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Abstract 

Bladder cancer is a common malignancy that is best classified into high and low grade disease. Low-

grade cancers are indolent in nature but expensive to manage. High-grade cancers can be invasive at 

diagnosis and have a poor prognosis. Molecular studies suggest high and low grade tumours are 

biologically distinct. All bladder cancers are characterised by heterogenous cell populations, high 

mutational burden and can be classified into molecular sub-groups using RNA expression and cell 

surface markers. Here I have explored these subgroups further and look at heterogenicity in primary 

muscle invasive bladder cancers (MIBC).  

 

Firstly, I extracted different cell populations from fresh MIBC biopsies. I developed protocols to handle 

these specimens and used flow cytometry to isolate subpopulations. I discovered different cell 

populations exist, in different fractions, and that this information may reveal tumour subgroups. For 

example, subpopulations expressing CD44 and CD49f (indicators of a terminally differentiated 

urothelial subtype) were common and there was often a lack of CD90 cell surface receptor expression 

(an indicator of the basal differentiated subtype).  

 

Secondly, I examined changes in epigenetic traits at cytosine residues to explore the frequency and 

extent of hydroxymethyl cytosine for the first time in bladder cancer. Using a 450K microarray I 

identified patterns of change that could affect key carcinogenic genes and could distinguish benign and 

malignant tissues using 5 methyl and 5 hydroxy methyl cytosine residues. Pathway analysis revealed 

several biochemical signalling pathways and over 30 genes to have altered cytosine residues. Finally, I 

validated these epigenetic findings in individual tumours and normal urothelium as well as in 

subpopulations identified in flow cytometry.  

 

Although this research took a modest approach towards addressing queries raised by epigenetic 

alterations, it could serve as groundwork for future research. These include development of a primary 

tissue culture technique for malignant urothelial tissues and to identify the least differentiated bladder 

subpopulations. The genes and pathways identified using the array data should be investigated in further 

detail using murine models to better understand their role in urothelial carcinomas. 
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1.1 Understanding cancer 

1.1.1 Definition of cancer 

Cancer is a term used to define ‘a diseased state’ in which normal human cells divide and proliferate 

uncontrollably. This uncontrolled proliferation can potentially spread (metastasis) to healthy regions of 

the body via the blood stream or lymphatic vessels (Sudhakar, 2009). The term cancer was coined from 

the Greek term ‘karkinos’ meaning non-healing swelling/ ulcerous formation, while tumours or 

carcinoma where coined from another Greek term ‘karkinoma’ meaning non-healing cancer 

(Papavramidou et al., 2010). Cancer has been classified into various types on the basis of its tissue of 

origin and differentiation; these include carcinomas, arising from epithelial cells (such as 

adenocarcinoma or squamous carcinoma), sarcomas, which originate from connective tissue, leukaemia 

and lymphomas, which have a haematopoietic origin, germ cell tumours, which develop from pluripotent 

cells, and blastomas, which arise from embryonic cells. The most common human cancers include 

breast, prostate, lung, colorectal, skin and bladder cancer (Jemal et al., 2011). 

 

The multifaceted development of cancer is definitively guided by aberrant signalling pathways, which 

foster an unstable genome and support genetic diversity. Cancer progression occurs through the 

acquisition of aberrant genetic coding and inflammation. There are certain traits or hallmarks that are 

unique to cancers (Hanahan and Weinberg, 2000). Identification of these hallmarks has made it easier 

to characterise the phenotypes of cancer. Cancer hallmarks are listed in Table 1.1 (Hanahan and 

Weinberg, 2011).  
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Table 1.1 The Hallmarks of Cancer: The Next Generation (Hanahan and Weinberg, 2011)  

                        1             Continuous proliferation signals 

                        2                         Overriding normal growth suppression 

                        3                          Resistance to apoptosis 

             4             Unlimited replicative potential 

             5             Continuous angiogenesis 

             6             Infiltrating spread and metastasis 

             7             Reprogrammed energy assimilations 

             8             Immune extinction 

 

Common aetiological factors of cancer include aging, alcohol abuse, the use of tobacco and exposure to 

carcinogenic substances, including ionising radiation (Sloan and Gelband, 2007). The use of tobacco is 

one of the most common exposures leading to cancer mortality (Vineis et al., 2004). Chronic infections 

by pathogens like human papilloma virus (HPV) and Helicobacter pylori (Graham, 1997), lack of proper 

diet and nutrition (Sala et al., 2004) have also been identified to cause cancer. Other causes include 

occupational hazards like polycyclic aromatic amines (Cumberbatch et al., 2015), asbestos (Donoghue, 

2004), ionising radiation (Cardis et al., 1995), and pollutants (Boffetta, 2006).     

 

1.1.2 International cancer statistics 

The modern age has brought about a change in human lifestyle and habits as well as an evolution in the 

techniques used for diagnosing diseases. Concurrent with these changes, there has been a rise in the 

number of reported cancer cases across the globe. With the incidence rate projected to grow by over 

70% in the next decades, this problem requires urgent attention. For example, in 2012 alone, 14 million 

new cases of cancer were identified globally. Cancer is the second highest cause of mortality with over 

8.8 million cases being reported in 2015 alone behind heart disease (https://gco.iarc.fr/). Populations 
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residing in low and middle-income countries are especially susceptible to cancer and cancer associated 

mortality. The top ten occurring cancers include cancers of the lung, breast, colon and rectum, prostate, 

stomach, liver, cervix, oesophagus, bladder and pancreas (https://gco.iarc.fr/), (https://www.wcrf.org/). 

The prevalence rate for cancer is 625 cases per 100,000 individuals irrespective of gender. Cancer 

prevalence is higher among women (with a prevalence rate of 660.5/100000) than in men (with a 

prevalence rate of 589.4/100000) due to the high frequency of breast cancer (https://gco.iarc.fr/). 

 

1.1.3 The human bladder – an anatomical perspective 

The urinary bladder in humans serves as a muscular repository for urine and is located in the anterior 

pelvis. This organ is distensible in nature and possesses a tetrahedral shape when empty and an ovoid 

shape when full of urine (Macarak and Howard, 1999). In men, the bladder position is between the 

rectum and the pubic symphysis, while in females it is between the rectum and uterus/vagina (Hickling 

et al., 2015). The pubic symphysis is isolated from the urinary bladder by the Space of Retzius. Other 

anatomical differences include the resting point of the bladder, which in males is between the endopelvic 

fascia and the pelvic floor muscles. In females, the basal portion of the bladder, as well as the urethra, is 

fixed to the anterior wall of the vagina (Gosling, 1985). The roof of the bladder is enclosed by the 

peritoneum, with the bladder neck being affixed to neighbouring structures by the pelvic fascia and the 

pelvic ligaments. The body of the bladder is buttressed against the pelvic diaphragm in females and by 

the prostate in men. Lateral support ensured by the obturator internus and the levator ani muscles. 

Normal physiology and functionality of the urinary bladder is ensured by the concerted actions of smooth 

and striated muscles, driven by musculoskeletal, neurological and psychological inputs (Fowler et al., 

2008). This in turn permits the collection and draining of the bladder contents. The underlying regulator 

of these efforts is the contraction and relaxation of the detrusor muscles as well as the muscles lining the 

bladder neck and pelvic floor (Sam and LaGrange, 2018). 
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A well-organised muscular bladder neck acting as the sphincter governs micturition in women, while in 

men the bladder neck is contiguous with the prostate and thus assists as an in-house urethral sphincter. 

This region has three distinct layers of muscle – the inner longitudinal muscle layer, the middle 

circumferential muscle layer and the outer longitudinal muscle layer. The inner longitudinal smooth 

muscle forms the urethral tube while the middle circumferential muscles are the most prominent around 

the muscle neck and the outer longitudinal layer is directed towards the pubovesical muscles on the 

posterior side of the pubic bone  (Ellis, 2005, Hill, 2015).  

 

The vascular supply for the urinary bladder arises from the internal iliac artery and the superior vesicular 

branch of this artery is one of the major arteries supplying the bladder. This is supplemented by the 

inferior vesicular artery in males and the vaginal arteries in females. In both males and females, the 

obturator and inferior gluteal arteries also provide blood supply to the bladder. The bladder is drained 

by the vesical venous plexus, which empties into the internal iliac vein. The lymphatic drainage of the 

bladder is carried out by vessels that drain into the obturator, iliac (external & internal) as well as the 

common iliac lymph nodes (Augurio et al., 2008).  

 

The mucosa of the human urinary bladder is known as the urothelium and is made up of transitional 

epithelial cells. This transitional epithelium is bound to the muscle lined bladder walls by connective 

tissue called lamina propria. The lamina propria serves as a submucosa and is lined by dense layer of 

microvessels, which covers the detrusor muscle. Fatty connective tissue covers the anterior and lateral 

portions of the bladder, while the peritoneum overlaps the posterior portion. The bladder mucosa along 

the luminal surface is shielded by a glycosaminoglycan layer (Parsons, 1993). 
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1.2 Understanding bladder cancer 

1.2.1 Introduction to bladder cancer 

Bladder cancer is a common malignancy worldwide (Freedman et al., 2011). Exposure to carcinogenic 

substances via the use of tobacco has been suggested to be the single most common factor leading to the 

development of this disease (Freedman et al., 2011) . Other causative factors include exposure to heavy 

metals like arsenic (Christoforidou et al., 2013) or nitrates (Espejo-Herrera et al., 2015) in drinking 

water. Early symptoms of this malignancy include haematuria and irritative urinary symptoms 

(DeGeorge et al., 2017). A conclusive histological understanding of the disease is best obtained through 

transurethral resection of the bladder tumour (TURBT), allowing staging and primary treatment. The 

TURBT procedure (Furuse and Ozono, 2010) is often supplemented by adjuvant intravesical bacilli 

Calmette-Guérin treatment (Fuge et al., 2015) or intravesical chemotherapy (Shen et al., 2008). Muscle 

invasive bladder cancer usually requires more radical options, such as radical cystectomy, radical 

radiation therapy (Stein et al., 2001) and neoadjuvant therapy (Vale, 2005). Low and high-grade bladder 

cancer are molecularly distinct; with the former following a papillary/luminal pathway (non-muscle 

invasive tumours) and the latter a nonpapillary/basal pathway (muscle invasive tumours) (Blaveri et al., 

2005).  

 

1.2.2 Epidemiology 

Bladder cancer is the ninth most common cancer and the thirteenth most common form of cancer in 

terms of mortality worldwide (Ferlay et al., 2015). In 2012, there were 430,000 new cases of this disease 

reported worldwide (Antoni et al., 2017); and up to 76,960 new cases of bladder cancer were reported 

in USA in the year 2016, with the vast majority of this disease afflicting men (58,950 new cases) (Siegel 

et al., 2016). Meanwhile, up to 10,171 cases of bladder cancer where reported in the United Kingdom in 

the year 2015 with an elevated mortality rate of 5,369.  The mean age of British patients identified with 

bladder cancer has been reported to be around 71.3 years with total treatment costs being around 55.39 
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million British pounds (Sangar et al., 2005). Cumulative expenditure associated with bladder cancer in 

the European Union has been estimated to be not less than 4.9 billion euros in 2012 (Leal et al., 2016). 

 

Incidence rates are particularly high in populated regions of Southern and Western Europe as well as in 

North America. The disparity in the distribution of the population afflicted with bladder cancer is 

influenced particularly by risk factors like tobacco usage, occupational chemical hygiene and 

Schistosoma haematobium infections (Antoni et al., 2017). A geographic pattern of bladder cancer is 

seen, reflecting that urothelial carcinoma is more widespread in Western Europe and the USA, while 

squamous cell bladder cancer is more common in Africa (Mostafa et al., 1999). The highest incidence 

rates for bladder cancer have been reported in Western Europe and USA while the Eastern European 

nations and Asiatic states have the lowest rates (Pelucchi et al., 2006). This is likely to change with 

smoking rates falling in many Western countries (Rushton et al., 2012). The high frequency, nature of 

surveillance and high prevalence creates a significant economic burden on the healthcare sector (Leal et 

al., 2016).  

 

1.2.2.1 Risk factors 

A number of occupational, non-occupational or environmental exposures are risk factors for the 

development of bladder cancer. Cigarette smoking accounts for the majority of the reported cases of 

bladder cancer, especially in developed countries (Jankovic and Radosavljevic, 2007). Cigarette smokers 

have a 2-5 times greater probability of developing bladder cancer than non-smokers (Ferris et al., 2013). 

Individuals using alternatives to cigarettes like cigars, pipes and smokeless tobacco still appear at risk 

of developing bladder cancer (Letasiova et al., 2012). E-cigarette smoking (ECS) has been linked with 

DNA damage and reduced cellular repair activities in the bladder in turn elevating the risk of the 

development of bladder cancer (Lee et al., 2018, Bourke et al., 2017). Occupational chemicals account 

for 5-10% of cases in developed countries (Jankovic and Radosavljevic, 2007, Cumberbatch et al., 
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2015). Common occupational carcinogens include aromatic amines, polycyclic aromatic hydrocarbons 

and heavy metals (Carreon et al., 2006). Aromatic amines connected to bladder cancer include 4-

aminobiphenyl, 2-naphthylamine and benzidine, as well as phenyl moieties like 4,4'-methylenebis (2-

chloroaniline) (Letasiova et al., 2012). Individuals working in the chemical, dye and rubber industries 

are particularly at risk of exposure to these hydrocarbons on a daily basis. Professionals working as 

hairdressers and barbers have also been identified to be at risk due to their regular exposure to dyes and 

other chemicals containing aromatic hydrocarbons (Harling et al., 2010). Exposure to drinking water 

contaminated with the heavy metal arsenic, in concentrations ranging from 300-500 µg/l, have been 

strongly correlated with bladder cancer (Meliker and Nriagu, 2007). Chromium chlorination by products 

in drinking water has also been associated with bladder cancer oncogenesis (Golabek et al., 2017).  

 

Individuals with the ‘slow acetylator’ phenotype of the gene N-acetyltransferase 2, which has been 

associated with phase II detoxification of aromatic amines, are particularly at risk of developing bladder 

cancer (Marcus et al., 2000). Knockdown of Glutathione S-transferases (GST) enzymes/genes (GSTA1, 

GSTM1, GSTP1 and GSTT1) (involved in cellular detoxification) has been associated with elevated 

bladder cancer susceptibility (Matic et al., 2013). Meta-analysis has also revealed GSTM1 and GSTT1 

gene polymorphisms to be associated with bladder cancer susceptibility (Yu et al., 2017). Infectious 

microorganisms, including both Gram-negative bacteria (e.g. Pseudomonas, Klebsiella, Enterobacter) 

and Gram-positive bacteria (Staphylococcus) have all been associated with cystitis or chronic 

inflammation of the bladder lining (Grover et al., 2011). Cystitis cystica et glandularis (CCEG) and 

intestinal metaplasia (IM) have been identified to be harbinger stages of bladder adenocarcinoma (Smith 

et al., 2008). Other non-occupational hazards include infectious pathogens like Schistosoma 

haematobium (which causes the water-borne disease Schistosomiasis/ Bilharzia), exposure to 

chemotherapeutic agents and ingestion of analgesics. Furthermore, the administration of the 

chemotherapeutic agent, cyclophosphamide, has been linked to urotoxicity with afflicted individuals 
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developing urothelial carcinoma in the long term (Talar-Williams et al., 1996). Ifosfamide, an alkylating 

agent commonly used as a chemotherapeutic agent, has also been linked with the development of bladder 

cancer (Sannu et al., 2017). A similar oncogenic effect has been observed in the bladders of patients 

treated with the chemotherapeutic agent chlornaphazine (Laursen, 1970), with cancer appearing up to 3-

10 years after chlornaphazine dose administration (Thiede and Chr. Christensen, 2009).  Regular use of 

analgesics like phenacetin (Piper et al., 1985) and other non-steroidal anti-inflammatory drugs 

(NSAIDS) have been linked to bladder cancer incidence (Fortuny et al., 2007).  

 

Other risk factors for bladder cancer include exposure to ionising radiation amongst individuals working 

in the nuclear industry. Low dose ionising radiation from nuclear fallout, e.g. as in Chernobyl, has been 

identified as causing chronic inflammation and proliferative atypical cystitis, also called Chernobyl 

cystitis. This stage has been considered to lead to later bladder cancer oncogenesis (Romanenko et al., 

2009). In addition, there appears to be a positive association between diabetes mellitus and the risk of 

developing bladder cancer (Fang et al., 2013), and low blood serum levels of 25-hydroxy vitamin D 

(25(OH)D) have also been associated with bladder cancer susceptibility in male populations (Mondul et 

al., 2010). Diet is also likely to play a role, with a higher intake of red and processed meats having been 

identified as a bladder cancer risk factor (Li et al., 2014), as is elevated saturated fat intake and chronic 

obesity (Brinkman et al., 2011). Conversely, increasing total fluid intake and the consumption of fruits 

and vegetables has been associated with a reduction in the risk of bladder cancer. Aberrant expression 

of leptin an important regulator of body weight apparent in some bladder cancer specimens suggests a 

role for leptin in bladder carcinogenesis (Yuan et al., 2004).  

 

1.2.2.2 Morbidity and mortality  

Mortality rates appear to be highest in regions of Europe and Africa (Northern and Sub-Saharan Africa) 

and lowest in Asia and Central America (Chavan et al., 2014). The age-standardised mortality rates 
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(ASR) for bladder cancer in 2012 were 4.5/100,000 for Europe. Poland (ASR 6.3) and Spain (ASR 6.5) 

had some of the highest mortality rates irrespective of gender. A decade long study of bladder cancer 

afflicted individuals in the USA identified that 17% of deaths in men and 23% of deaths in women were 

caused as a direct result of this disease (Scosyrev et al., 2012). Mortality rates were at 7.6/100000 persons 

for American men but only at 2.2/10000 persons for American women. Men had higher bladder cancer 

mortality across Europe (ASR 8.5) while women had comparatively lower rates at ASR 1.8. Mortality 

rates were at ASR 7.3 for men and 2.8 for women in the UK for the same period. The highest mortality 

rates amongst women were in Denmark, with elevated ASR values of 3.8. Crude death rates (CDR) 

indices for bladder cancer increased from 10.79 per 100000 individuals in 2000 to 14.30 per 100000 

individuals by 2014 in Poland. Standard expected years of life lost per living person (SEYLLp) indices 

associated with bladder cancer increased from 202.9 to 243.4 in Poland during the same period (Jobczyk 

et al., 2017). The median age at death was highest in individuals in the age group 75-84 (32.2%) followed 

by >84 (30.4%) (https://seer.cancer.gov/statfacts/html/urinb.html). Stage T1 bladder cancer had elevated 

rates of recurrence, while stages Tis and T1 were associated with a greater risk of disease advancement 

and mortality (Chamie et al., 2013). Older individuals (≥ 70) had higher mortality rates following radical 

cystectomy (Nielsen et al., 2007). 

 

1.2.3 Economics 

As stated, the high prevalence and nature of surveillance make bladder cancer one of the most expensive 

human malignancies (Leal et al., 2016, Gore and Gilbert, 2013). Costs are particularly high for patients 

in the final stages of bladder cancer (Parkin, 2006). Inability to afford expensive therapies often results 

in a shortened lifespan. High costs also reflect the constant monitoring needed throughout the afflicted 

individual’s lifespan to identify any signs of recurrence (Svatek et al., 2014). The treatment costs per 

patient from bladder cancer diagnosis till the final phase range from $89,287 to $202,203 in the USA. 

While in the UK, the costs incurred for bladder cancer management are about £55.39 million or £8,349 
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per patient (Sievert et al., 2009). Perioperative chemotherapy often prescribed to patients diagnosed with 

bladder cancer is considered a cost-effective measure towards disease management; cauterisation and 

fulguration is also considered cost effective for patients with low-grade bladder cancer (Ferlay et al., 

2015). The treatment costs associated with radiographic and cystoscopy protocols are lower when 

patients are prescribed bladder cancer surveillance measures. Increased post-operative care reduces 

morbidity rates following radical cystectomy and this also lowers the costs associated with perioperative 

care. Moreover, it is essential for the patients to be aware of the surgical benefits so as to be able to make 

an informed decision about whether the treatment benefits accrued are worthwhile. Diagnosis at the 

early stages of carcinogenesis results in lower treatment costs (Bauer et al., 2015) with chances of 

recurrence being minimised. Early disease diagnosis also helps in reducing disease mortality and 

unnecessary burden. 

 

1.2.4 Histological subtypes  

Bladder cancer is histologically classified into urothelial and non-urothelial subtypes, with multiple 

further subtypes of urothelial bladder cancer based on its variant histologic features (which are also 

referred to as divergent differentiation) (Chalasani et al., 2009). Classifying divergent differentiation 

patterns in the urothelium following transurethral resection, therefore, could be helpful in identifying 

tumours that might turn invasive and may need more aggressive treatment (Wasco et al., 2007). Such 

invasive urothelial bladder cancer has also been further subdivided as listed in Table 2.1. 
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Table 1.2 Variants of Invasive urothelial carcinoma 

Variants of Invasive urothelial carcinoma 

Squamous differentiation 

Glandular differentiation 

Nested pattern 

Micropapillary 

Microcystic 

Lymphoepithelioma-like(Pantelides et al., 2012)(Pantelides et al., 2012) 

Plasmacytoid and lymphoma-like 

Sarcomatoid/carcinosarcoma  

Trophoblastic differentiation 

Giant cell 

Lipid cell 

Clear cell 

Undifferentiated 

Adapted from previously published literature (Chalasani et al., 2009) 

 

Following the identification of variant histological patterns, urothelial bladder cancer has been classified 

into three major classes – squamous carcinoma, adenocarcinoma and small cell carcinoma. Squamous 

cell carcinoma (SCC) can occur in both Schistosomiasis/ bilharzia afflicted bladders (Godwin and 

Hanash, 1984) as well as in non-bilharzial bladders (Shokeir, 2004). Non-bilharzial SCC is primarily 

caused by chronic inflammation following urethral catheterisation of the bladder calculi. 

Schistosomiasis (also known as bilharzia), or even recurring urinary tract infection, can cause the 

bilharzial variant of SCC (Mostafa et al., 1999). Adenocarcinoma is another type of bladder cancer and 

exhibits characteristic growth patterns on the basis of which it has been further classified. These 
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histological classifications include enteric, mucinous, signet-ring cell, adenocarcinoma not otherwise 

specified, and mixed patterns (Dadhania et al., 2015). Adenocarcinomas tend to possess a papillary, 

nodular, flat or ulcerated architecture with some variants having the tendency to be more aggressive and 

recurring often (Roy and Parwani, 2011). Small cell carcinoma of the bladder (SCCB) is an aggressive 

form of bladder cancer which is usually diagnosed only at advanced stages (Ismaili, 2011). SCCB is a 

form of neuroendocrine tumour (NET) arising along the bladder epithelium (Ghervan et al., 2017). Given 

the limited case studies currently available on this form of bladder cancer, further research must be 

directed towards this variant so as to identify an appropriate treatment regime (Sehgal et al., 2010). 

 

1.2.5 Staging, grading, diagnosis and symptoms of bladder cancer 

Staging – Bladder staging is done using the American Joint Committee on Cancer’s Tumour, Node and 

Metastasis (TNM) classification scheme (AJCC- TNM). Utilisation of this scheme is helpful in 

identifying the extent and scale of the disease at the time of diagnosis. Each bladder case identified is 

classified in terms of  T (representing extent of tumour), N (representing metastasis towards the lymph 

nodes) and M (representing distant metastasis) (Youssef and Lotan, 2011). Identification of the ‘T’ stage 

is usually performed after examination of afflicted tissue following TURBT. The ‘T’ stage has been 

further subdivided into pTa (tumours confining the bladder lining only), pT1 (tumours occupying the 

lamina propria but not the muscularis propria), pT2 (tumours appearing in the muscularis propria), pT3 

(tumours appearing in the perivesicular tissue) and pT4 (tumours spreading into other organs) (Kirkali 

et al., 2005). The ‘N’ & ‘M’ staging analyses are distinguished using either Computed Tomography 

(CT) scans or Magnetic Resonance Imaging (MRI) scans (Boustead et al., 2014).  
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Table 1.3 Bladder staging Node and Metastasis (TNM) classification. 

Stage Tumour Lymph node involvement (N) Metastasis (M) 

Stage Ta Ta: non-invasive papillary 

carcinoma 

N0 M0 

Stage Tis Tis: Carcinoma in situ N0 M0 

Stage 1 T1: has grown into connective 

tissue 

N0 M0 

Stage 2 T2a: has grown into inner half of 

muscle layer 

N0 M0 

T2b: has grown into outer half of 

muscle layer 

N0 M0 

Stage 3 T3a: microscopic invasion of 

surrounding fatty tissue 

N0 M0 

T3b: macroscopically detectable 

invasion of surrounding fatty 

tissue 

N0 M0 

 

 

 

 

Stage 4 

 

T4a: spread into prostate (men) 

and uterus (women) 

N0 M0 

T4b: has grown into pelvic or 

abdominal wall  

N0 M0 
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Any T 

 

N1-3: lymph node 

involvement in proximal or 

distal lymph nodes  

M0 

Any N: any lymph node 

involvement 

M1: metastasis 

present 

(N0 -no lymph node involvement; M0 - no signs of metastasis) adapted from previously published 

literature (Smolensky et al., 2016). 

 

Grading - The World Health Organization/International Society for Urological Pathology (WHO/ 

ISUP) grading classification is standard globally (Epstein et al., 1998). Bladder neoplasms are graded as 

normal urothelial, hyperplastic urothelial (flat and papillary hyperplasia), flat lesions with atypia 

[reactive atypia, dysplasia, carcinoma in situ (CIS)] and papillary neoplasms (papilloma, papillary 

urothelial neoplasms of low malignant potential (PUNLMP), low-grade papillary carcinoma and high-

grade papillary carcinoma) (Epstein et al., 1998).  

 

Due to the heterogeneous nature of bladder cancer and the existence of several different histologic grades 

within the same tumour, appropriate intervention strategies can only be planned after performing 

histological grading. Urothelial carcinomas are graded as papilloma, low malignant potential (LMP), 

Grade 1, Grade 2 and Grade 3.  

 

Diagnosis –Populations exposed to occupational hazards deemed to be at a high risk of developing 

bladder cancer should be screened for bladder cancer (Larre et al., 2013). Typical individuals deemed 

fit for screening have characteristic signs associated with bladder cancer development like haematuria 

and frequent voiding of urine. Tests used include bladder imaging, cystoscopy, urinalysis and cytology 

(Bangma et al., 2013).  
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Symptoms – The most common symptom of bladder cancer is haematuria (or blood in the urine). This 

symptom is present in the vast majority of cancers (Steiner et al., 2008). Other symptoms of bladder 

cancer include irritative urinary symptoms and urinary infections. Weight loss and abdominal pain are 

also common in metastatic forms of this malignancy. All these symptoms are associated with 

microscopic or macroscopic haematuria (Jewett, 1973). 

 

1.3 Molecular biology of bladder cancer 

Previous research has indicated the existence of several aberrant genetic pathways that eventually lead 

to the genesis of this malignancy. These aberrant pathways are deleterious either due to mutations in any 

of their individual genes or due to malfunctioning of their regulatory framework. Several such instances 

have been identified, e.g. in the tumour suppressor p16 (INK4A/MTS-1/CDKN2A) gene coding for cell 

cycle control (Liggett and Sidransky, 1998), KDM6A involved in chromatin regulation (Gui et al., 

2011), and tyrosine kinases (Lu et al., 1997). Research has also revealed that these deleterious 

mechanisms are sometimes not confined to bladder cancer alone. For example, the basal and luminal 

forms of bladder cancer share similar gene expression signatures to those of breast cancer (Damrauer et 

al., 2014). Studies on bladder cancer specimens have also identified that the proto-oncogene HRas 

(GTPase HRas/ transforming protein p21) is associated with tumour recurrence (Burchill et al., 1994). 

Other genes linked to the development of bladder cancer include tuberous sclerosis 1 (TSC1) (Guo et 

al., 2013) and tumour protein p53 (TP53) (Ecke et al., 2008).  

 

The development of bladder cancer through distinct pathways is a direct result of changes in the genetic 

code, whether through mutation, deletion or amplification. These modifications can either result in the 

formation of an aberrant protein or else change their expression profile along the bladder wall (Ayan et 

al., 2001, Cowan et al., 2016). Gene expression profiling has revealed the existence of four distinct 

groups/clusters of bladder tumours. Each of these has significantly different mutations and at times 
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separate morphologies (Cancer Genome Atlas Research, 2014, Seok Ju, 2017). Cluster I contains 

mutations leading to the presentation of papillary tumours that have altered FGFR3 and lowered 

expression of FGFR3 down regulators miR-99a and miR-10. Elevated expressions of GATA3, FOXA1, 

UPK3A and ERBB2 are characteristic of Cluster I and Cluster II. Cluster III are akin to basal/squamous 

tumours and have elevated expression of cytokeratins like KRT14, KRT5, KRT6A as well as EGFR. 

Cluster IV tumours lack any of the alterations present in the other groups and tend to be unique. 

 

1.3.1 Genetic pathways that match clinical phenotypes 

Modification of genetic pathways via genetic and epigenetic changes leads to carcinogenesis in the 

human bladder (Li et al., 2016). These aberrant alterations induced by accumulation or exposure to 

carcinogens cause abnormal tumorigenic cells to form at specific sites (Sadikovic et al., 2008). These 

sites, referred to as CIS or in situ neoplasms, develop into high-grade invasive tumours, which later 

metastasise (Zieger et al., 2009). While hyperplasia along the normal urothelium develops into low-

grade non-invasive papillary tumours which recur often (Pasin et al., 2008); these in turn can develop 

into high-grade invasive tumours, which also later metastasise (Tuncer et al., 2014). 

 

Genetic assessment has shown the presence of atypical signal transduction pathways that tend to be 

unique to each subtype (McConkey et al., 2015). Mutations in genes encoding for fibroblast growth 

factor receptor 3 (FGFR3) and epidermal growth factor (EGF) have been identified to match clinical 

phenotypes (van Rhijn et al., 2002, Dodurga et al., 2011). Aberrant expression of these genes has been 

identified to have a deleterious cascade effect along their signalling pathways resulting in clinical 

subtypes of bladder cancer (Rotterud et al., 2007, Chae et al., 2017). 
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1.3.1.1 Low-grade papillary urothelial carcinoma  

Mutations of HRAS, FGFR3, hTERT promoter, STAG2, KDM6A (UTX) are most common in this 

bladder cancer phenotype (Haugsten et al., 2010, Poyet et al., 2015). DNA sequencing has revealed the 

methylation of tumour suppressor genes like Adenomatous Polyposis Coli (APC), ARF tumour 

suppressor (p14ARF) and Ras association domain family 1 isoform A (RASSF1A) (van der Weyden 

and Adams, 2007). Patients were also found to have elevated methylated sequences for apoptosis-related 

genes, like death-associated protein kinase (DAPK) (Christoph et al., 2006). Other tumour suppressor 

pathways, like the retinoblastoma (RB) and p53 signalling cascades, are inactivated while the Ras 

mitogen activated protein kinase (RAS-MAPK) pathway involved in cellular proliferation is activated 

(Sears and Nevins, 2002). 

 

The inactivation and activation of the above-mentioned signalling cascades are not concurrent across all 

specimens examined, thus necessitating expression profiling of multiple pathways (Mitra et al., 2006). 

