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Summary 
 
Urinary tract cancers encompass cancers of the kidneys, ureters, bladder and urethra. These 

cancers are common and associated with substantial morbidity and mortality worldwide.  The 

most common of these cancers overall are urothelial carcinomas which arise from the specialised 

epithelium (termed the urothelium) lining the urinary tract from the renal pelvis down to the 

urethra, but most commonly affect the bladder. The second most common of these cancers is 

renal cell carcinoma, an adenocarcinoma, which accounts for approximately 90% of kidney cancers 

and arises from renal tubular epithelial cells. Large scale sequencing projects have led to 

important insights on common genomic and transcriptomic alterations in these cancers. However, 

there is a lack of high volume in-vivo transgenic models of urinary tract cancers available for 

rigorous mechanistic testing of the roles of these genetic alterations. Zebrafish transgenic models 

of cancers have demonstrated advantages with respect to ease of genetic manipulation, in-vivo 

imaging and high-throughput approaches.  

 

I performed a characterisation of the zebrafish excretory urinary tract with respect to histological 

characteristics and anatomical structure and demonstrate several similarities to the human 

system. The zebrafish kidneys converge onto two mesonephric ducts (homologous to ureters) 

which drain into a single saccular epithelium lined urinary bladder. The urinary bladder, in turn, 

drains externally via a single distinct urethra that is separate from the rectum. The zebrafish 

urinary epithelium expresses similar proteins to the human system. In addition, I demonstrate the 

development of the zebrafish urinary bladder with respect to morphological change during the 

larval and juvenile stages from a tubular structure that develops into a saccular expansile structure 

at around 6 weeks post fertilisation. 

 

I outline my work on developing a novel transgenic zebrafish urinary tract cancer model using 

genomic alterations associated with bladder cancer (combination of oncogenic tissue specific 

HRAS G12V overexpression and a global tp53 DNA binding domain mutation). This model utilises 

the bipartite Gal4/UAS system and generates cancers in the F0 generation. The cancers are 

generated by one cell stage microinjection of a plasmid containing the coding sequence for a GFP- 

HRAS G12V fusion protein (p-UAS: GFP-HRAS_G12V) into a Gal4 enhancer trap zebrafish line (with 

and without a global tp53 DNA binding domain mutation). We show that this pipeline results in 

abdominal cancers as early as 3 weeks post-fertilisation (7.1% to 14.6% abdominal tumours 
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between 2 weeks and 3 months for HRASG12V only and combination of tp53 mutation and 

HRASG12V genomic alterations, respectively). Histological characterisation of these cancers 

demonstrated them to be situated in the retroperitoneal region of the urinary tract and 

immunohistochemistry demonstrated them to be a combination of epithelial and non-epithelial in 

nature. Subsequent attempts at optimisation of this urinary tract cancer model with a more tissue 

specific zebrafish promoter sequence (cdh17 gene promoter) without using the Gal4/UAS system 

does not lead to cancers up to 3 months of age suggesting that the Gal4/UAS system is important 

for cancer formation in zebrafish.  
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Gene Nomenclature 
 
Standard gene nomenclature has been used to describe and differentiate zebrafish, human and 

mouse genes (1-3). The following table describes the nomenclature differences between the 

species for genes and proteins. These are differentiated by letter case and italicisation and an 

example is shown in the table below using the TP53 tumour suppressor gene as an example: 

 

Species Gene Protein 

Zebrafish Lower case & italicised e.g. 

tp53 

First letter upper case, the 

rest lower case and no italics 

e.g. Tp53  

Mouse First letter upper case, the 

rest lower case and all 

italicised e.g. Tp53 

All letters upper case and no 

italics e.g. TP53 

Human All letters upper case and 

italicised e.g. TP53 

All letters upper case and no 

italics e.g. TP53 
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Chapter 1.  Introduction 
 

1.1. The Urinary Tract in Mammals 
 

1.1.1. Structure 
 
The urinary tract in mammals is composed of paired retroperitoneal kidneys which have filtration 

and excretion function. The functional unit of a kidney is a nephron which consist of a glomerulus, 

proximal convoluted tubule, loop of Henle, distal convoluted tubule and collecting ducts. The 

glomerulus has filtration function and the region from the proximal convoluted tubule to 

collecting ducts has reabsorption function (approximately 90% of the initial filtrate) (4).  

 

Following reabsorption, the remaining fluid constitutes urine and this travels from the collecting 

ducts into the collecting system of the kidney which includes the calyces leading to the renal 

pelvis, ureter and urinary bladder. Therefore, the urinary tract can be categorised into three main 

regions: the filtration region (i.e. the glomerulus), the reabsorption region (i.e. the proximal 

convoluted tubule to collecting ducts) and the urinary excretory or transport region (i.e. the renal 

calyces, renal pelvis, ureter, urinary bladder) (4). 

 

Histologically, the proximal tubule, loop of Henle and distal convoluted tubule are lined by one 

layer of cuboidal epithelial cells and the collecting ducts are lined by cuboidal and columnar 

epithelial cells. The renal calyces, renal pelvis, ureters, urinary bladder and urethra are lined by 

transitional epithelium or urothelium (4). 

 

1.1.2. Function 
 
The function of the urinary collecting system (renal calyces and renal pelvis) and the ureters are to 

transport urine to the urinary bladder with minimal reabsorption of urinary contents. The function 

of the urinary bladder is low pressure urine storage and voluntary urine release at socially 

appropriate times when the bladder has filled to a significant volume. In humans, control of 

urinary bladder function is a complex process involving multiple neural pathways including the 

cerebral cortex and the pontine micturition centre (5). 
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1.1.3. Embryology  
 
Mammals develop three kidney structures of increasing complexity during embryogenesis. In 

chronological order, the kidney structures that develop are the pronephros, the mesonephros, and 

metanephros. The latter of these structures forms the permanent kidney (Figure 1). All three 

kidney structures derive from the intermediate mesoderm (6).  

 

The pronephros in mammals is vestigial and is composed of paired pronephric tubules and ducts. 

The pronephric ducts develop into the paired mesonephric ducts as they grow caudally and induce 

the mesonephric nephrons in the adjacent mesenchyme to develop and join the mesonephric 

ducts. The mesonephric ducts (Wolffian ducts) extend caudally and terminate by joining the 

cloaca.   

 

The ureteric bud develops as an outgrowth from the mesonephric duct and ascends cranially. The 

metanephros forms as a result of reciprocal induction events between the metanephric 

mesenchyme and the ascending ureteric bud. The metanephric mesenchyme induces branching of 

the ureteric bud, which gives rise to collecting ducts, renal pelvis and ureter. The mesenchyme, in 

turn, is induced to develop vesicles in a mesenchymal-to-epithelial transition (MET) to give rise to 

metanephric tubules and nephrons (7).  

 

The kidneys start developing caudally close the tail of the mammalian embryo. Vascular buds 

originating from the early kidney structures develop towards and join the common iliac arteries. 

As the embryo elongates, the kidneys ascend from the sacral vertebrae, reaching their final 

anatomical position at the lumbar level. This is believed to be driven, in part, by longitudinal 

growth of the lumbosacral vertebrae and a reduced flexion at the lumbar level. As the kidneys 

ascend, they utilise blood vessels at increasingly more proximal levels until the renal arteries are 

reached in the lumbar region (8). Following development of the metanephros, the mesonephros  
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(A) Lateral orientation 5-week-old embryo. (B-E) Stages of development of the ureteric bud and intermediate 
mesoderm into the ureter, renal pelvis and kidney that occurs from week 5-8 gestation.  Adapted From 
Moore KL, Presaud TVN, Torchia MG. The Developing Human: Clinically Oriented Embryology. 11th ed. 
Philadelphia, PA, USA: Elsevier; 2019 (9). Re-used with permission. 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Embryology of the Human Urinary Tract. 
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The urinary bladder and urethra are predominantly derived from the anterior/ventral urogenital 

sinus, which develops as a result of the cloaca portioning into a dorsal anorectal canal and a 

ventral urogenital sinus separated by the uro-rectal septum at around 4-6 weeks gestation (Figure 

2). The allantois is the canal that drains urine from the foetus and runs with the umbilical cord. 

This canal closes to form the urachus and subsequently the anatomical median umbilical ligament 

(6). 

 

The trigone forms as a result of a poorly understood remodelling process whereby the common 

nephric duct, which is the portion of the mesonephric (Wolffian) ducts distal to the ureteric bud, 

fuses to the anterior urogenital sinus and migrates distally to open into the pelvic part of the 

urogenital sinus (precursor to urethra). The distal ureters migrate to open directly into the 

urogenital sinus (bladder precursor). The region of urinary bladder between the two ureters and 

the urethra is known as the bladder trigone (10) (Figure 2). Common nephric duct apoptosis is 

believed to play an important role in this process (11). Based on these embryological descriptions 

and its unique appearance, the bladder trigone was traditionally believed to be derived from the 

mesonephric duct (mesodermal in origin ) in contrast to the rest of the urinary bladder urothelium 

which is derived from the urogenital sinus (endodermal in origin). However, cell lineage analysis 

utilising a mouse reporter line labelling mesonephric duct origin cells has suggested that the 

common nephric duct does not give rise to the trigone but is removed by apoptosis leading to 

migration of the ureters to the bladder (11). Tissue recombination experiments investigating 

mesenchymal-epithelial interactions in urinary bladder tissues have also suggested that the 

bladder trigone epithelium is endodermal in origin. Following recombination of trigone epithelium 

with foetal urogenital sinus mesenchymal tissue, prostatic epithelial tissue was induced suggesting 

bladder trigone tissue is endodermal in origin (12).  
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(A, C, E, G and H) Lateral and (B, D and F) dorsal views of embryo demonstrating urinary bladder and 
trigone development from 5-weeks to 12-weeks gestation. The trigone is a triangular region within the urinary 
bladder between the two ureters and the urethra and is best appreciated in figures 2G and 2H. Adapted 
From Moore KL, Presaud TVN, Torchia MG. The Developing Human: Clinically Oriented Embryology. 11th 
ed. Philadelphia, PA, USA: Elsevier; 2019 (9). Re-used with permission. 
 

