells. Most notably, treatment with siPRMT5 1 results in 

mass growth suppression and cell death and appears to be significant from a 24-hour 

period. This is concurrent with the preliminary data in figures 4.3.1. and 4.3.2. collected prior 

to this further analysis. Furthermore, the siMYCN new treatment seems to show a reduced 

rate of growth at the end of the 72 hour treatment. During BRD4 siRNA mediated depletion, 

significantly reduced growth rates from 42-64h.  

Immunoblot analysis, seen in figure 4.3.3. (B), confirms excellent knockdown of both MYCN 

and PRMT5 with depletion of BRD4 isoforms A and C. Once again, depletion of PRMT5 via 

both siRNAs lead to the complete reduction of MYCN protein. This further confirms that 

PRMT5 functions to regulate MYCN in MYCN overexpressing Wilms’ Tumour cells, 

potentially via methylation resulting in increased stabilisation. Interestingly, there also 

appears to be a slight reduction of MYCN protein in the BRD4 knockdown and vice versa 

potentiating a role for BRD4 mediated MYCN regulation. PRMT5 depletion via siPRMT5 1 

and 2 presented a large reduction of each BRD4 isoform suggesting that PRMT5 is 

regulated by BRD4.  

RNA samples were prepared from the harvested cells and relative expression of MYCN, 

PRMT5, and BRD4 was measured in each sample. The results can be seen in figure 4.3.4. 

where expression is relative to the housekeeping gene, TBP. As seen we can confirm at the 

RNA level that all respective knockdowns showed significant decreases in gene expression. 

Taking a look at MYCN knockdowns, there are variations in gene expression between the 

two siRNAs used. Analysing siMYCN new knockdown, we can see a significant increase of 

PRMT5 and a significant decrease of BRD4 expression. Conversely, analysing siN-myc1 

there are no significant changes observed. Moving on to PRMT5 knockdown analysis, there 

are again variations in the two siPRMT5s used. siPRMT5 1 showed no significant changes 

in the gene expression of MYCN or BRD4, whereas siPRMT5 2 showed significant decrease 

in MYCN expression with no significant change in BRD4 expression. Assessing resulting 

RNA expression effect of BRD4 knockdown, we observe a significant decrease in 

expression of both MYCN and PRMT5.   
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B 

PRMT5 

MYCN 

 B-Actin 

BRD4 

A 

Figure 4.3.3. MYCN knockdown leads to growth suppression, PRMT5 
knockdown leads to cell death, PRMT5 and BRD4 share a co-regulatory 
relationship. (A) Growth proliferation curve indicated as percent phase 
confluence of WiT49 cells transfected with various siRNAs; control siNEG, two 
MYCN siRNA’s, two PRMT5 siRNA’s, and siBRD4. Statistically significant 
differences in comparison to siNEG were are marked with asterisks where the 
indicated bar demonstrates the time points where these significant changes 
are observed (*** p<0.0005) where n = 2 (B) Immunoblot confirming 
knockdown of WiT49 cells from (A) where treatment was conducted for 72 
hours and B-actin was used as a loading control 
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Figure 4.3.4. MYCN knockdown leads to growth suppression, PRMT5 knockdown leads to cell death, PRMT5 and 
BRD4 share a co-regulatory relationship.  Relative mRNA expression of each gene compared to the housekeeping gene, 
TBP, is displayed for each siRNA knockdown. Error bars are displayed and significant values in comparison to siNEG were 
calculated via a student’s t-test are shown indicated with an asterisks (*** p<0.0005) where n = 2 
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4.4. Discussion and Further Studies  
 

The data collected during this project is in concurrence with previous laboratory unpublished 

data which demonstrates that PRMT5 regulates MYCN expression in Wilms’ Tumour. The 

role of BRD4 remains to be fully understood as inconsistent results were observed 

throughout this project. The reported elevated levels of MYCN in Wilms’ Tumour may be as 

a result of increased stabilisation via PRMT5. It may also be due to the reported genetic 

mutations i.e. FBXW7 (4%, Williams et al., 2010) and Six 2 (approx. 20%, Wegert et al., 

2015) which function in the degradation of MYCN protein.  

PRMT5 depletion results in growth suppression coupled with apoptosis and it was 

determined that depletion of MYCN is not sufficient to drive cell death but does display a 

growth suppression effect. Importantly, previous unpublished data from this lab determined 

that depletion of PRMT5 selectively induces apoptosis solely in MYCN-overexpressing cells, 

as depletion in RIM18 cells did not lead to cell death. Therefore it can be concluded that 

MYCN overexpression can be used as a biomarker for PRMT5 inhibitor sensitivity. Together 

this data suggests that MYCN is regulated by PRMT5, where depletion of PRMT5 leads to 

cell death. This highlights the possibility of a synthetic lethal relationship between MYCN and 

PRMT5.  

The laboratory previously demonstrated in unpublished data that the regulation of MYCN 

protein was not as a result of cell cycle changes therefore it is likely that PRMT5 directly 

methylates arginine residues on MYCN. For the first time, I report that MYCN and PRMT5 

directly interact with one another as the complex was detected via a co-Immunoprecipitation. 