Alterations that induce these changes might occur at multiple sites and may be led by a combination of 

genetic and epigenetic changes at a number of sites across the genome (Kanwal and Gupta, 2012). These 

modifications might include alterations in oncogenes, single nucleotide polymorphism (SNP), tumour 

suppressor gene deletion or modification (Ye et al., 2014). This makes it imperative to use advanced 

molecular biological techniques, like DNA microarrays, on a much larger scale (Sanchez-Carbayo and 

Cordon-Cardo, 2003). 

 

1.3.1.2 RAS-MAPK signal transduction pathway 

A single signal transduction pathway, i.e. the RAS-MAPK, is perturbed at multiple levels in bladder 

cancer (Dangle et al., 2009). During the normal developmental processes, the RAS-MAPK signalling 

cycle regulates moieties, promoting an increased transcription of genes involved in cellular proliferation 

(Santarpia et al., 2012). Under aberrant conditions, as in tumour cells, increased activation of this 
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pathway leads to uncontrolled cellular proliferation (Dunn et al., 2005). Pathway activation occurs due 

to the binding of growth factors onto receptor tyrosine kinases, which induce receptor dimerisation and 

auto phosphorylation (Xing et al., 1996). This in turn causes modification of inactive Ras into its active 

form (Vetter and Wittinghofer, 2001). The activated Ras sets off a signalling cascade via three different 

signalling families; these include the extracellular signal-regulated kinase [ERK (the classical MAPK 

pathway)], c-Jun N-terminal Kinase/stress- activated protein kinase (JNK/SAPK) and p38 kinase (Zhang 

and Liu, 2002).  

 

Activation of these MAPK pathways induces a physiological response, which includes cellular 

proliferation, differentiation and apoptosis (Johnson and Lapadat, 2002). Other physiological responses 

involve chromatin modelling, brought about by mitogen-activated and stress-activated protein kinase 1 

(MSK1) (Deak et al., 1998). MSK1, a H3 kinase (Kim et al., 2008a), is a downstream target of the RAS-

MAPK pathway and induces post-translational modification of histones along the chromatin, thus 

making it transcriptionally available for further downstream targets like c-Myc (a cell cycle deregulator) 

in the RAS-MAPK pathway (Sawicka and Seiser, 2012). 

 

Activation of Ras is the prelude to a series of downstream events that eventually lead to the activation 

of the tumorigenic process in the human bladder. Prime activation moieties include mutations causing 

an overexpression of receptors in either FGFR or EGF receptor families (Naik et al., 2011, Guancial et 

al., 2014). Several other such factors exist along the same pathway including mutations in the Ras gene 

(Oxford and Theodorescu, 2003) or c-Myc (Schmitz-Drager et al., 1997). Silencing of the tumour 

suppressor RASSF1A (Dammann et al., 2003) via DNA methylation has also been reported to have an 

influence on the RAS-MAPK pathway activation (Chan et al., 2003). RASSF1A, meanwhile, acts as an 

antagonist towards RAS pathway promotion in normal tissue.  
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1.3.1.3 Fibroblast growth factor receptor 3 (FGFR3) 

Mutations in FGFR3, a receptor tyrosine kinase, are common in bladder tumours. Originally identified 

in non-lethal skeletal disorders, it has been suggested that afflicted individuals could be prone to 

developing bladder cancer (van Rhijn et al., 2002). FGFR3 overexpression has been identified in low-

grade papillary bladder tumours as well as in muscle invasive bladder tumours (Gust et al., 2013). 

Although identified to possess heterogeneous molecular target sites, FGR3 has been identified as a prime 

candidate for an adjuvant-based anti-FGF3 treatment (Pouessel et al., 2016). FGFR3 can also co-occur 

with PIK3CA mutations (Kompier et al., 2010) while it has been found to be limited to Ras mutations 

(Jebar et al., 2005). This has been proposed to be the reason why both FGFR3 and Ras present the same 

phenotype. 

 

Immune staining of bladder tumour specimens has shown that tumour angiogenesis might be provoked 

by elevated FGFR3 expression (Bertz et al., 2014). Parameters such as micro vessel count (MVC), 

vascular surface area (VSA) and expression levels of Fibroblast Growth Factor (FGF) and Vascular 

Epithelial Growth Factor (VEGF) may be useful for prognosis of tumour angiogenesis (Dickinson et al., 

1994). Meanwhile due to its expression in low-grade bladder carcinomas, FGFR3 mutations have been 

considered to be a predictive biomarker for use with tumour tissues and urinary isolates (Knowles, 2007). 

Examination of FGFR3 mutations in afflicted bladder specimens using comparative genomic 

hybridisation (CGH) has shown a low number of genetic alterations across tumour specimens (Junker 

et al., 2008). 
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Figure 1.1 The processes (both genetic and epigenetic) driving bladder cancer oncogenesis. 

Protein encoded by tumour suppressor genes, or with decreased expression, are presented in orange 
whereas protein encoded by oncogenes, or with increased expression, are presented in clear boxes with 
a black border. Redrawn and adapted from. EGF, epidermal growth factor; FGF fibroblast growth factor; 
FGFR3, fibroblast growth factor receptor 3; ERBB2, erythroblastic leukemia viral oncogene homolog 
2; Ras, GTPase HRas; Raf, RAF proto oncogene serine/threonine-protein kinase; RASSF1A, Ras 
association (RalGDS/AF-6) domain family 1; MEK, MAPK/ERK kinase MSK1, mitogen-activated and 
stress-activated protein kinase 1 P, phosphorylated; DAPK, death-associated protein kinase; c-Myc, Myc 
proto-oncogene protein; CDK4, cyclin-dependent kinase 4; MDM2, p53-binding protein Mdm2; RB, 
retinoblastoma-associated protein; E2F, member of E2F family of transcription factors. Redrawn and 
adapted from  (Wolff et al., 2005). 
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1.3.1.4 KDM6A/ UTX 

Frequent modification of the telomerase (TERT) gene promoter has been identified as causing   

mutations in the histone lysine (K)-specific demethylase 6A (KDM6A)/ ubiquitously transcribed 

tetratricopeptide repeat, X chromosome (UTX) gene. These somatic alterations co-exist with the BRCA1 

associated protein -1 (BAP1) gene mutations in afflicted bladder specimens (Nickerson et al., 2014). 

Resultant changes included modifications along the deubiquitinase active site and a loss of nuclear 

localisation signal, which in turn caused a loss of KDM6A signal resulting in a bladder cancer 

phenotype. A similar loss of the UTX gene expression in multiple myeloma (MM) specimens resulted 

in elevated proliferation, clonogenicity, adhesion and tumorigenicity (Ezponda et al., 2017). Next 

generation sequencing (NGS) on bladder specimens from high risk (HR) non-muscle invasive urothelial 

carcinoma (NMIUC) has revealed particularly upregulated levels of chromatin remodelling genes (Scott 

et al., 2017). The loss of KDM6A expression results in enhanced activity of Polycomb-repressive 

complex 2 (PRC2) containing the enzymatic subunit enhancer of zeste homologue 2 (EZH2) (Ler et al., 

2017). PRC2 is a complex that mediates transcriptional silencing by methylation of lysine 27 of histone 

H3 using the EZH2 subunit (Kim and Roberts, 2016). With urothelial specimens exhibiting loss of 

KDM6A being dependent on EZH2 for cellular proliferation, an inhibition of EZH2 has been shown to 

delay in vivo onset of tumour growth (Ler et al., 2017) thus making EZH2 an ideal therapeutic target. 

Meanwhile, recent research has revealed a gender specific bias, with more mutations in the KDM6A 

gene in females than in males for non-invasive tumours (Hurst et al., 2017). 

 

1.3.2 Muscle invasive bladder cancer (MIBC) 

This variant of bladder cancer is particularly aggressive, with standard treatment options primarily 

involving radical cystectomy or radiation therapy (Gilligan et al., 2003), and can be caused by an 

assortment of factors such as missense mutations as in the case of Erb-B2 Receptor Tyrosine kinase 2 

(ERBB2) (Groenendijk et al., 2016), loss of tumour suppressor genes such as TP53 (Wu et al., 1996) 
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and retinoblastoma 1 (RB1) (Pollack et al., 1997). With the development of advanced molecular 

biological and screening methodologies, several other genes and genetic mechanisms have been 

implicated in muscle invasive bladder cancer. These include:  

 

1.3.2.1 Mutations of oncogenes and tumour suppressor genes  

Oncogenes:  Next generation sequencing and expression profiling tools have been utilised to identify 

mutations driving muscle invasive bladder tumours (Lerner et al., 2015). Up to 32 significantly mutated 

genes (SMG) have been identified, some of which are key drivers of cell cycle regulation, chromatin 

remodelling and DNA damage response (Lerner, 2015); these include CDKN2A, RB1, CREBBP, 

LRP1B, FOXQ1, and KDM6A. Other novel somatic mutations identified include those in RNA binding 

motif protein, HECW1, and zinc finger protein 271 (Pan et al., 2016). Knock down of the oncogene 

fibulin-3 (FBLN3/ EFEMP1), an extracellular matrix glycoprotein, has been identified to reduce the 

invasive potential of MIBC’s in a murine model (Han et al., 2017). Somatic mutations, especially those 

observed in the gene Adenomatous Polyposis Coli (APC) (a tumour suppressor gene), and nuclear-b 

catenin accumulation, have been considered to be evidence for Wnt signal transduction pathway activity 

in bladder cancer oncogenesis (Kastritis et al., 2009).       

 

Several techniques currently exist to identify lineage specific mutations in bladder tumours (Li et al., 

2012). This has been particularly beneficial in identifying the existence of mutations and has enabled 

tumour characterisation into T-cell inflamed and non-T-cell inflamed tumours, on the basis of the tumour 

microenvironment. The non-T cell inflamed tumours have up regulated expression of tumour suppressor 

genes like PD-L1 (Kleinovink et al., 2017), IDO (Muller et al., 2010), and FOX-P3 (Wang et al., 2010), 

while T-cell inflamed tumours have activated pathways for β-catenin, PPAR-γ and FGFR3 (Sweis et al., 

2016). The low T-cell receptor assortment, elevated neoantigen loads and high numbers of somatic 

mutation have all been identified to contribute to higher recurrence free survival (RFS) rates (Choudhury 
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et al., 2016). Somatic mutations in DNA repair genes also have prognostic value since carriers of these 

have been found to have significantly elevated RFS rates (Yap et al., 2014).  

 

1.3.2.2 Chromosomal aneuploidy  

Gain of function mutations associated with p53 function cause chromosomal instability, which in turn 

often results in aneuploidy (Santos et al., 2003). Identification of DNA aneuploidy is of prognostic value 

as an important predictor of tumour stage and overall disease progression (Puntoni et al., 2007).  

Fluorescence in situ hybridisation (FISH) studies have revealed the existence of both trisomy and 

tetrasomy in chromosome 7 and chromosome 17, while monosomy has been identified in chromosome 

9 (Cézar et al., 2002). Elevated aneuploidy rates have not, however, been corroborated with the loss of 

tumour suppressor genes, e.g. Cohesion subunit SA-2 (STAG2) (Balbás-Martínez et al., 2013). Existing 

data suggests that bladder cancer disease progression results in peridiploid aneuploidy, doubling of DNA 

content as well as chromosomal loss (Shackney et al., 1995).  

 

Whole genome sequencing of muscle invasive bladder tumours had previously shown a correlation 

between the tumour grade and the number of somatic mutations and copy number variations (Cazier et 

al., 2014). In addition, deep re-sequencing has revealed that there is an intra-tumour heterogeneity (ITH) 

between heterogeneous tumour subpopulations referred to as sub clones which could be evidence for a 

multifocal disease (Thomsen et al., 2017). The existence of such sub clones could be utilised to identify 

genetic drivers of muscle invasive bladder tumour and to distinguish unifocal disease (Yap et al., 2014). 

Characterisation of these unstable sub clones could also be utilised for monitoring clonal evolution so 

as to predict the predominant sub clone in the malignant tumour. These could also be utilised to plan 

therapeutic intervention strategies specifically designed to counter these recurring sub clones (Liu et al., 

2017a). Prime targets for such intervention strategies include the neoantigens generated by such somatic 

alterations (Choudhury et al., 2016).   
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1.3.2.3 Viral oncogenesis  

Chronic inflammation and viral transfection have been identified as potentiating factors in muscle 

invasive bladder cancer genesis. Schistosomiasis (Zaghloul, 2012) and urethral catheter induced trauma 

(West et al., 1999) have been identified as causing severe chronic inflammations. Although viral 

transcripts have been identified in bladder cancer specimens, their roles in oncogenic processes are not 

yet clear (Abol-Enein, 2008). Viruses identified as risk factors include human papilloma virus (Lopez-

Beltran and Escudero, 1997), Epstein-Barr virus (EBV) (Abe et al., 2008), herpes simplex virus (HSV) 

(Badawi et al., 2010) and BK polyoma viruses (Fioriti et al., 2003). The frequent detection of viral 

transcripts in bladder cancer specimens could also be due to the homologies that exist, as was observed 

between the human bladder cancer EJ oncogene and the Harvey sarcoma virus ras gene (Parada et al., 

1982). The ability of HSV type II to selectively induce tumour specific immunity has been suggested to 

be useful as an intravesicle therapeutic solution (Martuza, 2000). Recent research has also suggested the 

possibility of using alpha viruses like M1 to selectively eradicate bladder cancer cells (Hu et al., 2018).   

 

1.3.2.4 RNA expression subtypes  

Integrated genomic analysis had originally revealed the existence of four different expression subtypes 

in MIBC using RNA sequencing data (Cancer Genome Atlas Research, 2014). Later, a fifth expression 

sub-type was identified using unbiased Bayesian non-negative matrix factorisation (NMF) consensus 

clustering of a larger RNA sequencing dataset (Robertson et al., 2017). These expression subtypes 

include luminal, luminal-infiltrated, luminal-papillary, neuronal and basal-squamous; all of which were 

corroborated with cancer survival rates (Robertson et al., 2017). The identification of different 

expression subtypes has confirmed the need for patient stratification and treatment regimens for MIBC 

(Hurst and Knowles, 2014). The basal expression subtype of MIBC has enhanced p63 activation and 

squamous differentiation, while luminal subtypes has enhanced FGFR3 mutations and elevated 
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peroxisome activator pathway receptor (PPAR) activation (Choi et al., 2014). Meanwhile, whole 

transcriptome analysis has suggested that the basal expression subtype responds most to neoadjuvant 

chemotherapy (Seiler et al., 2017). MIBC’s exhibiting a p53-like phenotype (Cordon-Cardo et al., 1994) 

exhibited elevated chemoresistance to neoadjuvant MVAC (Methotrexate Vinblastine Adriamycin 

Cisplatin) therapy (Choi et al., 2014). Cluster wise analysis of microarray data has revealed elevated 

expression levels of the markers CD44, Keratin 6B (KRT6B), Keratin 5 (KRT5), and Keratin 14 

(KRT14) in basal subtypes. Luminal subtypes, meanwhile, have enhanced expression levels of the 

markers Uroplakin 3A (UPK3A), Uroplakin 2 (UPK2) and Uroplakin 1B (UPK1B) (Damrauer et al., 

2014). This molecular stratification has been suggested as indicating an underlying susceptibility to 

tailor-made chemotherapeutic regimes (Sjodahl et al., 2012). 

 

The luminal-papillary subtype was identified in tumours with papillary morphology while being 

enhanced with FGFR3 mutations. Specimens from this subtype had lowered carcinoma in situ (CIS) 

scores (Dyrskjot et al., 2004) while retaining sonic hedgehog signalling (SHH), indicating its 

development from a precursor non-muscle invasive bladder cancer (NMIBC) (Robertson et al., 2017). 

The luminal infiltrated subtype is discernible from the luminal variants of MIBC by lymphocytic 

infiltrates while demonstrating significant expression of smooth muscle and myofibroblasts (Robertson 

et al., 2017). Elevated expression levels of several markers like CD274 (PDL-1) and PDCD1 (PD-1) 

were apparent in this subtype, clarifying their responsiveness to anti-PDL-1 therapy (Rosenberg et al., 

2016). Neuronal subtypes included tumours of both neuroendocrinal (NE) and non-NE origin. This 

subtype was characterised by the poor survival rates characteristic of aggressive neuroendocrine bladder 

cancers, as well as elevated expression levels of neuronal differentiation and developmental genes 

(Robertson et al., 2017). 
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1.4 Epigenetic changes in bladder cancer 

1.4.1 Overview of the epigenetics of cancer 

The term ‘epigenetics’ refers to the study of variations in the organism caused by alteration of gene 

expression in the absence of a concomitant change in the genotype (Ruden et al., 2003). In mammalian 

cells epigenetic modifications of gene expression may arise from changes in histone modifications, 

changes in DNA and RHAS methylation and from non-coding RNA expression (Chen et al., 2017).  The 

accumulation of epigenetic changes leads to cellular reprogramming and the initiation of carcinogenesis 

(Sharma et al., 2010). Epigenetic changes in cell phenotypes are appealing therapeutic targets due to 

their reversible nature (Mair et al., 2014). Epigenetic changes may hinder normal development and tissue 

maintenance, however, and induce alterations in gene function causing malignancies. These epigenetic 

modifications are a key feature of cancer.  

 

In contrast to aberrant somatic changes like gene mutations and copy number variations, epigenetic 

changes regulate gene expression without any change in the genetic code. Epigenetic changes modify 

the transcriptome leading to carcinogenesis and cancer progression (You and Jones, 2012). Conversely, 

epigenetic instability can be created through mutations to epigenetic regulator genes like DNA 

methyltransferases (Jin and Robertson, 2013), chromatin modifiers (Lunning and Green, 2015) and 

chromatin regulators. Expression profiling of bladder cancer tumours has revealed that a vast majority 

have mutations present in their chromatin regulatory genes e.g. KDM6A (Cancer Genome Atlas 

Research, 2014, Hurst et al., 2017). The genetic drivers of such heightened epigenetic dysregulation in 

bladder cancers require further investigation.  
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1.4.2 The role of DNA methylation 

DNA methylation refers to the process by which a methyl group is added via a covalent reaction to the 

cytosine ring of a DNA molecule (Weissbach, 1993). The methylation event induced by DNA 

methyltransferases (DNMT) occurs at the C5 position of 5’-CG-3’ dinucleotides (CpG) (Singal and 

Ginder, 1999). In mammals, the majority of the DNA methylation occurs at CpG sites; in embryonic 

stem cells, however, (ESC) methylation events occur along non-CpG sites (Lister et al., 2009). 

Methylated CpG sites are susceptible to deamination into uracil, resulting in a genome short at these 

sites; the exception being the strands of nucleotides referred to as ‘CpG islands’ (CGI), which contain 

the expected CpG content and are mostly unmethylated (Takai and Jones, 2002). Methylation of CpG 

sites along a gene’s promoter sequence causes gene silencing (Jones and Liang, 2009) while CGI’s along 

actual gene sequences is linked to gene expression (Yang et al., 2014). 

 

CpG methylation is primarily catalysed by DNA methyltransferase 1 (DNMT1), DNMT3A and 

DNMT3B. Continued DNMT1 expression is essential for preserving methylation levels and in turn 

preventing mitotic defects during tumorigenesis, thus accounting for tumorigenic potential (Chen et al., 

2007). While DNMT1 provides for the continuous methylation activity along repetitive sequences, 

methylated sequences have increased levels of partially methylated DNA. These sites undergo de novo 

methylation brought about by DNMT2A and DNMT3B, thereby ensuring maintenance (Liang et al., 

2002).  

 

Upregulated DNMT1 expression is linked to reduced patient survival rates, while downregulation of the 

same causes reduced tumour outgrowth and elevated radiosensitivity (Wu et al., 2011). Population 

studies have revealed DNA hypomethylation to be a characteristic biomarker for bladder cancer 

susceptibility; this is due to its ability to promote genomic instability and elevate cancer risk (Moore et 
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al., 2008). Moreover, increased methylation frequencies of the genes CDH1, RASSF1A, APC and 

CDH13 are linked to elevated methylation index (MI), an indicator of poor bladder cancer prognosis.  

 

DNMT1 expression and DNA methylation maintained by phosphatidylinositol 3-kinase/protein kinase 

B pathway observed in MIBC (Sun et al., 2007). In muscle invasive bladder cancer (MIBC), down 

regulation of the B-cell translocation gene 2 (BTG2) was found to cause an increase in DNMT1 and 

DNMT3A transcription; this caused a spike in methylation levels and has been reported to account for 

the invasive potential of MIBC compared to non-muscle invasive bladder cancer (NMIBC) (Devanand 

et al., 2014). A potential inhibitor of these enzymes is the flavonoid compound kaempferol, which 

modulates DNMT3B degradation (Qiu et al., 2017). Another possible antagonist of DNMT activity is 

zebularine, which prevents sustained remethylation and gene resilencing (Cheng et al., 2004). 

 

1.4.3 DNA hydroxymethylation 

The epigenetic mechanisms involved in the evolution of bladder cancer may not just be restricted to 

DNA cytosine methylation. Following modification of the cytosine moiety into methylcytosine (5mC), 

an oxidative step could cause its demethylation into 5-hydroxymethylcytosine (5hmC). This conversion 

is catalysed by dioxygenases belonging to the ten-eleven translocation (TET) family of genes like TET1, 

TET2 and TET3 (Kriaucionis and Heintz, 2009, Tahiliani et al., 2009). This demethylation step could 

also occur following DNA replication in the absence of DNMT’s (Guibert and Weber, 2013). The 5hmC 

molecule is then transformed into 5-formylcytosine (5fC) and 5-carboxylcytosine (5caC) by TET 

enzymes (Ito et al., 2011). The covalent bonds in this 5fC molecule give it a unique ability to alter the 

structure of the DNA helix and nucleosome positioning via histone-DNA interactions (Raiber et al., 

2015). Cleavage of the covalent C-C bond of 5fC residue results in it being switched with an unbound 

cytosine (Iwan et al., 2018). 
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Figure 1.2 Cytosine methylation catalysed by DNMT and TET proteins.  

DNA methyltransferase (DNMT) catalyses Cytosine at the C5 position inducing methylation. The 5-

methylcytosine (5-mC) demethylation process occurs through oxidation by ten eleven translocation 

(TET) proteins which convert 5-mC into 5-hydroxymethylcytosine (5-hmC), 5-formylcytosine (5-fC) 

and 5-carboxylcytosine (5-caC). Thymine-DNA glycosylase (TDG) can identified and cleaved to both 

5-fC and 5-caC via the base-excision repair pathway thereby restoring the unmethylated cytosine. 

Redrawn and adopted from (Xing et al., 2013). 

 

Hydroxymethylation is common in many tumour suppressor genes, like POU Class 4 Homeobox 2 

(POU4F2) and protocadherin 17 (PCDH17). Non-invasive techniques like urine sediment analysis are 

recommended over invasive procedures like cystoscopy for detecting hypermethylation levels in bladder 

cancer patients. Combinatorial approaches featuring both sediment analysis and quantitative 

methylation-specific-PCR (qMSP) could be utilised for screening for bladder cancer (Wang et al., 2016). 

qMSP has also been proven to be effective for the estimation of hypermethylation amongst promoter 

regions of other tumour suppressor genes, like RASSF1A and APC, allowing early detection and 

monitoring of bladder cancer (Hoque et al., 2006). 
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1.4.4 Chromatin remodelling - Histone modifications 

Histones are key conserved sequences of genetic material which when bound together as an octamer 

form the nucleosome. Multiple units of such nucleosomes together form the chromatin (Luger et al., 

1997). In addition to DNA methylation, post-translational modification of histone tails, such as 

glycosylation (Lakatos and Jobst, 1989), sumoylation (Shiio and Eisenman, 2003), ubiquitylation (Cao 

and Yan, 2012), and carbonylation (Garcia-Gimenez et al., 2012), changes their configuration. Histone 

modification events are either a locally acting chromatin event (Qiang et al., 2011) or occur on a 

widespread scale (Schubeler et al., 2004). The detection of such global histone methylation events (to 

histones H3K9 and H3K27) using tissue microarray has been utilised to predict tumour prognosis in 

bladder cancer (Ellinger et al., 2014). Trimethylation of histone H4K20 has been associated with 

invasive bladder cancer and its presence is crucial when recommending adjuvant therapy (Schneider et 

al., 2011).  

 

1.4.5 MicroRNA’s 

These are small non-coding RNA sequences that act as epigenetic regulators via post-translational 

modification of gene expression, often via down regulation (Dweep et al., 2011). MicroRNA’s are 

initially transcribed into primary miRNA (pri-miRNA) in the nucleus by RNA polymerase II (Han et 

al., 2004) and then into hairpin shaped precursor miRNA (pre-miRNA) by the enzyme drosha (Han et 

al., 2004). It is then transported into the cytoplasm where it is modified into single stranded miRNA’s 

by enzymes like dicer (Koscianska et al., 2011). On attaining its active form, it enters into the miRNA 

silencing complex (miRISC) and starts to trigger mRNA degradation (Mah et al., 2010). mRNA 

silencing occurs following miRNA’s binding to the 3’ untranslated region (UTR) of mRNAs (Didiano 

and Hobert, 2008). 
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1.5 Cell surface markers for bladder cancer 

Epithelial and stromal cells within a bladder tumour are heterogeneous but exhibit a homogenous 

morphology and express numerous cell surface markers (Liu et al., 2012). This intratumoral 

heterogeneity arises due to the selective pressure exerted by genetic and epigenetic changes during 

tumour evolution (Chan et al., 2009). Comparative transcriptome analysis can be used to identify panels 

of differentiation (CD) markers (Welby et al., 2017) that could sort bladder cancer types, including stem 

cells (Liu et al., 2012). Several bladder cancer cell surface markers have been identified, including 

CD104 (Liu et al., 2012), CD44 (Wu et al., 2017), CD49f (Santos et al., 2017), CD90 (Takeuchi et al., 

2016). Identification of cell surface markers specific for cancer stem cells could be utilised to design 

therapeutic strategies aimed towards resolving cancer (Medrano et al., 2017).  

 

A tumour initiating cell subpopulation has been sorted from primary bladder cancer cells using cell 

surface markers CD44+CK5+CK20-. On further transplantation as xenograft tissue these cells were able 

to regenerate into a heterogeneous tumour markedly similar to the original tumour (Chan et al., 2009). 

Meanwhile an activated gene signature similar to aggressive bladder cancer was observed in microarray 

analysis of gene expression  (Chan et al., 2010).  Subsequent research done to select urothelial cancer 

cells for cisplatin resistance suggests that the utility of CD90 as a cancer stem cell marker is not exact. 

This could be because of the existence of phenotypic plasticity contributing towards the absence of 

CD90 marker in cell lines exhibiting all tumour subpopulation characteristics (Skowron et al., 2015). 

Similar research has also shown that bladder cancer cells can be classified into three distinct subtypes 

characterised by the expression of the cytokeratins – keratin 20 (KRT20), keratin 5 (KRT5) and keratin 

14 (KRT14) (Volkmer et al., 2012).  
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Summary  

 
Molecular studies have investigated the heterogeneity of bladder cancer and characterised it into 

molecular subgroups, either by RNA expression or cell surface markers. This necessitates growing 

cells from fresh bladder tumour biopsies in order to obtain primary epithelial cells in culture. This has 

been a particularly challenging task for scientists, however. Previous research has characterised 

various differentiation states in bladder cancer by sorting specific cell surface markers. Although this 

approach has been well studied, the underlying epigenetic changes in these subpopulations is yet to be 

fully investigated. Similarly, 5hmC residues in bladder cancer have not yet been explored on the basis 

of quantitative sequencing at a single base resolution using DNA methylation array. To bridge these 

gaps in awareness regarding bladder cancer heterogeneity the following hypotheses and aims were 

proposed for this research: 

 

Hypotheses 

That primary tissue cultures of bladder cancer cells could serve as ideal models to examine unique 

characteristics. 

That distinct subpopulations exist in bladder cell lines and tissues.  

That discrete variations exist in the cytosine residues of the methylome of normal and bladder tumour 

tissues. 

 

Aims 

- To develop a primary tissue culture protocol for malignant urothelial tissues using different 

serum free media and techniques aiming to collect/retrieve bladder stem cells. 

- To sort distinct bladder subpopulations using cell surface markers CD44, CD47, CD49f and 

CD90 via Fluorescence-Activated Cell Sorting (FACS). 



49 

- To investigate the epigenetic profile of 5hmC in normal and malignant bladder tissue by using 

the new oxidative bisulfite sequencing (OXBS), which allows quantification of 5hmC sites 

through Illumina Infinium HumanMethylation450K array. 

- To ascertain the differences in methylation level between BS and OXBS sequencing.   

- To correlate the methylation level with publicly available normal bladder and matched bladder 

tumour gene expression data from the cancer genomic atlas (TCGA). 

- To explore 5hmC sites in a distinct bladder subpopulation using a qPCR detection technique. 

       

  



50 

 

 

 

 

 

 

 

 

 

 

CHAPTER TWO 

 

2 MATERIALS AND METHODS  
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2.1 Patients and Tumour Samples 

2.1.1 Ethics statements 

Fresh and frozen tissue specimens were isolated after approval was obtained from the local Research 

Ethics Committee (Investigation of Molecular Instability in the Pathogenesis of Urothelial Cancer, STH 

15574). Written consent was obtained prior to specimen excision and collection from bladder cancer 

patients. Collected specimens were analysed anonymously. During the tissue collection process both 

healthy and afflicted bladder tissue were collected and secured. Guidelines used during the tissue 

collection process were in accordance to the principles set out in the Declaration of Helsinki. The usage 

of tissue specimens was in compliance with the Human Tissue Act, 2004. 

 

2.1.2 Patient samples 

A total of 78 bladder specimens were freshly isolated from patients who were under surgical treatment 

at the Royal Hallamshire Hospital, Sheffield, UK. An experienced histopathologist performed tumour 

sampling and sectioning. Tissue samples that needed to be cultured or sorted were collected in a sterile 

medium; tumour tissue samples meanwhile were stored immediately at -80°C for molecular analysis 

later or DNA extraction. In addition, normal tissues were collected from healthy individuals who had 

undergone surgical removal of prostate (radical prostatectomy) and was then stored at -80°C for future 

use.  Details of all cases examined in this study are summarised in Appendix 1. 

 

2.2 Materials 

2.2.1 General Laboratory Equipment and Consumables   

Tables below contain the general equipment, consumables and chemicals that were used in this study. 