 

Figure 2. Embryological Development of the Urinary Bladder and Trigone. 
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Numerous congenital urological conditions develop as a result of abnormal embryological 

development of the kidneys and ureters (renal agenesis, malrotated kidney, ectopic kidney, 

horseshoe kidney, ectopic ureter) and bladder (urachal abnormalities [urachal cysts, urachal sinus 

and urachal fistula] and bladder exstrophy) (13). 

 

1.1.4. Histology 
 
The mammalian urothelium or transitional epithelium is a multi-layered epithelium lining renal the 

pelvis, ureter, and urinary bladder. The urothelium is composed of three main cell types: basal, 

intermediate and superficial. The superficial apical layer of cells are also termed ‘umbrella cells.’ 

The umbrella cells have tight junctions and are covered on their apical surface by proteins called 

uroplakins which form plaques (Figure 3). The urothelium is believed to possess barrier function 

that is reliant on the tight junctions of the umbrella cells and the uroplakin proteins, which reduce 

the permeability of the cells to small molecules (14).  

 

The urothelium has one of the slowest growth rates amongst epithelial layers in mammals under 

normal conditions (15). However, urothelial proliferation increases significantly following injury 

leading to the development of differentiated superficial cells within two weeks (16). It is believed 

to be the basal cells that are the progenitor cells that proliferate and differentiate into 

intermediate and superficial cells following response to injury (17). The urothelium is surrounded 

by a lamina propria layer which consists of loosely collagenised stroma. The lamina propria, in 

turn, is surrounded by a muscle layer (Figure 4) (18). 
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Adapted from The Human Protein Atlas Webpage (19). Re-used with permission. 
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Figure 3. H&E-Stained Histology Section of Bladder Urothelium. 
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Adapted from The Human Protein Atlas Webpage (19). Re-used with permission. 
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Figure 4. H&E-Stained Histology Section of Bladder Wall. 
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1.2. Zebrafish 
 

1.2.1. Taxonomy 
 
Zebrafish (Danio rerio) are a freshwater fish native to India and South Asia. They derive from the 

genus, Danio, and the family, Cyprinidae. They belong to a group called teleosts which account for 

approximately 96% of all fish species. Teleosts are ray finned fish and are characterised by a 

mobile maxilla and premaxilla, which enables them to protrude their jaw, and symmetrical tails 

(20).   

 

1.2.2. Life cycle  
 
The zebrafish life cycle comprises four broad developmental stages: embryonic, larval, juvenile 

and adult. The life cycle begins with fertilisation. A mating pair of zebrafish (male and female) 

release sperm and eggs, respectively. The embryonic stage lasts from fertilisation to around 3 days 

post fertilisation when the embryos hatch from their chorion and become larvae (21). Zebrafish 

begin to feed independently on day 5 post fertilisation and stop relying on their yolk for 

nourishment. This is also the point at which they become protected animals under UK Home 

Office legislation. The larval stage lasts until around 4 weeks post fertilisation when the zebrafish 

transitions into the juvenile stage. The juvenile stage continues until around 3 months post 

fertilisation which is the approximate point of sexual maturity (22). The zebrafish lifespan within 

the laboratory environment is around 30 to 36 months.  

 

1.3. The Zebrafish Urinary Tract 
 

1.3.1. Anatomy 
 

The adult zebrafish urinary tract comprises a retroperitoneal mesonephric kidney which is situated 

along the dorsal abdominal wall. This kidney can be categorised anatomically into different regions 

from cranial to caudal: head, trunk and tail and has a characteristic shape and pigmented 

colouration (Figure 5). Whole mount in-situ hybridisation studies in zebrafish support the presence 

of a functional segmentation pattern in the adult mesonephros with the presence of a glomerulus, 

proximal convoluted tubule, proximal straight tubule, distal early segment (or tubules) and distal 

late segment (or tubules) (23, 24). It is difficult to differentiate between proximal and distal 

tubules with H&E staining. Unlike in mammals, the interstitium of the zebrafish kidney also 
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contains haematopoietic cells. Haematopoietic tissue is also contained in the stroma of the spleen 

as zebrafish bones do not have a medullary cavity. Endocrine cells (interrenal and chromaffin cells) 

are situated in the anterior kidney adjacent to major blood vessels. The interrenal cells are 

homologous to the adrenal cortex and the chromaffin cells are homologous to the adrenal 

medulla. Another endocrine tissue located in the zebrafish kidney is the Corpuscle of Stannius 

which is situated in the caudal aspect of the zebrafish kidney and is involved in calcium 

homeostasis as well as blood pressure regulation and osmoregulation (24).  

 

Very little is known about the excretory component of the zebrafish urinary tract i.e. distal to the 

distal late segment of the mesonephros. For example, a comprehensive histological 

characterisation of the anatomy of zebrafish does not describe the excretory urinary system distal 

to nephrons responsible for urine transport to the external environment (24). Previous literature 

has reported that all zebrafish nephrons drain via a common segment, and this has been described 

as “possibly a collecting duct or ureter to the cloaca.” The majority of literature on zebrafish 

anatomy reports the absence of a urinary bladder structure in adult zebrafish (25). There is one 

report of a urinary bladder in adult zebrafish in a textbook but this report is not referenced (26). In 

this, the structure of the adult zebrafish urinary bladder was described as consistent with that of 

teleosts in that it is continuous with the collecting ducts. The origin of the urinary bladder is 

reported to be from the mesonephric ducts and, therefore, mesodermal origin in contrast to the 

urinary bladder in higher vertebrates which is predominantly endodermal in origin except for the 

trigone, which has traditionally been believed to be mesodermal in origin. The zebrafish urinary 

bladder has been described as composed of a mucosa of cuboidal epithelium surrounded by a thin 

coat of smooth muscle (26). Within this one previous description of a urinary bladder in zebrafish, 

its function is not elucidated (26). It is important to note that the zebrafish swim bladder structure 

is not linked in any way the urinary bladder. The swim bladder is a two chambered organ filled 

with air that maintains balance and controls buoyancy (27). 

 

In freshwater rainbow trout, another teleost, the urinary bladder has been reported to hold urine 

for approximately 30 minutes prior to releasing urine in bursts and likely always retains a small 

residual volume. This is thought to be advantageous in avoiding olfactory signals to potential 

predators. During the urine storage period, the bladder actively reabsorbs sodium and chloride 

aiding the function of the kidney in salt conservation (28). The teleost urinary bladder has 

therefore been described as a ‘morphological extension of the kidney’ (29). Furthermore, the 
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urinary bladder has been utilised as a model for kidney tubular function in fish (29). The urinary 

bladder in teleosts, therefore, is likely to have a hybrid function as having both storage and 

emptying function in addition to tubular function.  

 
 

 Internal surface of dorsal abdominal wall shown. Anterior abdominal wall has been opened and internal 
organs (gut, gonads and swim bladders have been removed to expose the urinary tract). Figure adapted 
from Gerlach et all 2011 (30). Image re-used with permission. 
 

1.3.2. Embryology 
 
In contrast to the mammalian kidney, which develops the pronephros, mesonephros, and 

metanephros, only the pronephric and mesonephric kidneys develop in the zebrafish. The 

zebrafish pronephros, in contrast to its mammalian counterpart, is fully functional and has a key 

role in osmoregulation (31).  

 

Head Trunk Tail

Dorsal Abdominal Wall (Gut, Gonads 
and swim bladder removed)

Cranial Caudal 

Figure 5. Adult Zebrafish Kidney Exposed Along Dorsal Abdominal Wall. 
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Structurally the pronephros is comprised of two nephrons with glomeruli that are fused in the 

midline anteriorly. Two pronephric tubules join the glomerulus to the pronephric ducts, which 

course posteriorly and in the midline prior to their contact with the cloaca (31). Like in mammalian 

kidneys, the glomeruli are involved in blood filtration, and the pronephric tubules have roles in 

osmoregulatory function and solute secretion and reabsorption (32).  

 

The pronephros originates from the intermediate mesoderm on either side of the midline. The 

most anterior cells develop podocytes that migrate to the centre and recruit endothelial cells to 

form the glomerulus. The remaining intermediate mesoderm undergoes a mesenchymal-to-

epithelial transition (MET) to form a tubular epithelium that fuses with the cloaca, a common exit 

passage for waste substances from the intestines and pronephros (33).  