Although a clear EZH2-MYCN also interact was not detected in this co-IP, it is still highly 

suspected the interaction occurs in Wilms’ Tumour and should therefore be repeated. As 

mentioned in chapter 1.2.5., EZH2 has been shown to directly interact with Neuronal Myc 

(MYCN) in Neuroblastoma, where MYCN recruits the PCR2 component to repress gene 

expression of Clusterin (CLU) which contributes to pathogenesis of Neuroblastoma (Corvetta 

et al., 2013).  

The role of BRD4 in Wilms’ Tumour had been previously assessed by this laboratory in 

unpublished data where it was concluded that BRD4 expression is higher in cell lines with 

anaplastic properties and is correlated with elevated PRMT5 and MYCN levels. It was then 

demonstrated through co-IPs that BRD4 and PRMT5 directly interact, where PRMT5 may 

methylate BRD4 via its GAR motif. Though BRD4 knockdown had previously demonstrated 
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growth suppression and apoptosis, this was not observed consistently during this project. 

This project did however determine that PRMT5 depletion reduced all 3 BRD4 isoform 

protein levels. Therefore I hypothesise that PRMT5 regulates BRD4 expression in anaplastic 

Wilms’ Tumour. This may be through the stabilisation of BRD4 protein via methylation of its 

GAR motif. As observed, MYCN depletion reduced BRD4 isoform A protein levels, 

potentiating a reciprocal regulatory mechanism. A potential positive feedback loop could be 

operational in Wilms’ Tumour as MYCN, PRMT5, and BRD4 expression appears to be 

correlated.  

In conclusion, the collected data demonstrates that PRMT5 may function to stabilise MYCN 

and BRD4 leading to increased transcription of target genes, where MYCN and BRD4 may 

transactivate each other. Furthermore, PRMT5 appears to share a synthetic lethal 

partnership with MYCN as the protein was massively downregulated with PRMT5 depletion. 

This resulting partnership may upregulate the cells epigenetic plasticity that further drives 

oncogenesis. The following chapter will explore the use of small molecular inhibitors in the 

treatment of Wilms’ Tumour. 

Though this is promising new data, a reciprocal co-IP should be conducted to further verify 

the interaction between PRMT5 and MYCN as well as accompanying mass spectrometry 

analysis. Furthermore, to confirm if PRMT5 does methylate arginine residues on MYCN a 

methylation assay should be conducted with accompanying mass spectrometry analysis. 

The same should be conducted to assess if PRMT5 methylates GAR motifs on BRD4, in 

turn regulating its expression. 
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5. Assessment of Pharmacological Inhibitors in Primary Wilms’ 
Tumour Cell Line 

5.1. Introduction  
 

As previously discussed, PMRT5 is an arginine methyltransferase functioning to methylate 

arginine residues on a wide variety of substrates. The substrate binding affinity increases 

when PRMT5 complexes with its co-factor, MEP50. Some of these substrates have been 

discussed in chapter 1.4. such as spliceosome proteins, protein substrates such as p53 and 

NF-kB, transcription factors such as MYCN, and histones (Gonsalvez et al., 2007, Jansson 

et al. 2008, Wei et al., 2013, Park et al. 2015). This methylation can result in either 

transcriptional activation or repression, depending on the arginine residue and the 

histone/protein. As this project has shown for the first time that PRMT5 directly interacts with 

MYCN and as this lab has previously demonstrated that PRMT5 directly interacts with 

BRD4, it is possible that MYCN levels are regulated via direct methylation and via BRD4 

mediated gene regulation. As this project has demonstrated that PRMT5 may share a 

synthetic lethal relationship with MYCN in MYCN overexpressing cells, using small 

molecular inhibitors against PRMT5 could be used in the treatment of Wilms’ Tumours with 

overexpressing MYCN.  

As outlined in chapter 1.5., the selected pharmacological inhibitors for the project include 

GSK591, Alisertib, and TP064. GSK591, functioning to inhibit PRMT5 and its co-factor 

MEP50 from methylating histone H4, is a further developed form of EPZ015666 which was 

previously used by this laboratory. Synthetic lethality may be operational between MYCN 

and PRMT5 in Wilms’ Tumour, however as there are no established MYCN-isogenic cell 

lines as in Neuroblastoma this is not possible to confirm. Therefore an experimental DOX-

Inducible MYCN cell line was created by Dr. Marianna Szemes the laboratory in hopes of 

successfully determining if there is indeed a synthetic lethal interaction between MYCN and 

PRMT5 in Wilms’ Tumour.  