The materials and reagents which are method-specific are described in the subsequent sections.  
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Table 2.1: Laboratory Equipment 

Product Company 

Agarose gel electrophoresis  Apollo Instruments 

Benchtop centrifuge - eppendorfs  Fisher Scientific  

Biological safety cabinet  Forma Scientific  

FACSAriaTM III cell sorter Becton Dickinson 

Haemocytometer  Hawksley 

Heat block Grant Instruments  

Ice machine  Scotsman  

Incubator – tissue culture  Sanyo 

Inverted microscope  Nikon Instrument  

Nanodrop 2000 system  Thermo Scientific 

Pipette aid Drummond 

Pipettes Gilson  

Power pack Bio-Rad 

Thermal cycler  Applied Biosystem  

UV transilluminator  Bio-Rad 

Vortex Fisons Scientific Equipment  

Water baths Grant Instruments  

 

Table 2.2: Laboratory Consumables  

Product Company 

Centrifuge tubes – 15 ml Corning 

Centrifuge tubes – 25 ml Sarstedt 

Centrifuge tubes – 50 ml Fisherbrand 

Cryovials Nalgene 

Culture plates - 6 well Cellstar 

Eppendorf tubes - 0.5 ml and 2 ml Sarstedt 

Eppendorf tube– 1.5 ml Greiner bio-one 

Filter pipette tips StarLab 

Gel loading tips StarLab 
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Latex examination gloves Schottlander 

Plastic disposable pipettes Fisherbrand 

Refill pipette tips StarLab 

Sterile petri dishes Corning 

Sterile plastic syringes Becton Dickinson 

Sterile scalpels Swann Morton 

Tissue culture flasks - T25 and T75 Thermo Scientific 

Tissue culture sterile petri dish Corning 

 

Table 2.3: Laboratory Chemicals  

Product Company 

Agarose powder Fisher Scientific 

Bovine serum albumin Sigma-Aldrich 

Ethanol Fisher Scientific 

Ethidium bromide Sigma-Aldrich 

Iso-Propanol Fisher Scientific 

Methanol Fisher Scientific 

Methylene blue Sigma-Aldrich 

Sodium chloride Fisher Scientific 

Tris-base Fisher Scientific 

 

2.2.2 Cell Culture Materials and Reagents 

Established cell lines: Two established cell lines have been used in this study, the EJ cell line, from 

invasive bladder carcinoma cells and the RT112 cell line from transitional cell carcinoma. Both were 

purchased from the American Type Culture Collection (ATCC) at the start of the project. 

Subpopulation cell lines:  EJ serves as the original population for all subpopulation cell lines. These 

are D4 and G7, which is a single cell-derived colony obtained from the original EJ cell line. 

Cisplatin resistance cell line: The EJ-R cell line was developed from the EJ cell line after treating the 

cells for a prolonged period until they became resistant to cisplatin.  
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Dulbecco’s Modified Eagle’s Medium (DMEM) (Lonza): The medium contains (4.5 gm/ l) glucose 

and L-glutamine. To maintain established cell lines in culture, the medium was supplemented with 10% 

foetal calf serum (FCS) (Lonza), (100 µg/ml) penicillin (Lonza) and (100 µg/ml) streptomycin (Lonza). 

Phosphate buffer saline (PBS) (FisherFisher Scientific): Available in tablet form, with each tablet 

being dissolved in 100 ml of deionised water. The resulting solution was then autoclaved at 121 °C for 

15 minutes prior to use. 

Dimethyl sulphoxide (DMSO) (Sigma Aldrich): DMSO was added to cell culture media prior to 

freezing cultured cell lines to prevent cell desiccation or rupture.  

The trypsin-versene/EDTA mixture (Lonza-BioWhittaker): It has 0.5 g/L trypsin and 2.0 g/L 

versene/EDTA. It was stored at -20 °C and was warmed to 37 °C before use. 

 

2.2.3 Primary Tissue Culture Materials 

Table 2.4 Culture media and their components  

Medium Name Component (CONC) Supplier 

Dulbecco’s Modified Eagle’s 

Medium (DMEM) 

(FCS) (10%) 

Penicillin (100 µg/ml) 

Streptomycin (100 µg/ml) 

Non-essential amino acids (5 ml) 

Lonza 

Hank’s Balanced Salt 

Solution (HBSS) 

Mg2+ and Ca2+ 

Kallikrein inactivating units (KIU) (20 

units) 

Penicillin (100 µg/ml) 

Streptomycin (100 µg/ml) 

Gibco 

Stem-Pro Human 

Embryonic Stem Cells 

(hESCs) 

DMEM/F12 + GlutaMAXTM-I 

Stem-Pro hESCs Supplement 

Bovine Serum Albumin (25%) 

Fibroblast Growth Factor (FGF) 

(10 µg/ml) 

2-Mercaptoethanol (55 mM) 

Gibco 
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EpiLife Medium Calcium (6 0 µM) 

Bovine Pituitary Extracts (BPE) 

(25 µg/ml) 

Epidermal Growth Factor (EGF) 

(0.5 ng/ml) 

(3 mM) glycine (1%) 

Non-Essential Amino Acids (1%) 

Insulin-Transferrin-Selenium (ITS) (1%) 

FCS (1%) 

Penicillin and Streptomycin (100 µg/ml) 

ThermoFisher 

Scientific 

Keratinocyte serum-free 

medium (KSFM) 

Epidermal Growth Factor (EGF) 

(5 ng/ml) 

Bovine Pituitary Extracts (BPE) 

(50 ng/ml) 

Penicillin and Streptomycin (100 µg/ml) 

ThermoFisher 

Scientific 

 

Table 2.5 Enzymes and materials used in primary tissue culture  

Enzymes/Materials Supplier 

Stem Pro Accutase ThermoFisher Scientific 

Liberase DH (5 mg) Roche 

bFGF fibroblast growth factor-basic Invitrogen 

0.1 mM 2-mercaptoetha-nol Life Technologies 

Falcon™ Cell Strainers (70 µm) BD Biosciences 

 

2.2.4 Human Tumour Dissociation Materials 

The human tumour dissociation kit (Miltenyi Biotec) was comprised of dissociation enzymes, 

gentleMACS™ dissociator, MACSmix™ tube rotator, gentleMACS C tubes, and MACS smartstrainers. 

The GentleMACS™ dissociator is an automated machine that comes with pre-defined programs and 

was used to obtain single-cell suspensions by using GentleMACS C tubes. MACSmix™ is a tube rotator 

with a versatile application that can be used at temperatures ranging from 2-42 °C. GentleMACS C tubes 

were used to bring about the dissociation of cells while maintaining a safe and sterile environment for 
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the sample. MACS smartstrainers have a size of 70 µm and were used to obtain a single-cell suspension 

from cell aggregation or large particles.  

 

2.2.5 Flow Cytometry Materials 

Table 2.6: List of reagents used in flow cytometry  

Reagent Supplier 
Cell staining buffer BioLegend 
10X Red Blood Cell (RBC) Lysis buffer BioLegend 
LIVE/DEAD™ Fixable Dead Cell Stain ThermoFisher Scientific 

 

Table 2.7: List of antibodies used in the study and their characteristics  

Antibody Isotype Reactivity Supplier  

Phycoerythrin (PE) anti- human CD47 Mouse IgG1,κ Human BioLegend 

Allophycocyanin (APC) anti- human CD44 Mouse IgG1,κ Human BioLegend 

PE anti-human CD90 (Thy1) Mouse IgG1,κ Human BioLegend 

PE anti- human/mouse CD49f Rat IgG2a,κ Human, Mouse BioLegend 

 

 

2.2.6 DNA Extraction Materials 

A DNeasy® Blood and Tissue Kit (Qiagen) was used to extract DNA and comprised of Tissue Lysis 

Buffer (Buffer ATL), Proteinase K, Wash Buffers (Buffers AW1 and AW2), Lysis Buffer (Buffer AL), 

, Elution Buffer (Buffer AE), collection tubes and DNeasy® mini spin columns. 

 

2.2.7 True Methyl Array Materials 

The materials used for this analysis were purchased from CEGX Cambridge Epigenetic, and included: 

Purification and denaturation reagents and other equipment: 

• Binding Buffer 1, stored at 2-8 °C. 

• Binding Buffer 2, stored at 2-8 °C. 
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• Magnetic Bead Solution, stored at 15-25 °C. 

• Denaturing Solution, stored at 15-25 °C. 

• HPLC Grade 100% Acetonitrile, stored at 15-25 °C. 

Oxidation reagents: 

• Oxidant Solution, stored at -20 °C. 

• Ultra-Pure Water, stored at 15-25 °C. 

Bisulphite conversion reagents: 

• Bisulphite Reagent Aliquot. 

• Bisulphite Diluent. 

• Bisulphite Additive.  

• Desulfonation Buffer Concentrate.  

• Elution Buffer. 

All stored at 15-25 °C. 

Digestion control enzymes: 

• Digestion Control.  

• Digestion Control FWD PCR Primer.  

• Digestion Control REV PCR Primer. 

• Cutting Control DNA.  

All stored at -20 °C. 

Other reagents, equipment and kits used: 

• Uracil tolerant DNA polymerase (KAPA HiFi Uracil).  

• 10X TaqαI Buffer. 

• TaqαI Restriction Enzyme. 

• 100x BSA. 

All stored at -20 °C. 



58 

• GeneJET TM  PCR Purification Kit (ThermoFisher Scientific). 

• Qubit® Fluorometer machine (Life TechnologiesTM) was used with ssDNA and dsDNA 

measurement dyes. 

• Magnetic Separation Rack. 

• PCR Thermos Cycler Bench Top Machine. 

 

2.2.8 Gel-electrophoresis materials 

All components below were used for performing gel electrophoresis. 

Agarose Gel: Agarose powder (ThermoFisher Scientific) was used for the casting of the gel, which was 

used as a medium for separating DNA. 

50X TAE Buffer: 10x Tris-Acetate-EDTA (TAE) buffer was diluted 1 in 5 from 50X TAE stock 

solution running buffer before use. Stock solution was prepared by dissolving 242 gm of Tris base and 

18.6 gm of EDTA to approximately 700 ml of distilled water. Then, 57.1 ml of Glacial acetic acid was 

added, and the volume was adjusted to 1000 ml. The solution was stored at room temperature. 

Electrophoresis unit: The unit components include a gel casting tray (15 x 7 cm), sample comb (for 25 

samples) and electrophoresis tank (Geneflow). 

Ethidium bromide (Sigma): 1 gm of ethidium bromide of was dissolved in 100 ml distilled H2O to 

prepare 10 mg/ml ethidium bromide solution. The solution was wrapped in foil and stored at 4 °C.  

DNA ladder (Promega): 1 KB DNA ladder was used, it was stored at 4 °C before use. 

Loading buffer: 6X loading buffer was prepared by mixing 25 mg bromophenol blue in 3 ml glycerol 

and the final volume was brought up to 10 ml by adding distilled water. The prepared solution was stored 

at 4 °C.  
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2.2.9 Illumina 450K BeadChip Array Materials 

Table 2.8: List of reagents provided in Illumina 450K BeadChip Array kit  

Reagent Description 

ATM Anti-Stain Two-Colour Master Mix 

FMS Fragmentation solution 

MA1 Multi-Sample Amplification 1 Mix 

RPM Random Primer Mix 

MSM Multi-Sample Amplification Master Mix 

PB1 Reagent used to prepare BeadChips for hybridisation 

PB2 Humidifying buffer used during hybridisation 

PM1 Precipitation solution 

RA1 Resuspension, hybridisation, and wash solution 

STM Superior Two-Colour Master Mix 

TEM Two-Colour Extension Master Mix 

XC1 XStain BeadChip solution 1 

XC2 XStain BeadChip solution 2 

XC3 XStain BeadChip solution 3 

XC4 XStain BeadChip solution 4 

0.4 N NaOH Stored at 2-8 °C before use 

 

Equipment used for array 

• Multi-Sample BeadChip Alignment Fixture. 

• Illumina Hybridisation Oven Scanner. 

• Hybridisation Gasket Slide. 

• Hyb Chamber Inserts. 

• MSA4 Plate. 
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2.2.10 Quest 5-hmC Detection Kit Materials 

Enzymes  

• 5-hmC Glucosyltransferase (2 units/µl).  

• 10X UDPG (Uridine Diphosphoglucose) [1 mM].  

• 10X 5-hmC GT Reaction Buffer.  

• MspI Restriction Enzyme (10 units/µl). 

• Quest 5-hmC Control DNA. 

• Quest qPCR Primers 1 & 2 [20 µM].  

All stored at -20 °C. 

DNA clean and concentrator TM - 5  

• DNA Elution Buffer.  

• DNA Wash Buffer.  

• DNA Binding Buffer. 

• Collection Tubes.  

• Zymo-SpinTM Columns. 

All stored at 15-25 °C. 

Other enzymes and reagents used: 

• QuestTaq qPCR PreMix. 

• Locus Specific qPCR Primers (forward/reverse).  

• DNase/RNase- Free H2O. 

All stored at -20 °C. 
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2.3 Methods 

2.3.1 Cell culture methods 

Mammalian cell culture 

Tumour cells were maintained as monolayers in full culture media, e.g. Dulbecco’s Modified Eagle’s 

Media (DMEM). They were supplemented with 10% foetal calf serum (FCS) and 5 ml of non-essential 

amino acids (NEAA). The cultured cells were allowed to grow in an incubator at a temperature 37 °C 

with 5% CO2 and a relative humidity of 95% air atmosphere. Cells were harvested in a T75 flask and 

were brought to 50-70% confluence prior to being utilised in any of the assays. When the confluence of 

the cells reached 80-90%, they were transferred to a new T75 flask in order to continue the logarithmic 

growth phase. Then, cell passaging was performed using 10 ml PBS for removal of cellular debris. Next, 

the cells were incubated at 37 °C for 3-5 minutes in the presence of 2 ml of trypsin in order to detach 

the cells. Then, 10 ml of media was added to the T75 flask to inactivate the trypsin. After that, the 

detached cells were collected and centrifuged at 2,000 rpm for 3 minutes and the supernatant was 

discarded. 15 ml of fresh culture medium was added to the pellet and then transferred into a new T75 

flask. A sterile working environment was maintained by carrying out all cell culture work in a safety 

laboratory cabinet (Sanyo). The cabinet was always cleaned with industrial methylated spirit (IMS) 

before and after use to prevent contamination. Also, mycoplasma testing was routinely performed to 

ensure that there was no contamination in the cell lines used in this study.  

 

Freezing and thawing of cells  

Preserving the cells for the long term by freezing them does not affect the stability of the cells in culture. 

Cells to be frozen were trypsinised and resuspended as mentioned above and then transformed into pellet 

form by centrifuging at 2,000 rpm for 3 minutes and again resuspending them in a fresh culture medium 

with 10% DMSO. 1 ml aliquots of the same cells were preserved by transferring them into cryovials and 

cooling them slowly to -80 °C. Aliquots of these cells intended for long-term storage were stored in 



62 

liquid nitrogen. Cells present in frozen aliquots could then be transferred into 10 ml of fresh culture 

medium and pelleted via centrifugation after being thawed at room temperature as described above. The 

cells were then resuspended in 10 ml of fresh media to allow them to recover and then transferred into 

a new flask. Both the freezing and thawing steps had to be carried out rapidly to avoid the toxic effects 

of DMSO.  

 

2.3.2 Primary tissue culture methods  

The three methods that were used are detailed below: 

Explant method 

The explant method described previously was used to obtain cells from tissue. A small tissue sample 

was obtained by gently scraping the urothelial portion of the specimen. The isolated cells were then 

placed on a sterile petri dish with a few drops of culture media. The solution was later made up to 10 ml 

with culture media and then centrifuged at 1000 rpm for 5 min at room temperature. The isolated cells 

were collected as pellet and resuspended in 7 ml of fresh media and subsequently transferred to T25 

flasks. The same was then placed in an incubator at 37 °C with 5% CO2 at a relative humidity of 95%. 

The culture media was changed at intervals of 2-3 days as required (Hendijani, 2017).  

 

Stripping HBSS method 

The stripping HBSS method was used to chemically disaggregate the tumour tissue. Specimens were 

left in an incubator at 37 °C with 5% CO2 and a relative humidity of 95% for 4 hours in 15 ml of HBSS 

(without Mg2+ and Ca2+ ions medium). The HBSS contained 1% EDTA (ethylenediaminetetraacetic 

acid, disodium salt) solution, 1 M HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) and 20 

KIU/ml aprotinin. After the incubation, the urothelial part was mechanically disaggregated and prepared 

for tissue culture by placing it in a T25 flask containing 10 ml of fresh media. 
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CTOS method 

Primary culture of the cells was done by following the Cancer Tissue Originated Spheroid (CTOS) 

method (Kondo et al., 2011). In this method, the tissue sample was placed in a 50 ml centrifuged tube 

with 20 ml of DMEM which was supplemented with 100 µg/ml penicillin and 100 µg/ml streptomycin. 

Tissue culture was performed immediately after tumour resection or biopsy, or stored at 4 °C until 

initiation of the CTOS method.  

The DMEM medium was discarded and the sample was washed with 20 ml HBSS that contained Mg2+ 

and Ca2+. The wash step was performed by inverting the tube. The HBSS wash solution was discarded 

and 20 ml of fresh HBSS was added. Then the HBSS medium and samples were transferred to a 10-cm 

tissue culture dish. The necrotic tissues were removed by using forceps and razor blades and then the 

remaining sample was transferred to a new 10 cm tissue culture dish with 30 ml HBSS. The tissue was 

minced with forceps or razor blades into small pieces. The sample with media was transferred to a 50 

ml centrifuge tube and centrifuged at 1000 rpm at 4 °C for 5 minutes. The supernatant was discarded 

and the sample washed with 20 ml fresh HBSS by inverting the tube. The wash step was repeated by 

performing centrifugation at 1000 rpm at 4 °C for 5 minutes. Again, the supernatant was discarded and 

the sample washed with HBSS solution. The pellet was collected and resuspended in 20 ml DMEM 

which was supplemented with 100 units/ ml penicillin, 100 µg/ ml streptomycin, and 0.28 units/ ml 

Liberase DH. The digestion mixture was then transferred to a 100 ml sterile conical flask. The digestion 

of the sample was performed by frequent stirring for 2 hours in a 37 °C water bath. Then, the digestion 

media was transferred to 50 ml centrifuge tube and centrifuged at 1000 rpm at 4 °C for 5 minutes. After 

that, the media was discarded. Next, the washing step was performed by adding 20 ml HBSS and 

inverting the tube. The samples were filtered through a 500 µm stainless-steel wire mesh and then the 

filtrate was transferred to a 50 ml centrifuge tube. The sample was again filtered through a 70 µm cell 

strainer in a 10 cm tissue culture dish containing 30 ml HBSS medium. This meant that organoids sized 

>70 µm remained in the cell strainer and these were collected using a pipette and then centrifuged at 
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1000 rpm at 4 °C for 5 minutes. The sample was washed with 20 ml HBSS by inverting the tube and 

centrifuging at 1000 rpm at 4 °C for 5 minutes and the HBSS solution was then discarded. 4 ml serum-

free stem cell medium supplemented with 0.1 mM 2-mercaptoethanol, 8 ng/ml bFGF, 100 µg/ ml 

streptomycin, 100 units/ml penicillin and 25 µg/ml amphotericin B was added to both the organoids and 

filtrate and then were transferred to a 6 cm nontreated dish and incubated at 37 °C with 5% CO2 at a 

relative humidity of 95 % for 24 h. Then, both organoids and filtrate were observed under a microscope. 

 

2.3.3 Tumour dissociation methods 

Tumour dissociation was used to obtain single tumour cells from the solid tumour tissue for subsequent 

culture and characterisation. Tumour dissociation is dependent on successful disruption of the 

extracellular matrix, which is achieved mainly by enzymatic degradation.  

Preparation of enzymes: 

Enzyme H was prepared by dissolving lyophilised powder of enzyme H vials in 3 ml DMEM and was 

filtered prior use.  

Enzyme R was prepared by dissolving the lyophilised powder in 2.7 ml DMEM.  

Enzyme A was prepared by dissolving with 1 ml of buffer (A) that was provided with the kit.  

All enzymes were prepared in aliquots and stored at -20 °C. 

 

Tumour dissociation steps: 

Following the manufacturer protocol provided by Miltenyi Biotec, excised tumour specimens were 

spliced into 2-5 mm pieces. Necrotic, fat and fibrous areas were then removed. The shortened sections 

were then transferred to a gentleMACS C Tube that contained a mixture of all three enzymes. The C 

tube was inverted and attached onto the sleeve of the dissociator and the program h_tumor_01 was run. 

At the end of this program, the specimens were incubated for 30 minutes at 37 °C. Meanwhile using the 

MACSmix Tube Rotator was used for continuous rotation. Again, the C tube was attached onto the 
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Dissociator and this time the program h_tumor_02 was run. Then, the sample was incubated for 30 

minutes at 37 °C and the MACSmix Tube Rotator was used for continuous rotation during the 

incubation. Then again, the C Tube was attached onto the Dissociator and this time the program 

h_tumor_02 was once again run. A short centrifugation process was performed at 1,000 rpm at room 

temperature which yielded the sample as a pellet at the bottom of the tube. This pellet was resuspended 

and filtered to SmartStrainer MACS (70 µm) that was placed in a 50 ml tube. The MACS SmartStrainer 

was washed using 20 ml DMEM and centrifuged at 300xg for 7 minutes. The sample that was obtained 

was resuspended for further use. Erythrocytes and dead cells were removed by applying the Red Blood 

Cell Lysis buffer (10×).  

 

2.3.4 Flow cytometry  

After obtaining the desired cell or tissue, it was prepared for single cell suspension in a cell staining 

buffer. 15 ml of the cell staining buffer was added to the cells and centrifuged at 2000 rpm for 5 minutes 

after which the supernatant was discarded. Red blood cells were lysed by applying the Red Blood Cell 

Lysis Buffer at 1X working concentration and the pellet was resuspended in 3 ml of 1X RBC Lysis 

Buffer. The sample was then incubated for 5 minutes and 15 ml of the cell staining buffer was added 

and then centrifuged at 2000 rpm for 5 minutes. Then, the supernatant was discarded, and the viable 

cells were counted using a haemocytometer. The cells were then diluted to a concentration at 5-10 x 105 

cells/ml and resuspended in cell staining buffer before being distributed into micro centrifuge plastic 

tubes at 100 µl/tube of cell suspension (5-10 x 105 cells/tube). To block nonspecific binding of antibody 

in the immunofluorescent staining, the cells were subjected to pre-block before performing staining by 

incubating with irrelevant purified Ig which was obtained from the same species with same isotype. Cell 

surface staining with antibody was done by adding purified primary antibody that was conjugated with 

a fluorescent molecule and then incubated in the dark for 15-20 minutes on ice prior use. The washing 

step was repeated twice with 2 ml of cell staining buffer through centrifugation for 5 minutes at 350×g. 
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The cell pellet was resuspended in 0.5 ml of cell staining buffer and 5 µl (0.25 µg)/million cells of Dead 

Cell Stain was added to exclude dead cells. Then the tube was incubated on ice in the dark for 3-5 

minutes and then finally it was analysed with a flow cytometer machine. The results were then analysed 

using FlowJo software.  

 

2.3.5 DNA Extraction Methods 

DNA was extracted following the Qiagen DNeasy® Blood and Tissue Kit protocol. The kit firstly lyses 

the sample, then binds it to the DNeasy membrane, before elution of the DNA with an intermediate 

washing step. The membrane is silica based, and has the ability to bind selectively with the DNA. The 

washing steps are performed to remove contaminants from the sample. 

 

Cell/tissue preparation and lysis 

To prepare the lysate from frozen tissue, 10-20 mg of frozen tissue was taken and treated with 20 µl of 

Proteinase K and 180 µl of Tissue Lysis Buffer ATL in a clean nuclease free 1.5 ml microfuge tube. 

Then the mixture was incubated on a heat block at 56 °C for > 8 hours in order to dissolve the tissue 

completely. The mixture was prepared for the spin column method by adding a mixture of 200 µl of 

Buffer AL and 200 µl of absolute ethanol. 

 

Cultured cells 

The lysate of cultured cells was prepared by treating the cells with trypsin and then centrifuging them. 

About 2 × 107 cells were taken and PBS was added for resuspension of the cells. 200 µl of this cell 

suspension was drawn in a 1.5 ml microfuge tube and treated with 20 µl of Proteinase K and 200 µl of 

Buffer AL. In order to dissolve the cells completely, this was incubated at 56 °C for 30 minutes. The 

preparation for the spin column method was done by adding with 200 µl of absolute ethanol to the 

suspension. 



67 

a. DNA absorption 

DNA from the cell lysate was extracted through the spin column by performing centrifuging at 6,000×g 

for 1 minute. The contents were discarded and the spin column placed in a fresh collection tube.  

b. Washing 

The washing step was performed by adding 500 µl of Buffer AW1 to the spin column and centrifuging 

at 6,000 × g for 1 minute. The flow through was collected and the spin column was transferred to a new 

tube. A second washing step was performed by adding 500 µl of Buffer AW2 and then centrifuging at 

16,000×g for 3 minutes.  

c. DNA elution 

After the washing step, DNA elution was done by adding Buffer AE to the spin column and incubated 

for 1 minute at room temperature before centrifugation at 6,000×g for 1 minute. After obtaining the 

required amount of DNA, the spin column was then discarded and the eluted DNA was stored at -20 °C. 

 

2.3.6 True-Methyl Array Kit Methods  

This method was performed following the CEGX® True-Methyl Array Kit protocol. The kit was used 

to detect and quantify the level of cytosine methylation (5-mC). The kit contains all the required enzymes 

for site specific oxidation, bisulphite conversion and PCR amplification. The oxidant solution converts 

the 5-hmC bases to its formyl derivative 5-fC which then undergoes bisulphite conversion. In the 

bisulphite conversion, 5-fC is converted to uracil through decarbonylation and deamination. After the 

conversion of unmethylated cytosine and formylated cytosine to uracil, magnetic beads are used to 

recover the DNA through elution. 
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Figure 2.1 Flow chart of the True-Methyl assay 

 

a) Solutions: 

Desulfonation buffer was prepared by adding 37.5 ml of 100% ethanol to 16 ml of Desulfonation buffer 

concentrate and vortexed and stored in 2-8 °C.  

Magnetic Bead Binding solution 1 was prepared by adding 120 µl of Magnetic Bead Solution into 6 

ml of Binding Buffer 1, which was mixed thoroughly by pipetting up and down then stored at 2-8 °C. 

Magnetic Bead binding solution 2 was prepared by adding 720 µl of Magnetic Bead Solution into 60 

ml of Binding Buffer 2, and mixed though pipetting. All the mixtures were vortexed and stored at 2-8 

°C.  

 

b) Quantifying HMW Genomic DNA sample and spike in the digestion control: 

The CEGX® TrueMethyl Array Kit used 1 µg high molecular weight genomic DNA (HMW gDNA) per 

sample for processing of 500 ng of sample through each of the BS and OXBS conversion processes. 

Quantification of the genomic DNA was done by adding 1 µg HMW gDNA in a 1.5 ml microcentrifuge 

tube with ultra-pure water also being added to make up the final volume to 49 µL. The digestion control 

was thawed before 1µL was added to the genomic DNA to make up the total volume to 50 µL. 
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c) DNA oxidation workflow 

Solution preparation 

Fresh stock of acetonitrile was prepared by mixing 3.0 ml 100% acetonitrile with ultra-pure water from 

the TrueMethyl Array Kit to make up 80% Acetonitrile. The mixture was mixed through vortexing and 

all the beads were performed at room temperature. 

 

Purification 

100 µL of Magnetic Bead Binding Solution 1 was added to each of the 1.5 ml microcentrifuge tubes 

containing 50 µl HMW gDNA sample and vortexed. Then, the microcentrifuge tubes were incubated at 

room temperature for 20 minutes. The tubes were then briefly microcentrifuged to collect the pellet. The 

tubes were placed into a magnetic separation rack and beads were pelleted for 5 minutes at room 

temperature. Then, the supernatant was carefully discarded without displacing the tubes from the 

magnetic separation rack. Next, 1.0 ml of 80% Acetonitrile wash was added to the tubes without 

disturbing the bead pellet. The 1.0 ml 80% Acetonitrile wash was removed and discarded taking care to 

avoid aspiration of the bead pellet. This Acetonitrile washing step was repeated two further times so that 

3 x 1.0 ml 80% Acetonitrile washes were performed in total. Finally, the pellets were air dried for 5 

minutes at room temperature. 

 

Denaturation steps 

50 µL denaturing solution was added to the bead pellet which was then removed from the magnetic 

separation rack. The bead pellet was resuspended and vortexed. Then it was incubated at room 

temperature for 5 minutes and incubated at 37 °C for 30 minutes. Then, a brief spin down was performed 

to the 1.5 ml microcentrifuge tube and the sample was collected from the bottom of the tube. The tubes 

and pellet beads were then placed in a magnetic separation rack for 5 minutes at room temperature. The 

50 µl elute was then transferred to a new 0.2 ml PCR tube and was placed on ice. 



70 

DNA oxidation 

For the DNA oxidation reactions, i.e., OXBS and BS reactions, the components were mixed into two 

new 0.2 ml PCR tubes to prepare the oxidation reaction. For the OXBS reaction, 24 µl denatured DNA 

and 1 µl oxidation solution was mixed. For the BS reaction, 24 µl denatured DNA and 1 µl ultra-pure 

water was mixed. The total volume for both reactions was 25 µl each. The oxidation reaction mix was 

then incubated at 40 °C for 30 minutes in a PCR thermocycler. The mix was then centrifuged at 14000×g 

for 10 minutes at room temperature to pellet any black precipitate. An orange coloured supernatant was 

the indication of successful oxidation. The supernatant was then transferred to a new 0.2 ml PCR tube 

for further downstream processing. 

 

d) Bisulfite conversion 

Bisulfite conversion preparation 

Bisulfite aliquots were dissolved by adding 4.2 ml of the Bisulfite Diluent to each aliquot and then the 

solution was incubated at 60°C for 15 minutes, after that, the solution was vortexed until it fully 

dissolved. 

 

Bisulfite conversion reaction 

The Bisulfite conversion reaction mix was prepared by mixing DNA solution from the DNA oxidation 

step at 25 µl, Bisulfite reagent solution at 170 µl and Bisulfite additive at 5 µl, to make a total volume 

of 200 µl. The mix was vortexed and centrifuged for collection of the sample at the bottom. The 0.2 ml 

PCR tube containing the Bisulfite Conversion Reaction mix was placed into a thermocycler with heated 

lid and Bisulfite DNA conversion was performed using a thermal profile with a repeat i.e., done in two 

cycles. The thermal profile that was used in sequence was denaturation for 5 minutes at 95 °C, incubation 

for 20 minutes at 60 °C, denaturation for 5 minutes at 95 °C, incubation for 40 minutes at 60 °C, 
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denaturation for 5 minutes at 95 °C, incubation for 165 minutes at 60 °C and lastly for an indefinite 

period at 20 °C. 

Clean up 

Fresh stock of 70% ethanol also was prepared. After completion of the bisulfite reaction, the 0.2 ml PCR 

tubes were centrifuged at 14000×g for 10 minutes without disturbing the pellet, 195 µl of the supernatant 

was collected and transferred to a new 1.5 ml microcentrifuge tube. 1.0 ml of Magnetic Bead Binding 

Solution 2 was added to each of the 1.5 ml microcentrifuge tubes containing 195 µL bisulfite converted 

sample. The sample was vortexed immediately to mix it, with the tube was kept at a 45° angle to ensure 

proper mixing. Then it was incubated for 20 minutes at room temperature. After the incubation, a brief 

spin down was performed, and the tube was placed in a magnetic separation rack. After 30 minutes 

incubation, the clear supernatant was discarded without disturbing the bead pellet. 

Wash steps: 

1.4 ml of 70% ethanol was added to the tubes without disturbing the bead pellet and then the ethanol 

was discarded while avoiding aspiration of the bead pellet. 

Desulfonation steps: 

For desulfonation, 1.0 ml Desulfonation Buffer was added to the tubes while keeping them in a 

magnetic separation rack, i.e., directly to the bead pellet, after that, the tubes were removed from the 

rack. As the pellets were resuspended in the buffer, the tubes were subjected to spin down. Again, the 

tubes were put in a magnetic separation rack and incubated for 5 minutes.  Then the supernatant was 

discarded taking care to avoid disturbing the bead pellet. 