 

Cells contributing to the cloaca and distal pronephros arise from the ventral mesoderm. At around 

24 hours post-fertilisation, the pronephros tubular cells migrate ventrally towards the ectodermal 

cells of the cloaca. Between 24 hours and 30 hours post-fertilisation, the pronephros joins the 

cloaca which, in turn, opens to the environment. This process is dependent on Bone 

Morphogenetic Protein (BMP) signalling (34) and the nephrocystin 4 (nphp4) gene (35).  

 

Gene expression analysis has demonstrated the zebrafish pronephros has multiple discrete 

domains: two proximal tube segments (proximal convoluted and proximal straight [PCT and PST]), 

two distal tube segments (Distal early and Distal late [DE and DL]), and a pronephric duct (Figure 6) 

(36). The gene expression patterns are analogous to those In the mammalian kidneys (36). In 

particular, the expression of solute transporters and renal transcription factors is highly conserved. 

The zebrafish PCT and PST express solute transporter genes found in the proximal tubules of 

mammals such as slc9a3 and slc4a4. The zebrafish DE segment expresses scl12a1, which is a 

marker of the ascending limb of the loop of Henle in the mammalian kidney and the DL segment 

expresses slc12a3, which is a marker of the distal convoluted tubule in the mammalian kidney 

(36).  

 

The zebrafish DL segment has been described as a distal tubule/nephric duct hybrid segment. It 

has been shown to express genes that are expressed in kidney tubules such as slc12a3 and clcnk. 

The segment also expresses genes that are expressed in the mammalian nephric duct:  ret1, gata3, 

and emx1 (36-38). The posterior tip of the DL segment also migrates distally and fuses to the 
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cloaca, which is typical mammalian nephric duct behaviour. It is, therefore, likely that the 

pronephric DL segment is a distal tubule and nephric duct hybrid (32).  

 

The pronephric duct expresses gata3, which is not present in the proximal pronephric segments, 

nor is it present in the mesonephric nephrons. The gata3 expression has been demonstrated using 

whole mount in situ hybridisation (ISH) of larvae in the terminal segment of the pronephros but 

not seen in the mesonephric nephrons (23, 36).  

 

 
Figure 6. Zebrafish Embryo Pronephros Segmentation. 
Whole mount in situ hybridisation of zebrafish embryos demonstrating pronephros segmentation. Pod: 
Podocytes, PCT: proximal convoluted tubule, PST: proximal straight tubule, DE: distal early, CS: corpuscle 
of Stannius, DL: distal late, PD: pronephric duct. Adapted from Wingert et al 2007 (36). Re-used with 
permission.  
 

Pronephros development and the segmentation pattern during pronephros development is 

believed to be driven by retinoic acid signalling by inducing proximal pronephros segments and 

restricting the development of distal segment fates.  Caudal transcription factors, which include 

cdx1a and cdx4, are believed to play a role in the anteroposterior position of the pronephros 

progenitors by regulating the site of retinoic acid production (36).  
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The mesonephros develops at around ten days post-fertilisation during the transition from larva to 

juvenile. This development is thought to occur due to higher osmoregulatory demands secondary 

to increased size (23). The first mesonephric nephrons form on top of the pronephric DE segment 

and become functional by the 6mm stage based on a study utilising filtration of a fluorescent 

tracer (23). Further mesonephric nephrons develop in this region during the juvenile period from 

caudal to cranial. These nephrons are believed to arise from wt1b expressing basophilic progenitor 

cells using an MET process (23, 39). This is believed to be dependent on the wnt9a gene, which is 

expressed in the distal pronephros segments though the existence of a functioning Wingless-

related integration site (WNT) signal is not yet known (40). This theory is based on the reciprocal 

induction occurring in mammals that involves a similar MET process that relies on WNT9b 

expression from the ureter (41). 

 

The pronephros becomes a scaffold for mesonephros formation. The mesonephric nephrons that 

develop on the DE segment of the pronephros initially only develop PCT, PST, and DE segments 

and use the mesonephric DE segment to fuse to the pronephric DE segment (Figure 7) (23). The 

pronephric DE and DL segments, which drain caudally to the pronephric duct, are all believed to be 

precursors to the collecting duct/ureter segments in the adult urinary tract (23, 39).  
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Figure 7. Schematic of Zebrafish Mesonephrogenesis. 
Mesonephric nephrons develop and fuse to the existing pronephric distal early (DE) and distal late (DL) 
tubule segments which drain via the collecting duct (CD) or ureter segment. Adapted from Diep et al 2015 
(23). Re-used with permission. 
 
1.3.3. Homology to Mammalian Urinary Tract 

 
1.3.3.1. Uroplakins in Zebrafish 
 

The zebrafish pronephric tubules and ducts have been shown to express uroplakin proteins, which 

are characteristic of mammalian urothelium and are believed to have a key role in barrier function 

(42, 43).  Uroplakin-3a like protein called Upk31 is expressed on the luminal surface of the 

pronephric tubules and ducts, and upk3l morpholinos lead to embryos with reduced pronephros 

function believed to be due to their effects on pronephric tubule epithelial cell development and 

polarisation (42).  

 

1.3.3.2. Zebrafish Models of Lower Urinary Tract Dysfunction 
 

Congenital lower urinary tract obstruction has been modelled in the zebrafish pronephric duct. 

Causes of congenital anatomical lower urinary tract obstruction in humans include posterior 

urethral valves in males (at the level of the prostatic urethra) and anterior urethral valves, also 

known as urethral atresia, in both sexes.  Exome sequencing of human patients with congenital 

lower urinary tract obstruction identified a nonsense variant in the BNC2 gene which is expressed 
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in human urothelial cells. The bcn2 gene is also expressed in the pronephric duct of zebrafish. 

Knockdown of bcn2 in zebrafish causes a lower urinary tract obstruction phenotype manifesting as 

pronephric duct obstruction and dilatation of the cloaca (44).  

 

Human bladder exstrophy, which is a rare congenital malformation of the anterior abdominal wall 

and urinary bladder, has been modelled in zebrafish. Bladder exstrophy has been linked to the 

WNT gene family. Knockdown of wnt3 in zebrafish leads to cloacal abnormalities that include 

expansion of the cloacal lumen as well as possible rupture of the cloaca (25). This is supportive of 

homology between the zebrafish and human urinary lower urinary tract. 

 

1.4. Cancer  
 

1.4.1. Overview 
 

The definition of cancer has evolved over time. The defining feature of cancer, according to the 

World Health Organisation (WHO) is “the rapid creation of abnormal cells that grow beyond their 

usual boundaries and which then invade adjoining parts of the body and spread to other organs” 

(45). 

 

Cancer incidence and mortality is increasing globally reflecting ageing populations, population 

growth, evolving exposures to risk factors which, in many cases, is linked to industrialisation and 

socioeconomic development (46). In both sexes combined, the highest cancer incidences 

worldwide occur in female breast, lung, prostate, nonmelanoma skin cancer, and colon (46).  

 

The traditional model of cancer development was based on accumulation of mutations secondary 

to environmental carcinogens which activate various signalling pathways and, in turn, drive cancer 

progression. However, this traditional model has increasingly been replaced by the notion that 

environmental carcinogens can promote cancer formation in cells that have pre-existing oncogenic 

mutations through inflammation and tissue damage. These oncogenic mutations can arise from 

normal endogenous processes in tissues. This notion was driven in part by recent data from mouse 

cancers suggests that some carcinogens do not induce mutations, with mutations arising from 

endogenous processes in tissues (47). Furthermore, cancer associated mutations can accumulate 

in normal human tissues during ageing without causing cancer until a separate process drives 
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cancer formation (48). It is important to note, however, that this is contrary to the established 

model of cancer development.  

 

A recent study using both mouse models of lung cancer and 3D cell culture tested the hypothesis 

that air pollution can initiate cancer in healthy lung cells with pre-existing mutations. Mice with 

oncogenic Egfr or Kras mutations develop faster growing lung cancers within weeks of exposure to 

air pollution compared to mice without these mutations. Furthermore, DNA sequencing data from 

normal healthy lung tissue in individuals with cancer demonstrated mutations in Egfr or Kras 

genes suggesting that a further tumour promoting process is required. This study also 

demonstrated increased expression of interleukin 1-beta in air pollution induced lung cancer in 

mice suggesting that air pollution can result in macrophage infiltration into the lungs which, in 

turn, can release interleukin 1-beta and drive inflammation which can promote cancer formation 

(49).  

 

1.4.2. Hallmarks of Cancer 
 

Hanahan and Weinberg in 2000 (50) and 2011 (51) proposed six hallmarks of cancer to explain the 

processes involved in cancer development and progression i.e. important capabilities acquired by 

normal human cells transforming into cancers that are necessary for the development of cancer   

(Figure 8). These are: proliferation, evasion of growth suppression, activation of invasion and 

metastasis, enablement of replicative immortality, induction of angiogenesis and resisting cell 

death which are all linked to genome instability.  