Alisertib, a current phase II clinical trial Aurora Kinase A inhibitor, functions to competitively 

bind with MYCN preventing it from being exposed for degradation via the proteasome. The 

purpose of Alisertib in this project is to serve as a type of positive control, determining how 

effective other pharmacological inhibitors are in comparison to a more advanced drug. As 

mentioned previously, Alisertib also functions to disrupt mitotic spindle assembly and 

chromosome segregation resulting in cell cycle arrest.  
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The CARM1 inhibitor, TP064, was used as a preliminary experimental drug in this project to 

assess a non-PRMT5 treatment avenue revolving around autophagy. I also assess the 

possibility of combination treatment using TP064 to target multiple PRMTs in Wilms’ 

Tumour. As the previous chapter implicates PRMT5 and MYCN in the dysregulation 

attributed to Wilms’ Tumour, pharmacological inhibitors will be assessed to exploit this axis 

therapeutically. Therefore, the main aims of this chapter are as follows:  

1. Assess whether GSK591 is a suitable pharmacological inhibitor in the treatment of 

Wilms’ Tumour  

2. Investigate the hypothesis that a synthetic lethal relationship between PRMT5 and 

MYCN exists in Wilms’ Tumour 

3. Evaluate how effective combination treatment may be 
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5.2. MTT Assay Provides Insight into the Sensitivity of GSK591 in the Primary 
Wilms’ Tumour Cell Line 

 
As it was determined in the previous chapter that small interfering RNA-mediated depletion 

of PRMT5 led to the mass reduction of MYCN protein, growth suppression, and cell death, 

using WiT49 cells, a 6-day MTT assay was conducted using a range of GSK591 

concentrations (0-20uM) where re-treatment occurred on day 3. The results can be seen in 

figure 5.2. The same was conducted using Alisertib, an Aurora Kinase A inhibitor, which is 

currently in clinical trials as a reference point for effectiveness. Assessing the data, the half 

maximal inhibitory concentration value (IC50) was determined as 0.674 uM for GSK591 

treated cells and 0.643 uM for Alisertib. The IC50 values are very similar for both 

pharmacological inhibitors, establishing GSK591 as effective as Alisertib in WiT49 cells. 

Using the results from the MTT assays, and taking the IC50 values into consideration, drug 

concentrations for each inhibitor were selected for consistent use in the remaining 

experimentations. For GSK591, 2uM was selected and for Alisertib,10nM and 1uM. No 

existing IC50 value for either of the two drugs in Wilms’ Tumour could be found for 

comparative assessment. 

 

 

 

 

 

 

 

 

 

 

 

 
  

A B 

Figure 5.2. GSK591 inhibits cell growth of Wilms’ Tumour cell line WiT49 as 
effectively as Alisertib. (A) MTT assay of WiT49 cells treated with GSK591 for 6-
days where re-treatment was conducted on day 3. The half maximal inhibitory 
concentration (IC50) value is displayed (n=2) (B) MTT assay of WiT49 cells treated 
with Alisertib for 6-days where re-treatment was conducted on day 3. IC50 value is 
displayed (n=3) 
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5.3. GSK591 Treatment Results in the Depletion of Neuronal Myc and 
Induces Apoptosis 

 

Following on from this, the effect of each inhibitor on the growth, morphology, and cell death 

of the WiT49 cells was assessed and can be seen in figure 5.3.1. Data collected from a 6-

day treatment where re-treatment occurred on day 3 where a healthy population of WiT49 

cells were treated with 2uM of GSK59, 1uM of Alisertib, and 2uM DMSO as a control. These 

cells were monitored using the Incucyte live imaging software where figure 5.3.1. (A) 

displays the corresponding growth proliferation curve obtained. It is clear that GSK591 

activity is much more prominent after day 3 re-treatment, where from approximately 90 hours 

onwards there is clear statistical significance between the GSK591 treated cells and the 

DMSO control. We can therefore say with some certainty that GSK591 2uM treatment 

significantly reduces WiT49 growth rates. Analysing the Alisertib treated cells, it is very clear 

that there is an immediate reduction in growth rate compared to both the DMSO control and 

the GSK591 treated cells, where there is statistical significance from as early as 24 hours. 

Very few cells were able to grow in these conditions where phase confluence only reached 

5% whereas GSK59 treated cells reached approximately 25%.  

These treated cells were harvested and counted for trypan blue inclusion, where the data 

was presented as a bar graph displaying the proportion of live and dead cells. This can be 

seen in figure 5.3.1. (B). Compared to the DMSO control, GSK591 and Alisertib treatment 

both exhibited statistically significant decreases in the proportion of live cells. The Alisertib 

treated cells displayed that there was a significant decrease in the proportion of dead cells 

though this is likely due to the fact overall there were less cells. The cells treated with 

GSK591 did not show statistical significance in dead cells, though it can be seen that the 

total proportion of cells is less than the DMSO treated cells.  