Wash steps:  

1.0 ml of 70% ethanol was added to the tubes for washing and then discarded. This wash step was 

repeated once more, and then the pellets were air dried for 15 minutes.  
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Elution step:  

15 µl of elution buffer was directly added onto the bead pellet and vortexed to fully resuspend the bead 

pellet into the elution buffer. Then it was incubated for 20 minutes at room temperature to elute the DNA 

from the beads. Then the DNA sample was spun down to collect the sample at the bottom of the tube. 

Next the tubes were transferred to a magnetic separation rack and allowed to form pellet beads for 5 

minutes. A 13-15 µl quantity of elution was collected within which was the recovered DNA sample. The 

converted DNA sample was quantified using the Qubit® ssDNA kit. 

 

e) Digestion control PCR amplification and digestion control amplicon 

PCR Amplification preparation 

 

Table 2.9: List of reagents used for PCR amplification and their quantity  

Reagent Quantity of the reagent (µl) 

10X polymerase buffer 5 

Digestion Control Fwd PCR primer (100 

µM) 

0.5 

Digestion Control Rev PCR primer (100 µM) 0.5 

Uracil tolerant DNA polymerase HiFi 

Uracil+ 

5U 

DNA (recovered template) 1 

Ultra-Pure Water 39 

TOTAL volume 50 

 

The digestion control was then amplified according to the following thermal cycling condition. The 

amplification step was divided into three segments: the first segment comprised one cycle with 

temperature of 95 °C and a duration of 120 s, the second segment comprised 40 cycles with temperatures 

of 95 °C, 60 °C and 72 °C and durations of 30 s, 30 s and 15 s, respectively, and the third segment 

comprised one cycle with a temperature of 4 °C and unlimited duration. 
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PCR purification 

The amplicons were cleaned up using a PCR purification kit and then the concentration of the amplicons 

was determined using the Qubit® dsDNA kit according to the manufacturer’s instructions. 

 

Digestion preparation: 

Table 7: list of reagents used for digestion and their quantity 

Reagents Quantity of the reagent (µl) 

 Digestion +ve Control Digestion –ve Control Cutting Control 

Taq RE (20 U/ µl) 40U - 40U 

Processed Digestion Control 

amplicon DNA (10 ng/µl) 

10 10 - 

100x BSA 0.2 0.2 0.2 

10X Taq buffer 2 2 2 

Cutting Control DNA (20 

ng/µl) 

- - 5 

Ultra-Pure Water 5.8 7.8 10.8 

TOTAL volume 20 20 20 

 

The digestion mixture was incubated for 18 hours at 65 °C. Then it was denatured at 80 °C for 20 

minutes. Finally, it was run using gel electrophoresis by following the method in the next section 2.3.7. 

 

2.3.7 Gel Electrophoresis Methods 

1% Agarose gel was prepared by dissolving 1 gm Agarose in 100 ml 1X TAE buffer. The mixture was 

gently heated to dissolve the agarose. The solution was left to cool for about 3 minutes before 5 µl of 

ethidium bromide was added, stirred and then poured onto a gel-casting tray with combs. After the gel 

had cooled and solidified at room temperature the comb was removed carefully and the gel placed in an 

electrophoresis tank, which was loaded with 1X TAE running buffer. 5 µl of DNA sample was mixed 

with 1 µl of 6x loading buffer and the resulting mixture was loaded into a single well of the agarose gel. 

To determine DNA fragment size 5 µl of 1KB DNA ladder was loaded into another well. Electrophoresis 
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was allowed to occur at 80V for 60-90 minutes. The resulting bands were visualised using a UV trans-

illuminator and photographed. 

2.3.8 Illumina 450K BeadChip array methods 

This method was performed following the Infinium HD Methylation protocol for the Infinium 

HumanMethylation450K assay.  

MSA4 Plate preparation  

An MSA4 barcode label was applied to a new 0.8 ml microplate (MIDI). 20 µl MA1 was dispensed into 

the MSA4 plate wells and 7 µl of the DNA sample was also transferred to the wells. 1 µl 0.4N NaOH 

was dispensed into each of the wells in the MSA4 plate that contained MA1 and the tips were exchanged 

between DNA samples. Next, the MSA4 plate was sealed with the 96-well cap mat. The plate was 

vortexed at 1600 rpm for 1 minute. This was then pulse centrifuged at 280 × g and incubated for 10 

minutes at room temperature. The cap mat was carefully removed and 68 µl RPM was dispensed into 

each well of the MSA4 plate wells containing the samples followed by 75 µl MSM into each of the wells 

containing samples. The MSA4 plate was sealed with the cap mat and was vortexed at 1600 rpm for 1 

minute. After the MSA4 plate was centrifuged it was then incubated in an Illumina Hybridisation oven 

for at least 20 hours at 37 °C. 

DNA fragmentation  

Next, the cap mat was carefully removed and 50 µl of FMS was added to each well containing a sample. 

The MSA4 plate was sealed with the 96-well cap mat. The plate was vortexed at 1600 rpm for 1 minute 

and then placed on the 37 °C heat block for 1 hour. 

DNA precipitation  

In the MSA4 plate, the wells that contained samples, had 100 µl of PM1 added to them. The plate was 

sealed with the cap mat and then vortexed at 1600 rpm for 1 minute and incubated for 5 minutes at 37 

°C. Then, the cap mat was removed carefully and discarded. Each well that contained a sample, had 300 

µl of 100% 2-propanol added to it, and then the MSA4 plate was sealed with a new cap mat. The plate 
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was inverted thoroughly at least 10 times to mix the contents and then incubated at 4 °C for 30 minutes. 

The sealed MSA4 plate was centrifuged at 3000 × g at 4 °C for 20 minutes. After centrifugation, the 

MSA4 plate was immediately removed and the cap was discarded. The MSA4 plate was inverted to 

decant the supernatant. To ensure that all the wells were devoid of liquid, the MSA4 plate was tapped 

firmly for 1 minute. The uncovered, inverted, plate was left on the tube rack for 1 hour at room 

temperature to air dry the pellet. 

DNA resuspension  

46 µl of RA1 was added to each of the wells in MSA4 plate. To seal in the heat, foil was applied to the 

MSA4 plate and heated to seal. The sealed plates were then incubated for 1 hour in the Illumina 

Hybridisation oven at 48 °C. Then plates were vortexed for 1 minute at 1800 rpm. 

BeadChip Hybridisation  

For denaturing, the MSA4 plate was placed on the heat block at 95 °C for 20 minutes. The BeadChips 

were removed from their 2 °C to 8 °C storage.  When the incubation was carried out, the Hybridisation 

Chambers were prepared and the BeadChips were placed into the BeadChip Hybridisation Chambers. 

400 µl of PB2 was added into the humidifying buffer reservoirs of the chambers and the lids were closed. 

After the incubation was complete, the MSA4 plate was kept at room temperature for 30 minutes, and 

then centrifuged at 280×g for 1 minute. The BeadChips were placed in the Hybridisation chamber insert 

and 15 µl of DNA sample was added to each BeadChip. It was then necessary to wait for some time to 

allow the DNA sample to disperse over the BeadChip. Then, the Hybridisation Chamber inserts 

containing BeadChips were loaded into the Illumina Hybridisation Chamber and placed in the Illumina 

Hybridisation Oven at 48 °C and incubated for at least 16 hours. 

BeadChip washing steps 

Each Hybridisation Chamber was removed from the Illumina Hybridisation Oven and placed on the 

benchtop to cool for 30 minutes. A wash rack was submerged in a washing dish filled with 200 ml of 

PB1. The Hybridisation Chamber inserts were removed from the Hybridisation Chambers and each 
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BeadChip was also removed from the Hybridisation Chamber insert. Each BeadChip cover seal was 

removed and each BeadChip was slid into the wash rack; it was made sure that the BeadChips were 

submerged in the PB1, then for 1 minute the wash rack was moved up and down with slow agitation. 

Assemble flow through champers  

After washing steps, a black frame was placed into the BeadChip alignment fixture. The BeadChip 

alignment fixture was prefilled with PB1. The BeadChip was then aligned to the alignment fixture.  Then 

to the top of each BeadChip a clear spacer was placed. On top of the clear spacer covering each BeadChip 

a glass back plate was placed. To create a reservoir against the BeadChip surface, the barcode end of the 

BeadChip was facing inwards the plate reservoir. To the flow-through chambers a metal clamps were 

attached. 

BeadChip extension  

The water circulation reservoir was filled with water to the appropriate level and the temperature of the 

chamber rack was set at an equilibrium of 44 °C. 330 ml of 100% ethanol was added to the XC4 bottle 

and made up to a final volume of 350 ml.  The XC4 bottle was shaken vigorously for complete 

resuspension. Then it was used at room temperature or stored at 2 to 8 °C. A mix of following reagents 

was then dispensed into the reservoir of each flow-through chamber. 

 

Table 2.10: List of reagents and their quantity added to the flow through chamber  

Reagent Quantity of the reagent Time of incubation 
RA1 150 µl 30 sec, repeated 5 times 

XC1 450 µl 10 minutes 

XC2 450 µl 10 minutes 

TEM 200 µl 15 minutes 

95% formamide/1 mM EDTA 450 µl 1 minute, repeated once  

- - Incubated for a total of 5 minutes 

XC3 450 µl 1 minute, repeated once  

 

 



77 

BeadChip staining  

 

Table 2.11: List of reagents, their quantity and incubation time 

Reagent Quantity of the reagent Incubation time 

STM 250 µl 10 minutes 

XC3 450 µl 1 minute, with one repeat 

Wait for 5 minutes   

ATM 250 µl 10 minutes 

XC3 450 µl 1 minute, with one repeat 

Wait for 5 minutes   

STM 250 µl 10 min 

XC3 450 µl 1 minute, with one repeat 

Wait for 5 minutes   

ATM 250 µl 10 minutes 

XC3 450 µl 1 minute, with one repeat 

Wait for 5 minutes   

STM 250 µl 10 minutes 

XC3 450 µl 1 minute, with one repeat 

Wait for 5 minutes   

 

BeadChip coating 

310 ml of PB1 was added to the dish in which the BeadChips were submerged. Following this, the dish 

was placed in the staining rack. The surface of the reagent was broken down by slowly moving the rack 

while the BeadChips remained submerged in the PB1. Another dish was marked with “XC4” and 310 

ml of XC4 was added to it. The staining rack was removed from the dish labelled PB1 and placed in the 

dish labelled with XC4 and allowed to soak in it. The BeadChips were then placed in a tube rack after 

removing them from the staining rack. The BeadChips were vacuum dried for 50-55 minutes at 675 mm 

Hg.  

BeadChip imaging   

The iScan microarray scanner system was used to scan the BeadChips.  
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2.3.9 Quest 5hmc detection kit methods 

Detection of 5hmC in DNA was done through the step where the samples are first modified through 

glucosylation and then treated with digestion enzyme MspI. Then ultra-pure DNA was eluted through 

the spin column which was subjected to qPCR for locus-specific analysis of 5hmC. This method was 

performed following the quest 5hmC qPCRdetection kit protocol from Zymo Research. 

Glucosylation Steps 

Each DNA to be tested were divided into two separate tubes (+ve glucosylation and -ve glucosylation).  

 

Table 2.12: List of reagents for +ve glucosylation and -ve glucosylation 

Reagent +ve Glucosylation -ve Glucosylation 

Test DNA [100-500 ng] 5 µl 5 µl 

10X UDPG 5 µl 5 µl 

5-hmC GT Enzyme 2 µl - 

10X 5-hmC GT Reaction 

Buffer 

5 µl 5 µl 

ddH2O 33 µl 33 µl 

Total 50 µl 50 µl 

 

The reagents in the table were mixed and the final volume was made up to 50 µl. The mixture was then 

incubated for more than 2 hours at 37 °C.  

Digestion step 

After incubation, the mixture was treated with 30 units of MspI enzyme (in the case of both the +ve 

Glucosylation and -ve Glucosylation reaction setups) and incubated at 37 °C for more than 4 hours. 

Clean-up  

DNA binding buffer at a 5:1 ratio was added to each reaction mixture; in other words, 250 µl of the 

binding buffer was added to 50 µl of reaction mixture. The sample was placed into the spin column and 

then centrifuged at 10,000xg for 30 seconds. After that, the flow through was discarded, and 200 µl of 

DNA wash buffer was added to the spin column and then centrifuged at 10,000xg for 30 seconds. This 
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was repeated once more. The spin column was placed into a new 1.5 microcentrifuge tube. 6 µl of DNA 

elution buffer was added to the centre of the spin column and then was incubated at room temperature 

for one minute. For collection of DNA the elute was collected after centrifugation at 10,000xg for 30 

seconds. 

Locus-specific 5-hmC Detection  

 Three tubes of the same DNA samples were used to the qPCR reaction set up. These tubes are: +ve 

Glucosylation (test sample), -ve Glucosylation (0% control) and no treatment DNA (100% control). 

Primers (forward/reverse) were designed and purchased from Sigma-Aldrich. Details of these primers 

are listed in appendix 2. 

 

Table 2.13 5-hmC detection reaction set up 

Component Volume 

Test DNA [10-50 ng] 2 µl 

2X QuestTaq qPCR PreMix 10 µl 

Primer forward [20µM] 0.4 µl 

Primer reverse [20µM] 0.4 µl 

ddH2O 17.2 µl 

Total volume 20 µl 

 

Table 2.14 qPCR cycle parameters  

Steps Temperature Time 

1 Denaturation 95°C 1 minute 

2 Denaturation 95°C 30 sec 

3 Annealing 50°C 15 sec 

4 Elongation 72°C 15 sec 

5 Cycling Go to step 2 40X 

6 Final Elongation 72°C 5 minutes 
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2.3.10 Statistical analysis 

Flowjo software analysis (version 10) was used to analyse the cell surface markers used in the flow 

cytometry chapter.  

SPSS statistics version (25.0.0.1) and Microsoft Excel version (16.14.1) were used for statistical 

analysis and figure representation of flow cytometry chapter 4. 

R studio software (version 3.4.1) was used for DNA methylation 450K array analysis. All packages 

were downloaded from the Bioconductor website and were used for data analysis for the Illumina 450K 

methylation array data. The Minfi package was the main package used which called for most of the 

analysis workflow in the array chapter 5. R scripts that contain codes used for DNA methylation analysis 

were uploaded to a respiratory in Github website and can be accessed using the following link 

(https://github.com/A-Albaz/Methyltion-Analysis).  
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CHAPTER THREE 

 

3 PRIMARY CULTURE OF BLADDER CANCERS IN VITRO 
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3.1 Introduction 

Placing isolated cells in an artificially supplemented growth media is a commonly used technique to 

study developmental complexities, disease progression and signalling mechanisms (Philippeos et al., 

2012). Bladder cell lines or primary tissue culturing of human bladder tissue explants, either from 

healthy donors or from oncogenic bladder tissue material (Rahman et al., 1987) have served as ideal 

sources for stem cell isolation (Falso et al., 2012) and investigation of chemotherapeutic intervention 

strategies (Flieger et al., 2008). Culturing of scarce bladder tumours alleviates the necessity for frequent 

surgical intervention while ensuring access to human primary cells of high purity and low passage 

numbers (Woodman et al., 2011). This technique also ensures maintenance of quality control while 

avoiding contamination from other cell lines (Bonazza et al., 2016). 

 

Primary bladder cancer tissues have been recognised as repositories of bladder cancer stem cells (CSC) 

which possess aggressive tumorigenic characteristics (Chan et al., 2010). Since tumour cells from 

bladder cancer biopsies have been identified as being capable of forming xenografts on immune-

compromised animals, it is necessary to examine and characterise bladder cancer stem cells in detail 

(Goodwin Jinesh et al., 2014). Meanwhile recent research in different bladder cancer subtypes has 

identified the possibility of their characterisation using CSC’s, which in turn possessed unique cell 

surface markers (Liu et al., 2012). Such characterisation of CSC’s could enable follow-up of the factors 

triggering relapses driven by therapeutic resistance to chemotherapy (Zhao, 2016).  

 

Several epigenomic processes have been identified as driving changes in this unique subset of stem cells, 

including DNA methylation (Toh et al., 2017), which in turn accounts for factors like invasiveness, drug 

resistance and metastasis, as observed in papillary bladder cancer (Li et al., 2017). Genome wide 

association studies (GWAS) have shown that impaired DNA methyltransferases silenced genes like 

DNA (cytosine-5)-methyltransferase 1 (DNMT1) (Spada et al., 2007), ensuring the survival of cancer 
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stem cells (De Carvalho et al., 2012). DNA methylation functionality is very discriminatory in nature, 

with its occurrence being locus specific and modest in magnitude (Bock et al., 2012). Runt-related 

transcription factor 3 (RUNX3), a polycomb target gene expressed in urothelial stem cells, has been 

identified to be preferentially methylated, thus causing the evolution of the perpetually replicating cancer 

stem cells (Wolff et al., 2008). Meanwhile hypermethylation of Glutamate receptor 1 (GRIA1) is 

associated with severe outcomes in basal bladder cancer and has also been hypothesised to be expressed 

in cancer stem cells (Tilley et al., 2017).  

 

Other markers, like Octamer-binding transcription factor-4 (OCT-4) and CD133, have been identified 

to be helpful in selectively isolating particular subsets of cancer stem cell markers (Sedaghat et al., 2017). 

Meanwhile the basal layer of the urothelium, long hypothesised to be the potential source of cancer stem 

cells, was realised to be positive for the stem cell markers Epithelial Membrane Antigen (EMA) and 

CD44 variant 6 (CD44v6) (Yang and Chang, 2008). Improved techniques, such as magnetic cell sorting, 

has made possible the examination of the colony-forming properties of cells positive for this marker. 

Lineage tracing methods has previously proven the existence of a tumour-initiating cells (TIC) signature 

CD44+CK5+CK20- in a subpopulation of cancer stem cells in primary bladder cancer (Chan et al., 2009). 

 

3.2 Isolation and culture methods of bladder CSC’s 

Explant cultures enable observation and manipulation of biopsied tissues in controlled environments 

while maintaining intercellular communication between individual bladder cancer cells (Locke et al., 

2005, Bull et al., 2011, Shamir and Ewald, 2014). These cultures thus maintain the tumour 

microenvironment, enabling them to be used as ideal test beds for assessing therapeutic compounds 

(Benbrook, 2006). However, these tissue culture systems lack integrated physiological systems, which 

are yet to be assessed using a therapeutic index (Sugibayashi et al., 2004).  
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Cell isolation using the Hank’s Balanced Salt Solution (HBSS) buffer-based stripping approach has 

proven ideal for isolating bladder CSCs. The isolation and culturing of these cells involves 

disaggregation of cells from primary tissue using enzymatic, chemical and mechanical disaggregation 

techniques (Ng et al., 2011). The buffer serves to segregate the primary tissue (urothelium from stromal 

part) while the mechanical disaggregation approach further isolates the cells into single cells. This speeds 

up the process of setting up the cell culture, but is disadvantageous since a differentiation of CSCs is not 

possible at this stage. Since primary cell culture conditions are often insufficiently optimised there exists 

a potential for lowered cellular viability with the added risk of cross-contamination by other cells/cell 

lines.  

 

A novel cell propagation approach using 3D spheres has been identified to address the majority of these 

issues (Ochs et al., 2003). 3D spheroids were used in cultivating human mammary CSCs in an anchorage 

independent manner in a serum free medium containing clones called tumorospheres. These 

tumorospheres serve to enrich CSCs from several cell lines (Ponti et al., 2005). Propagation of CSCs 

using tumorospheres enhances their proliferative potential while preserving clonogenicity (Kondo et al., 

2011). The key factor promoting cancer cell survival under in vitro conditions is primarily the cell-to-

cell contacts (Hofmann et al., 2007), with such contacts being advantageous, especially with cancer 

tissue originating from spheroid (CTOS) cultures (Kondo et al., 2011). The CTOS-based approach 

utilises disaggregated cells of colorectal cancer tissue to form spheroids, which form xenograft tumours 

while retaining the features of parent tumours. Tumorosphere cells, however, whilst enriched in CSCs, 

are unable to maintain this enrichment in a cell line dependent manner (Calvet et al., 2014). 

 

Several growth factors have also been identified using a base medium free of serum, Dulbecco’s 

Modified Eagle’s Medium (DMEM), with the CSC population of urothelial cells being grown on BD 

Falcon chambered culture slides (Dimov et al., 2010). Similarly, EMA (-) cells and CD44v6+ have been 
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isolated via a magnetic sorting approach using serum free DMEM in order to identify colony forming, 

self-renewing and proliferating cells (Yang and Chang, 2008). 

 

Hypothesis   

It is hypothesised that bladder cancer stem cells can be retrieved and grown from primary bladder tumour 

cultures. 

It is also hypothesised that in vitro growth of bladder cancer stem cells may be used to study their 

characteristics. 

Aim 

To establish primary tumour cultures with the aim of collecting/retrieving bladder cancer stem cells 

(CSCs). 
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3.3 Materials and Methods  

3.3.1 Patients and Tumour Samples  

30 bladder tissue biopsies were obtained from patients following surgical removal of the bladder tissue 

at the Royal Hallamshire Hospital, Sheffield UK. These were used in this study (Table 3.1). Informed 

consent was obtained from all patients (Investigation of Molecular Instability in the Pathogenesis of 

Urothelial Cancer, STH 15574) Patient ages ranged from 49-97 years with a mean age of 78 years. Out 

of 30 samples, there were 23 males and 7 females included in this study. Details of all cases examined 

in this chapter are summarised in Appendix 1. 

 

 

Table 3.1 Tumour samples and numbers used in primary culture 

Stage & Grade No. 

pTa 6 (20%) 

pT1 7 (23%) 

≥pT2 17 (57%) 

Total 30 

G2 5 (17%) 

G3 25 (83%) 

Total 30 

 

 

 

3.3.2 General Primary Tissue Culture Plan 

The following plan was used to select the best methods and materials in order to obtain primary tissue 

cultures of bladder tumour tissues (figure 3.1).    
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Figure 3.1 Plan used for primary tissue culture. 

 

3.3.3 Tumour collection and processing  

The biopsied tumours used in this study were sourced from patients who had undergone surgical removal 

either via transurethral resection of bladder tumour (TURBT) or cystectomy. Samples were collected 

immediately after surgery in 20 ml of the transport medium Hank’s balanced salt solution (HBSS), with 

Mg2+ and Ca2+ containing 20-kallikrein inactivating units (KIU) aprotinin, 100 µg/ml of penicillin and 

100 µg/ml of streptomycin. Upon delivery, the tumour samples were handled under sterile conditions in 

a safety laboratory cabinet using sterile equipment. Three methods were primarily used in this study to 

isolate cells from the bladder tumour biopsies. Details were described previously in the materials and 

Different 
isolation methods

Successful
growth

Passage
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methods chapter (section 2.3.2). Illustrations of the explant and stripping HBSS methods are shown 

below (Figures 3.2 and 3.3, respectively). 

 

 
Figure 3.2 Schematic representation of the explant isolation method.  

The Figure illustrates the explant isolation procedure for the primary tissue culture of bladder tumour 

tissue using three different mediums.  

 

Explant method

KSFMc medium EpiLife medium DMEM medium

1 2 3

Bladder tissue

Attachment and growth 
of smooth muscle

Attachment but failed 
to grow 

Attachment but failed 
to grow 

Uncoated plate
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Figure 3.3 Schematic representation of the stripping HBSS isolation method.  

The figure illustrates the stripping HBSS isolation procedure for the primary tissue culture of bladder 

tumour tissue using two different serum free media. 

 

3.3.4 Cell culture growth and passage 

Different media were used in this study in order to achieve successful growth. Details were provided in 

the materials and methods chapter (section 2.2.3). Cultured cells were initially maintained in DMEM 

medium supplemented with 1% non-essential amino acid (NEAA), 10% foetal calf serum (FCS), 100 

µg/ml of penicillin and 100 µg/ml of streptomycin to improve the cellular adhesion to the culture plate. 

The media was later switched with a serum free medium so as to grow epithelial cells selectively. 

 

Stripping HBSS 
method

KSFMc medium EpiLife medium

Bladder tissue

Attachment but
failed to grow

Failed to attach

Uncoated plate

A B
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The coating matrix kit was composed of proteins not of animal origin and contained 0.5 ml of sterile 

recombinant type I human collagen. This extracellular matrix coating the culture plate served to enhance 

the adhesion and growth of keratinocyte cells in vitro (Seifert et al., 2007). 

 

Different enzymes were used in order to achieve a successful culture passage. First, a Trypsin-

versene/EDTA mixture containing 0.5 g/l trypsin and 2.0 g/l versine/EDTA. EDTA helps to remove the 

magnesium and calcium ions from the cell surface, which normally help in cell-cell adhesion, and 

thereby allows trypsin (a serine protease) to hydrolyse specific peptide bods. Then a trypsin inhibitor or 

medium containing serum was used to halt the trypsin activity. StemPro® Accutase containing 

proteolytic and collagenolytic enzymes free of bacterial or mammalian derived protein serves as a 

replacement for the traditional trypsin enzyme and is useful for the detachment of cells grown in standard 

as well as coated culture plates.  

 

 

3.4 Results 

3.4.1 Selection of isolation method for urothelial cell growth 

3.4.1.1 Explant method 

The explant method was initially performed on freshly biopsied bladder tumour tissue by scraping the 

urothelial part of the tissue. Cells obtained were then placed onto three uncoated plastic plates named 1, 

2 and 3, with each plate containing a different medium, namely KSFMc, EpiLife and DMEM, 

respectively (as shown above in Figure 3.2).  

 

The resection tissue specimens were able to attach in the tissue culture plates containing each of these 

three media. This cellular attachment did not lead to out-growth in the plates containing KSFMc and 

EpiLife media, however. On the other hand, the resectioned tissue placed in the plate containing DMEM 

was able to attach and grow into smooth muscle-like cells (Figure 3.4). 
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Figure 3.4 Primary bladder tumour tissue culture performed using the explant method.  

Adherent tumour tissue (black arrow) in two different growth media KSFMc (1) and EpiLife (2). 

Outgrowth of primary bladder tumour into fibroblast-like or stromal like cells in DMEM media (3). 

Images were captured at X40 magnification.   
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3.4.1.2 Stripping HBSS method 

A different method, called the stripping HBSS method (illustration shown above figure3.3), was also 

used in order to observe if there were any significant differences in cellular growth compared to the 

explant method.  

 

When the stripping HBSS method was used, single cell attachment was observed in the two uncoated 

culture plates, but no outgrowth was observed in plate (A) when KSFMc medium was used over the next 

three days. While growth was observed on plate (B) when EpiLife medium was used, proliferation 

stopped after one week in culture (Figure 3.5). 

 

 

 
Figure 3.5 Primary bladder tumour tissue culture using the stripping HBSS method.  

A) Primary bladder tumour culture using the stripping HBSS method in the serum free medium KSFMc. 

B) Primary bladder tumour culture using the stripping HBSS method with the serum free medium 

EpiLife. Images were captured at X40 magnification. 
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3.4.1.3 Utilising coated matrices  

Culture plates with coated matrices were used in order to ease cellular anchorage during primary bladder 

tissue culturing. These were then tested together with the explant methods using serum free media. 

Interestingly, there was an initial attachment of tumorospheres onto the coated plates. Cells were also 

initially seeded onto DMEM medium supplemented with 20% foetal calf serum (FCS) for the first 24hrs 

of culture in order to enhance tissue attachment and was later changed to serum-free EpiLife medium. 

Following this, many differently sized spheres were seen attached after 24 hours of seeding the tumour 

tissue onto these coated plates [Figure 3.6 (A and B)]. After five days of incubation, spheres start to 

make contact with other spheres, and cells started to migrate out of colonies, (black arrows) [Figure 3.6 

(C and D)]. After two weeks, cells started to proliferate and fill the space between colonies (black arrow) 

[Figure 3.6 (E and F)].  

 

Unfortunately, after three weeks of culture, a co-culture was observed as the cultures were realised to 

have been contaminated with fibroblasts. (black circle) [Figure 3.6 (G)]. Also, multiple layers of cell 

clusters were developed on the culture plate [Figure 3.6 (H)] and spheres had edges that were rounded 

off, as shown in Figure 3.6 (I), and which started to detach from the plate surface after three weeks in 

culture. 
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Figure 3.6 Primary bladder tumour cells grown using the explant method on coated plates 
containing serum free EpiLife media. 

Attachment of bladder tumours cells evident after 24 hrs (A, B). Plated bladder tumour cells start to 

migrate out from colonies after day 5 (C and D). Proliferation of bladder tumour cells was apparent after 

two weeks (E and F).  Fibroblast contamination (circled) evident after three weeks in some of the culture-

containing plates (G). Multi-layered cell clusters and spheres round off around this stage (H and I). 

Images were captured at X40 magnification.        
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3.4.2 Selection of new serum free medium  

The explant method enabled successful isolation and establishment of bladder tumour tissue on 

extracellular matrix-coated plates containing serum free EpiLife medium. Co-cultures were observed to 

form later in the said culture, however, which disadvantaged such an approach. Recent research (Kondo 

et al., 2011) has suggested the ability of cancer tissue originated spheroid (CTOS) to form spheres from 

colorectal cancer tissue samples in coated culture plates with serum free StemPro® media. Here, we 

attempted to use exactly the technique described in Kondo et al. on bladder samples but in this case it 

failed to provide cell attachment and induce growth.  

 

When the explant method was used with StemPro® media, however, successful attachment and better 

growth were observed in the culture (Figure 3.7). On day five, a few pieces of tissue sample were 

attached to the plate and cells were observed to be migrating out to fill the space [Figure 3.7 (A, black 

arrow)]. In Figure 3.7 (B and C), cells had proliferated across the plate with no fibroblast contamination 

observed. After prolonged growth and daily re-feeding with StemPro medium, the cells stopped growing 

and started to detach, becoming bloated and apoptotic in appearance [Figure 3.7 (D, E and F)].   
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Figure 3.7 Bladder cell proliferation following explant culturing on coated plates containing 
StemPro® media.  

(A) Cell migration ongoing from adherent bladder tissue after five days. (B, C) Cell proliferation across 

the plate. (D, E and F) shows that the cells stopped growing and appeared apoptotic and bloated. Images 

were captured at X40 magnification. 

 

3.4.3 Divergent morphology in primary tissue culture. 

Cell morphology varied depending upon whether they were cultured in StemPro, EpiLife or KSFMc.  

Meanwhile the addition of new StemPro media to the cultured cells helped to improve cellular contacts 

while enhancing cellular proliferation. However, cells started to differentiate and produced a different 

morphology, as shown in Figure 3.8. 



97 

 
Figure 3.8 Primary tumour tissue specimens being cultured in different cell culture media  

EpiLife, KSFMc and StemPro were used in this study. Images were captured at X40 magnification. 
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3.5 Discussion  

Given that bladder cancer stem cells (CSC) are hypothesised to be present in the basal layer of the 

urothelium (Van Batavia et al., 2014), several in vitro models have previously attempted to identify and 

isolate the said cells (Li et al., 2017). Characterisation of these CSCs has been attempted using specific 

markers  like Sonic hedgehog (SHH) (Papafotiou et al., 2016), SOX2 (Zhu et al., 2017), CD44 (Wasfy 

and El-Guindy, 2017), Cytokeratin 5 (Chan et al., 2010) and Keratin 14 (Krt14) (Papafotiou et al., 2016). 