 

A key development described in subsequent reviews (51, 52) is the addition of two more 

hallmarks: altering energy metabolism (or reprogramming cellular metabolism) and evasion of 

immune destruction. In addition, cancer enabling characteristics were described: genomic 

instability and tumour promoting inflammation. These hallmarks are relevant in all cancers, but 

differences exist in how and to what degree different cancers demonstrate these features. The 

most recent review by Hanahan et al (52) also described four emerging hallmarks and enabling 

characteristics: unlocking phenotypic plasticity, non-mutational epigenetic reprogramming, 

polymorphic microbiomes and cellular senescence. 
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Unlocking phenotypic plasticity is a capability that allows disruption of cellular differentiation 

through either cellular dedifferentiation, blocked cellular differentiation or trans-differentiation 

(change from one differentiated cell type to another) to drive uncontrolled proliferation and 

cancer. Non-mutation epigenetic reprogramming is the notion that change in gene expression can 

result from epigenetic factors/changes such as chromatin modification in the absence of 

mutations and can contribute to cancer development. Polymorphic microbiomes are a concept 

that variability in the microbiome in different tissues can modulate cancer hallmark capabilities 

through mutagenesis, DNA damage, disruption of DNA repair and many other mechanisms. 

Cellular senescence, although traditionally believed to be only a protective mechanism against 

cancer, can also drive carcinogenesis through activation of a senescence-associated secretory 

phenotype (SASP) which can, through signalling molecules signal to other cells to utilise cancer 

hallmark capabilities (52). 
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Adapted from Hanahan et al 2011(51). Re-used with permission.  
 

1.4.3. Aetiology and Molecular Biology 
 

Cancer is caused by both intrinsic risk factors and non-intrinsic risk factors. Intrinsic risk factors are 

inevitable spontaneous genetic mutations due to random error in DNA replication and these are 

Figure 8. The Hallmarks of Cancer. 
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non-modifiable. Non-intrinsic risk factors include external factors such as carcinogens, viruses and 

lifestyle factors (e.g. smoking, diet, physical activity) which are modifiable. Non-intrinsic risk 

factors also include endogenous risk factors which are related to individual characteristics e.g. 

biological ageing, inflammation, hormones and genetic susceptibility. For some cancers, there 

have been clear associations made with specific environmental factors and as a result, successful 

cancer prevention. Examples of these clear associations include tobacco smoking and lung cancer, 

sun/ultraviolet light exposure and skin cancer, human papilloma Virus (HPV) and cervical cancer, 

Helicobacter pylori (H. pylori) and gastric cancer and viral hepatitis infection and hepatocellular 

cancer (53). Intrinsic and non-intrinsic risk factors can interact and the degree to which one or the 

other will contribute to a specific cancer is likely to vary in different cancer types and different 

individuals (53). Therefore, it is likely that cancer risk is still modifiable in the presence of an 

intrinsic mechanism (53). 

 

Hereditary cancer can occur via intrinsic and non-intrinsic mechanisms (53). It is estimated that 

intrinsic mechanisms account for approximately 10-30% of overall cancer incidence (53). 

Significant heritability has been reported in prostate cancer (42%), colorectal cancer (35%) and 

breast cancer (27%) (54). Similarly, a study of over 80,000 monozygotic twins and over 120,000 

same-sex dizygotic twins reported 33% excess familial risk for all cancer and that almost 60% of 

prostate cancer was believed to linked to genetic factors (55). Many heritable cancer mutations 

and germline cancer syndromes involve genes involved in DNA repair which can increase mutation 

rates. Alternatively, heritable cancer mutations and germline cancer syndromes may be linked to 

genetic alterations that lead to greater susceptibility to non-intrinsic risk factors (53). 

 

1.5. Urinary Tract Cancer Overview 
 

Urinary tract cancers (excluding prostate cancer) include cancers of the kidneys, ureters, bladder 

and urethra. These cancers are common and associated with substantial morbidity and mortality 

worldwide (56-58).  The most common of these cancers overall are urothelial carcinomas which 

arise from the specialised epithelium (termed the urothelium) lining the urinary tract from the 

renal pelvis down to the urethra but most commonly affect the bladder (approx. 90-95% of all 

urothelial carcinomas) (59). Renal cell carcinoma, an adenocarcinoma, accounts for approximately 

90% of kidney cancers and arises from renal tubular epithelial cells (60) and will be discussed later 

in the introduction. 
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1.6. Bladder Cancer  
 

1.6.1. Epidemiology 
 
Bladder cancer (BC) is the 7th commonest cancer worldwide in men and 9th when all genders are 

considered. There were an estimated 430 000 new BC cases and 165 000 deaths from BC 

worldwide in 2012, and three-quarters of new cases were in men. Male: female ratios range from 

6:1 to 2:1 in different regions across the world (56). In contrast, female patients have a worse 

prognosis than male patients (61). The incidence of BC increases in older age groups, with 

incidences rising sharply above the age of 50. There is a high overall prevalence with over 1.3 

million cases over a five-year period worldwide (56). Incidence and mortality rates (adjusted for 

age) differ widely across different geographical regions. The highest rates are observed in North 

America and Europe whilst the lowest are seen in Central America, West Africa, and Asia (56, 62). 

The geographic differences may reflect variations in smoking prevalence and occupational 

exposures (56).  

 

1.6.2. Aetiology and Risk Factors 
 
The strongest modifiable risk factor for BC is smoking.  Smoking carries an attributable risk of 50% 

(56, 63). Tobacco smoke contains known carcinogens, including, polyaromatic hydrocarbons, 

aromatic amines and N-nitroso compounds which cause DNA damage (64, 65). The pooled relative 

risk (RR) for current smokers versus never smokers in BC was 3.47 (95 CI 3.07 -3.91) in a meta-

analysis comprising 83 studies (63). With regards to tobacco type, there was no statistically 

significant difference in BC risk between black and blond tobacco use in a French case control 

study (66), nor was there a difference in BC risk between plain and filter cigarette use in a 

Canadian case control study (67). 

 

Occupational exposures are the second commonest risk factor for BC. Around 10% of BCs occur 

following occupational exposures (68). Potential occupational carcinogens include 2-

napthylamine, 4-aminobiphenyl, toluene, 4,4'methylenebis (2-chloroaniline), diesel exhausts, 

polyaromatic hydrocarbons (PAH), and metalworking fluids (69). Other modifiable risk factors 

include arsenic in drinking water, chlorination of drinking water, use of pioglitazone, 

cyclophosphamide, and pelvic radiotherapy (56). 
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Genetic risk factors include inherited polymorphisms in genes encoding carcinogen detoxification 

enzymes N-acetyltransferase 2 (NAT-2) and Glutathione S-transferase (GSTM1). NAT-2 regulates 

the detoxification of aromatic amines (established carcinogens) through acetylation. Genetic 

carriers of the slow variant polymorphism have an increased risk of BC. Glutathione S-transferase 

detoxifies polyaromatic hydrocarbons. Homozygous deletion of the GSTM1 gene carries an 

increased risk of BC (70). Gene polymorphisms in these genes, therefore, play a key role in 

individuals with occupational or environmental carcinogen exposures.  

 

Genome-wide association studies (GWAS) demonstrate multiple genetic loci that harbour variants 

associated with BC including:  1p13.3 (GSTM1), 2q37.1 (UGT1A), 3q26.2 (TERC), 3q28 (TP63), 

4p16.3 (TACC3-FGFR3), 5p15.33 (TERT-CLPTM1L), 8p22 (NAT2), 8q24.21 (MYC), 8q24.3 (PSCA), 

11p15.5 (LSP1), 13q34, (MCF2L), 15q24 (CYP1A2), 18q12.3 (SLC14A1), 19q12 (CCNE1), 20p12.2 

(JAG1) and 22q13.1 (CBX6, APOBEC3A) (71). These genes have a range of functions including 

carcinogen detoxification genes (GSTM1 and NAT2) which encode carcinogen detoxification 

enzymes Glutathione S-transferase M1 and N-acetyl transferase 2, telomerase components (TERC 

and TERT), transcription factors (TP63, MYC), receptor tyrosine kinase (FGFR3), Cell cycle control 

(CCNE1) (72), cytidine deaminase (APOBEC) (73), solute transport (SLC14A1) (74), metabolic 

processes (UGT1A (75), CYP1A2 (76)) and Notch signalling (JAG1) (77). These susceptibility loci 

were estimated to contribute 12% of the familial risk of BC (71). 

 

A recent up-to-date meta-analysis of 32 BC GWASs including over 13,700 BC cases and over 

343,000 controls of European ancestry revealed several novel BC susceptibility loci: 6p.22.3 

(CDKAL1), 6p.22.3 (CASC15), 7q36.3 (LOC389602), 8q21.13 (PAG1), 9p21.3 (MTAP/CDKN2A), 

9q31.1 (SMC2) 10q22.1 (COL13A1), 19q13.33 (SULT2B1-FAM83E). These are involved in tumour 

suppression and cell cycle regulation (CDKN2A) (78), polyamine metabolism (MTAP) (79), 

intermediary in EGFR/RAS signalling (FAM83E) (80). The function of some of these genes (CDKAL1, 

CASC15, PAG1, COL13A1, SULT2B1, SMC2) and their potential mechanistic link to BC is poorly 

understood.  