Morphology of these cells at the end of the 6-day treatment can be seen in figure 5.3.1. (C) 

as the Incucyte Zoom system was able to capture live cell images. The cells treated with 

DMSO appear unaffected showing tightly packed cells with proportionally sized nuclei and 

few floating cells. Compare this to the cells treated with 2uM of GSK591, there are much 

fewer cells and those that are there are much larger, flatter, and wider with some showing 

enlarged nuclei and finger-like protrusions. There are also several observed floating cells 

within the image, suggesting that GSK591 induces cell death in WiT49 cells. The Alisertib 

treated cells are also morphologically different to the DMSO treated cells also displaying 

fewer cells which are larger, flatter, and wider with some showing enlarged nuclei. There are 

also several observed floating cells indicating that Alisertib induced cell death.  
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DMSO GSK591 Alisertib 

A 

B 

C 

Figure 5.3.1. GSK591 induces cell death in WiT49 cells. (A) Growth proliferation curve 
indicated as normalized percent phase confluence of WiT49 treated cells for a 6-day 
period where cells were re-treated at day 3. The cells were treated with DMSO, GSK591 at 
a concentration of 2uM, and Alisertib at a concentration of 1uM. Statistically significant 
differences  determined via a Student’s T-test are marked with asterisks where the 
indicated bar demonstrates the time points where these significant changes are observed 
(* p<0.05, ** p<0.005, *** p<0.0005) where n = 2 (B) Floating and adherent cells from (A) 
were harvested and counted for trypan blue inclusion. The graph displays the proportion of 
live and dead cells (x10^5) for each treatment with corresponding error bars. Significant 
values calculated via a student’s t-test are shown indicated with an asterisks (* p<0.05, ** 
p<0.005, *** p<0.0005) where n = 3 (C) Live cell images using Incucyte Zoom of WiT49 
after a 6-day treatment from (A). Scaling is indicated on each image. 
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The preliminary data collected in chapter 4. demonstrated promising results which elude to 

the role that MYCN and PRMT5 have on WiT49 cells. During the preliminary inhibitor 

experiments, there was clear growth suppression and some evidence of cell death however 

to confirm this, further in depth analysis must be conducted to verify these observations. For 

this, 6-day treatment using WiT49 cells was conducted, with re-treatment on day 3. For this 

set of experiments, the selected dosages were 2uM of GSK591 and 10nM of Alisertib. A 

lower dosage of Alisertib was selected for these experiments as the previously selected 

dose of 1uM demonstrated highly potent effects on cell growth and cell death.   

Figure 5.3.2. (A) displays the average proportion of live and dead cells harvested at the end 

of the 6-day treatment. The floating and adherent cells were collected and counted for trypan 

blue inclusion. Assessment of the 2uM GSK591 treatment demonstrates that the results are 

in accordance with the preliminary data collected where a significant decrease in the 

proportion of live cells in comparison to the DMSO control. The lower dosage of Alisertib 

displayed a significant decrease in live cells in comparison to the DMSO control. 

Unfortunately there appeared to be a large discrepancy in the proportion of dead cells 

collected in the DMSO treated cells clouding any potential significance observed in the 

treated cells, therefore further examination was conducted through the detection of cleaved 

PARP.  

Figure 5.3.2. (B) displays an immunoblot using the harvested cells from the 6-day treatment. 

The blot was probed for EZH2, PRMT5, CARM1, MYCN, cPARP, and SDMA, where B-actin 

was used as a loading control. As seen, there are no observed changes in the level of EZH2, 

CARM1, or PRMT5 for either GSK591 or Alisertib treatment. There is however a clear 

reduction in MYCN protein with the GSK591 treated cells, which is concurrent with the 

reduction of MYCN seen in the small interfering RNA mediated depletion of PRMT5 in 

WiT49 cells. There also appears to be a slight reduction in MYCN protein with the Alisertib 

treated cells, most likely due to the fact that MYCN can no longer be shielded by Aurora 

Kinase A and is therefore targeted for degradation via the proteosome. A large increase in 

cleaved PARP, a pro-apoptotic marker, can be seen in the GSK591 treated cells confirming 

that treatment results in apoptosis. With the lower dosage of Alisertib used, there appears to 

be very little cPARP detected which is consistent with the data seen in part A of figure 5.3. A 

total reduction of SDMA in the GSK591 treated cells can be seen as well as a slight 

reduction in the Alisertib treated cells. The loading control B-actin appears to be consistent.  

Figure 5.3.3. displays the relative mRNA expression of PRMT5 and MYCN in relation to the 

housekeeping gene TBP. For GSK591 treatment, the results seen are consistent with effects 

seen using siPRMT5 2 mediated depletion of PRMT5 where there is a huge decrease in 
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expression of MYCN. In the Alisertib treated cells there is a significant reduction of MYCN 

expression and a significant increase in PRMT5 expression. Overall it has been further 

demonstrated that GSK591 significantly reduces MYCN expression and results in both 

growth suppression and cell death, which is in concurrence with data obtained from siRNA-

mediated depletion of PRMT5. The assessment of the effects of GSK591 and Alisertib on 

the cell cycle was then conducted, as seen below.  
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Figure 5.3.2. GSK591 treatment leads to the depletion of MYCN and 
subsequently results in cell death (A) Floating and adherent cells from a 6-day 
treatment using DMSO, GSK591 at a concentration of 2uM, and Alisertib at a 
concentration of 10nM were harvested and counted for trypan blue inclusion. Re-
treatment was conducted on the third day. The graph displays the proportion of live 
and dead cells for each treatment with corresponding error bars. Significant values in 
comparison to DMSO were calculated via a student’s t-test are shown indicated with 
an asterisks (* p<0.05, ** p<0.005, *** p<0.0005) where n = 3 (B) Immunoblot 
analysing WiT49 cells from (A). Probing for EZH2, PRMT5, CARM1, MYCN, cPARP, 
and SDMA was conducted, where B-actin was used as a loading control. 
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Figure 5.3.3. GSK591 treatment leads to the depletion of MYCN and subsequently 
results in cell death. Relative mRNA expression of each gene compared to the 
housekeeping gene, TBP, is displayed for each treatment. Error bars are displayed and 
significant values in comparison to DMSO were calculated via a student’s t-test are 
shown indicated with an asterisks (* p<0.05, ** p<0.005, *** p<0.0005) where n = 2 
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5.4. Flow Cytometry Analysis of GSK591 Treated Primary Wilms’ Tumour 
Cell Line   