The expression of some of these markers in cohesion reliably indicates the presence of at least some 

subpopulations of these cancer stem cells (Chan et al., 2009). Recent research has indicated the existence 

of a unique gene signature distinct to basal urothelial cells and to differentiated urothelial cells (Chan et 

al., 2009). This research has been restricted to bladder cancer cell lines, however, and has not been 

reliably verified in primary bladder cancer tissues or primary bladder cancer tissue explants. This study 

has tried to redress this omission by attempting to create a protocol for successfully culturing such 

primary cancer tissue biopsies for later characterisation using techniques like fluorescence associated 

cell sorting (refer to Chapter 4) and DNA methylation sequencing (refer to Chapter 5).  

 

When the explant technique was used to place biopsied bladder cancer tissue in 30 ng/ml cholera toxin 

containing Keratinocyte Serum Free Media complete (KSFMc) additionally supplemented with 0.6 mM 

Ca2+ (refer Figure 3.4 (1)) and EpiLife media (refer Figure 3.4 (2)) on uncoated culture plates it resulted 

in cellular attachment but there was no growth or proliferation of the cellular material. A similar amount 

of the re-sectioned biopsied tissue placed subsequent to the explant technique in Dulbecco’s Modified 

Eagles medium (DMEM) supplemented with foetal calf serum was able to attach onto the culture plates 

and grow out into cells with a smooth muscle-like morphology (refer Figure 3.4 (3)). The absence of 

cellular proliferation and differentiation of the biopsied bladder carcinoma tissue could be due to their 

placement in serum free media like KSFMc and EpiLife. KSFMc medium has been commonly used for 

culturing out normal urothelial cells, however (Southgate et al., 1994), while EpiLife medium has been 
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successfully used in a combinatorial approach with DMEM containing 10% foetal calf serum (FCS) to 

grow out carcinoma associated fibroblasts (Hatina and Schulz, 2012). The induction of cellular 

outgrowth and later differentiation into cells with a smooth muscle-cell-like morphology could imply 

that culturing in DMEM enriched with FCS is able selectively to enrich for such a subpopulation from 

bladder carcinoma tissue. The absence of primary urothelial carcinoma tissue in serum free media could 

imply that certain factors in foetal calf serum is enabling outgrowth from a select subpopulation of 

urothelial carcinoma stem cells. The replacement of serum of bovine origin with serum sourced from 

other sources has not been tested here, however. Previous research on serum sourced from bovine or 

human specimens has indicated that when used for cultured urinary bladder cell lines responded 

similarly (Rigby and Franks, 1970). In order to overcome/ or select for uniform, or at least partial 

epithelial/urothelial-like, outgrowth from these re-sectioned primary bladder cancer tissue; an approach 

using other serum free media ought to be tested, such as DH-S1, which has previously been used for 

culturing bladder carcinoma cell lines (Messing et al., 1982). 

 

Additionally, the use of the stripping HBSS technique for growing out the bladder carcinoma cells in 

culture did not yield cellular outgrowth for the KSFMc serum free media (refer Figure 3.5 (A)). The 

bladder carcinoma cells survived for much longer and were able to attach themselves onto the culture 

plates when EpiLife media (refer Figure 3.5 (B)) was used in combination with the stripping HBSS 

method. Nonetheless, these cells died out, indicating that the stripping HBSS technique by itself was not 

sufficient to grow out these cells in the absence of serum. Other factors that might also have had a 

negative influence include the prolonged and harsh digestion processes associated with the stripping 

HBSS technique or the possibility that the re-sectioned cells might already have initiated the path 

towards apoptosis leading to necrosis. 
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The utilisation of coated matrixes on the cell plates used for tissue culturing had a positive effect on cell 

cultures grown in serum-free media (refer Figure 3.6). The cells were able to both attach and grow out 

as tumorospheres aided by the coated matrix. The replacement of the DMEM with serum free media 

meanwhile promoted cellular proliferation, indicating that bladder tumour cells yielded better growth 

rates when exposed to serum-free medium supplemented with growth factors. Although the cellular 

growth later stopped, this remained a good indication of the suitability of using multiple growth media 

with additional supplements like growth factors/ sera, to establish primary bladder carcinoma cells. 

 

Coated matrices enhanced culture and promoted tissue attachment and some kind of growth but stopped 

after two weeks, and although StemPro was then used in combination with the explant technique and 

coating matrix (refer Figure 3.7), this approach was undermined by fibroblast contamination of the 

culture. 

 

Additional approaches like Cancer Tissue Originated Spheroids (CTOS) using serum free StemPro 

media have been able to promote tissue attachment and induce colorectal tumorospheres to proliferate 

(Kondo et al., 2011); but this technique was unsuccessful when used on bladder tumour tissue in this 

study. This loss of cellular attachment could be because this method was originally designed/ setup for 

colorectal cancer cell cultures (Kondo et al., 2011). Also the bladder tissue dissociation could have 

resulted in damage to the bladder tissues. A combinatorial approach featuring the use of the coated 

matrix and the explant method together with the StemPro media meanwhile promoted better bladder 

tumour cell growth (refer Figure 3.8). These proliferating cells, however, also contained a subpopulation 

of fibroblast cells and were not just urothelial cells. This indicated the drawback of utilising biopsied 

tissue for growing out urothelial tumour tissue.  

 



101 

Although I was unable to establish a primary bladder tumour culture protocol for growing out urothelial 

carcinoma tissue I have been able to identify a novel method using media supplemented with sera to 

grow out smooth muscle like cells. The serum free StemPro media, although originally designed for 

colorectal cell culture, could still be utilised to promote tumour cell out growth when used with coated 

matrices and explant isolation techniques. These techniques would still have to be modified with other 

media or growth factors to induce urothelial growth and confluence, however. 
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CHAPTER FOUR 

 

4 CELL SORTING OF FRESH BLADDER CANCERS 
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4.1 Introduction  

Bladder cancer is a common malignancy (Humphrey et al., 2016) classified using pathological staging 

and grading (Boustead et al., 2014). Bladder cancer stem cells (BCSC) may give rise to distinct tumour 

cells causing tumour heterogeneity (Easwaran et al., 2014). Current data supports the concept [hierarchy 

model] that only a few cancer stem cells (CSC) possess such abilities (Beck and Blanpain, 2013, Kreso 

and Dick, 2014), as compared to the Stochastic Model in which all malignant cells possess tumorigenic 

potential. CSCs possess unique phenotypes, as evidenced by their expression of specific Cluster of 

Differentiation (CD) cell surface markers (Tarnok et al., 2010). CD surface markers are expressed when 

immune cells undergo differentiation. This leads to the expression of active moieties along their cell 

surface which later serve as markers for different immune cell subtypes (Andrews et al., 2013). These 

macromolecules can serve as ligands for fluorescent molecule conjugated receptors in flow cytometry 

(Gilbert and Ross, 2009). 

  

Flow cytometry is a laser or impedance based approach for cell sorting (Giaretti, 1997). Fluorescence-

activated cell sorting (FACS) is the most common use of flow cytometry in oncology (Cunderlikova et 

al., 2007). FACS enables the examination of heterogeneous cell populations while avoiding tissue 

shrinkage or sectioning artefacts associated with histological techniques (Herculano-Houzel et al., 

2015). Moreover, the identification and purification of unique subpopulations of cells expressing 

particular cell surface markers is feasible without loss of cell viability (Basu et al., 2010). 

 

Recent advances (Luchini and Cheng, 2017) have categorised bladder cancers into three groups: basal, 

intermediate and differentiated sub-types, with each possessing characteristic cell markers (such as 

keratins) (Volkmer et al., 2012). Keratins are a transcription product formed during epithelial 

proliferation and are usually conserved during neoplastic transformation. Bladder cancer cells 

expressing keratins possess unique cell surface receptors, identification of which could be utilised to 
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predict differentiation states. Keratin 14 (KRT14) is characteristic of the most primitive differentiation 

state, i.e. the basal subtype, while keratin 5 and keratin 20 are expressed in the intermediate and 

differentiated subtypes, respectively (Volkmer et al., 2012). Further studies performed using cell sorting 

have also revealed that certain tumour-initiating cells (TIC) possess cell surface markers 

[CD44+CK5+CK20-] mirroring normal bladder basal cells. Cells sorted from these isolates have been 

shown to be capable of regenerating into heterogeneous tumours when implanted as xenografts (Chan 

et al., 2009). Additionally, the global gene expression profiling has shown that those sorted CSCs 

positive for CD44+ have a phenotype similar to that of aggressive bladder cancer (Chan et al., 2010). 

 

Knowledge of the cell cycle distribution of CSCs is ideal for identifying targets for therapeutic 

intervention prior to tumour initiation (Liu et al., 2016). These cell cycle distributions can also be 

identified using flow cytometry (Pozarowski and Darzynkiewicz, 2004) since resistant subpopulations 

possess autophagy-resistant characteristics unique to the G2/M phase cell block (Chappell and Dalton, 

2010). Since cells in the G2/M phase are more susceptible to radiation than radio-resistant dormant (G1/0 

and S phases) cells (Sinclair, 2012), further evaluation of their DNA content is necessary. Moreover, 

overexpression of CD44 stimulated by Interleukin-6 (IL-6) is observed in bladder cancer cells resistant 

to irradiation (Wu et al., 2017). Flow cytometry could serve to detect an aneuploid population of cells 

in high-grade urinary bladder carcinomas while sorting for cell surface markers (Melamed, 1992). A 

non-invasive approach using flow cytometry of urine samples while purging for the markers cytokeratin 

and CD45 has been proven to be useful for bladder cancer diagnosis (Barlandas-Rendon et al., 2002).  

 

Chromatin flow cytometry can identify changes in the epigenetic makeup in response to histone 

acetylation and methylation (Obier and Muller, 2010), especially in drug-treated in vivo cultures of 

cancer biopsies. Sorted cells from the same could be utilised to identify characteristics unique to high-

grade bladder carcinoma, like promoter hypermethylation (Catto et al., 2009). Optimised epitope 
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retrieval strategies have made it possible to detect 5-methylcytosine reliably using flow cytometry  

(Celik-Uzuner et al., 2017). Since promoter hypermethylation corresponds to advanced tumour staging 

and tumour progression (Catto et al., 2005), sorted tissue types with similar morphologies could be 

distinguished using a combinatorial approach involving both flow cytometry and bisulphite sequencing. 

This could also serve in identifying unique cell-signalling mechanisms which could be specifically 

targeted to increase response rates to therapeutic intervention (Drayton and Catto, 2012). Sorting bladder 

cancer tumour cells could also prevent risks associated with over- or under-staging using imaging tools. 

The predictive impact of epigenetic processes in bladder cancer is still unclear, however, and therefore 

warrants further investigation.  

 

Hypothesis  

I hypothesised that distinct bladder cancer subpopulations exist in freshly dissected bladder tissue types 

and in bladder cancer cell lines, and that these can be identified using FACS sorting. 

I also hypothesised that these subpopulations exhibit distinct characteristics in bladder cell lines and 

bladder tissues.  

Aim 

To sort bladder cell lines and fresh tissues into distinct subpopulations using the cell surface markers 

CD44, CD47, CD49f and CD90.   
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4.2 Materials and methods 

4.2.1 Patients Samples  

A total of 38 tissue samples were used in this study. Both normal (n=4) and tumour (n=34) fresh bladder 

tissues were obtained from patients who had undergone either surgical removal of the bladder or part of 

the bladder, surgical removal of prostate (radical prostatectomy) at the Royal Hallamshire Hospital, 

Sheffield, UK. All patients underwent informed consent in an ethically approved programme 

(Investigation of Molecular Instability in the Pathogenesis of Urothelial Cancer, STH 15574).  

 

The age of patients ranged from 47-94 years with a mean age of 72 years, and 28 out of 38 samples were 

from males. Of those samples, 24 bladder tumour tissues were subsequently excluded as they either 

contained too much necrotic tissue, failed tissue dissociation or straining during the sorting process. 

Thus, ten bladder tumour and three normal bladder biopsies were successfully disaggregated and 

analysed. The details of all tumour tissues stages and grades (A) as well as sorted tissue (B) are shown 

in table 4.1. 

Table 4.1 The stage and grade of all bladder tumour tissues used in flow cytometry (A). The bladder 
tumour tissues sorted in this chapter. 

                                                 A 

Stage and Grade Number (%) 

pTa 13 (38.4%) 

pT1 10 (29.4%) 

≥pT2 11 (32.2%) 

Total 34 

G2 10 (29.4%) 

G3 24 (70.6%) 

Total 34 

                                      B 

Sorted tissue Grade (Stage) Number 

Intermediate grade G2 (≤ pT1) 5 

High grade G3 (≥ pT2) 5 
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4.2.2 Flow cytometry  

Bladder tissues were dissociated manually and strained through a filter to separate clumps and obtain a 

single cell suspension. Cell culture isolates were dissociated using a combination of trypsin and ethylene 

diamine tetra acetic acid (EDTA). Dissociated cells were washed multiple times and a lysis buffer of red 

blood cells (RBC) was added for the tissue samples only (RBC lysis buffer serves to remove erythrocytes 

which otherwise might influence the accuracy of the FACS® analysis). Fc receptor blocking was 

performed to prevent the immune complex from influencing the immune staining to be performed in the 

next step. Following the Fc receptor blockade, immune staining was performed for the cell surface 

markers (e.g. CD44, CD47, CD49f and CD90) and isotypes that matched the primary antibodies. The 

next steps involved cell sorting, which was performed using FACSAriaTM, following which data analysis 

was performed using FlowJo® software. DNA extraction was then performed on the sorted cells of both 

bladder tumour biopsies and normal tissues using a commercially available kit (DNeasy from Qiagen®). 

The extracted DNA was then used to perform downstream analysis (Figure 4.1). 
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Figure 4.1 The general workflow followed in the research reported in this chapter.  

Excised bladder tissues as well as bladder cell line isolates were dissociated, washed, blocked and then 

sorted for selected cell surface markers and their matched isotype. The data obtained was analysed using 

FlowJo® software prior to DNA extraction and downstream analysis.  
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4.2.3 Gating strategy for fluorescence activated cell sorting (FACS) analysis  

For flow cytometry, specific gating was used to ensure optimal results from different tissues and cell 

lines (Lugli et al., 2010). Compensation and sorting procedures were performed using the BD 

FACSAriaTM III cell sorter with the BD FACSDivaTM software. Dissociated cells were sorted in a few 

gating steps. First, the desired original population was gated while avoiding debris (Figure 4.2.a). Then, 

single cells were gated while avoiding doublets cells (Figure 4.2.b).  After discrimination of the doublets 

cell, live cells were selected by gating the negative population that did not express the viability dye 

(Figure 4.2.c). The live cells obtained were pre-stained with live/dead viability dye that consisted of 

fluorophore-conjugated antibodies with different emission. They were then sorted into distinct live sub-

populations. Cell sorting was either done for subpopulations which were specific for single cell surface 

markers or dual cell surface markers. After sorting, FlowJo software (version 10) was used to generate 

visualisation and numerical data (Figure 4.2). 
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Figure 4.2 Gating strategy utilised for fluorescence activated cell sorting (FACS) analysis.  

The protocol utilised sorted dissociated single cells from cell lines and aggregates or clumps of tissue 

samples. These were then sorted into live and dead tumour cells, following which the live cell isolates 

were sorted for isotype matched controls, for a single cell marker, e.g. CD44, as well as for dual markers, 

e.g. CD44/CD47. 

 

 
4.2.4 Identification of non-specific binding in cell lines and tissue. 

The primary antibody used in flow cytometry can result in non-specific binding (mainly to Fc receptors 

present on the cell surface). To test the non-specific binding of the primary antibody, an isotype that 

matched the primary antibody host species and the same conjugated fluorophore was selected. Emission 

spectra for all conjugated antibodies which were either conjugated to phycoerythrin (PE) or 



111 

allophycyanin (APC), as well their isotype-matched controls, were examined in order to identify whether 

there was any nonspecific binding reflected in the isotype emission spectra. The antibodies used were 

[PE anti-human/mouse CD49f, PE anti-human/ CD90 (Thy 1), APC anti-mouse/human CD44 and PE 

anti-human CD47]. As shown in Figure 4.3, no expression was observed in any of the isotypes used in 

this study. 

 

 

 
Figure 4.3 Fluorescence emission spectra for antibodies specific for the cell surface markers and 
isotypes. 

Fluorescence emission spectra of all three cell surface markers, CD47, CD49f and CD90, together with 

their matched isotype, were conjugated with phycoerythrin (PE) (left side). The isotype PE-mouse 

(Mouse IgG1, K Isotype control) was used to check for the nonspecific binding of CD47 and CD90, 

while the isotype PE-rat (Rat IgG2a, K Isotype control) was used to check for the nonspecific binding 

for CD49f. The right side of the figure shows fluorescence emission spectra for cell surface marker 

CD44 and its matching isotype, both conjugated with allophycocyanin (APC) and the isotype control 

for this marker was (Rat IgG2b,K isotype control). 

CD47 PE

CD49f PE

CD90 PE

Isotype PE-rat

Isotype PE-mouse

CD44 APC

Isotype APC
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4.3 Results  

4.3.1 Expression of CD44, CD47, CD49f and CD90 markers in cell lines 

FACS was performed using five bladder cancer cell lines (EJ, EJ-Cisplatin Resistant (EJ-R), EJ-D4 

clone, EJ-G7 clone and RT112) and a normal human urothelium cell line (NHU) with antibodies to 

CD44, CD90, CD47 and CD49f. The findings were compared with unstained controls. Analysis with 

FlowJo revealed various levels of expression for CD44, CD47 and CD49f in the cell lines, but no CD90 

expression was detected in any of the bladder cell lines examined (Figure 4.4). 

 

Figure 4.4 FACS® sorting analysis of bladder cell lines immune stained with the cell surface 
markers CD44, CD47, CD49f and CD90.  

The representative histograms show the percentage of positive cells that express the cell surface marker 

CD44, CD47 and CD49f and their unstained control (blue histogram). Gating was applied to the 

unstained control sample and then to the relative sample. 

 

There were significant differences in expression in the distribution of specific markers, like CD44 and 

CD49f, between the various cell lines. Post-hoc analysis performed using Tukey’s honest significance 

PE +ve
0.071

10 0 10 1 10 2 10 3 10 4

FL2-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

EJ

PE +ve
0.025

10 0 10 1 10 2 10 3 10 4

FL2-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

EJ-R

PE+ve
0.19

10 0 10 1 10 2 10 3 10 4

FL2-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

RT112

PE +ve
0.10

10 0 10 1 10 2 10 3 10 4

FL2-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

D4

PE +ve
0.31

10 0 10 1 10 2 10 3 10 4

FL2-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

G7

PE +ve
0.17

10 0 10 1 10 2 10 3 10 4

FL2-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

NHU

PE +ve
0.071

10 0 10 1 10 2 10 3 10 4

FL2-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

EJ

PE +ve
0.025

10 0 10 1 10 2 10 3 10 4

FL2-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

EJ-R

PE+ve
0.19

10 0 10 1 10 2 10 3 10 4

FL2-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

RT112

PE +ve
0.10

10 0 10 1 10 2 10 3 10 4

FL2-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

D4

PE +ve
0.31

10 0 10 1 10 2 10 3 10 4

FL2-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

G7

PE +ve
0.17

10 0 10 1 10 2 10 3 10 4

FL2-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

NHU

PE +ve
0.071

10 0 10 1 10 2 10 3 10 4

FL2-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

EJ

PE +ve
0.025

10 0 10 1 10 2 10 3 10 4

FL2-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

EJ-R

PE+ve
0.19

10 0 10 1 10 2 10 3 10 4

FL2-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

RT112

PE +ve
0.10

10 0 10 1 10 2 10 3 10 4

FL2-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

D4

PE +ve
0.31

10 0 10 1 10 2 10 3 10 4

FL2-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

G7

PE +ve
0.17

10 0 10 1 10 2 10 3 10 4

FL2-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

NHU

PE +ve
0.071

10 0 10 1 10 2 10 3 10 4

FL2-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

EJ

PE +ve
0.025

10 0 10 1 10 2 10 3 10 4

FL2-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

EJ-R

PE+ve
0.19

10 0 10 1 10 2 10 3 10 4

FL2-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

RT112

PE +ve
0.10

10 0 10 1 10 2 10 3 10 4

FL2-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

D4

PE +ve
0.31

10 0 10 1 10 2 10 3 10 4

FL2-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

G7

PE +ve
0.17

10 0 10 1 10 2 10 3 10 4

FL2-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

NHU

PE +ve
0.071

10 0 10 1 10 2 10 3 10 4

FL2-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

EJ

PE +ve
0.025

10 0 10 1 10 2 10 3 10 4

FL2-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

EJ-R

PE+ve
0.19

10 0 10 1 10 2 10 3 10 4

FL2-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

RT112

PE +ve
0.10

10 0 10 1 10 2 10 3 10 4

FL2-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

D4

PE +ve
0.31

10 0 10 1 10 2 10 3 10 4

FL2-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

G7

PE +ve
0.17

10 0 10 1 10 2 10 3 10 4

FL2-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

NHU

PE +ve
0.071

10 0 10 1 10 2 10 3 10 4

FL2-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

EJ

PE +ve
0.025

10 0 10 1 10 2 10 3 10 4

FL2-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

EJ-R

PE+ve
0.19

10 0 10 1 10 2 10 3 10 4

FL2-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

RT112

PE +ve
0.10

10 0 10 1 10 2 10 3 10 4

FL2-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

D4

PE +ve
0.31

10 0 10 1 10 2 10 3 10 4

FL2-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

G7

PE +ve
0.17

10 0 10 1 10 2 10 3 10 4

FL2-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

NHU

CD90

CD44 +ve
98.8

10 0 10 1 10 2 10 3 10 4

FL4-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

PE +ve
98.8

10 0 10 1 10 2 10 3 10 4

FL2-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

PE +ve
94.6

10 0 10 1 10 2 10 3 10 4

FL2-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

CD44 +ve
99.9

10 0 10 1 10 2 10 3 10 4

FL4-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

PE +ve
99.6

10 0 10 1 10 2 10 3 10 4

FL2-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

PE +ve
97.7

10 0 10 1 10 2 10 3 10 4

FL2-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

EJ-R
CD44 +ve

88.2

10 0 10 1 10 2 10 3 10 4

FL4-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

PE+ve
99.6

10 0 10 1 10 2 10 3 10 4

FL2-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

PE+ve
99.9

10 0 10 1 10 2 10 3 10 4

FL2-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

CD44 +ve
98.9

10 0 10 1 10 2 10 3 10 4

FL4-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

PE +ve
99.9

10 0 10 1 10 2 10 3 10 4

FL2-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

PE +ve
99.8

10 0 10 1 10 2 10 3 10 4

FL2-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

D4

CD44 +ve
98.9

10 0 10 1 10 2 10 3 10 4

FL4-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

PE +ve
99.9

10 0 10 1 10 2 10 3 10 4

FL2-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

PE +ve
99.8

10 0 10 1 10 2 10 3 10 4

FL2-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

NHUG7 RT112EJ
CD44 +ve

96.0

10 0 10 1 10 2 10 3 10 4

FL4-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

PE +ve
99.5

10 0 10 1 10 2 10 3 10 4

FL2-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

PE +ve
99.5

10 0 10 1 10 2 10 3 10 4

FL2-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

CD44

CD47

CD49f

CD44 +ve
98.8

10 0 10 1 10 2 10 3 10 4

FL4-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

PE +ve
98.8

10 0 10 1 10 2 10 3 10 4

FL2-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

PE +ve
94.6

10 0 10 1 10 2 10 3 10 4

FL2-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

CD44 +ve
99.9

10 0 10 1 10 2 10 3 10 4

FL4-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

PE +ve
99.6

10 0 10 1 10 2 10 3 10 4

FL2-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

PE +ve
97.7

10 0 10 1 10 2 10 3 10 4

FL2-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

EJ-R
CD44 +ve

88.2

10 0 10 1 10 2 10 3 10 4

FL4-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

PE+ve
99.6

10 0 10 1 10 2 10 3 10 4

FL2-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

PE+ve
99.9

10 0 10 1 10 2 10 3 10 4

FL2-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

CD44 +ve
98.9

10 0 10 1 10 2 10 3 10 4

FL4-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

PE +ve
99.9

10 0 10 1 10 2 10 3 10 4

FL2-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

PE +ve
99.8

10 0 10 1 10 2 10 3 10 4

FL2-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

D4

CD44 +ve
98.9

10 0 10 1 10 2 10 3 10 4

FL4-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

PE +ve
99.9

10 0 10 1 10 2 10 3 10 4

FL2-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

PE +ve
99.8

10 0 10 1 10 2 10 3 10 4

FL2-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

NHUG7 RT112EJ
CD44 +ve

96.0

10 0 10 1 10 2 10 3 10 4

FL4-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

PE +ve
99.5

10 0 10 1 10 2 10 3 10 4

FL2-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

PE +ve
99.5

10 0 10 1 10 2 10 3 10 4

FL2-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

CD44 +ve
98.8

10 0 10 1 10 2 10 3 10 4

FL4-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

PE +ve
98.8

10 0 10 1 10 2 10 3 10 4

FL2-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

PE +ve
94.6

10 0 10 1 10 2 10 3 10 4

FL2-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

CD44 +ve
99.9

10 0 10 1 10 2 10 3 10 4

FL4-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

PE +ve
99.6

10 0 10 1 10 2 10 3 10 4

FL2-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

PE +ve
97.7

10 0 10 1 10 2 10 3 10 4

FL2-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

EJ-R
CD44 +ve

88.2

10 0 10 1 10 2 10 3 10 4

FL4-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

PE+ve
99.6

10 0 10 1 10 2 10 3 10 4

FL2-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

PE+ve
99.9

10 0 10 1 10 2 10 3 10 4

FL2-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

CD44 +ve
98.9

10 0 10 1 10 2 10 3 10 4

FL4-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

PE +ve
99.9

10 0 10 1 10 2 10 3 10 4

FL2-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

PE +ve
99.8

10 0 10 1 10 2 10 3 10 4

FL2-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

D4

CD44 +ve
98.9

10 0 10 1 10 2 10 3 10 4

FL4-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

PE +ve
99.9

10 0 10 1 10 2 10 3 10 4

FL2-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

PE +ve
99.8

10 0 10 1 10 2 10 3 10 4

FL2-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

NHUG7 RT112EJ
CD44 +ve

96.0

10 0 10 1 10 2 10 3 10 4

FL4-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

PE +ve
99.5

10 0 10 1 10 2 10 3 10 4

FL2-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

PE +ve
99.5

10 0 10 1 10 2 10 3 10 4

FL2-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

CD44 +ve
98.8

10 0 10 1 10 2 10 3 10 4

FL4-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

PE +ve
98.8

10 0 10 1 10 2 10 3 10 4

FL2-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

PE +ve
94.6

10 0 10 1 10 2 10 3 10 4

FL2-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

CD44 +ve
99.9

10 0 10 1 10 2 10 3 10 4

FL4-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

PE +ve
99.6

10 0 10 1 10 2 10 3 10 4

FL2-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

PE +ve
97.7

10 0 10 1 10 2 10 3 10 4

FL2-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

EJ-R
CD44 +ve

88.2

10 0 10 1 10 2 10 3 10 4

FL4-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

PE+ve
99.6

10 0 10 1 10 2 10 3 10 4

FL2-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

PE+ve
99.9

10 0 10 1 10 2 10 3 10 4

FL2-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

CD44 +ve
98.9

10 0 10 1 10 2 10 3 10 4

FL4-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

PE +ve
99.9

10 0 10 1 10 2 10 3 10 4

FL2-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

PE +ve
99.8

10 0 10 1 10 2 10 3 10 4

FL2-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

D4

CD44 +ve
98.9

10 0 10 1 10 2 10 3 10 4

FL4-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

PE +ve
99.9

10 0 10 1 10 2 10 3 10 4

FL2-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

PE +ve
99.8

10 0 10 1 10 2 10 3 10 4

FL2-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

NHUG7 RT112EJ
CD44 +ve

96.0

10 0 10 1 10 2 10 3 10 4

FL4-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

PE +ve
99.5

10 0 10 1 10 2 10 3 10 4

FL2-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

PE +ve
99.5

10 0 10 1 10 2 10 3 10 4

FL2-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

CD44 +ve
98.8

10 0 10 1 10 2 10 3 10 4

FL4-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

PE +ve
98.8

10 0 10 1 10 2 10 3 10 4

FL2-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

PE +ve
94.6

10 0 10 1 10 2 10 3 10 4

FL2-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

CD44 +ve
99.9

10 0 10 1 10 2 10 3 10 4

FL4-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

PE +ve
99.6

10 0 10 1 10 2 10 3 10 4

FL2-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

PE +ve
97.7

10 0 10 1 10 2 10 3 10 4

FL2-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

EJ-R
CD44 +ve

88.2

10 0 10 1 10 2 10 3 10 4

FL4-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

PE+ve
99.6

10 0 10 1 10 2 10 3 10 4

FL2-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

PE+ve
99.9

10 0 10 1 10 2 10 3 10 4

FL2-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

CD44 +ve
98.9

10 0 10 1 10 2 10 3 10 4

FL4-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

PE +ve
99.9

10 0 10 1 10 2 10 3 10 4

FL2-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

PE +ve
99.8

10 0 10 1 10 2 10 3 10 4

FL2-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

D4

CD44 +ve
98.9

10 0 10 1 10 2 10 3 10 4

FL4-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

PE +ve
99.9

10 0 10 1 10 2 10 3 10 4

FL2-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

PE +ve
99.8

10 0 10 1 10 2 10 3 10 4

FL2-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

NHUG7 RT112EJ
CD44 +ve

96.0

10 0 10 1 10 2 10 3 10 4

FL4-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

PE +ve
99.5

10 0 10 1 10 2 10 3 10 4

FL2-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

PE +ve
99.5

10 0 10 1 10 2 10 3 10 4

FL2-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

CD44 +ve
98.8

10 0 10 1 10 2 10 3 10 4

FL4-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

PE +ve
98.8

10 0 10 1 10 2 10 3 10 4

FL2-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

PE +ve
94.6

10 0 10 1 10 2 10 3 10 4

FL2-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

CD44 +ve
99.9

10 0 10 1 10 2 10 3 10 4

FL4-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

PE +ve
99.6

10 0 10 1 10 2 10 3 10 4

FL2-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

PE +ve
97.7

10 0 10 1 10 2 10 3 10 4

FL2-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

EJ-R
CD44 +ve

88.2

10 0 10 1 10 2 10 3 10 4

FL4-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

PE+ve
99.6

10 0 10 1 10 2 10 3 10 4

FL2-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

PE+ve
99.9

10 0 10 1 10 2 10 3 10 4

FL2-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

CD44 +ve
98.9

10 0 10 1 10 2 10 3 10 4

FL4-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

PE +ve
99.9

10 0 10 1 10 2 10 3 10 4

FL2-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

PE +ve
99.8

10 0 10 1 10 2 10 3 10 4

FL2-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

D4

CD44 +ve
98.9

10 0 10 1 10 2 10 3 10 4

FL4-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

PE +ve
99.9

10 0 10 1 10 2 10 3 10 4

FL2-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

PE +ve
99.8

10 0 10 1 10 2 10 3 10 4

FL2-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

NHUG7 RT112EJ
CD44 +ve

96.0

10 0 10 1 10 2 10 3 10 4

FL4-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

PE +ve
99.5

10 0 10 1 10 2 10 3 10 4

FL2-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

PE +ve
99.5

10 0 10 1 10 2 10 3 10 4

FL2-H

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e



113 

difference (HSD) test revealed significant differences in the mean expression levels of CD44 cell surface 

marker between the EJ-R cell line and the NHU cell line (p= 0.039) as well as between the NHU cell 

line and the RT112 cell line (p= 0.001). More than 99% of the cells in the EJ-R cell line expressed CD44, 

and just over 96% in the NHU cell line. The Among all the cell lines examined, the RT112 cell line had 

the lowest percentage of CD44 expression as a single marker (at just above 90%). Similarly significant 

expression levels were also apparent for the cell surface marker CD49f. In the EJ cell line 95% of the 

cells expressed this marker, and 99% in the RT112 were cell line (p= 0.041). D4 (p= 0.007) and G7 (p= 

0.008) also had close to 99% expression of this marker. No significant expression levels were observed 

for the cell surface marker CD47, however. An analysis of variance (ANOVA) between cell lines 

performed on CD44 and CD49f markers revealed that the results are significant at 0.001 and 0.006 

respectively; while no significance was observed for the CD47 marker (Figure 4.5). 