  

Chronic inflammation is also linked to BC, particularly the squamous cell subtype (81). Causes of 

chronic bladder inflammation include urinary tract infection and chronic bladder mucosa irritation 

such as long term catherisation. It is also believed that the early cancer changes can lead to a 

chronic inflammatory microenvironment which can, in turn, drive many hallmarks of cancer which 
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include proliferation, angiogenesis and invasion. The chronic inflammatory microenvironment 

includes cells that promote inflammation such as macrophages and myeloid derived suppressors 

cells, amongst others (81). Tumour associated macrophages (TAMs) are grouped according to their 

polarisation states into M1 and M2, with M2 receptors believed to promote carcinogenesis. A high 

TAM density in BC samples is associated with a poor prognosis (82). Furthermore, high counts of 

CD163 positive (M2-polarized specific cell surface receptor) macrophages in the stroma of BC 

samples is linked with failure of an established bladder cancer treatment, intravesical bacille 

Calmette-Guerin (BCG) (83). Both of these studies however had small patient numbers.   

 

An in-depth up to date systematic review of the epidemiology and risk factors for BC is presented 

in Chapter 3.  

 

1.6.3. Pathology  
 
Urothelial Cell Carcinomas (UCC), previously referred to as Transitional Cell Carcinoma (TCC), 

represent the majority of BCs (>90%). Less common BC histological subtypes include squamous 

cell carcinoma (SCC) and adenocarcinoma (84).  

 

Grading of urothelial carcinoma is based on the extent of preservation of architecture of the 

urothelial cell layer and nuclear atypia (abnormal appearance of nuclei). High grade carcinoma is 

characterised by several nuclear abnormalities: nuclear enlargement, nuclear pleomorphism, 

prominent nucleoli. High grade features also include prominent mitotic activity in the upper 

urothelial layers, absent umbrella cell layer, disordered cell layering and variability in polarity (85). 

 

Urothelial neoplasms can have papillary or non-papillary morphology. Papillary carcinomas are 

exophytic with papillae that contain central fibrovascular cores and covered by neoplastic 

epithelium. In low grade papillary carcinoma of the urothelium, there is minimal fusing of the 

papillae and a small degree of abnormalities of the urothelial cells/nuclei. There may be occasional 

mitosis, but this is limited to the basal urothelial layer and there is often minimal variation in 

nuclear size. High grade papillary carcinoma is characterised by a greater degree of abnormalities 

of the urothelial cells/nuclei including fusing of papillae, nuclear atypia, frequent mitosis and 

nuclear pleomorphism. Non-papillary urothelial carcinomas can be flat non-invasive lesions (e.g. 

carcinoma in situ) or invasive lesions. Urothelial carcinoma in situ is a flat lesion whereby the 

urothelial cell layer is replaced by cells that demonstrate cytological atypia. There is often nuclear 



 45 

pleomorphism, enlarged and irregular hyperchromatic nuclei, high nuclear-to-cytoplasmic ratio 

and mitotic figures (86).  

 

There are various histological classifications reported for BC, but the clinical outcome and 

treatment is primarily determined by invasiveness. The invasiveness of BC is determined by the 

presence or absence of underlying detrusor muscle invasion. Non-muscle invasive bladder cancer 

(NMIBC) represents approximately 80% of cases, and muscle-invasive bladder cancer (MIBC), 

represents approximately 20% of cases. The cancer stage correlates with prognosis and informs 

treatment options (87). The TNM (tumour, node, metastasis) classification system is used to 

formally stage BC according to the local tumour stage, the presence and extent of lymph node 

metastases, and the presence and extent of distant metastases (Table 1) (88).  
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Table 1. TNM classification for Bladder Cancer. 
 

T - Primary Tumour 

Tx Primary tumour cannot be assessed 

T0 No evidence of primary tumour 

Ta Non-invasive papillary carcinoma 

Tis Carcinoma in situ: “flat tumour” 

T1 Tumour invades subepithelial connective tissue 

T2 Tumour invades muscle 

 
 

T2a Tumour invades superficial muscle (inner half) 

T2b Tumour invades deep muscle (outer half) 

T3 Tumour invades perivesical tissue: 

 
 

T3a Microscopically 

T3b Macroscopically (extravesical mass) 

T4 Tumour invades any of the following: prostate stroma, seminal vesicles, uterus, vagina, pelvic wall, 

abdominal wall 

 
 

T4a Tumour invades prostate stroma, seminal vesicles, uterus, or vagina 

T4b Tumour invades pelvic wall or abdominal wall 

N - Regional Lymph Nodes 

Nx Regional lymph nodes cannot be assessed 

N0 No regional lymph node metastasis 

N1 Metastasis in a single lymph node in the true pelvis (hypogastric, obturator, external iliac, or presacral) 

N2 Metastasis in multiple regional lymph nodes in the true pelvis (hypogastric, obturator, external iliac, or 

presacral) 

N3 Metastasis in a common iliac lymph node(s) 

M - Distant Metastasis 

M0 No distant metastasis 

 
 

M1a Non-regional lymph nodes 

M1b Other distant metastasis 



 47 

Another histological feature which has important implications for prognosis is the presence of 

histological variants of urothelial carcinoma.  These are cancers which are predominantly 

urothelial in nature with components of the cancer that are not urothelial. These may be 

associated with a worse prognosis, although data conflict. The most common variants are 

squamous, sarcomatoid and micropapillary. In the squamous variant, there is evidence of 

squamous production such as intracellular keratin. The sarcomatoid variant has histological 

features resembling a sarcoma. The micropapillary variant often has small papillary clusters of 

neoplastic cells within lacunae and there is an absence of fibrovascular cores. 

Immunohistochemistry plays a key role in the diagnosis of these histological variants (86).  

 

Immunohistochemical markers can used to aid the diagnosis urothelial carcinoma in more 

complex clinical scenarios where there is diagnostic uncertainty e.g. differentiating between 

urothelial carcinoma and secondary malignancies in the urinary tract and in identifying the origin 

of a metastatic lesion of unknown primary. Immunohistochemical markers used in clinical practice 

to this end include GATA3 and Uroplakin-2 (89, 90).  

 

1.6.4. Natural History  
 

For consistency, there is a standard terminology used to describe the natural history of urothelial 

cell carcinoma: ‘recurrence’ and ‘progression’. In NMIBC, ‘recurrence’ is the subsequent diagnosis 

of a NMI urothelial cell carcinoma of the bladder the same stage (or less) as a previous NMI 

urothelial cell carcinoma of the bladder. Progression in NMIBC is the subsequent diagnosis of a BC 

of a more advanced stage (91). 

 

NMIBCs have a high recurrence rate (31-78% at 5 years) but have a lower likelihood of progression 

to muscle invasion (0.8-45% at 5 years). The European Organisation for Research and Treatment of 

Cancer (EORTC) put together a scoring system from seven trials performed in NMIBC. The 

calculated score then corresponds to risks of recurrence and progression at one and five years. 

Recurrence and progression to muscle invasion are dependent on number of tumours, tumour 

size, previous recurrences, whether the tumour has invaded the lamina propria layer, presence of 

carcinoma in situ, and the histological grade of the tumour. Previous disease recurrence and 

number of tumours are the most heavily weight risk factors with respect to determining risk of 
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future recurrence. In contrast, disease stage and grade are the most heavily weighted risk factors 

with respect to determining risk of future disease progression (Tables 2 and 3) (92). 
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Risk Factor Recurrence Progression 

Number of tumours 

 Single 0 0 

 2 to 7 3 3 

 ≥8 6 3 

Tumour size 

 <3 cm 0 0 

 ≥3 cm 3 3 

Prior recurrence rate 

 Primary 0 0 

 ≤1 rec/yr 2 2 

 >1 rec/yr 4 2 

T category 

 Ta 0 0 

 T1 1 4 

CIS 

 No 0 0 

 Yes 1 6 

Grade 

 G1 0 0 

 G2 1 0 

 G3 2 5 

Total score 0–17 0–23 

Table 2.  EORTC Scoring System to Determine Risk of Recurrence and Progression of Bladder 
Cancer. 
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Recurrence score 
% Probability of Recurrence at 1 
year (95% CI) 

% Probability of Recurrence at 5 
years (95% CI) 

0 15% (10%, 19%) 31% (24%, 37%) 

1–4 24% (21%, 26%) 46% (42%, 49%) 

5–9 38% (35%, 41%) 62% (58%, 65%) 

10–17 61% (55%, 67%) 78% (73%, 84%) 

 

Table 3. Probabilities of Bladder cancer Recurrence and Progression After 1 and 5 years 
Respectively Based on EORTC Scores 
 

MIBCs have a poor prognosis with a 5-year survival of 55% for primary MIBC (no history of 

previous superficial BC) and 28% for progressive MIBC (history of superficial BC) (93). Survival 

largely depends on pathological stage, lymph node metastases and lymphovascular invasion. The 

5- year survival following first line platinum based chemotherapy treatment (gemcitabine and 

cisplatin [GC] or methotrexate, vinblastine, doxorubicin and cisplatin [MVAC]) for metastatic 

disease is 13.0-15.3% and 5-year progression free survival is 9.8%-11.3% (94).  