 

Previously it was determined by this laboratory in unpublished data that EPZ015666 

treatment in WiT49 cells increased the proportion of cells in sub G1, S, and G2/M 

populations and decreased the proportion of cells in G1. This suggests that EPZ015666 

induced G2/M cell cycle arrest. As the further developed version of this drug has been used 

in this experiment, it is important to assess if the same effects on cell cycle distribution are 

observed. For these cell cycle experiments 10nM (figure 5.4.1. (A)) and 1uM (figure 5.4.1. 

(B)) of Alisertib were used as well as the 2uM of GSK591 consistently used in the project. A 

healthy population of WiT49 cells were treated with the disclosed drug doses for a total of 72 

hours. The floating and adherent cells were harvested and analysed.  

Figure 5.4.1. and 5.4.2. (A) display the average percentage of dead cells harvested at the 

end of the 72 hour treatment where the floating and adherent cells were collected and 

counted for trypan blue inclusion. Figure 5.4.1. (A) displays that there were significant 

decreases in the proportion of live cells in 2uM GSK591 treatment and 10nM Alisertib 

treatment. Due to the decrease in total number of cells though we can see there are a large 

proportion of dead cells in the drug treatments though no significant differences in the 

proportion of dead cells were found for either of the treatments.  Figure 5.4.2. (A) displays a 

significant decreases in the proportion of live cells for both 2uM GSK591 and 1uM Alisertib 

treatment, consistent with what has been previously been recorded in this project. There was 

also a significant increase in the proportion of dead cells in the Alisertib treated cells, 

however this may be due to the fact that there were fewer cells in total.    

Figure 5.4.1. and 5.4.2. (B) display the cell cycle distributions of the WiT49 cells after 72 

hours of treatment, using propidium iodide staining. As seen in figure 5.4.1. (B), there are no 

significant alterations to the cell cycle distribution for either GSK591 or Alisertib treatment. 

Though there appears to be a larger sub G1 population for GSK591 treatment this was not 

deemed significant through statistical analysis. As seen in figure 5.4.2. (B), there are again 

no significant alterations to the cell cycle distribution for the GSK591 treated cells, though 

near significance can be seen in the reduction of cells in S phase and increase of cells in 

G2/M. A significant increase in the population of cells in S phase and a significant decrease 

in the population of cells in G1 can be seen in the 1uM Alisertib treated cells. This suggests 

that the cells are stuck in S phase where it was previously mentioned that Alisertib also 

functions to disrupt mitotic spindle assembly and chromosome segregation resulting in this 

cell cycle arrest. 
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Figure 5.4.1. GSK591 treatment leads to cell death but does not induce cell cycle 
arrest. A lower dosage of Alisertib is less effective and does not induce cell cycle 
arrest (A) Floating and adherent WiT49 cells from were harvested after 72 hours of 
treatment using DMSO, GSK591 at a concentration of 2uM, and Alisertib at a 
concentration of 10nM and counted for trypan blue inclusion. The graph displays 
proportion of live and dead cells (x10^5) for each treatment with corresponding error bars. 
Significant values calculated via a student’s t-test are shown indicated with an asterisks (* 
p<0.05, ** p<0.005, *** p<0.0005) where n = 2 (B) Using the cells collected in (A) cell 
cycle distribution of the WiT49 cells at 72 hours post treatment is displayed using 
Propidium Iodide staining. Significant values in comparison to DMSO treatment were 
calculated via a student’s t-test are shown indicated with an asterisks (* p<0.05, ** 
p<0.005, *** p<0.0005) where n = 2  
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Figure 5.4.2. GSK591 treatment leads to cell death but does not induce cell cycle 
arrest. A higher dosage of Alisertib leads to cell death and induces G2/M cell cycle 
arrest (A) Floating and adherent WiT59 cells from were harvested after 72 hours of 
treatment using DMSO, GSK591 at a concentration of 2uM, and Alisertib at a 
concentration of 1uM and counted for trypan blue inclusion. The graph displays 
proportion of live and dead cells (x10^5) for each treatment with corresponding error 
bars. Significant values calculated via a student’s t-test are shown indicated with an 
asterisks (* p<0.05, ** p<0.005, *** p<0.0005) where n = 2 (B) Using the cells collected 
in (C) cell cycle distribution of the WiT49 cells at 72 hours post treatment is displayed 
using Propidium Iodide staining. Significant values in comparison to DMSO treatment 
were calculated via a student’s t-test are shown indicated with an asterisks (* p<0.05, ** 
p<0.005, *** p<0.0005) where n = 2 
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5.5. Assessment of Synthetic Lethality Using a MYCN Inducible Model  
 