 
Figure 4.5 Analysis of single marker expression for all markers, CD44, CD47, CD49f and CD90, 
across different cell lines.  

Six cell lines:  EJ, EJR, EJ-D4 clone, EJ-G7 clone, RT112 and NHU were used for this investigation. 

The results were obtained from three independent replicates. Error bars represent ± standard deviation 

(± SD). Testing for the difference in the expression of cell surface markers between various cell lines 

was done using an analysis of variance (ANOVA). Post-hoc analysis performed using Tukey’s honest 

significance difference (HSD) was used for multiple comparison.  
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4.3.2 Co-expression of CD44 and CD47 in bladder cell lines 

Next, I analysed the co-expression of CD44 and CD47 in these cell lines. Once again, whilst the patterns 

were broadly similar, in-depth comparisons revealed the existence of distinct subpopulations of CD44 

and CD47 dual positive cells (Figure 4.6).  

 

 

 
Figure 4.6 FACS® sorting analysis of different bladder cell lines using dual cell surface marker 
expression for CD44 and CD47.  

The representative scatter plots show the percentage of positive cells that express the cell surface markers 

CD44 and CD47. Six cell lines were analysed: EJ, EJR, EJ-D4 clone, EJ-G7 clone, RT112 and NHU. 

Gating was first applied to the unstained control sample and then applied to its relative sample. The 

CD47 marker is represented on the X axis (FL2-H) and CD44 marker is represented on the Y axis (FL4-

H). 

 

Post-hoc analysis was performed using Tukey’s honest significance difference (HSD) test and revealed 

differences in the mean expression levels of CD47-/CD44+ cell surface markers between the EJ-R cell 

line and NHU (P=0.05) and G7 (P=0.004), as well as between the EJ cell line and NHU (P=0.029) and 

G7 (P=0.006); also, between RT112 and NHU (P=0.013) and G7 (P=0.014), and between NHU and G7 
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(P=0.001). Furthermore, using Tukey’s (HSD) testing, significant upregulation was observed in the 

expression levels of CD47+/CD44+ cell surface markers between EJ and RT112 (P=0.008), as well as 

between the EJ-R subpopulation and RT112 (P=0.005), and between RT112 and D4 (P=0.004). 

Significant upregulation of the mean expression levels were not observed for CD47+/CD44- and CD47-

/CD44-. Analysis of variance (ANOVA) was performed and revealed that the mean results were 

significant overall for CD47+/CD44+ cell surface markers (Figure 4.7). 

 

 

Figure 4.7 Analysis of the expression of dual cell surface markers of CD44 and CD47 for bladder 
cell lines.  

Six cell lines were analysed: EJ, EJR, EJ-D4 clone, EJ-G7 clone, RT112 and NHU. Results are from 

three independent replicates. Error bars represent ± standard deviation (±SD). The data is shown in 

logarithmic scale. Testing for the difference in the expression of cell surface markers between various 

cell lines was done by using an analysis of variance (ANOVA). Post-hoc analysis performed using 

Tukey’s honest significance difference (HSD) was used for multiple comparison. The analysis revealed 

elevated expression levels of CD47+/CD44+ marker in tumour cells in the cell lines examined. 
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4.3.3 Co-expression of CD44 and CD49f  

I repeated the FACS analysis using antibodies to both CD44 and CD49f. As before, it was clear that 

there were distinct subpopulations positive for both CD44 and CD49f (Figure 4.8). 

 

 
Figure 4.8 FACS® sorting analysis of different bladder cell lines using dual cell surface markers 
expression for CD44 and CD49f.  

The representative dot plot shows the percentage of positive cells that expressed the cell surface markers 

CD44 and CD49f. Six cell lines were analysed: EJ, EJR, EJ-D4 clone, EJ-G7 clone, RT112 and NHU. 

Gating was first applied to the unstained control sample and then applied to its relative sample. The 

CD49f marker is represented on the X axis and the CD44 marker is represented on the Y axis. 

 

Statistical analysis revealed significant differences in expression patterns in the distribution of cells 

positive for both CD49f and CD44. Post-hoc analysis performed using Tukey’s honest significance 

difference (HSD) test revealed a significant difference in the expression levels of CD49f-/CD44+ cell 

surface marker between the EJ cell line and all other cell lines (P=0.001), between EJ-R and RT112 

(significance level at 0.009), D4 (P=0.014), G7 (P=0.015) and NHU (P=0.012); as well as between EJ-

R and RT112 (P=0.009) and NHU (P=0.012). Similarly, further post-hoc analysis performed using 
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Tukey’s honest significance difference (HSD) test revealed a significant difference in the expression 

levels of CD49f+/CD44+ cell surface markers between EJ and all other cell lines (P=0.001); and between 

the EJ-R subpopulation and D4 (P=0.022 and P=0.049), G7 (P=0.031) and NHU (P=0.026). Significant 

differences in expression levels were also observed for CD49f+/CD44- cell surface markers between the 

RT112 and all other cell lines (P=0.001). Significance difference in the expression levels were also 

observed for CD49f-/CD44- cell surface markers between EJ and EJ-R (P=0.001), RT112 (P=0.002), G5 

(P=0.001) and NHU (P=0.001). An analysis of variance (ANOVA) revealed that the results are 

significant overall for all quadrants examined (Figure 4.9).      

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.9 Analysis of dual cell surface markers expression of CD44 and CD49f for bladder cell 
lines.  

The six cell lines used for this investigation included EJ, EJR, EJ-D4 clone, EJ-G7 clone, RT112 and 

NHU cell lines. The results were obtained from three independent replicates. The error bars represent ± 

standard deviation (±SD). The data is shown in logarithmic scale. Testing for the difference in cell 

surface markers expression between various cell lines was done by using an analysis of variance 

(ANOVA). Post-hoc analysis performed using Tukey’s honest significance difference (HSD) was used 

for multiple comparison. 
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4.3.4 Expression of CD44, CD47, CD49f and CD90 markers in fresh tissue samples 

Bladder tissue samples were tested in order to investigate the presence of the CD90 marker, as well as 

the expression of the other cell surface markers across different bladder tissues. FACS was performed 

for the three bladder tissue types available: normal, intermediate grade (WHO Grade 2) and high-grade 

(WHO Grade 3) tumours against their unstained controls. Analysis revealed differences in all three-

tissue types examined (Fig 4.10). 

 

  

Figure 4.10 FACS® sorting analysis of bladder tumour cells stained with single cell surface 
markers CD44, CD47, CD49f and CD90.  

The representative histograms demonstrate the percentage of positive cells that express single cell 

surface marker (CD44, CD47, CD49f and CD90) and their unstained control (blue). Gating was applied 

to the unstained control sample and then applied to the relative sample. 
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Post-hoc analysis performed using Tukey’s honest significance difference (HSD) test revealed 

significant differences in the mean expression levels of each cell surface marker in each tissue type 

(Figure 4.11). For example, 8% of cells expressed CD49f in normal tissue, whereas 72% of cells 

expressed CD49f in intermediate grade tumour tissue (a difference that was significant at P= 0.001), 

while 21% of cells expressed CD49f in high-grade tumour tissue (P=0.001, compared to expression in 

intermediate grade tissue). The differences in the distribution of CD90 positive cells were also highly 

significant between normal tissue (with 3% of the cells expressing CD90) and high-grade bladder tumour 

tissue (were 9% of the cells expressed CD90) (P=0.008), and also between high-grade and intermediate 

grade bladder tumour tissues (were 5% of the cells expressed CD90) (P= 0.044) tumours. No significant 

difference was seen for the cell surface markers CD44 and CD47 in all tissues examined. An analysis of 

variance (ANOVA) performed revealed that the results are significant overall for CD90 (P=0.008) and 

for CD49f (P=0.001) (Figure 4.11). 

 

 
Figure 4.11 Analysis of the expression of single cell surface markers CD44, CD47, CD49f and 
CD90 in different bladder tissue types.  

Three normal bladder tissues, five intermediate grade bladder tissue tumours and five high-grade bladder 

tissue tumours were used. The results were obtained from independent biological replicates. The error 
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bars represent ± standard deviation (± SD). Testing for the difference in the expression of cell surface 

markers between bladder tissue types was done using analysis of variance (ANOVA). Post-hoc analysis 

was performed for multiple comparison using Tukey’s honest significance difference (HSD).  

 

4.3.5 Co-expression of CD44 and CD47 in fresh bladder tissues  

FACS was performed on the three bladder tissues types using antibodies to CD44 and CD47. FACS data 

characterisation revealed the existence of distinct subpopulations positive for dual cell surface markers 

CD44 and CD47 (Figure 4.12). 

 

 
Figure 4.12 FACS ® sorting analysis of bladder tissue cells stained for dual cell surface markers 
CD44 and CD47.  

The representative dot plot illustrates the percentage of positive cells that expressed the cell surface 

marker CD44 and CD47. Gating was first applied to the unstained control sample and then applied to its 

relative sample. The CD47 marker is represented on the X axis and the CD44 marker is represented on 

the Y axis. 

 

Cells positive for both CD47 and CD44 were highest in normal bladder tissue (55%) followed by high-

grade bladder tumour tissue (45%) and intermediate grade bladder tumour tissue (18%). Significant 

numbers of cells positive for CD47 were present in intermediate grade bladder tissue (78%), high-grade 

(45%) and normal urothelial tissue (42%).  
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Statistical analysis revealed divergent expression patterns in the distribution of cells positive for both 

CD44 and CD47 in different bladder tissue types. Performing analysis of variance (ANOVA) revealed 

that the results were significant overall between different bladder tissue types only for the CD47+/CD44+ 

cell surface marker (P= 0.042) and CD47+/CD44- cell surface marker (P= 0.029). Post-hoc analysis was 

performed using Tukey’s honest significance difference (HSD) test revealed significant mean expression 

levels of CD47+/CD44- cell surface marker between the intermediate grade and high-grade bladder 

tumour tissues (P= 0.049) only (Figure 4.13). 

 

 
Figure 4.13 Analysis of the expression of dual cell surface markers of CD44 and CD47 for different 
bladder tissue types.  

Three normal bladder tissues, five intermediate grade bladder tissue tumours and five high-grade bladder 

tissue tumours were used. The results were obtained from independent biological replicates. The error 

bars represent ± standard deviation (± SD). Testing for the difference in cell surface marker expression 

between various cell lines was done using analysis of variance (ANOVA). Post-hoc analysis was 

performed using Tukey’s honest significance difference (HSD) for multiple comparison. 
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4.3.6 Co-expression of CD44 and CD49f in fresh bladder tissues  

Next, FACS was performed for cells with expression of both cell surface markers CD44 and CD49f 

(Figure 4.14).  

 

 
Figure 4.14 FACS ® sorting analysis of bladder tissue cells stained with dual cell surface markers 
CD44 and CD49f.  

The representative dot plot illustrates the percentage of positive cells that expressed both cell surface 

marker CD44 and CD49f. Gating was first applied to the unstained control sample and then applied to 

its relative sample. The CD49f marker is represented on the X axis and the CD44 marker is represented 

on the Y axis. 

 

Only a small proportion of cells were positive for both CD49f and CD44 expression (not more than 4% 

in all the graded tissue examined). Significant numbers of cells positive for CD44 were present in normal 

bladder tissue (58%), high grade (42%) and intermediate grade (12%) bladder tumour tissues. Cells 

positive for CD49f but negative for CD44 were highest in intermediate grade bladder cancer (70%) 

followed by high-grade bladder cancer (18%) and normal tissue (4%). 

 

Statistical analysis revealed divergent expression patterns in the distribution of cells positive for CD44 

and CD49f in the bladder tissues types (ANOVA P=0.011). Post-hoc analysis performed using Tukey’s 
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honest significance difference (HSD) test revealed a significant difference in the expression levels of 

CD49f-/CD44+ cell surface markers between normal tissue and intermediate grade tumours only 

(P=0.012). The difference in the pattern of cells with CD49f+/CD44- expression was significant when 

compared between intermediate and high-grade bladder tumours (P=0.001) (Figure 4.15). 

 

 
Figure 4.15 Analysis of dual cell surface markers expression of CD44 and CD49f for different 
bladder tissue types.  

Three normal bladder tissues, five intermediate grade bladder tissue tumours and five high-grade bladder 

tissue tumours were used. The results were obtained from independent biological replicates. The error 

bars represent ± standard deviation (± SD). Testing for the difference in the expression of cell surface 

markers between various cell lines was done using analysis of variance (ANOVA). Post-hoc analysis 

was performed using Tukey’s honest significance difference (HSD) for multiple comparison. 
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4.3.7 Co-expression of CD44 and CD90 in fresh bladder tissue  

Finally, I performed FACS using CD44 and CD90 antibodies in these three bladder tissue types (Figure 

4.16). 

 

 
Figure 4.16 FACS® sorting analysis of bladder tissue cells stained with dual cell surface markers 
CD44 and CD49f.  

The representative dot plot illustrates the percentage of positive cells that express the cell surface 

markers CD44 and CD90. Gating was first applied to the unstained control sample and then applied to 

its relative sample. The CD490 marker is represented on the X axis and the CD44 marker is represented 

on the Y axis. 

 

The number of cells positive for both CD90 and CD44 were quite low in all the graded biopsy tissues 

examined. In the high-grade bladder tumour biopsy 4% of the cells expressed both these markers while 

intermediate grade bladder tumour tissues (2%) and normal bladder tissue (1%) were similarly lowered. 

Elevated numbers of the cells positive for the marker CD44 but negative for CD90 were present in 

normal urothelial tissue (62%), followed by high-grade bladder tumour tissue (45%) and intermediate 

bladder tumour tissue (15%). The number of cells negative for both these markers were highest in 

intermediate bladder tumour tissue biopsies (80%), high-grade bladder tumour tissues (45%) and normal 

bladder tissue (35%). 
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Analysis of variance (ANOVA) revealed divergent expression patterns in the distribution of cells 

positive for both CD44 and CD90 in the bladder tissues (ANOVA P=0.009) as well as between the 

groups for CD90- /CD44- cell surface markers (P=0.010). Post-hoc analysis performed using Tukey’s 

honest significance difference (HSD) test revealed a significant difference in the expression levels of 

CD90- /CD44+ cell surface marker in normal urothelial tissue compared to intermediate grade (P=0.01), 

and also between intermediate and high-grade (P=0.045). The differences in expression levels were also 

significant for CD90-/CD44- in normal urothelial cells and intermediate grade (P=0.014), and also 

between intermediate and high-grade (P= 0.032) (Figure 4.17). 

 

 
Figure 4.17 Analysis of dual cell surface markers expression of CD44 and CD49f for different 
bladder tissue types.  

Three normal bladder tissues, five intermediate grade bladder tissue tumours and five high-grade bladder 

tissue tumours were used. The results were obtained from independent biological replicates. The error 

bars represent ± standard deviation (± SD). Testing the difference in cell surface markers expression 

between bladder tissue types was done by using an analysis of variance (ANOVA). Post-hoc analysis 

was performed using Tukey’s honest significance difference (HSD) for multiple comparison. 
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4.3.8 Differences in the expression of cell surface markers between bladder cell lines and fresh 

tissues 

In this chapter I have analysed the expression of various cell surface markers in cell lines and fresh 

tissues. Cell lines are used as dynamic, flexible, reproducible models to deliver an understanding of 

cancers, but little is known about how well they compare with primary tissues. To understand this 

comparison, I compared the expression of the cell surface markers examined in this chapter.  

 

Statistical analysis (t-test) revealed significant differences in the distribution of expression patterns for 

cells positive for all the single surface markers expression examined (with the exception for the CD47 

marker as a single expression, see Figure 4.18). Also, significant differences were observed in the 

expression of most of the dual markers between different bladder cell lines and bladder tissues types. 

This was observed between NHU cell line vs normal bladder tissue, the RT112 cell line vs intermediate 

grade bladder tumour tissue and the EJ cell line vs high-grade bladder tumour tissue (Figure 4.18, Figure 

4.19 and Figure 4.20). 

 

 

 



127 

 
Figure 4.18 Expression of single markers in cell lines vs bladder tissue types.  

The bar chart shows the percentage of various cell surface markers in bladder cancer cell lines (EJ and 

RT112) and a normal human urothelium cell line (NHU) as well as the bladder tissue types: normal, 

intermediate grade and high-grade tumours. The results were obtained from independent biological 

replicates of bladder tissues and three independent replicates of cell lines. The error bars represent ± 

standard deviation (± SD). Testing for differences in the expression of the cell surface markers between 

bladder tissues and cell lines was done by independent T- test. 

 

Sorting for bladder cancer cells expressing both CD44 and CD47 revealed a very high proportion of 

these in the NHU, RT112 and EJ cell lines. 98% or more of the cells in these cell lines expressed these 

dual markers. In comparison, there was a lower expression of these markers in the normal urothelial 

tissue from biopsies (55%) and high-grade bladder cancer biopsies (45%). Intermediate grade bladder 

cancer biopsies (18%) had the lowest number of cells positive for both CD44 and CD47. This outcome 

was related to the higher numbers of cells that were positive for the lone cell surface marker CD47 (78%) 

but negative for CD44. A high proportion of cells positive for CD47 alone was also evident in normal 

tissue (42%) and high-grade bladder cancer biopsies (45%), while a small proportion of tissue cells 



128 

lacked both these cell surface receptors: 6% in high-grade bladder cancer biopsies, 4% in intermediate 

grade and 2% in normal tissue (Figure 4.19). 

 

 
Figure 4.19 Co-expression of dual markers CD44 and CD47 in cell lines vs bladder tissue types.  

The bar chart shows the percentage of various cell surface markers in bladder cancer cell lines (EJ and 

RT112) and a normal human urothelium cell line (NHU) as well as the bladder tissue types: normal, 

intermediate grade and high-grade tumours. The results were obtained from independent biological 

replicates of bladder tissues and three independent replicates of cell lines. The error bars represent ± 

standard deviation (± SD). Testing for differences in the cell surface markers expression between bladder 

tissues and cell lines was done by independent T- test. 

 

Sorting for bladder cancer cells revealed a very high proportion expressing both CD49f and CD44 in the 

NHU, RT112 and EJ cell lines. 96% or more of the cells in the NHU and RT112 cell lines were positive 

for these dual markers, while the EJ cell line had slightly lower expression levels of cells positive for 

both these markers at 88%. When these results were compared with the tissue samples from biopsies, 

however, the expression of both CD49f and CD44 together was much less: 4% in normal tissue, 6% in 

intermediate grade biopsies and 3% in high-grade bladder tumour biopsies. Bladder cells positive for 

the cell surface receptor CD44 but lacking CD49f, meanwhile, were elevated in the normal tissue 
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biopsies (59%), high-grade tissue biopsies (42%), EJ cell line (13%) and intermediate grade tissue 

(12%). A significant proportion of cells lacking both CD49f and CD44 receptors were apparent in high-

grade biopsy tissues (36%) and normal tissue (32%) (Figure 4.20). 

 

 

 
Figure 4.20 Co-expression of dual markers CD44 and CD49f in cell lines vs bladder tissue types.  

The bar chart shows the percentage of various cell surface markers in bladder cancer cell lines (EJ and 

RT112) and a normal human urothelium cell line (NHU) as well as the bladder tissue types: normal, 

intermediate grade and high-grade tumours. The results were obtained from independent biological 

replicates of bladder tissues and three independent replicates of cell lines. The error bars represent ± 

standard deviation (± SD). Testing for differences in the expression of the cell surface markers n between 

bladder tissues and cell lines was done by independent T- test. 
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4.4 Discussion 

Fluorescence activated cell sorting (FACS) has enabled a critical assessment of otherwise inaccessible 

subpopulations in bladder cancer. Here FACS was used for the identification and characterisation of 

subpopulations present in fresh malignant and normal bladder tissues and in bladder cancer cell lines.  

 

It was found that the cell lines had enhanced expression of CD44, CD47 and CD49f, whilst CD90 was 

absent (refer Figure 4.5). The CD90 receptor is often upregulated in bladder cancer following resection 

(Takeuchi et al., 2016) and so its absence could indicate the loss of cell subpopulations by in vitro 

passage (Volkmer et al., 2012). The expression of CD44 and CD49f could imply that these cell lines 

constitute an intermediate bladder cancer population which lack the basal subtype observed in CD90 

positive bladder cancer cells (Volkmer et al., 2012). This is contrary to recent data (Earl et al., 2015) 

which has suggested the existence of aggressive tumour subtypes in bladder cancer cell lines. High 

expression of CD44, CD47 and CD49f in both the cell lines and normal human urothelial cultures 

implies that these possess a more terminally differentiated subtype, as observed in urothelial carcinomas 

(Schulz, 2006, Tian et al., 2015). Selection of CD90(-) cells or adaption through somatic alteration, e.g. 

altered CpG sites (Nickerson et al., 2017), could be responsible for the absence of the CD90 surface 

marker in these cell lines. This finding cautions against the use of cell lines when extrapolating findings 

into human cancers (Dirks et al., 1999, Masters et al., 1988, Bian et al., 2017). Existing data suggests 

that enriched bladder cancer cells positive for CD90 did not possess cancer stem cell like characteristics 

but instead exhibited elevated phenotypic plasticity (Skowron et al., 2015). 

 

The existence of cell subpopulations expressing both CD44 and CD47 (refer Figure 4.7) implies that 

these surface markers play a role in the survival of the examined cell lines or reflect populations capable 

of this growth. Although CD44 has previously been identified as unviable as a prognostic marker of 

bladder cancer (Hofner et al., 2014), its expression has been identified as a hallmark of tumour-initiating 
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cells (Chan et al., 2009). Co-expression of CD44 with CD47 (a known inhibitor of macrophage 

phagocytosis) (Barclay and Brown, 2006) in the examined bladder cell lines could account for the 

tumorigenic potential of these cells. The existence of similar subpopulations expressing both CD44 and 

CD47 in bladder cancer biopsies indicates that these are cells are more differentiated, pointing to a 

lowered tumorigenic potential (Volkmer et al., 2012). Elevated expression of CD47 in these distinct 

subpopulations makes these an ideal target for anti-CD47 therapy, as realised in lung cancer (Liu et al., 

2017b). 

 

Co-expression of CD49f (a characteristic marker for differentiated urothelial cells) with CD44 observed 

in majority of the sorted cell lines and normal human urothelial tissue (refer Figure 4.9) reflects the 

absence of stem cell like characteristics (Liu et al., 2012). This could imply that these cells lack 

tumorigenic ability but may still be able to survive, proliferate and even form organoids, as recently 

observed using mouse urothelium (Real et al., 2018). The co-expression of these cell surface markers 

could be utilised to examine/ identify differentiation states as well as cell signalling processes, however.  

 

Cell sorting revealed subpopulations expressing just a lone cell surface marker; with CD90 receptor 

expression levels being the lowest of the examined four markers (refer Figure 4.11). This was in marked 

contrast to the bladder cancer cell lines as well as normal human urothelial cultures where CD90 

expression was absent. The subpopulations expressing significant CD90 expression could resemble the 

most primitive/basal subtype (Volkmer et al., 2012). CD90 expression being highest in the high-grade 

bladder cancer specimens could signify its tumorigenic potential. 

 

Elevated levels of cells positive for the cell surface receptors, CD44 and CD47, were evident in both 

high-grade bladder tumours as well as the normal human urothelial cells (refer Figure 4.13). This high 

expression of CD44+ cells in high-grade tumours and normal bladder basal cells matches previously 
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available data from lineage tracing experiments (Chan et al., 2009). Meanwhile co-expression of the 

examined receptors with the CD47 receptor in these cells makes them immune to macrophage 

phagocytosis, thus enabling the long-term survival of such oncogenic cells (Veillette and Chen, 2018). 

Meanwhile low numbers of bladder cells were positive for both CD44 and CD49f in both high-grade 

tumour tissues and low-grade tumour tissues as well as in normal urothelial tissue (figure 4.15). This 

implies that these cells are at a higher differentiation state, which fits with the hierarchical differentiation 

model of bladder tumour organisation (Zhang et al., 2016) – with basal cells being least differentiated 

and luminal the most differentiated. The absence of statistically significant levels of CD44+ and CD90+ 

positive bladder cells (refer Figure 4.17) indicates the elevated differentiated states the examined tumour 

tissues were at.  

 

The heterogeneity of biopsied tissues and its different differentiation states could account for the 

differences in the receptor expression levels observed when compared to the urothelial cell lines. The 

urothelial cell lines however were all sourced from the same native tissue and had been grown in a 

similar in vitro environment. These cultured urothelial cells possessed a terminal differentiation subtype 

similar to the biopsied urothelial tissue they however did not possess a similar tumour microenvironment 

or were exposed to physiological systems as the biopsied tumour urothelial cells. 

 

With all the above results, the fact that only ten bladder tumour specimens were examined was a 

hindering factor in arriving at a conclusion regarding the role of CD90 and CD44 in bladder cancer 

progression. The long-term storage of sorted cells has affected the quality and purity of DNA extracted 

from these cells which prevented further downstream investigation using the array methods. Also, the 

tissue size varied from small to large as well as good and poor (diathermy artefact) which had an effect 

on cell viability during the sorting procedure.   
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CHAPTER FIVE 

 

5 5-HYDROXYMETHYLCYTOSINE IN BLADDER CANCER 
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5.1 Introduction 

Epigenetic alterations, such as DNA methylation, histone modifications, and non-coding RNA 

expression, affect genomic function without sequence or copy number changes. Of these, DNA 

methylation has been frequently studied (Chatterjee et al., 2018), with the majority of these epigenetic 

alterations occurring in CpG (Cytosine-phosphate-Guanine) dinucleotides. Such alterations are 

underrepresented in the genome and are often located in concentrated islands (Bird, 2002). Several 

techniques are currently used to identify changes in methylation, including sodium bisulfite conversion 

and sequencing (Darst et al., 2010); differential enzymatic cleavage of DNA (Piperi and Papavassiliou, 

2011); and affinity capture of methylated DNA (Bogdanovic and Veenstra, 2011).  

 

Bisulfite sequencing (BS) utilises the differences in the conversion of cytosine residues upon treatment 

with bisulfite to create sequence changes so as to identify 5-methyl cytosine methylation status: 5mCs 

are resistant to sodium bisulfite while unmethylated cytosines are converted into nucleotide uracil 

(Frommer et al., 1992). Subsequent sequencing or polymerase chain reaction (PCR) can then determine 

methylated bases at the desired gene loci (Li and Tollefsbol, 2011). A key limitation of bisulfite 

sequencing is its inability to examine other known base modifications like 5-hydroxymethylcytosine 

(5hmC) (Bachman et al., 2014); 5-formylcytosine (5fC) (Raiber et al., 2015); and 5-carboxylcytosine 

(5caC) (Eleftheriou et al., 2015).  

 

Although the functional role of each of these base modifications has yet to be ascertained, the loss of 

5hmC has been identified as a hallmark of cancer (Pfeifer et al., 2014). 5hmC distribution along non-

coding RNAs (lncRNA) has been identified to modulate clinical outcomes in colorectal cancer (Hu et 

al., 2017). Catalytic oxidation of 5mC into 5hmC by dioxygenases like ten eleven translocation 1 (TET1) 

has been found to induce oncogenesis when TET1 is overexpressed (Ficz and Gribben, 2014). The total 

expression level of 5hmC in the cell free methylome has prognostic potential since it provides useful 
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information on tumour types and stages (Song et al., 2017). 5hmC distribution has also been found to 

enable lineage tracing in cancer stem cells (Tarayrah and Chen, 2013).  

 

In bladder cancer, expression levels of 5hmC can usefully quantify global methylation levels and  serve 

as a pointer to the activity of TET1 enzymes (Jones and Baylin, 2007). Previous analysis of urothelial 

tissues using immune staining has identified that low levels of 5hmC indicate the existence of further 

ongoing demethylation processes which could be of clinical significance (Munari et al., 2016).  

 

 

Hypothesis  

I hypothesised that the 5hmc level differs between normal and tumour tissues. 

I hypothesised that traditional bisulfite sequencing (BS) cannot distinguish between cytosine moieties, 

resulting in differences between BS and oxidative bisulfite sequencing (OXBS) results.  

 

Aims  

To investigate the profile of 5hmC in normal and malignant bladder tissue. 

To correlate methylation with gene expression results and ascertain differences between BS and OXBS. 
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5.2 Materials and methods 

5.2.1 Patients and Tumour Samples 

This study uses ten fresh frozen bladder biopsy specimens from different individuals. Phenotypically, 3 

samples were from normal bladder tissue samples and 7 from muscle invasive tumours (See Table 5.1). 

All patients gave informed consent in an ethically approved programme (Investigation of Molecular 

Instability in the Pathogenesis of Urothelial Cancer, STH 15574).  

 

 

Table 5.1 Bladder tissue samples used in this investigation, including normal and tumour sources 

Bladder tissue Gender 

 

Normal bladder tissue 

 

Normal tissue (NT) 1, NT 2 and NT 3 Male (M) 

Total 3 

 

Bladder tumour tissue 

 

Bladder cancer (BC) 1, BC 2, BC 4, BC 5 and BC 9 

BC 3 and BC 6 

Male (M) 

Female (F) 

Total 7 
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5.2.2 Oxidative bisulfite sequencing (OXBS) assay  

Traditional bisulifte sequencing (BS) assays have only limited ability to distinguish 5-methylcytosine 

from 5-hydroxymethylcytosine. OXBS treatment can distinguish between 5-mC and 5hmC, by 

removing the hydroxy group from 5hmC by oxidation treatment, thus converting it to 5-formylcytosine 

(5-fC). Following bisulfite treatment of 5-fC, and amplification, the base is converted to thymine (Figure 

5.1). A commercial kit can be used to treat DNA with BS and OXBS (TrueMethylTM Array kit) (Booth 

et al., 2012), requiring high concentration of genomic DNA (not less than 2-µg), thus limiting its 

application to human cancer samples. 

 

 
Figure 5.1 Illustration for the modified bisulfite sequence assay 

Input DNA sequence containing unmethylated cytosine (C), 5-methylecytosine (5mC) and 5-

hydroxymethylcytosine (5hmC). The oxidation step converts 5hmC into 5fC, while the lack of an 

oxidation step will keep 5hmC unchanged. After bisulfite treatment and an amplification step, both C 

and 5fC will be read as thymine (T) while 5mC will be read as cytosine (C) for the oxidised samples. 