 

1.6.5. Molecular Biology  
 
A two-pathway model has traditionally been used to describe BC pathogenesis based on early 

histological and cytogenetic analysis (95, 96). According to this model, low grade and high-grade 

tumours have a distinct natural history. Low grade tumours frequently arise from hyperplasia and 

are molecularly characterised by loss of heterozygosity of chromosome 9 (95). In contrast, high 

grade tumours, which include carcinoma in situ (CIS), are genetically unstable tumours believed to 

develop from flat dysplasia and associated with progression to MIBC. These tumours are believed 

to be induced by TP53 mutations (95) and RB1 mutations (97) (Figure 9). Early studies of genomic 

alterations in BC evaluated somatic mutations in specific candidate genes including FGFR3 (98, 99) 

and PIK3CA (100, 101) which are more frequent in low grade tumours and HRAS (102) which are 

Progression score 
% Probability of progression at 1 
year (95% CI) 

% Probability of progression at 5 
years (95% CI) 

0 0.2% (0%, 0.7%) 0.8% (0%, 1.7%) 

2–6 1.0% (.4%, 1.6%) 6% (5%, 8%) 

7–13 5% (4%, 7%) 17% (14%, 20%) 

14–23 17% (10%, 24%) 45% (35%, 55%) 
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uniformly distributed across all grades (103). Mutations in FGFR3 and TP53 have been almost 

found to be mutually exclusive in studies of patient urothelial cancer samples (104, 105). This 

suggests that they represent separate pathways of tumourigenesis.  

 

Activation of the RAS genes and upstream FGFR3 can activate both MAPK and PI3K cascades, the 

two most implicated signalling pathways in urothelial cancer. Both of these signalling pathways 

may converge downstream on the mammalian target of rapamycin (mTOR) (103). 

Mutations in FGFR3 and RAS have also been found to be mutually exclusive. However, these two 

genetic mutations have not been reported to be associated with differing stage or grade of 

tumours. This suggests that these two genetic mutations represent different pathways that lead to 

a similar phenotype (106). 

 

It is not entirely clear why different genomic alterations lead to different bladder cancer 

phenotypes or subtypes. What is known is that the FGFR3 and RAS mutations, which are more 

common in lower grade bladder cancers, affect the MAPK and PI3K intracellular signalling 

cascades resulting in proliferation (103). In contrast, the TP53 and RB1 mutations, which are more 

common in higher grade and muscle invasive bladder cancers, are often loss of function mutations 

in key tumour suppressors and are therefore likely to have wide ranging effects on cell cycle 

arrest, apoptosis, senescence and DNA repair in response to DNA damage (95, 97). It is possible 

that these differences in downstream cellular pathways that occur with these two mutation 

categories are responsible for the different bladder subtypes that occur. 
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Histology images in figure re-used with permission from Human Protein Atlas (Normal Urothelium Image) 
(19) and Pathology Outlines (Rest of Images in Figure) (107). Pathology outlines images contributed by Dr 
Nicole K. Andeen (low-grade BC and NMIBC-high grade images), Maria Tretiakova (low-grade BC, NMIBC- 
high grade and MIBC images) and Ana-Maria Catana (Carcinoma-in situ image). 
 
 

 

 

Low-grade BC

Carcinoma-in-situ
Normal Urothelium

NMIBC – high grade

MIBC

Low grade pathway High-grade pathway

LOH chr 9
FGFR3 mutation
RAS mutation

TP53 mutation
RB1 mutation

Figure 9. Simplified Two Pathway Model for Molecular Basis of Bladder Cancer Initiation and 
Progression. 
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Fibroblast growth factor receptors (FGFRs) are transmembrane receptor tyrosine kinases (RTKs) 

(108). Binding of a FGFR by its corresponding growth factor triggers dimerization of the receptor, 

phosphorylation of tyrosine residues and activation of multiple signalling cascades including the 

RAS-MAPK (Mitogen activated protein kinase) pathway (108). Abnormal activation of FGFR3 can 

occur in multiple ways including: FGFR3 point mutation, FGFR3 fusion proteins, upregulated 

expression of wild type FGFR3 and isoform switching. The most common mutation is S249C 

followed by Y375C (109). These FGFR3 point mutations are activating mutations. FGFR3 S249C, for 

instance, can self-dimerise through a disulfide bond leading to constitutive activation of FGFR 

signalling in a ligand independent way (110). 

  

(A) Structure of FGFR3 isoform 3b/c with mutation hot spots and position of translocations in relation to 
structure. (B) Structure of FGFR3 fusion protein: FGFR3-TACC3 (associated with BC) (111). Abbreviations: 
AB: Acid box, Ig: Immunoglobulin domain, TM: Transmembrane domain, TK: Split tyrosine kinase domain. 
 
 

 

 

 

 

 

 

Figure 10. Common FGFR3 Genomic Alterations in Bladder Cancer. 
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PI3K/AKT is an important signal transduction pathway that regulates apoptosis, survival and 

proliferation. Activating mutations in PIK3CA are believed to activate the PI3K/AKT pathway and 

are more common in low grade cancers but are found in all BC grades. The most common 

mutations identified in BC and other cancers are E542K, E545K and H1047R. The mutations in BC 

mainly consists of helical domain mutations (112). RAS proteins can activate the PI3K pathway 

through direct contact with the p110a protein (catalytic subunit protein encoded by PIK3CA gene) 

(113). 

 

Oncogenic activation of RAS genes activates the MAPK pathway. Mutations in the RAS genes 

(HRAS, NRAS, KRAS) have been identified in all stages and grades of BC. RAS is a GTPase protein 

which is involved in signal transduction in multiple intracellular pathways including RAF, MEK and 

ERK which are involved in cell division. Mutations in RAS in hotspots such as codon 12 (G12V) leads 

to loss of GTPase function and constitutive activation of the protein in its GTP-bound form (114). 

FGFR3 activation can also activate the MAPK pathway (115).  

 

Most MIBCs have alterations in genes that have roles in cell cycle checkpoint. TP53 is a tumour 

suppressor gene that has been implicated in high grade cancers. The TP53 gene encodes the TP53 

protein which is a DNA-binding transcription factor that regulates cell cycle function (116). 

Mutations are commonly missense mutations affecting the DNA binding domain. This affects the 

activation of genes involved in cell cycle regulation.  Inactivation of tumour suppressor genes RB1 

and CDKN2A are also seen in MIBC (116).  

 

Receptor tyrosine kinases (RTKs [e.g. FGFR3, EGFR]) may be activated in BC by ligand binding, 

mutation, or overexpression. RTKs activate RAS leading to activation of the RAS-RAF-MEK-ERK 

cascade which in turn, contribute to phosphorylation of substrates. This can lead to cell cycle 

progression and proliferation. Activated RTKs also bind to p85 (which is the regulatory subunit of 

PI3K [P110]) recruiting the PI3Kinase enzyme. The PI3Kinase enzyme phosphorylates 

phosphatidyinositol-4,5-bisphosphate (PIP2) to form PIP3. PI3kinase can also be activated directly 

by RAS. PIP3 recruits 3-phosphoinositide-dependent protein kinase 1 (PDK1) and activates AKT 

through phosphorylation leading to regulation of other proteins and intracellular signalling effects. 

Activation of MDM2 represses tumour suppressor p53 transcriptional activity thereby driving 

tumourigenesis (117) (Figure 11). 
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Proteins that are activated in BC are red (RAS, PI3K [p110], AKT, MDM2) and proteins that are inactivated in 
BC are green (PTEN and p53) (117). 
 

Whole exome sequencing analysis of NMIBC and MIBC samples has revealed further insights into 

genomic alterations in BC. The Cancer Genome Atlas (TCGA) reported somatic DNA alterations and 

copy number alterations in 412 MIBC patients. The most common somatic mutations (> 12% 

frequency) were in TP53 (48%), KMT2D (28%), KDM6A (26%), ARID1A (25%), PIK3CA (22%), KMT2C 

(18%), RB1 (17%), EP300 (15%), FGFR3 (14%), STAG2 (14%), ATM (14%), FAT1 (12%), ELF 3 (12%), 

CREBBP (12%) and ERBB2 and SPTAN1 (12%) (118). Somatic copy number alterations were seen in 

CDKN2A and RB1 (Deletion) and E2F3 and EGFR (Amplification) (118, 119) (Figure 12). These genes 

fall into multiple different categories: chromatin modifying genes (KMT2D, KDM6A, ARID1A, 
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Figure 11. Key Signalling Pathways Implicated in Bladder Cancer Tumourigenesis: MAPK and PI3K 
signalling. 



 56 

KMT2C, STAG2, CREBBP and EP300), a lipid kinase (PIK3CA), tumour suppressor genes (TP53, RB1, 

ELF3, ATM, CDKN2A), receptor tyrosine kinases (ERBB2, EGFR, FGFR3) and a transcription factor 

(E2F3). 

 

Whole exome sequencing of 24 NMIBC samples followed by next generation sequencing of 58 

additional samples showed the most common somatic mutations (> 12% frequency) were in: 

FGFR3 (79%), PIK3CA (54%), KDM6A (52%), STAG2 (37%), KMT2D (30%), ARID1A (18%), EP300 

(18%), KMT2C (15%), CREBBP (15%), RHOB 13%) and HRAS 12%)(120) (Figure 12). The function of 

these genes includes an RTK (FGFR3), lipid Kinase (PIK3CA), chromatin modifying genes (KDM6A, 

STAG2, KMT2D, ARID1A, EP300, KMT2C, CREBBP) and GTPases (HRAS, RHOB).  