Using shMYCN, a DOX inducible MYCN cell line was created by a member of the laboratory, 

Dr Marianna Szemes. We hypothesised that there may be a synthetic lethal relationship 

operational in Wilms’ Tumour between MYCN and PRMT5 and therefore this inducible 

model would provide us with a system to assess if PRMT5 inhibition and subsequent cell 

death is contingent on MYCN status. Using this isogenic cell line, a preliminary 48-hour 

treatment using 10uM of GSK591 and 2uM Alisertib was conducted. Using the Incucyte 

Zoom software, the cells were monitored and red fluorescence was tracked. Cells with the 

addition of doxycycline resulted in the expression of MYCN and could be tracked through the 

detection of red fluorescence.   

Figure 5.5. (A) displays a graph of the normalised percent phase confluence over the 2-day 

treatment using the inducible MYCN cell line. Unfortunately, not many statistically significant 

differences could be seen although there was a statistical difference between MYCN status 

and PRMT5 inhibition 28-36 hour time period.  

Figure 5.5. (B) displays the live cell images taken using the Incucyte Zoom software at the 

end of the 2-day treatment. As mentioned, the red fluorescence indicated that the inducible 

MYCN system has been switched on and is operational. This provides us with conformation 

that a large proportion of the cells are expressing MYCN. Comparing the cells seen in the 

DMSO control with DOX+ DMSO, there is no real difference in the cell morphology. 

Interestingly, there are fewer adherent cells, which are slightly larger, and show some finger-

like projections in the DOX+ GSK591 treated cells compared to the DOX- cells.  

Unfortunately, it was difficult to collect data using this inducible system as not all cells 

displayed red fluorescence, although the preliminary data does demonstrate that there could 

be a synthetic lethal relationship operational in Wilms’ Tumour. It is also important to note 

that GSK591 is more effective over a 6-day period with re-treatment on day 3, however the 

cells in this includible model were not able to survive this period of treatment.    
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Figure 5.5. Relationship between MYCN status and GSK591 treatment remains unclear. (A) Growth proliferation curve indicated as 
normalised percent phase confluence of an inducible shMYCN WiT49 cell line where cells were treated for 48 hours. Cells were treated with 
the control DMSO, GSK591 at a concentration of 10uM either with or without the addition of DOX at a concentration of 5ug. Statistically 
significant differences between are marked with asterisks where the indicated bar demonstrates the time points where these significant 
changes are observed (* p<0.05, ** p<0.005, *** p<0.0005) where n = 2. Bellows the graph, significant differences between the DOX treatments 
are shown (e.g. GSK591 and GSK591 + DOX). (B) Live cell images using Incucyte Zoom of WiT49 after 48-hour treatment from (A). Red 
fluorescence indicates the shMYCN inducible model is switched on. Scaling is indicated on each image.  

 



76 
 

5.6. CARM1 inhibition of Primary Wilms’ Tumour Cell Line  
 

CARM1, or PRMT4, is a type I protein methyltransferase (PRMT) and as previously 

discussed in chapter 1.4., CARM1 has been recently identified as a key epigenetic regulator 

of autophagy in mammals (Shin et al., 2016). As a type I PRMT, it is capable of forming 

asymmetric dimethylarginine (ADMA), this can be seen in figure 1.15. (Bedford and Richard, 

2005, Yang and Bedford, 2013, Blanc and Richard, 2017). It is proposed that during a period 

of nutrient starvation, CARM1 is stabilised and is able to methylate arginine residues on 

H3R17, which in turn functions as a transcriptional co-activator for autophagy and lysosomal 

genes. CARM1 has been deemed as an essential component in the regulation of autophagy, 

as seen in figure 1.19. The role of CARM1 in Wilms’ Tumour has not yet been identified, 

though as recently identified in mammals it plays a pivotal role in epigenetic regulation of 

autophagy (Shin et al., 2016). There is also a significantly greater level of CARM1 RNA 

expression in Wilms’ Tumour samples as seen in figure 1.18. As the laboratory has access 

to a selection of PRMT inhibitors, TP064 was selected for preliminary research on WiT49 

cells to assess any possible future experiments that may be beneficial in identifying potential 

treatments.  

Using a healthy population of WiT49 cells, the cells were treated with a range of TP064 drug 

concentrations (1.25uM-20uM) for 72-hours. The cells were monitored using the Incucyte 

Zoom software and live cell images were taken at the end of the 3-day treatment. Figure 

5.6.1. (A) displays a growth proliferation curve of the normalised percent phase confluence. 

As seen there are significantly lower cell growth rates for concentrations of 5uM, 10uM, and 

20uM at time intervals of 64-68h, 54-68h, and 44-68h respectively.  

Accompanying live cell images can be seen in figure 5.6.1. (B) There are clear 

morphological differences between the varying concentrations of TP064, where from as low 

as 2.5uM upward we can clearly see that the cytoplasm is extremely granular in appearance. 