On the other hand, the non-oxidised samples after bisulfite treatment and amplification will only read 

(C) as (T) while both 5mC and 5hmC will be read as (C). 
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This study quantified Genomic DNA isolates with Thermo Fischer Scientific QubitTM dsDNA BR Assay 

kit. Following DNA quantification, 1-µl of spike-in digestion control provided in the true methyl array 

kit was added to 49-µl of the requisite quantified DNA sample. The spike-in of digestion control help 

ensure a successful oxidation measurement and is ideal for presenting a go/no go decision before 

proceeding with the samples towards array sequencing (Figure 5.2). Quantified DNA samples purified 

by magnetic beads were then denatured and split into two tubes for BS and OXBS sequencing. Following 

denaturation, oxidative solution was added to the OXBS samples while ultra-pure water was added to 

the BS samples and incubated for 30 minutes at 40 0C. Resultant OXBS and BS samples were bisulfite 

treated and quantified using the QubitTM ssDNA assay kit. Samples were then prepared for Illumina 

450K array sequencing by following the manufacturer protocol with minor changes (see Section 2.3.8, 

Materials and Methods) in parallel.   
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Figure 5.2 Confirmation of successful oxidation using gel electrophoresis. 

The figure demonstrates the amplification of the 100bp band of the spike-in control after Taq1 digestion. 
DNA from samples were obtained at the end of bisulfite treatment and amplification and were run on 
1.5% agarose gel, which 100bp DNA ladder was used. The left panel shows the amplification band of 
digestion control after Taq1 restriction enzyme digestion in both the positive and negative cutting 
control, provided in the TrueMethylTM array kit. The middle panel shows the amplification band of 
digestion control after Taq1 restriction enzyme digestion in the six bladder tumour tissue samples 
(OXBS and BS) used in this study. The right panel shows the amplification band of spike-in control 
after Taq1 restriction enzyme digestion in the three normal bladder tissue samples (OXBS and BS) used 
in this study.  
 
 

5.2.3 DNA methylation 450K array analysis  

As detailed in the Methods section, I used Illumina Infinium HumanMethylation450K Assay, which can 

measure around 480,000 cytosine sites, genome wide and cover 99% RefSeq genes. I used three normal 

and seven bladder tumour tissues from different donors, which served as biological replicates. To 

analyse the BS and OXBS treated genomic DNA in parallel, microarray files, in both green and red 

IDAT formats, were analysed using the R (version 3.4.1) software (Figure 5.3). A quality control check 

was performed prior statistical analysis, to eliminate outlier samples that could have failed hybridisation, 

or other technical failures. Identification and removal of these samples is critical to get a true molecular 

picture, and avoid data skewed by bad samples e.g. BC6 as it clustered with the normal.  
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Raw data was read and decrypted via the mini library from Bioconductor. Raw channel intensities were 

then normalised via the FunctionalNormalisation method from Minfi (Fortin Jp Fau - Labbe et al., 2014). 

Functional Normalisation is an advantageous method, particularly with cancer samples as it preserves 

global methylation differences, which can vary significantly. The normalisation method also uses the 

first two principal components, from the control probes, to regress out technical variation. Once 

normalisation is complete, it’s important to filter at the probe level to remove any uninformative, or 

misleading observations, which also has the added benefit of reducing the multiple testing burdens on 

the experiment. The probe level filtering strategy is twofold; remove probes with SNPs in the probe’s 

single base extension (SBE), probe sequence, or CpG site, and remove probes where its detection p value 

is >0.01. An additional note is that sex chromosomes were excluded from this analysis, due to the distinct 

methylation differences between males and females.  

 

Post normalisation and probe filtering, Principal Components Analysis (PCA), was performed on M-

Values to gain an experiment wide view of methylation variability. It is key to note that M-Values are 

log-like values that adhere to the underlying assumptions of linear modelling, i.e. the data is 

heteroskedastic. This means that beta values are unsuitable for statistical tests, however they are 

provided for the sake of interpretation, as the beta scale is simply between 0 and 1. 
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  Figure 5.3 Infinium HumanMethylation450K array analysis workflow 

 

 

Detection of 5hmC  

To detect 5hmC status at CpGs, differently methylated CpG sites were localised via the conversion BS 

and OXBS. For each microarray probe, beta values between 0-1 were generated to identify the 

methylation level at specific locus (1 represents 100% methylation while 0 represents 0% methylation 

(i.e., unmethylated)). In bisulfite conversion, beta values generated represent the total methylation levels 

for both cytosine modifications in 5mC and 5hmC; while in oxidative bisulfite conversion, beta values 

represent the methylation score only for 5mC cytosine modification. To estimate the 5hmC levels for a 

specific probe, the average beta values of the normalised data of BS treated samples were subtracted 
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from the average beta values of OXBS treated samples at each particular probe. This was separately 

done for each tissue type (normal and tumour), and the delta beta value represented the differing 5hmC 

positions (Figure 5.4).  

 

 
Figure 5.4 Detection of 5hmC positions value 

Beta values generated from the bisulfite conversion (BS) represent the total methylation levels for both 

cytosine modifications in 5mC and 5hmC; while beta values from the oxidative bisulfite conversion 

(OXBS) represent the methylation score only for 5mC cytosine modification. The average beta values 

of BS treated samples were subtracted from the average beta values of OXBS treated samples in order 

to estimate the 5hmC levels for a specific probe at each particular position. 

 

 

Validation of 5hmC sites 

CpG positions with 5hmC positive sites in either normal or tumour tissues (and both) were selected 

based on the availability of CCGG motif for validation using specific qPCR assay (Quest 5-hmc qPCR 

detection kit). This assay uses glucosylation of 5hmC position in order to create a protection to this 

position. Then followed by digestion using the MspI restriction enzyme, which is used to digest specific 

BS OXBS
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CCGG sites. Then, qPCR was performed on three tubes of the same sample: glucosylated-digested DNA 

(5hmC protected), unglucosylated-digested DNA (5hmC unprotected), and no treatment DNA. (Figure 

5.3). Thus, determining the level of 5hmC at a given locus is applicable using this equation: 

[(0% control) – (+5hmC) / (0% control) - (100% no treatment control)] x 100 = % 5hmC 

 

Key:                             (0% control) =             digested unglucosylated DNA 

                                          (+ 5hmC) =            digested glucosylated DNA 

           (100% no treatment control) =            untreated original sample DNA 

 

 

Different methylation positions DMPs and Different methylation regions DMRs 

A statistical analysis was performed using moderated T-testing from a linear model, created using the 

Limma - Bioconductor package of R software, which was then applied to either paired or grouped design 

models to obtain different methylated positions (DMPs). This was separately done for each type of 

conversion BS and OXBS.  Statistical significance was defined as false discovery rate values <0.01 

(Benjamini and Hochberg, 1995). DMPs were obtained between normal and tumour samples with the 

conversion mechanism either the BS or the OXBS. Following this, the different methylated regions 

(DMRs) were obtained between normal and tumour samples with the conversion mechanism being 

either BS or OXBS. To identify continuous regions of differential methylation, DMRcate (Bioconductor 

package) was leveraged to make these identifications. DMRcate is based on the fundamentals of the 

BumpHunter methodology / package, but orientated to molecular biology and optimised to take Limma 

design matrices as input (Peters et al., 2015). Statistical analysis was performed with a false discovery 

rate at <0.01.  
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DMR and gene expression correlation 

Correlation between the DMRs results and the publicly available normal bladder and matched bladder 

tumour gene expression data from the cancer genomic atlas (TCGA) repository was then performed 

(https://portal.gdc.cancer.gov/). Raw gene expression data files were not accessible, only gene summary 

counts were available for both normal bladder and high-grade tumour tissues. As this data was quantified 

against hg38/ GRCh38, the LiftOver package from Bioconductor was used with the respective chain file 

from UCSC to convert the coordinate systems. These mappings were applied to the DMR results to 

approximately map to the TCGA gene expression results.  

 

Pathway analysis and protein-protein interaction 

The Enricher analysis tool was used (http://amp.pharm.mssm.edu/Enrichr/) to identify functional 

pathways involved in gene annotation of 5hmC positions identified in each tissue type (normal and 

tumour). For pathway analysis and the protein-protein interaction of gene list obtained after DMRs and 

gene expression correlation, the String database (https://string-db.org/) was used. 
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5.3 Results  

5.3.1 Statistical analysis of Illumina Infinium HumanMethylation450K 

Unsupervised clustering of M-values at each probe were compared across all samples. A clear separation 

was observed between the two types of bladder tissues used (normal and tumour) when the cluster 

dendrogram was generated for the array dataset. A distinct separation was also observed between the 

two types of conversion, BS and OXBS, within the same sample (Figure 5.5), which was mostly 

expected, and reassuring that no technical variation was dominating the expected signal.  

 

 
Figure 5.5 Hierarchical clusters for OXBS and BS samples. 

Unsupervised hierarchical clustering of M-values of normalised data with p-value of < 0.01 for all 9 

tissue samples. The green boxes represent the normal bladder tissues, NT1, NT2 and NT3; and the red 

boxes represent bladder cancer tissues BC1, BC2, BC3, BC4, BC5 and BC9. 
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Principal component analysis (PCA) of M-values of the dataset shows a clear explanation of primary 

variation between the normal bladder and tumour samples for the first principal component analysis at 

36.47%. The 2nd principal component analysis showed a separation between samples using BS and 

those using OXBS for each tissue type at 18.41%. In addition, the second PCA showed a clear variation 

between the bladder tumour samples (Figure 5.6). 

 

 

 

 
Figure 5.6 Principal component analysis (PCA) for all bladder tissue types.  

PCA of normalised data set detected using P value <0.01. The small circles represent BS conversion, 

while the small triangles represent OXBS conversion. Tissue types are represented in different colours 

(normal = green circle on the right; tumour = red circle on the left).  
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Density profiling of beta values of the dataset showed a reduction in global methylation levels for OXBS 

samples when compared to BS samples. This was observed in the beta distribution profile of both normal 

and tumour tissues between samples using BS and those using OXBS (Figure 5.7).  

 

 
Figure 5.7 Density plot for beta distribution for normal and tumour samples.  

Density plot showing the beta values distribution of normalised beta values with p-value of <0.01 for all 

three normal bladder tissue samples (box on the left) and all six-bladder tumour tissue samples (box on 

the right). Solid lines represent BS conversion while the dashed lines represent OXBS conversion. 

 

 

5.3.2 Identification of 5hmC sites 

Normal tissues contained more 5hmC positive probes than malignant tissues. The total number of 5hmC 

positive sites identified in bladder normal samples was 7,576 CpG sites, while 1,877 CpG sites were 

identified for tumour tissue samples. Only 6,814 5hmC probes were found specific for normal tissue 

samples, and 1,115 5hmC probes were identified in tumour tissue samples. 762 similar 5hmC positions 

were found in both normal and tumour samples (Figure 5.8). These significant probes were identified 

with a relative p-value of <0.01. Positive values obtained represented potential sites of 5hmC, while 

negative values were discarded since they reflected technical background error.  
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 Figure 5.8 Different 5hmC positions identified in normal and tumour tissues. 

The Venn diagram shows the area-proportional of the number of 5hmC positions identified in normal 

and tumour tissues as well as the shared 5hmC positions common to both normal and tumour urothelium. 

Figure 5.8 was produced using the web application BioVenn (Hulsen et al., 2008).  

 

 

5.3.3 Distribution of 5hmC sites 

The normal tissues contained more 5hmC positive probes than the malignant tissues in all genomic 

regions. The highest proportion of 5hmC probes in normal urothelium were intronic, intergenic and 

upstream; whereas, in the tumour tissues the highest proportions were intronic, intergenic and exonic 

(Figure 5.9). 
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Figure 5.9 Number of probes found to have 5hmC signal in normal and tumour tissues.  

The upper bar chart indicates the number of probes within the 450K array region; the lower bar chart 

indicates the frequency of 5hmC probe signal found in normal (green bars) and tumour (red bars) tissues 

relative to the total probes in each region in the 450K array. 

 

CpG sites that had positive 5hmC probes were further investigated on the basis of CpG relation to island 

(a CpG rich region). It was clearly observed that, in both normal and tumour tissues, these identified 

5hmC sites were mostly located on CpG sites in the open sea (far isolated manner from CpG island) at 

similar rates of 48% and 51%, respectively. Similarly, the CpG sites on islands with 5% for both normal 

and tumour samples. Different rates were apparent for 5hmC positions found in CpG content shores 

(>2kb flanking CpG island) and shelf (>2kb flanking CpG shores), however. CpG sites located in the 

shelf were 14% for normal tissues and 22% for tumour tissues, while 5hmC probes located in the CpG 

shore were 33% in normal and 22% in the tumour tissues (Figure 5.10).  
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Figure 5.10 CpG distribution of 5hmC positive sites.  

The pie charts show CpG content distribution of 5hmC positive sites in normal (left) and tumour (right) 

samples.  

 

5.3.4 Validation of 5hmC specific loci 

Similar results were observed between the 450K array results and the qPCR results at different 5hmC 

sites. Positive 5hmC sites were found only in normal tissue and were cg12068908, cg20340596 and 

cg10967023, while 5hmC sites were found only in tumour tissue, namely cg09307193, cg24092939 and 

cg06044662. The cg24327132 site, however, was found to be positive in both normal and tumour tissue. 

The details of the primers for these 5hmC sites can be found in Appendix 2. 

 

Table 5.2 Validation of 5hmC loci found in each of tissue types  

5hmC position found in normal tissue samples was confirmed to have positive delta-beta value in normal 

tissue only (Table 5.2 (A)).  

 

(A)                   CpG loci found to contain 5hmC sites only in normal samples 
Probe ID 450K array (%) qPCR normal (%)  qPCR tumour (%) 
cg12068908 20 21 -16 
cg20340596 18 21 -3 
cg10967023 18 22 -16 
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On the contrary, 5hmC position found in tumour tissue samples was confirmed to have positive delta-

beta value in tumour only (Table 5.2 (B)). 

(B)                   CpG loci found to contain 5hmC sites only in tumour samples 
Probe ID 450K array (%) qPCR tumour (%)  qPCR normal (%) 
cg09307193 13 17 -31 
cg24092939 14 14 -12 
cg06044662 13 12 -9 
 

5hmC sites were present in both normal bladder and tumour bladder tissue, showing similar delta-beta 

values corresponding to each tissue type both the 450K and qPCR results (Table 5.2 (C)). 

 

(C)          CpG locus found to contain 5hmC sites in both normal and tumour samples 

Probe ID 450K array (%) qPCR normal (%)  qPCR tumour (%) 

cg24327132 18% (Normal) 5% (Tumour) 16 7 

 

 

5.3.5 Functional annotation analysis of 5hmC sites 

5hmC sites located in the promotor region were selected for pathway analysis. Enrichr analysis tools 

was used (http://amp.pharm.mssm.edu/Enrichr/). The top 5 pathways identified (p-value of <0.01) for 

the genes related to the 5hmC position of normal tissue were chronic myeloid leukaemia, non-small cell 

lung cancer, endocytosis, cell cycle and viral carcinogenesis pathways. Different pathways were 

identified from the genes related to the 5hmC position found in the tumour tissues, however; the top five 

are the TNF signalling pathway, Toll-like receptor signalling pathway, Chagas disease (American 

trypanosomiasis), Epstein-Barr virus infection, and neurotrophin signalling pathways (Figure 5.11). 

 

 

 

 

 



152 

 
Figure 5.11 Pathway analysis of genes found to have 5hmC positive sites in normal bladder and 
bladder tumour samples.  

 

 

 

 

5.3.6 Identification of DMPs found in BS and OXBS samples 

BS treated samples contained high numbers of DMPs compared to OXBS treated samples. 25, 419 

different methylated CpG sites were found in normal and tumour samples of BS conversion; 9,832 CpG 

sites were hypermethylated and 15,587 CpG sites hypomethylated. 17,754 CpG sites were identified for 

OXBS samples, with only 8,724 being hypermethylated and 9,030 being hypomethylated (Figure 5.12).  
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Figure 5.12 Different methylated CpG sites found between normal and tumour samples.  

The Venn diagram shows the area-proportional of the numbers of significantly different methylated CpG 

sites (between normal and tumour) found in both BS and OXBS samples as well as the shared different 

methylated positions common to both BS and OXBS samples. Figure was produced using a web 

application called BioVenn (Hulsen et al., 2008). 

 

Analysis of CpG content distribution showed that hypermethylated CpG sites were located at CpG 

islands in both types of conversion: 64% and 63% for BS and OXBS, respectively. Hypomethylated 

CpG sites were distributed mostly on the open sea, however: 58% and 62% for BS and OXBS, 

respectively (Figure 5.13).   
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Figure 5.13 CpG distribution of DMPs of BS and OXBS.  

The pie charts indicate the CpG content distribution of DMPs in BS (left) and OXBS (right) conversion. 

The upper pie charts indicate the hypermethylated CpG sites found in both BS and OXBS conversion; 

while the bottom pie charts show the CpG content of hypomethylated CpG sites found in BS and OXBS 

conversion.  

 

5.3.7 Identification of DMRs found in BS and OXBS samples 

It was clearly observed that BS treated samples contained higher numbers of DMRs than the OXBS 

treated samples. 3,775 different methylated regions were found with the BS conversion type. Of these, 

2009 regions were found to be hypermethylated and 1766 regions were hypomethylated. For OXBS 

conversion, 2,456 regions were identified of which 1682 were hypermethylated and 774 were 

hypomethylated (Figure 5.14).  
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Figure 5.14 Differentially methylated regions found between normal and tumour samples.  

The bar graph shows the number of different methylated regions found in both BS (blue) and OXBS 

(orange) samples. X-axis shows conversion type and Y-axis shows the number of regions found.  

 

5.3.8 Correlation of DMRs and gene expression data with TCGA data 

Results were characterised from DMRs between normal and tumour tissue. All gene expression data 

available from the ATLAS website was downloaded and used as a reference. Data was classified based 

on methylation level and gene expression relations. Results indicate variation between samples using 

BS and those using OXBS (Figure 5.15). Four categories of DMRs were identified: DMRs with 

decreased gene expression-increased methylation; DMRs consistently high in both gene expression and 

methylation; DMRs consistently low in both gene expression and methylation; and DMRs with 

increased gene expression-decreased methylation. The highest numbers were observed using BS 

samples high in both methylation level and gene expression, with 265 regions identified; however this 

was significantly reduced to 77 regions for OXBS samples of the same category. The lowest numbers 
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of DMRs were observed when gene expression increased while methylation levels decreased in both BS 

and OXBS samples.  

 

 
Figure 5.15 DMRs and gene expression correlation.  

The X-axis shows the following categories present for both BS and OXBS conversion samples:  

increased gene expression vs decreased methylation (inc_exp_dec_methy); consistently high in both 

gene expression and methylation (consis_high); consistently low in both gene expression and 

methylation (consis_low); and decreased gene expression vs increased methylation 

(dec_exp_inc_methy). The Y-axis indicates the numbers found. A single dot represents the DMRs found 

in relative categories, and connected dots represent the matched DMRs between BS and OXBS of the 

same category.  
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5.3.9 Functional annotation analysis of OXBS data 

Hyper-methylation and decreased gene expression show the higher number of genes found to have 

similarities in both OXBS and BS samples. String database (https://string-db.org/) was used to 

investigate the pathways and protein-protein interaction of the genes that shows hyper-methylation and 

decreased gene expression. Based on earlier observations in this Chapter, I selected the OXBS list for 

pathway analysis since it reflects accurate measurement in OXBS samples compared to BS samples 

(Figure 5.16). 

 

 
Figure 5.16 Pathway analysis and protein-protein interaction of genes found to be hyper-
methylated and decreased gene expression for OXBS samples.  
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5.4 Discussion  

The perturbation of 5-hydroxymethylcytosine (5hmC) in bladder cancer, offers the potential for cytosine 

demethylation products to serve as biomarkers (Dedeurwaerder and Fuks, 2012, Strand et al., 2014). 

Demethylation occurs following rapid and successive oxidative insults to cytosine moieties (Kulis and 

Esteller, 2010), causing the breakdown into 5hmC (Pfeifer et al., 2013) and 5-formylcytosine (5fC) 

(Raiber et al., 2015). Previous research using sodium bisulfite sequencing was unable to detect these 

breakdown moieties (Wu et al., 2016).  

 

In this study, I identified the breakdown products of cytosine demethylation and compared their presence 

in normal and malignant bladder tissues. Oxidative bisulfite sequencing allows for discrimination of 

demethylation products by modifying 5hmC into 5fC, which is then converted into the ribose sugar 

Uracil (Booth et al., 2013). I utilised both BS and OXBS sequencing (Aijo et al., 2016) using two halves 

of the extracted DNA from the same biopsy to compare patterns of 5mC and 5hmC. These findings 

support and inform in more detail the existence of 5hmC expression in urothelial carcinoma tissues 

(Munari et al., 2016). 

 

The distribution of 5hmC in human cells is dependent both on the tissue type as well as the disease 

characteristics (Li and Liu, 2011). I observed differences between normal urothelial tissues and bladder 

carcinoma specimens. High level comparisons clearly distinguished malignant and normal tissues as 

inferred from the principal component analysis (refer Figure 5.6) and the M-values (meaning that the 

log2 ratio of the intensities of the probe that is methylated versus the probe that is unmethylated) (Du et 

al., 2010). Quantitative counting of 5hmC sites revealed similar patterns (including intronic, intergenic 

and exonic sequences), although more 5hmC sites were found in the normal tissues (refer Figure 5.8 and 

5.9). The exact significance of such distribution is still not yet clear. Changes in intronic sites could 

disrupt protein expression levels, transcription regulating motifs and non-coding RNA genes (Vaz-
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Drago et al., 2017); or they could impact the genes closest to them, (Macintyre et al., 2014) changes in 

the exonic sites could impact splicing mRNA mechanisms (Sterne-Weiler and Sanford, 2014). The 

existence of unique sites where 5hmC was localised, however, indicates the role these cytosine residues 

play in the evolution of unique bladder cancer subtypes and pathologies. Of the several examined CpG 

loci only one locus (cg24327132) was identified to be common to both urothelial carcinoma tissues and 

normal bladder urothelium (refer Table 5.2).  

 

Overall methylation levels were low for the oxidative bisulfite sequenced specimens compared to the 

bisulfite sequenced samples (refer Figure 5.7). Low beta values in the oxidative bisulfite sequenced 

specimens indicate the absence of 5hmC levels in both the normal and carcinoma specimens. This 

comports with previous research performed on normal brain and blood samples (Stewart et al., 2015). 

Low beta values could also indicate low demethylation activity in the tumour specimens, resulting in 

low levels of the TET1 [Ten-eleven translocation methylcytosine dioxygenase 1] enzyme activity. 

 

Functional pathway analysis revealed significant differences in the localisation of the 5hmC sites 

between normal and malignant tissues (refer Figure 5.11). The expression of 5hmC in normal urothelial 

tissues in sites specific for genes implicated in a myriad of diseases (e.g., chronic myeloid leukaemia) 

could be because these residues create small nuclear polymorphisms (SNP) leading to a diseased state 

(Andrew et al., 2015). However, a non-parallel localisation in gene loci specific for signalling pathways 

(e.g., Tumour Necrosis Factor (TNF), and Toll-like receptor) suggest these residues could generate 

unique urothelial carcinoma subtypes.  

 

Previous research has implicated the TNF polymorphisms in driving bladder cancer development (Marsh 

et al., 2003); although enhanced TNF production has also been associated with anti-tumour activity (Kim 

et al., 1993). The enhanced localisation of these cytosine residues on the loci for Toll-like receptors 
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could imply they are part of the sustained anti-tumour expression (LaRue et al., 2013). The localisation 

of 5hmC moieties in loci specific for Chagas disease is uncertain, but it could imply that these causative 

mechanisms/factors driving urothelial carcinoma and Chagas disease could be similar. The protracted 

localisation of 5hmC along loci specific for Epstein-Barr virus could indicate that the examined tumour 

tissue was infiltrated by lymphocytes positive for this virus (Abe et al., 2008). Other pathways could 

transactivate other moieties like Epidermal Growth Factor (EGF) (Mitre et al., 2017); a known factor 

behind urothelial oncogenesis. One such example would be the neurotrophin signalling pathway, 

regulating the expression of neurotrophins, like Brain-derived neurotrophic factor (BDNF), via the 

receptors Tropomyosin receptor kinase B (TrkB) and Low-affinity nerve growth factor 

(LNGFR/p75NTR).  

 

Microarray findings include the higher numbers of DMPs in the BS (i.e. 5mC) than in the OXBS samples 

(i.e. 5hmC) (refer Figure 5.12). The reasons for this are unclear, but may reflect the role of 5hmC in 

urothelial development, metabolism in cancer, or rates of repair of cytosine damage. Most of the DMPs 

appear to be tissue-specific DMPs. The urothelial carcinoma specific DMPs were examined in closer 

detail (refer Figure 5.13). Side-by-side comparison of normal and carcinoma afflicted urothelial tissues 

using both bisulfite sequencing and oxidative bisulfite sequencing revealed higher numbers of CpG sites 

in the BS specimens than in the OXBS specimens. This might suggest the technical accuracy of the 

oxidative bisulfite technique. The oxidative bisulfite sequencing also revealed DMPs, which were either 

hypermethylated or hypomethylated. Analysis of these DMPs revealed that the hypermethylated regions 

were localised in specific islets/islands in both bisulfite sequenced and oxidative bisulfite sequenced 

specimens while the hypomethylated regions occurred in a far more isolated manner than in open seas. 

The implication of this finding is still not yet clear but has to be investigated further. 
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Estimation of different methylation regions (DMRs) in both the normal urothelial and muscle invasive 

bladder carcinoma specimens (with reference data from The Cancer Genome Atlas (TCGA) site) made 

possible the sorting of the diverse datasets (refer Figure 5.15). The differentiation analysis benchmark 

was realised using an FDR cut-off <0.01 as the significance threshold. Such sorting of the methylome 

data enabled identification of genes common to both the bisulfite and oxidative bisulfite sequenced 

specimens, which were however expressed in consistently lower numbers relative to the normative 

TCGA data. Also revealed was hypomethylated genes with increased gene expression profiles unique 

to either bisulfite or oxidative bisulfite sequenced specimens (unfortunately, these were excluded from 

further functional annotation analysis due to the strict statistical selection criteria). This hypomethylated 

data, however, needs to be examined in detail in future research. 

 

Functional annotation analysis performed using STRING database identified genes from similar 

biochemical pathways and new oncogenic patterns (unique to the urothelial carcinoma) (refer Figure 

5.16). Annotated data was selected for functional analysis using the Kyoto Encyclopedia of Genes and 

Genomes (KEGG) pathway enrichment analysis; then the protein-protein interaction of these 

molecules/genes was explored. Such analysis revealed that 30 genes specific for 3 biochemical 

pathways:  Neuroactive ligand receptor interaction; Calcium signalling pathway; and Cell adhesion 

molecules (CAMs), were affected by epigenetic cytosine modifications. These genes and their associated 

pathways could serve as possible markers in the identification and characterisation of muscle invasive 

bladder cancer, although this needs to be examined more closely.   

 

Role of Neuroactive ligand receptor interaction pathway in MIBC  

Prime among the identified pathways was the Neuroactive ligand receptor interaction pathway; with 13 

genes possessing low expression profiles but consistently hypermethylated – implying heavy 

suppression of gene expression. Only 12 genes showed a connected action when the list was uploaded 
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to explore the protein-protein interaction:  Vasoactive intestinal peptide receptor 2 (VIPR2); Glutamate 

Ionotropic receptor NMDA Type subunit 2A (GRIN2A); Somatostatin receptor 1 (SSTR1); Galanin 

receptor 1 (GALR1); Leptin (LEP); Leptin receptor (LEPR); Angiotensin II receptor type 1 (AGTR1); 

Endothelin receptor type B (EDNRB); Alpha 1-A adrenergic receptor (ADRA1A); Tachykinin receptor 

3 (TACR3); Neuropeptide FF receptor 2 (NPFFR2); and Neurotensin receptor type 1 (NTSR1).  

 

The lack of expression of VIPR2 could in turn lead to the absence or insufficiency of the vasoactive 

intestinal peptide (VIP). This absence of the VIP protein has been previously identified to enhance 

susceptibility of death from metastatic bladder cancer in a murine model (Mirsaidi et al., 2017). In 

contrast, an overexpression of this protein has also been reported in bladder tumours (Moody et al., 

2016a) and could suggest its role in the transactivation of the Epidermal Growth Factor (EGF) and its 

associated receptor, i.e., EGFR (Moody et al., 2016b). The GRIN2A gene has been previously identified 

as a tumour suppressor in melanomas (Wei et al., 2011); it is also a known target for methylation in 

breast cancer (Kim et al., 2008b). Although its expression has been deemed to be low in both normal 

urothelial samples as well as in bladder tumours (Hurst et al., 2012), characterisation of GRIN2A 

mutation could be suitable for identifying novel subtypes of muscle invasive bladder cancer. Low 

expression and hypermethylation of the SSTR1 moiety previously localised in both normal and bladder 

cancer specimens (Karavitakis et al., 2014) could be of prognostic and therapeutic significance in the 

treatment of muscle invasive bladder cancer. Hypermethylation of the GALR1 gene comports with 

previous data where the CpG islands along the promoter region of the same gene were methylated in 

muscle invasive bladder cancer specimens (Li et al., 2016). 

 

Both leptin and its receptor, belonging to the Neuroactive ligand receptor interaction family, have 

previously been suggested in bladder cancer development. The elevated significance I observed for both 

these genes matches other data especially from histochemistry where the leptin receptor was identified 
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to prevent aberrant cancer cells from entering the S phase during the cell cycle (Yuan et al., 2004). This 

hunger-regulating hormone has also been identified to promote the vascular endothelial growth factor-

C (VEGF-C) by mediating other signalling pathways like Phosphatidyl Inositol 3 kinase (PI3K) and Akt 

(Yang et al., 2016). The hypermethylation of these molecules could therefore significantly impact 

muscle invasive bladder tissue proliferation via its regulation of cell cycle as well as lymphangiogenesis. 

In contrast to the angiogenesis promoting function of the leptin receptor, the AGTR1 gene identified by 

the pathway analysis is a known angiogenesis inhibitor and a known apoptosis promoter in bladder 

cancer (Pei et al., 2017). A similar study has previously postulated its role as a diagnostic moiety with a 

possible tumour suppressive role (Dolley-Hitze et al., 2010). 