 

These datasets confirm previously reported differences in the mutational landscape between 

NMIBC and MIBC. There is an absence of TP53 mutations in lower grade BCs and a higher 

frequency of FGFR3 and PIK3CA mutations in lower grade BCs. Other notable findings in the data 

from these sequencing studies are the high incidence of mutations in the STAG2 gene and a 

significantly higher number of mutations in KDM6A, RAS and RHOB genes in NMIBC compared to 

MIBC. In addition, there is an absence of alterations in CDKN2A and RB1  genes in NMIBC which 

are altered in >10% MIBCs (120).  
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A particularly novel finding from the TCGA MIBC sequencing data was the significant number of 

somatic mutations in chromatin remodelling genes KMT2D, KDM6A, ARID1A, KMT2C and EP300 

(118). Epigenetic alterations such as DNA methylation, histone modification and chromatin 

remodelling are involved in regulating gene expression. Chromatin-modifying gene mutations 

were also common in next-generation sequencing of NMIBC samples where they were found 

common across grade and stage (120).   

 

Graph produced using data from Hurst et al 2017 (120) and Robertson et al 2017 (118).  
 

MIBC has one of the highest mutational loads (somatic mutation frequency) of any cancer that 

was studied in the TCGA with a mean of 8 mutations per Mb, behind only lung carcinoma and 

melanoma (118). The mutational load is lower in NMIBC in comparison to MIBC with a mean of 2 

mutations per Mb in NMIBC (120). This is an important finding as mutational burden is associated 

with neoantigen load which may have implications for immunotherapy sensitivity (118). 
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Anti-viral apolipoprotein B mRNA editing enzyme catalytic polypeptide (APOBEC) are a family of 

enzymes that function as cytosine deaminases and likely have a physiological function in the 

restriction of retroviruses by inducing mutations in the virus genome. High mutational load in BC is 

predominantly believed to be driven by APOBEC mediated mutagenesis (Up to 67% of single 

nucleotide variants) (73, 118, 121). Mutations have been identified in BC that are consistent with 

the APOBEC mutational signature. This signature is characterised by the deamination, in exposed 

single stranded DNA, of cytosine bases to uracil in 5’ TCA and TCT contexts which gives rise to 

cytosine to thymine (C->T) and cytosine to guanine (C->G) mutations (121). In a transgenic mouse 

model, human APOBEC3 expression has been demonstrated to play an important role in inducing 

specific somatic mutational signature at cytosine bases in BC (122). In MIBC, patients with a 

mutational profile characterised by a high APOBEC signature, high mutation burden, and a high 

predicted neoantigen load have the best 5-year survival probability (75%) (118). This has been 

hypothesised to be due to a host immune response to the high mutation load limiting cancer 

growth and progression (118).   

 

Findings from in vitro data has suggested that BK polyomavirus reactivation could potentially be a 

BC carcinogen in immunocompromised patients by driving APOBEC mediated mutations (123). 

Polyomaviruses are often childhood infections with 70-80% of the healthy population testing 

positive by adulthood. In healthy individuals without immunocompromise, these viruses are often 

asymptomatic and can remain latent in the proximal tubule cells of the kidneys. Reactivation of 

the viruses can occur during periods of immune compromise causing sloughing of infected cells in 

the urine into the bladder. In urothelial cell lines, BK virus was demonstrated to infect 

differentiated urothelial cells and increase APOBEC3A and B protein levels and deaminase enzyme 

activity. BK virus induced cells to re-enter the cell cycle from the G0 phase and arrest in the G2 

phase via blocking retinoblastoma protein tumour suppressor function. However, further evidence 

is required to demonstrate that mutations in BC are due to BK virus infection and not the result of 

other initiators of APOBEC- mediated mutagenesis (123).  

 

1.6.6. Molecular Subtypes of Muscle- Invasive Bladder Cancer  
 

RNA sequencing data from The Cancer Genome Atlas (TCGA) identified and described five mRNA 

expression subtypes: luminal-papillary (35%), luminal-infiltrated (19%), luminal (6%), basal-

squamous (35%), and neuronal (5%) associated with overall survival and potential sensitivity to 
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treatment (118). The broad categories of basal and luminal subtypes are similar to intrinsic breast 

cancer subtypes where gene expression profiling was used to show molecular subtypes of breast 

cancer that have different clinical behaviours (luminal and basal) (124).  

  

Luminal subtypes of MIBC exhibit high expression of urothelial differentiation markers (FOXA1, 

GATA3, Cytokeratin 20) and uroplakins (UPK2 and UPK1A). The luminal subtypes were further 

subdivided based on epithelial-to-mesenchymal transition (EMT) signature genes, myofibroblast 

makers and wild type p53 signature genes. The luminal subtype is characterised by expression of 

genes that are highly expressed in differentiated urothelial cells (KRT20 and SNX31). This is 

suggestive that this subtype derives from intermediate cells that express markers of superficial 

umbrella cells. Potential targeted therapies for this subtype were not proposed when formulating 

this molecular classification.   

 

The luminal papillary subtype encompasses tumours with papillary morphology, and these were 

enriched with somatic alterations in FGFR3, CDKN2A and STAG2. This subtype also had low CIS 

signature scores as well as high expression of sonic hedgehog signalling markers. This group has a 

low likelihood of response to cisplatin-based chemotherapy based on preliminary data (125). 

Tyrosine kinase inhibitors of FGFR3 have been proposed as treatment options due to the high 

incidence of FGFR3 alterations.  

 

The luminal infiltrated subtype had lower purity likely to be due to the lymphocytic infiltrates. 

There was also high expression of smooth muscle signature genes as well as epithelial to 

mesenchymal transition (EMT) signature genes. This subtype has high expression of immune 

markers programmed death ligand 1 (PD-L1), programmed cell death protein 1 (PD-1) and CTLA4 

and was associated with a wild type TP53 signature. With regards to treatment, the luminal 

infiltrated subtype is characterised by resistance to cisplatin-based chemotherapy and sensitivity 

to immune checkpoint inhibition therapy with atezolizumab in locally advanced or metastatic 

disease following platinum-based chemotherapy failure (126).   

The basal squamous subtype, more common in females, had high expression of basal and stem 

cell markers (CD44, KRT5, KRT6A, KRT14) and squamous differentiation markers (TGM1, DSC3, 

PI3). The basal squamous subtype also demonstrated high expression of PD-L1 and CTLA4 immune 

markers as well as other features of immune infiltration. The subtype has high expression of CIS 
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signature genes and loss of sonic hedgehog and BMP signalling which suggests this subtype 

develops from basal cells and CIS lesions. Both cisplatin based neoadjuvant chemotherapy (NAC) 

and immune checkpoint therapy (PD-L1 inhibitors, PD-1 inhibitors and anti- CTLA4 treatment) 

have been proposed as treatment options.  

The neuronal subtype had high expression of neuronal differentiation markers and 

neuroendocrine markers and had mutations in cell cycle regulators TP53 and RB1 as well as 

amplification of transcription factor E2F3. This subtype had the poorest survival. Etoposide-

cisplatin NAC has been proposed as a treatment regime based on the treatment regime for 

neuroendocrine tumours at other sites. 
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Adapted from Robertson et al 2017 (118) and re-used with permission.
Figure 13. Proposed Molecular Subtypes of Muscle Invasive Bladder Cancer and Potential Treatment Options. 
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1.6.7. Treatment 
 

Treatment for BC starts with transurethral resection of bladder tumour (TURBT). This 

enables resection of the tumour which can provide symptomatic relief and allows 

histopathological examination and diagnosis. Subsequent treatment is dependent on grade 

and stage of the disease as well as the overall general health and co-morbidities of patients. 

Treatment options for NMIBC include surveillance cystoscopy alone (to detect recurrences), 

adjuvant intravesical treatments (chemotherapy [mitomycin] and immunotherapy [BCG]) 

and surgery (radical cystectomy and urinary diversion). The choice of treatment depends on 

disease grade, previous bladder cancer, size of tumour and number of tumours.  

 

1.6.7.1. Non-Muscle Invasive Bladder Cancer Treatment 
 

The most administered intravesical agent for BC is mitomycin (MMC). MMC is an antibiotic 

with anti-tumour activity and works by inducing DNA cross linking in BC cells. It is often 

administered as a single instillation into the bladder immediately following a TURBT to act 

on potential residual tumour cells. This approach has been demonstrated to result in a 39% 

reduction in the odds of BC recurrence (OR=0.61, p<0.0001) (127) but not on progression. 

Mitomycin instillations can also be given as a longer weekly treatment over the course of 

several weeks for BC (128). 