The cells also appear more tightly packed and clumped together, where they appear more 

pointed and elongated. This is most prominently seen in the 5uM TP064 treated cells, where 

10 and 20uM display very few adherent cells and many floating cells.  
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Figure 5.6.1. TP064 treatment leads to cell death. (A) Growth proliferation curve 
indicated as percent phase confluence of WiT49 cells treated with a range of TP064 
(1.25uM-20uM) for a period of 72 hours Statistically significant differences are marked 
with asterisks in comparison to DMSO, where the indicated bar demonstrates the time 
points where these significant changes are observed (* p<0.05, ** p<0.005, *** 
p<0.0005) where n = 2 (B) Live cell images using Incucyte Zoom of WiT49 cells from (A) 
at the 72 hour endpoint. Scaling is indicated on each image.  
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To further this set of preliminary experiments, a combination treatment using GSK591 and 

TP064 was conducted. A healthy population of WiT49 cells were treated with DMSO, 10uM 

GSK591, 10uM TP064, 5uM GSK591 and 5uM TP064 for 72 hours to assess if combination 

treatment enhanced growth suppression and cell death.  

Figure 5.6.2. (A) displays a growth proliferation curve as normalised percent phase 

confluence. The combination treatment of 5uM GSK591 and 5uM TP064 showed 

significantly lower growth rates than the DMSO control from 54 hours onwards and the 10uM 

TP064 treatment showed significantly lower growth rates from as early as 26 hours.  

Accompanying live cell images using the Incucte Zoom can be seen in figure 5.6.2. (B) As in 

the previous experiment, the 10uM TP064 treated cells show a highly granular cytoplasm 

with more angular cells that are clumped together. The 10uM GSK591 treatment also 

displays characteristic morphological changes seen consistently throughout this project, 

where flatter and wider cells with enlarged nuclei are visible. Interestingly, the combination 

treatment shows both of these morphological alterations where flatter and wider cells with 

enlarged nuclei also contain granular cytoplasm and are more angular and clumped 

together. It is important to note that GSK591 is most effective during a 6-day treatment with 

re-treatment on day 3 and therefore we cannot say with certainty what the prolonged effects 

on the WiT49 cells are as a combination treatment.     
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Figure 5.6.2. Combination treatment using GSK591 and TP064 (A) Growth proliferation 
curve indicated as percent phase confluence of WiT49 cells treated with DMSO, GSK591 at 
a concentration of 10uM, TP064 at a concentration of 10uM, and a combination of GSK591 
and TP064 each at a concentration of 5uM for a period of 72 hours. Statistically significant 
differences in comparison to DMSO were determined via a Student’s T-test are marked with 
asterisks where the indicated bar demonstrates the time points where these significant 
changes are observed (* p<0.05, ** p<0.005, *** p<0.0005) where n = 3 (B) Live cell images 
using Incucyte Zoom of WiT49 cells from (A) at the 72 hour endpoint. Scaling is indicated on 
each image.  
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5.7. Discussion and Further Studies 
 

Described as a key regulator of MYCN in Wilms’ Tumour, small interfering RNA mediated 

PRMT5 depletion was demonstrated to reduce cell growth and induce apoptosis as well as 

significantly reduce MYCN protein levels and MYCN RNA expression. As demonstrated 

through a co-Immunoprecipitation, PRMT5 and MYCN physically interact in Wilms’ Tumour 

and therefore MYCN dysregulation is likely to be as a result of direct PRMT5 methylation. As 

a suspected synthetic lethal relationship between PRMT5 and MYCN may exist, inhibition of 

PRMT5 could be a targeted form of treatment contingent on MYCN expression. The PRMT5 

inhibitor GSK591 is highly selective for PRMT5 and prevents PRMT5-MEP50 from 

methylating arginine residues on histone H4. Using GSK591 on WiT49 cells presented 

identical effects as siRNA-mediated PRMT5 depletion in WiT49 cells. Morphology was highly 

similar between either form of PRMT5 depletion where the WiT49 cells became much larger, 

flatter, and wider with enlarged nuclei and finger-like protrusions. Apoptosis was induced and 

confirmed via the detection of cleaved PARP (cPARP) and SDMA was completely reduced 

demonstrating that GSK591 was correctly targeting PRMT5 mediated arginine methylation. 

As seen in figure 1.15., symmetric dimethylarginine (SDMA) is a product formed by type II 

protein methyltransferases and include PRMT5 and PRMT9 (Bedford and Richard, 2005, 

Yang and Bedford, 2013, Blanc and Richard, 2017). If GSK591 functions to prevent PRMT5-

MEP50 from methylating histone H4, there should be a reduction in SDMA detected. Indeed 

this is exactly what we see, as there is a total reduction of SDMA in the GSK591 treated 

cells. Interestingly, a slight reduction can be seen in the Alisertib treated cells, alluding to a 

possibility that MYCN has in the regulation in PRMT5 methylation activity. In comparison to 

Alisertib, a phase II clinical trial drug, GSK591 proved to be almost as effective as the higher 

chosen dose (1uM) and more effective than the lower chosen dose (10nM). In conjunction 

with data collected from the previous chapter, it can be concluded that PRMT5 inhibition via 

GSK591 has excellent potential as a candidate in the treatment of Wilms’ Tumour, as 

pharmacological inhibition results are analogous to the genetic studies conducted.  