 

Hypermethylation of CpG rich promoter regions of the EDNRB gene (Zuiverloon et al., 2012) could 

cause a decline in transcriptional expression of the EDNRB protein; this has been identified to modify 

the Endothelin-1 (ET1) signalling system (Mousavi Ardehaie et al., 2017); and to promote the 

proliferation, angiogenesis and metastasis of bladder tumours. Similar to its applicability as a prognostic 

marker for non-muscle invasive bladder cancer (Zuiverloon et al., 2012), the presence of this gene can 

be utilized also for detecting muscle-invasive bladder tumours. The ADRA1A gene, a member of the G 

protein-coupled receptor superfamily, was also identified. This protein has been identified to be involved 

in the activation of several mitogenic responses, and as a regulator of cellular proliferation (Gao et al., 

2000). The role of this gene in BC is not known (Owaki et al., 2015). The effect of hypermethylation of 

TACR3 gene situated on chromosome 4 in bladder cancer is currently unclear although this gene has 

been identified in bladder tumour specimens (Zaravinos et al., 2011). The role of NPFFR2, also a 

member of the G-protein coupled receptor family, in bladder cancer is uncertain and warrants further 

investigation. Although the role of the NTSR1 gene in bladder cancer is uncertain, epigenetic silencing 

of this gene has been implicated in the development of lateral and non-invasive colorectal tumours 

(Kamimae et al., 2015).  
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Role of Calcium signalling pathway in MIBC 

This pathway is primarily involved in the maintenance of intercellular communication in normal 

urothelial cells. Impaired gap junction formation and a resultant deviant intercellular calcium signalling 

have been reported in urinary bladder cancer cells (Leinonen et al., 2007). My analysis of microarray 

data revealed nine genes associated with this pathway to be hypermethylated as well as being low 

expression in muscle invasive bladder tumour tissues. Only eight genes showed a connected action when 

the list was uploaded to explore the protein-protein interaction: Adenyl cyclase type 4 (ADCY4); Nitric 

oxide synthase 1 (NOS1); Glutamate Ionotropic receptor NMDA Type subunit 2A (GRIN2A); 

Angiotensin II receptor type 1 (AGTR1); Endothelin receptor type B (EDNRB); Alpha 1-A adrenergic 

receptor (ADRA1A); Tachykinin receptor 3 (TACR3); and Neurotensin receptor type 1 (NTSR1). Of 

these eight, all were common to the Neuroactive ligand receptor interaction pathway (with their 

respective roles in bladder cancer previously discussed) except for ADCY4 and NOS1. The expression 

of NOS1 protein by macrophages in tumorigenic cells has been identified to confer the said cells 

resistance to chemotherapeutic agents like cisplatin (Perrotta et al., 2018). Very little information 

currently exists on the role of ADCY4 in bladder cancer, making it difficult to draw conclusions; thus, 

further research into its role in MIBC genesis is warranted. Hypermethylation of the NOS1 gene 

observed here could imply that the examined MIBC tissues were not resistant to the platinum complex 

cisplatin, although this must be examined more closely. 

 

Role of Cell adhesion molecules (CAMs) in MIBC  

These molecules are primarily involved in cell adhesion as the name implies, with their associated 

molecules either calcium dependent or calcium independent. Dysfunction of calcium dependent 

molecules (primarily various Cadherins, e.g., E-cadherin) has been identified to promote tumour 

invasion in cultured urothelial cells (Davies et al., 1999), while other Cadherins (e.g., P-Cadherin, N-

Cadherin) abnormal expression promoted invasive urothelial phenotype (Bryan, 2015). Microarray 
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analysis has revealed the identities of CAM family genes like CD34, and Neurexin-1 alpha (NRXN1) to 

be hypermethylated. CD34, previously identified as a prognostic marker for non-muscle invasive 

bladder cancer could serve in a similar role in the detection of MIBC (Ajili et al., 2012). Its significance 

in tumour angiogenesis in MIBC must be examined in further detail. The role of NRXN1 in MIBC is 

currently not clear with scant information regarding its functionality in urothelial tissues. 

 

The fact that the gene expression data was not readily accessible made it difficult to apply the preferred 

statistical criteria when correlating changes in methylation level and RNA expression. Moreover, the 

gene expression data of regions containing high numbers of contiguous 5hmC sites could aid in 

identifying region specific 5hmC involvement. This would help in identifying the role entire gene 

transcripts could have in bladder cancer genesis while not being limited to identifying novel CpG sites. 

Additionally, it would also be beneficial to examine TET enzyme activity using immunohistochemistry 

(IHC). This would enable differentiation of TET enzyme activity levels in normal urothelium and 

bladder tumour. Meanwhile the limited numbers of tumour tissues analysed (six tumours and three 

normal samples) analysed made it difficult to arrive at more definitive conclusions. 
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CHAPTER SIX 

 

6 EPIGENETIC CHANGES IN UROTHELIAL CELL 

POPULATIONS WITH DIFFERENT CELL SURFACE 

MARKERS 
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6.1 Introduction 

So far in this thesis I have pursued two approaches to better understand bladder cancer: namely cell 

sorting to explore tumour components and profiling of 5hmC across the epigenome. In this chapter, I 

combine these approaches to understand epigenetic profiles of the different sorted cellular components. 

Little is known about epigenetic alterations in cell specific fraction and I hope to understand whether 

urothelial cells share common changes or show distinct differences. An integrated analysis using specific 

bladder cancer subpopulations specific for the cell surface markers CD44, CD47, CD49f and CD90 

could be helpful in determining the nature of the variability guiding the emergence of these 

subpopulations.  

 

Hypothesis  

I hypothesised that FACS sorted urothelial cell subpopulations possess distinct epigenetic profiles and 

that these can be detected by qPCR. 

 

Aims  

To explore Cytosine methylation and hydroxymethylation in CD44/CD47, CD44/CD49f and 

CD44/CD90 urothelial cells. 
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6.2 Materials and Methods 

6.2.1 Patient and Tissue Samples 

A total of seven tissue samples were used in this chapter. Both normal urothelium (n=3) and high-grade 

tumour (n=5) bladder tissues were obtained from patients who had undergone surgical removal of the 

bladder, or part of the bladder, at the Royal Hallamshire Hospital, Sheffield. Details of these samples 

are provided in Appendix 1. Fresh tissue was homogenised and FACS sorted using a panel of antibodies 

to obtain cells expressing CD44/CD47, CD44/CD49f and CD44/CD90 (see chapter 4 for full details). 

 

6.2.2 5hmC Detection qPCR Assay 

Whilst a whole epigenome approach is best for profiling changes in cells, it requires higher quantities of 

DNA than available to me after FACS sorting cells. The amount of DNA obtained after FACS reflects 

the relative abundance of the selected cells and the total amount of starting tissue. I used qPCR to detect 

5hmc (see Chapter two, Section 2.3.9). This assay requires a DNA concentration of 100 ng per reaction 

and a purity of 1.8). Due to the low-sorted cell numbers, sorted urothelial (normal or tumour) cells were 

pooled together to have sufficient DNA concentration for analysis. For example, sorted cells that were 

positive for the dual cell surface markers CD44+/CD47+ of all high-grade tumour patients were pooled 

together into one tube while sorted cells of the same tumour patients for the other three coordinates 

(CD44-/CD47+, CD44+/CD47-, CD44-/CD47-) were pooled together into a different tube. This pooling 

was similarly applied to the other dual cell surface markers examined (i.e. CD44/CD49f and 

CD44/CD90) and might have smoothed out inter-individual heterogeneity.   
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 Figure 6.1 Illustration of samples used for qPCR 

 

 

6.3 Results 

Sorted cells from both fresh tumours and normal urothelial tissues were examined using specifically 

designed qPCR probes. These regions were identified in Chapter 5. 5hmC levels for the locus 

cg24327132 were examined in the normal urothelial and high-grade urothelial carcinoma tissue (Table 

6.1, 6.2 and 6.3). The 5hmC levels from the 450K methylation assay were found to be elevated in the 

probe examined from the normal urothelial tissue, at 18% compared to the 5% observed for the bladder 

carcinoma tissue. Closer inspection of the 5hmC locus cg24327132 was then performed for the 

specimens irrespective of their dual cell surface receptor populations (CD44/CD47, CD44/CD49f and 

CD44/90). This revealed variability in the 5hmC levels in the examined tissues.  
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In the normal urothelial cells sorted for the dual cell surface receptors CD44+/CD47+, the 5hmC levels 

were undetectable (-20%) while the 5hmC levels were high (90%) in the cells of the other coordinates. 

In the high-grade urothelial carcinoma cells sorted for the dual positive CD44+/CD47+ receptors the 

5hmC levels were above 100% (324%). The cells along the other coordinates meanwhile had 

undetectable 5hmC levels (-105%) (table 6.1). 

 

 

Probe id: cg24327132 
 

450K (18% normal) 
   

450K (5% tumour) 

 

Table 6.1 qPCR result for dual surface markers CD44/CD47 

NORMAL        HIGH-GRADE     

(CD44/CD47)  

other 

Ct value 

 
 

5hmC  

(%) 
 

(CD44/CD47)  

other 

Ct value 

 
 

5hmC 

 (%) 

5hmC protected 31.722181   
 

5hmC protected 33.3667   

5hmC unprotected 30.755924 91 
 

5hmC unprotected 32.359 -105 

Untreated DNA 31.822933   
 

Untreated DNA 31.39857   

(CD44+/CD47+)  

dual +ve 
 

  
 

(CD44+/CD47+)  

dual +ve 
  

  

5hmC protected 33.423992   
 

5hmC protected 35.824017   

5hmC unprotected 32.080208 -20 
 

5hmC unprotected 33.819828 324 

Untreated DNA 25.445518     Untreated DNA 34.43775   
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In addition, the 5hmC levels in the normal urothelial cells positive for the dual cell surface receptors 

CD44+/CD49f+and the cells along the other coordinates were above 100% (211% and 220% 

respectively). High-grade urothelial carcinoma cells positive for the CD44+/CD49f+ cell surface 

receptors had low 5hmC levels (7%) while the other cells of the other coordinates had a 5hmc level 

above 100% (619%) (table 6.2).  

 

Probe id: cg24327132 
 

450K (18% normal) 
   

450K (5% tumour) 

 

Table 6.2 qPCR result for dual surface markers CD44/CD49f 

NORMAL        HIGH-GRADE     

(CD44/CD49f)  

other 

Ct value 

 
 

5hmC 

 (%) 
 

(CD44/CD49f)  

other 

Ct value 

 
 

5hmC 

 (%) 

5hmC protected 33.637917   
 

5hmC protected 34.421894   

5hmC unprotected 29.42601 220 
 

5hmC unprotected 30.406303 619 

Untreated DNA 31.342716   
 

Untreated DNA 31.05499   

(CD44+/CD49f+)  

dual +ve 
 

  
 

(CD44+/CD49f+)  

dual +ve     

5hmC protected 24.177757   
 

5hmC protected 34.607143   

5hmC unprotected 30.670734 211 
 

5hmC unprotected 34.632214 7 

Untreated DNA 27.591448     Untreated DNA 34.280983   
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The normal urothelial cells positive for cell surface receptors CD44+/CD90+ as well as the other cells of 

the other coordinates had an undetectable 5hmC level (-165% and -10% respectively). 5hmC was 

detected only in the high-grade bladder carcinoma cells sorted for the CD44+/CD90+ cell surface 

receptors (92%). The other high-grade urothelial carcinoma cells from the other coordinates had 

undetectable 5hmC level (-152%) (table 6.3). 

 

Probe id: cg24327132 
 

450K (18% normal) 
   

450K (5% tumour) 

 

Table 6.3 qPCR result for dual surface markers CD44/CD90 

NORMAL        HIGH-GRADE     

(CD44/CD90)  

other 

Ct value 

 
 

5hmC  

(%) 
 

(CD44/CD90) 

 other 

Ct value 

 
 

5hmC  

(%) 

5hmC protected 31.842625   
 

5hmC protected 34.626858   

5hmC unprotected 31.591469 -10 
 

5hmC unprotected 31.868376 -152 

Untreated DNA 29.180336   
 

Untreated DNA 30.051004   

(CD44+/CD90+)  

dual +ve     
 

(CD44+/CD90+)  

dual +ve     

5hmC protected 27.319859   
 

5hmC protected 33.79121   

5hmC unprotected 29.301416 -165 
 

5hmC unprotected 34.254524 92 

Untreated DNA 30.504015     Untreated DNA 33.750553   
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6.4 Discussion 

In-depth analysis of 5hmC levels using both 450K methylation assays and qPCR analysis revealed 

variations in both normal urothelial and high-grade tumour tissues. Specifically, the genomic analysis 

of the sorted dual cell populations revealed subtle differences in 5hmC levels at specific genomic locus, 

which were unidentified in the methylation array. With the locus cg24327132, the qPCR evaluation 

showed that dual cell surface receptor populations in normal urothelium positive for both CD44+/CD47+ 

lacked 5hmC. The opposite was observed, however, for cells from the other coordinates of this dual cell 

surface receptor. The higher 5hmC levels in these cells (the cells along the other coordinates), however, 

were probably erroneous readings since the untreated DNA had elevated cycle threshold (Ct) values. 

This could be an aftereffect of the low concentration and quality of the DNA. In addition, the very high 

levels of 5hmC in high-grade urothelial carcinoma cells positive for the dual markers CD44+/CD47+ 

were also probably not reliable since these readouts were above the maximum prescribed in the Quest 

5hmC detection kit. Readouts >100 were deemed to be technically unreliable while readouts <0 were 

deemed to denote an absence of 5hmC detection site. These unreliable values could also be a result of 

the deteriorating quality of the DNA being evaluated. Meanwhile, the sorted cells along the other 

coordinates lacked detectable levels of 5hmC. 

 

The 5hmC levels in the normal urothelial cells positive for the dual cell surface receptors CD44+/CD49f+ 

and the cells along the other coordinates had technically unreliable levels of 5hmC. The 5hmC levels in 

the high-grade urothelial carcinoma cells positive for CD44+/CD49f+ were significant, albeit low but the 

carcinoma cells from the other coordinates were technically unreliable. The unreliable levels of 5hmC 

seen for the CD49f/CD44 in the normal urothelial cells and some of the high-grade urothelial carcinoma 

cells could be due to the low DNA concentration used as well as the deteriorating quality of the DNA in 

these sorted cells.  
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The 5hmC levels in normal urothelial cells positive for the dual cell surface receptors CD44+/CD90+ 

were undetectable. The same was observed for the cells along the other coordinates for these receptors. 

The dual positive high-grade bladder carcinoma cells for the same receptors had elevated and significant 

levels of 5hmC. The cells from the other coordinates, however, had undetectable levels of 5hmC.  

 

The majority of urothelial tissue types examined using different cell surface markers therefore had 5hmC 

levels being insignificant or technically unreliable. This could be because of the low DNA content being 

made available for the genomic analysis. Further to this the DNA quality could have deteriorated, either 

due to the digestion process or due to the prolonged storage of sorted cells in flow cytometry buffer. 

This could have meant that the qPCR evaluation was not replicable. A similar number of artefacts was 

however not observed in the array data (see Chapter 5) due probably to the better DNA concentration 

and quality attained from the urothelial tissues. 
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7 FINAL DISCUSSION  
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7.1 Discussion 

Bladder cancer is a common malignancy and one of the most expensive to manage. Molecular analysis 

suggests the cancer contains a variety of heterogeneous clones and can be assigned to one of several 

genomic subgroups. These subgroups are characterised by unique cell surface receptors and may have 

distinct sensitivities to chemo and radiation therapy. Previous research has characterised some of the 

markers specific for various differentiation states in bladder cancer (Volkmer et al., 2012), but little is 

known of the underlying events in individual cancers. To address this situation, I investigated epigenetic 

changes in individual cancers using tissue culture, flow cytometry and DNA methylation arrays.   

 

To identify subpopulations in MIBC, I attempted to grow biopsy cells in the laboratory. Researchers, 

such as (Van Batavia et al., 2014), hypothesised that the basal layer of MIBC tissue includes cancer stem 

cells (CSC) that, in turn, are the progenitors of cancer subtypes. Studies performed previously using in 

vitro models have suggested the existence of gene signatures that distinguish basal urothelial cells from 

differentiated urothelial cells (Chan et al., 2009). I attempted to validate this hypothesis using primary 

tissue culture techniques on biopsied tissues. However, my research was hindered by the biopsied cells 

failing to grow in various serum-free media or being overgrown by fibroblasts or smooth muscle cells 

e.g. in Dulbecco’s Modified Eagle’s media (DMEM) supplemented with foetal calf serum (FCS). I was 

more successful, in the short term, with coated matrices and serum containing media. However, the cells 

later failed to establish as primary cultures.  

 

Parallel to my work with primary tissue culture, I attempted to characterise bladder cancer 

subpopulations using the cell surface markers CD44, CD47, CD49f and CD90. Such a characterisation 

would identify cell subpopulations. To accomplish this, fresh biopsies of malignant urothelial tissues 

and normal bladder urothelium were sorted using fluorescence-activated cell sorting (FACS). These 

experiments revealed few cells expressing the CD90 cell surface receptor, suggesting the biopsied 
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tissues lacked the basal subtype bladder cancer cells. In contrast, I found many cells with high expression 

of the other markers, such as CD44 and CD47, indicative of terminally differentiated luminal subtype 

(Chan et al., 2009). This finding is in stark contrast to previous research from in vitro models, which had 

suggested CD90-positive bladder cancer cells were common and a rich repository for CSCs. The 

identification of enhanced levels of CD47 in certain subpopulations could be of clinical significance, as 

these could be viable targets for anti-CD47 therapy. I found that the expression of the CD49f receptor 

occurred with the CD44 receptor. A Study using mouse urothelium have previously identified these 

subpopulations to be lacking in tumorigenic potential, although they still could serve as models to 

identify differentiation states (Real et al., 2018). Although I was unable to isolate subpopulations with a 

basal phenotype, the presence of many differentiation states in the biopsied tissues is reflective of the 

hierarchical differentiation model of bladder tumour organisation.  

 

My next experiments focused on changes in DNA methylation in bladder cancer.  It has been known for 

many years that aberrant cytosine hypermethylation is associated with silencing of tumour suppressor 

genes and/or activation of oncogenes (Herman, 1999, Jarmalaite et al., 2008, Cabello et al., 2011). 

Recent advances in epigenetic understanding have identified different methyl states for the 5- residue of 

cytosine DNA bases, such as hydroxymethyl cytosine (Booth et al., 2012, Booth et al., 2013). These 

epigenetic residues have not been previously investigated in MIBC in detail. I used bisulfite (BS) and 

oxidative bisulfite (OXBS) treatment to examine changes in malignant and normal urothelial tissues (see 

figure 5.1 in Chapter 5). My main finding was that broadly lower levels of 5hmC were seen in malignant 

tissues, when compared to normal urothelium. Many genes with lower 5hmC concentrations in cancer 

are implicated in carcinogenesis (see figure 5.11), suggesting these epigenetic traits may play a role in 

this process. Importantly, differences in 5hmC (between normal and malignant tissues) were seen in all 

genomic loci, including introns (and other non-gene coding regions) and in non-coding RNA genomic 

regions (see figure 5.9). Functional pathway analysis using the genes with higher concentrations of 
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5hmC in normal tissues revealed enrichment for those involved in many cancers (e.g. leukaemia, lung 

cancer (see figure 5.11). The exact mechanism of this involvement is currently unclear.  

 

7.2 Study Limitations 

There are several key limitations that affected this work; 

1. Firstly, I was unable to grow primary tumours in vitro. It was hard to obtain a regular supply of 

fresh tissue and the quality varied from good to poor (diathermy artefact). In the samples that did 

grow, I saw observed overgrowth of fibroblasts and smooth muscle cells after 2 weeks. This is 

despite a successful programme of normal urothelial cells growth (NHU cell lines).  

2. Secondly, the number and quality of fresh samples limited FACS sorting. I was unable to find 

enough CD90+ cells and so I could not explore stem cell fractions. 

3. Thirdly, my methylation analysis was limited by the lack of raw RNA sequencing data available 

from ATLAS website. Whilst the tumours I studied were from the original TCGA cases, I was 

unable to directly compare 5hmC and gene expression in individual cancers.  

 

7.3 Future Work  

With several bladder cancer differentiation states being identified in MIBC biopsies, focus on identifying 

new cell surface markers specific to the tumour initiating cells is of prime importance. Precise 

knowledge of such marker populations could have positive translational impact e.g. in devising new 

drug molecules. The genes and pathways identified using the 450K array should be investigated further 

using gene knockout/ knock down model organisms e.g. mice, rat. Subpopulations positive for specific 

cell surface receptors should be evaluated using xenograft models.  Also the primary tissue culture work 

I have initiated should be continued further using 3D cell culture models. A varied approach using 

several different cell culture media both containing serum and lacking it should be utilised to evaluate 
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primary urothelial carcinoma proliferation as well as standardising a protocol for primary cell culture of 

urothelial carcinoma. 

 

7.4 Summary  

I identified several limiting factors surmounting this bladder cancer research while addressing several 

queries raised by epigenetic alteration. Nonetheless, this research can still serve as groundwork for future 

bladder cancer research. Protocols developed here include a primary tissue culture technique for 

malignant urothelial tissues, which was successful in inducing cellular attachment and proliferation. This 

technique was, however, limited by the difficulty involved in getting these cells to expand upon further 

culturing. Although the protocol used for sorting cells into distinct subpopulations of basal and 

terminally differentiated bladder subpopulations was realised from previous research, the technique 

itself was limited by cell numbers, which prevented further downstream investigation. 

 

For the first time, different 5hmC CpG sites were identified between normal and tumour bladder 

samples, which could serve as a basis for future research. Their presence in a more condensed manner 

i.e. 5hmC rich regions in bladder tumour tissue could be correlated with the gene expression data specific 

for these regions. Further investigation of the genes and pathways identified in the methylation/RNA 

expression data could be done using gene knockout models both in bladder cancer cell lines/ or murine 

mice. This could greatly assist the understanding of the normative role of epigenetic alterations, making 

it possible to distinguish these from their deleterious effects, which induce bladder carcinoma. 
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APPENDIX 1 

Table 1: Details of all tissue samples used in primary culture  

Patient Gender Age Stage Grade Cis Type Treatment Appearance Medium used Method used 

Pt 44 F 75 pT2 G3 No UCC Radiotherapy 2 large pieces DMEM full (20% FCS) Explant method 

Pt 45 F 92 pT1 G3 No UCC None brown fragment N/A N/A 

Pt 46 M 83 pT3b G3 No UCC None 2 medium pieces 

1- DMEM Full. 2- KSFMc. 

3- Epilife. 

Explant method + 

Stripping method 

Pt 47 M 85 pT2 G3 No UCC None 2 large pieces 1- DMEM Full. 2- Epilife. Explant method 

Pt 48 M 49 pT4 n/a N/a ADC None very small piece 1- DMEM Full. 2- Epilife. Explant method 

Pt 51 M 77 pT2b G3 No UCC None 2 medium pieces 

1- DMEM Full. 2- Epilife. 

3- Stem pro. Explant method 

Pt 54 M 81 pT3a G3 No TCC None 2 large pieces 1- DMEM Full. Explant method 

Pt 55 M 71 pT3a G3 No TCC None 2 pieces 1-DMEM Full. Explant method 

Pt 56 M 81 pT1 G3 No TCC None 3 small pieces 

1- KSFMc. 2- Epilife. 3 -Stem 

pro medium. Explant method 

Pt 59 M 74 pT2 G3 Cis TCC None Many small pieces 1-DMEM Full Stripping method 

Pt 61 F 74 pT3 G3 Cis TCC None 1 small piece 

1-DMEM Full. 2- KSFMc. 3- 

Stem pro. Stripping method 
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Pt 62 M 83 pT3b G3 No Tcc None 

2 pieces: small and 

medium 

1-DMEM Full. 2- Stem pro 

+10%FCS. 

CTOS isolation 

methods 

Pt 63 M 79 pT2 G3 No TCC None 2 small pieces 1-Stem pro + 10%FCS Explant method 

Pt 65 M 90 pT1 G3 No TCC None 1 small piece 1-Stem pro + 10%FCS Explant method 

Pt 66 M 74 pT3b G3 No SCC None 1 large piece 1-Stem pro + 10%FCS Explant method 

Pt 70 M 78 pTa G3 Cis TCC None 1 small piece 1-Stem pro medium + 10%FCS Explant method 

Pt 72 F 78 pTa G2 No TCC None 3 medium pieces 1-Stem pro medium + 10%FCS Explant method 

Pt 73 M 75 pT1 G3 No TCC None 4 large pieces 1-Stem pro medium. Explant method 

Pt 75 F 73 pT1 G3 No ADC None 1 small piece 1-Stem pro medium. Explant method 

Pt 76 M 72 pT2a G3 No TCC None 1 small piece 1-Stem pro medium. Explant method 

Pt 78 M 73 pTa G2 No TCC Yes 3 small pieces 1-Stem pro medium. Explant method 

Pt 79 M 74 pT4a G3 No TCC None 1 large piece 1-Stem pro medium. Explant method 

Pt 81 M 71 n/a n/a Cis TCC None 1 small piece 1-Stem pro + 1%FCS Explant method 

Pt 84 M 98 pTx G2 No UCC None Many pieces 1-Stem pro + patient serum Explant method 

Pt 85 M 77 pT1 G3 Cis UCC None Many small pieces 1-Stem pro + patient serum Explant method 

Pt 87 M 87 pT3a G3 No UCC None 2 small pieces 1-Stem pro. Explant method 

Pt 90 M 75 pT1a G3 No UCC None Many small pieces 1-Stem pro. Explant method 

Pt 97 F 90 pT2 G3 Cis UCC None 2 pieces 1-Stem pro. Explant method 

Pt 100 M 87 pTa G2 No UCC None Many small pieces 1-Stem pro. Explant method 

Pt 103 F 63 pT2 G3 Yes UCC None 1 small piece 1-Stem pro. Explant method 
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Table 2: Details of all tissue (normal and tumour) samples used in fluorescence-activated cell sorting (FACS)  

Patient Gender Age Tissue 
 

Operation Pre-op treatment Sample appearance 

Pt 113 M 71 Bladder normal Radical prostatectomy N/A One large piece 

Pt 123 M 68 Bladder normal Radical prostatectomy N/A One medium piece 

Pt 127 M 64 Bladder normal Radical prostatectomy N/A One medium piece 

Pt 128 M 71 Bladder normal Radical prostatectomy N/A One medium piece 

 

Patient Gender Age Tissue Stage Grade Cis Type Pre-op treatment Sample appearance 

Pt 112 M 49 Bladder tumour pT3 G3 Yes TCC None 1 medium piece 

Pt 114 M 90 Bladder tumour pT1 G3 No SCC None Many pieces (necrotic) 

Pt 115 M 77 Bladder tumour pT1 G3 Cis TCC None Many small pieces 

Pt 116 F 59 Bladder tumour pTa G2 No TCC None One small piece (necrotic) 

Pt 117 F 87 Bladder tumour pT1 G2 No TCC None Two large pieces 

Pt 118 F 71 Bladder tumour pTa G2 No UCC None Many pieces (necrotic) 

Pt 119 M 72 Bladder tumour pT2 G3 No TCC None Medium piece  

Pt 120 M 72 Bladder tumour pT2a G3 No TCC None Two small pieces (necrotic) 

Pt 121 M 76 Bladder tumour pT2 G3 No TCC None Small piece (necrotic) 

Pt 122 F 83 Bladder tumour pTa G2 No TCC Yes One medium piece 

Pt 124 M 71 Bladder tumour pTa G3 No UCC None Two pieces and one small 

Pt 125 F 80 Bladder tumour pT2b G3 No UCC None One medium piece 

Pt 126 M 87 Bladder tumour pTa G2 No UCC Yes One medium piece 
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Pt 129 M 54 Bladder tumour pT1 G3 Cis UCC None Very thin piece 

Pt 130 M 89 Bladder tumour pT1+ G3 No UCC None Many pieces  

Pt 131 M 63 Bladder tumour N/A benign N/A UCC None Many clean pieces 

Pt 133 M 66 Bladder tumour pT1 G3 Cis TCC None One medium piece  

Pt 134 M 75 Bladder tumour pT1 G3 Cis TCC None One medium piece 

Pt 136 M 67 Bladder tumour pT2 G3 No TCC None One medium piece 

Pt 137 F 90 Bladder tumour pT1+ G2 No SCC None One medium piece  

Pt 138 M 77 Bladder tumour pTa G1 No TCC None One small piece 

Pt 139 F 81 Bladder tumour pTa G3 Cis TCC None One medium piece 

Pt 140 M 51 Bladder tumour pTa G2 No TCC None Many large pieces 

Pt 141 M 82 Bladder tumour pTa G3 No Adc None One medium piece  

Pt 142 M 74 Bladder tumour pT2b G3 No TCC None Two small pieces 

Pt 143 M 75 Bladder tumour pTa G2 No TCC None Two small pieces 

Pt 145 F 86 Bladder tumour pT1+ G3 No TCC None Three small pieces 

Pt 146 F 68 Bladder tumour pT3 G3 No TCC None Three medium pieces 

Pt 147 M 77 Bladder tumour pTa G2 No UCC None One medium piece 

Pt 148 M 71 Bladder tumour pT1 G3 No UCC None Medium piece 

Pt 149 M 67 Bladder tumour pT3b G3 No UCC None One medium piece 

Pt 150 F 70 Bladder tumour pT3b G3 Cis UCC None Two small pieces 

Pt 151 M 67 Bladder tumour pT2 G3 No UCC None Two medium pieces 

Pt 152 M 80 Bladder tumour pTa G2 No UCC None One medium piece 
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Table 3: Details of all tissue (normal and tumour) samples used in Infinium HumanMethylation450 BeadChip array  

 

Patient  Study number Gender Age Grade Tissue Treatment  

NT1 4480 male 67 N/A normal None 

NT2 4305 male 70 N/A normal None 

NT3 4341 male 70 N/A normal None 

BC1 3191 male 64 G3 Tumour  None 

BC2 4237 male 85 G3 Tumour  None 

BC3 4038 female 81 G3 Tumour  None 

BC4 4229 male 78 G3 Tumour  None 

BC5 4166 male 87 G3 Tumour  None 

BC6 3129 female 79 G3 Tumour None 

BC9 4028 male 78 G3 Tumour  None 
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APPENDIX 2 

 

Details of primers used for 5hmC qPCR detection kit 

 

Probe ID Oligo name Oligo sequence (5' to 3") Chromosome Position Amplicon position 

cg12068908 Forward 01 AGGGTGCAGGTAGAGACAGG chr11 14270521 Start: 14270457 

cg12068908 Reverse 01 TTGTAGGAAATCTGGGCATTTTC 
 

End: 14270556 

cg20340596 Forward 02 TCCTCAGCTGATCCCTTCT chr10 100206925 Start: 100206891 

cg20340596 Reverse 02      CAGGGAGAGCAGTCACAAA 
  

End: 100206996 

cg10967023 Forward 03 GTGATCGAATAAGAGGCAGTGG chr12 115134886 Start: 115134821 

cg10967023 Reverse 03 GCAAAGCTGGTGGGAAGTAA 
  

End: 115134944 

cg09307193 Forward 04 GCCAGTTATCCAGAGCAGTTAG chr14 69430369 Start: 69430336 

cg09307193 Reverse 04 GAAAGGACAAGCGGAGAAGAA 
 

End: 69430461 

cg24092939 Forward 05 CTTCAGCCTCCTCCATTCAC chr12 49181056 Start: 49180980 

cg24092939 Reverse 05 TTGGAACATGGCCAGAAACTA 
  

End: 49181096 

cg06044662 Forward 06 CGCAGGGCTAAGGTTACC chr16 30386144 Start: 30386044 

cg06044662 Reverse 06 GCAGGGGTTGGAGGATTCT 
  

End: 30386207 

cg24327132 Forward 07 CATTAATCAAGTCCCAGGAGAGG chr15 72520632 Start: 72520548 

cg24327132 Reverse 07 GCTTAAGTGTAGACTGGCAGAG 
 

End: 72520657 

  