In the GSK591 treated cells there is a statistically significant reduction in MYCN expression 

with no significant changes to PRMT5 expression. As previously speculated, there is a 

possibility that PRMT5 regulates MYCN expression therefore as GSK591 functions to 

prevent histone H4 methylation this may result in a decrease in PRMT5 mediated MYCN 

transcription as a large decrease in MYCN transcription was observed. This is a possible 

route of deregulation in Wilms’ Tumour, which could be specifically targeted. In the Alisertib 

treated cells there was a significant reduction of MYCN expression and a significant increase 
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of PRMT5 expression. As MYCN protein is no longer shielded from degradation via Aurora 

Kinase A, a reduction in MYCN protein stability may be compensated by the up-regulation of 

PRMT5 expression as it it hypothesised that PRMT5 may also function to stabilise MYCN 

protein. The decrease in MYCN expression could be due to a potential positive feedback 

loop operational in Wilms’ Tumour where a reduction in MYCN protein could lead to a 

reduction in MYCN expression. 

As a synthetic lethal relationship between PRMT5 and MYCN is suspected to exist in Wilms’ 

Tumour therefore a member of the laboratory, Dr Marianna Szemes, established a DOX-

inducible MYCN cell line. If this relationship exists the cell death observed by PRMT5 

inhibition must be contingent on MYCN status, this can be assessed using this isogenic cell 

line. Although some of the results indicated that MYCN presence significantly reduced the 

rate of growth and showed signs of cell death, more investigation must be conducted using 

this cell line. Limitations on this experiment became apparent throughout use of it, for 

example not all cells with the addition of DOX displayed the red fluorescence, which was 

used to indicate if MYCN expression had been switched on. The cells were also difficult to 

sustain longer treatments and therefore experiments lasting longer than 48 hours proved to 

be difficult. This was problematic as GSK591 is most effective as a 6-day treatment with re-

treatment on day 3.  

Cell cycle analysis demonstrated a potential block at the G2/M checkpoint using GSK591 

and a block in S phase using Alisertib. Cell cycle distribution data was also difficult to acquire 

as the WiT49 cells harvested contained a large amount of debris. Though these experiments 

did have their issues, it is still evident that a potential synthetic lethal relationship exists 

between PRMT5 and MYCN in Wilms’ Tumour and further improvement of these techniques 

should be conducted.    

The CARM1 inhibitor, TP064, was used in a set of preliminary experiments to determine how 

effective a combination treatment could be in WiT49 cells. As CARM1 has previously been 

linked in epigenetic regulation of autophagy, morphological changes to the WiT49 cells 

present an alternate form of treatment that may be as a result of autophagy impaired-

induced cell death. The granular cytoplasm seen is reminiscent of cells in senescence, 

where a study demonstrated that autophagy impairment-induced prematurely senescent 

cells displayed similar morphology to replicatively senescent cells (Kang et al., 2011). This 

impairment of autophagy induced premature senescence in human primary fibroblasts via 

p53 pathway activation as a result of accumulated ROS. This may be one explanation for the 

morphological changes seen, as CARM1 inhibition prevents the up-regulation of autophagic 

genes the cell is unable to function during nutrient starvation and prematurely senesces. As 
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the drug concentration increases the resulting effect is cell death, as the cell cannot survive. 

Senecence and autophagic biomarkers should be assessed to identify if the effect seen is 

autophagy impairment-induced premature senescence and subsequent cell death e.g. 

decreases in S6K1, 4E-BP1, ATG7. With these preliminary experiments, it can be 

hypothesised that CARM1 inhibition results in some autophagy impaired growth suppression 

and subsequent cells death. Combination treatments appeared to have a greater role in 

growth suppression than just GSK591 treatment alone, proving a potential avenue for more 

targeted methods. As previously mentioned, GSK591 is more effective over the course of a 

6-day treatment (with re-treatment on day 3) and therefore longer combination treatments 

should be conducted. Biomarkers for autophagy and senescence should also be 

investigated to determine the mechanisms involved. Finally, as the WiT49 cells are more 

difficult to image using the Incucyte Zoom software, optimization of this should be 

accomplished. 

In conclusion, I have shown for the first time that PRMT5 inhibition leads to complete 

reduction of MYCN protein and MYCN RNA expression. This can be exploited, as a 

synthetic lethal interaction would only result in the targeting of cells with high MYCN 

expression. Cell cycle effects are unclear and should be further investigated, as should 

combination treatments. Overall, PRMT5-mediated inhibition of MYCN causes selective cell 

death in WiT49 cells, which are representative of the poor prognostic Wilms’ Tumour 

anaplastic subtype. GSK591 proved to be an excellent inhibitor of PRMT5 and was highly 

effective in comparison to Alisertib, a phase II clinical trial drug. Further research into the 

genetics of Wilms’ Tumour and into the inhibition of MYCN should be conducted, as this 

project has shown some promising results. 
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