 

Intravesical Bacillus Calmette-Guerin (BCG) instillations are used to reduce the rate of both 

recurrence and progression of high-risk non muscle invasive bladder cancer including 

Carcinoma In Situ (CIS). A maintenance BCG regimen (i.e. 27 instillations over 3 years) is 

associated with a 27% reduction in odds of progression to muscle-invasive disease 

(OR=0.73, p=0.001) at a median follow up of 2.5 years. The mechanism of action is not fully 

understood but is believed to stimulate the immune system and upregulate several 

cytokines including interleukins 6 and 8.  The cellular immune response is believed to lead to 

destruction of the tumour cells (129).  
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There are emerging novel treatments for patients who do not response to BCG. Intravesical 

Nadofaragine Firadenovec is a treatment that contains a recombinant adenovirus that 

carries the human interferon alfa-2b cDNA into the bladder urothelial cells. It leads to 

complete response in 45.5% of patients with BCG unresponsive non-muscle invasive BC at 

12 months (130). Preliminary work has suggested that Atezolizumab (an anti-programme 

cell death ligand 1 [PD-L1] treatment), with and without BCG treatment may be a promising 

treatment for BCG-unresponsive CIS (131). 

 

Radical cystectomy and urinary diversion is also a possible treatment in patients with high-

risk non-muscle invasive bladder cancer. Indications for this treatment are high grade 

disease (G3), lamina propria invasion (T1 disease) or recurrent, large lower grade disease 

(G1 or G2 pTa).  

 

1.6.7.2. Muscle-Invasive Bladder Cancer Treatment 
 

Treatment options for MIBC include surgery (radical cystectomy, bilateral pelvic lymph node 

dissection and urinary diversion) with or without neoadjuvant chemotherapy (132) or 

bladder preserving treatments which include radiotherapy and chemoradiation (133). 

Treatment decisions are based on patient fitness and choice.  

 

Radical surgery takes the form of radical cystectomy, bilateral pelvic lymph node dissection 

and urinary diversion. This treatment carries significant risks with a reported early 

complication rate of 28% and a reported peri-operative death risk of 2.5%. Potential short-

term peri-operative complications include bleeding/haematoma, chest/urine infections, 

wound infections or wound dehiscence, bowel ileus, urine leak secondary to uretero-ileal 

anastomotic leak, bowel leak secondary to small bowel anastomotic leak and pelvic 

collection/abscess (134). 

 

Long term oncological outcomes for surgery are largely dependent on the pathological stage 

and presence of lymph node metastases. Overall recurrence free survival at 5 years for 

patients undergoing radical cystectomy is 68%. Recurrence free survival (5-year) ranges 

from as high as 92% for patients with no evidence of cancer in their cystectomy pathological 
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specimen to as low as 50% for pT4 disease (see Table 1 for TNM staging of Bladder Cancer) 

and 35% in the presence of lymph node metastases (134). 

 

Radical radiotherapy is an alternative treatment for MIBC and involves a dose of 66Gy over 

6 weeks targeted to the urinary bladder. It is not an effective treatment for carcinoma in 

situ, squamous cell carcinoma or adenocarcinoma. Radical radiotherapy has been shown to 

be similar to surgery with respect to oncological outcomes in a single institution series 

(135). However, there were concerns regarding the patient selection in this series with more 

aggressive disease in the radical surgery group and higher than usual peri-operative 

mortality in the radical surgery group (136). 

 

Neoadjuvant chemotherapy prior to radical surgery with a platinum based regimen has 

been reported to be associated with a 5% absolute survival benefit at 5 years (137). The 

recommended treatment is a cisplatin combination regime and is only recommended for 

patients with MIBC (138).  

 

Adjuvant chemotherapy following radical surgery with a platinum-based chemotherapy 

agent is a recommended option for patients in whom the surgical pathology demonstrates 

MIBC or the presence of lymph node metastases (i.e. higher chance of recurrence), 

providing they did not receive neoadjuvant chemotherapy prior to radical surgery (139). 

Programme cell death protein 1 (PD-1) inhibitor nivolumab as an adjuvant treatment 

following radical surgery has demonstrated prolonged disease-free survival in patients who 

are at a higher risk of recurrence (e.g. presence positive of lymph nodes) (140).  

 

1.6.7.3. Locally Advanced or Metastatic Bladder Cancer Treatment 
 

In patients with locally advanced (invading the pelvic side wall or rectum [pT4b based on 

TNM classification of bladder cancer]) or metastatic disease, the mainstay of treatment is 

platinum-based chemotherapy regimens (94). However, there is recent increasing evidence 

for benefits of immunotherapies. Programme cell death protein 1 (PD-1) is a molecule that 

is expressed on activated T cells and binds to programme cell death ligand 1 (PD-L1) to 

curtail the immune response. Tumours can express PD-L1 to stop T cell activation. Anti PD-1 
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and PD-L1 agents are immune checkpoint inhibitor treatments have been developed to 

increase T cell activation resulting in an anti-tumour response. Current indications for 

immune checkpoint inhibitors (e.g. PD-1 inhibitor pembrolizumab or PD-L1 inhibitor 

atezolizumab) are situations where patients with locally advanced or metastatic urothelial 

cancer either are not suitable for traditional chemotherapy regimens (141, 142) or have 

progressed on traditional chemotherapy regimens (143, 144). These drugs have also been 

approved as maintenance therapy (e.g. PD-L1 inhibitor avelumab) in patients who have 

responded to and completed a platinum-based chemotherapy regime but still need further 

maintenance treatment (145).  

 

Antibody drug conjugates (ADC) have been shown to be effective treatments in metastatic 

urothelial cancer that has progressed on chemotherapy and PD-1/PD-L1 inhibitors. 

Enfortumab vedotin is an ADC targeting nectin-4 and has been reported to significantly 

prolong survival compared to standard chemotherapy (median overall survival benefit of 

approximately 4 months and median progression free survival benefit of approximately 2 

months) in patients who had disease progression following PD-1 or PD-L1 inhibitor 

treatment (146).  

 

There is evidence for targeted treatment based on the presence of FGFR3 mutations. FGFR3 

inhibitors (e.g. erdafitinib) which target the FGFR3 receptor tyrosine kinase have shown 

survival benefits in patients with locally advanced or metastatic urothelial cancer who have 

progressed after platinum-based chemotherapy and have FGFR3 alterations (147). 

 

1.6.7.4. Experimental Bladder Cancer Treatments 
 

Sacituzumab Govitecan is an ADC targeting trophoblast cell surface antigen 2 (TROP-2) and 

has been evaluated in a phase II study in patients with metastatic urothelial cancer 

progressing on platinum-based chemotherapy and checkpoint inhibitors. It was shown to 

have an acceptable safety profile and its efficacy was good (median progression-free 

survival and overall survival of 5.4 months [95% CI: 3.5 -7.2 months] and 10.9 months [95% 

CI: 9.0 to 13.8 months]) (148). It is currently only recommended in the context of clinical 

trials (149). 
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1.7. Upper Tract Urothelial Cancer 
 

1.7.1. Overview, Histology, Aetiology and Diagnosis 
 

Upper urinary tract cancers include urothelial cancers of the upper tracts (kidneys and 

ureters) and renal cell carcinoma. Renal cell carcinoma will be discussed later in the 

introduction chapter. Upper tract urothelial cancer (UTUC) constitutes a small proportion of 

urothelial cancers (approximately 5-10%). Histologically these cancers are urothelial 

carcinomas arising from the urothelium lining the renal calyces, renal pelvis and ureters.  

They have an estimated incidence (age standardised) of 4.7 cases per 100,000 in Western 

countries (150). Due to similarities at the histological level, diagnosis and treatment 

approaches have traditionally been extrapolated from data on urothelial BC (151).  

 

UTUCs can occur in association with BC at the same time (synchronous) or at different times 

(metachronous). Concurrent BC is present in 17% of UTUC (152). Furthermore, 41% of 

American males with UTUC have a previous history of BC (153), BC recurrence occurs in 40% 

of UTUC cases within a median follow up of 45 months (154) and contralateral upper urinary 

tract recurrence occurs in 2-5% at a median follow up of 33 months (155). It remains unclear 

whether these phenomena are due to intraluminal seeding or intraepithelial spread of 

tumours (monoclonal theory) or if individual tumours develop in different parts of 

urothelium independently from each other due to carcinogenic exposures that effect the 

entire urothelium (multiclonal theory) (156).   

 

Over half of UTUCs are invasive at diagnosis compared to 15-25% of BC patients with MIBC 

(157). However, UTUC and urothelial BC have similar behaviours when stage and grade are 

considered (158). Like BCs, UTUC are more common in men. Some risk factors are similar 

between urothelial BC and UTUC such as tobacco smoking and occupational exposures. 

However, there are also risk factors with greater risk for UTUC than urothelial BC such as 

phenacetin, aristocholic acid (159) and Lynch syndrome (160).  
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Somatic gene mutations are mostly similar to those identified in BC but with differing 

frequencies. Whole exome sequencing data of UTUCs identified mutations in FGFR3 (74%), 

KMT2 (59%), PIK3CA (26%), TP53 (22%) and KDM6A (22%), CDKN2 (19%). Mutation rates 

overall are comparable between UTUC and BC (mean 5.8/mb and median 3.4/mb for UTUC 

vs mean 7.7/mb and 5.5/mb for BC) (161). Germline mutations in DNA mismatch repair 

(MMR) genes leading to microsatellite instability associated with Lynch syndrome are also 

associated with UTUC. Examples of mismatch repair genes that are implicated in Lynch 

syndrome include: MLH1, MSH2, MSH6 and PMS2. Loss of mismatch repair protein 

expression has been reported in 18.8% of UTUC cases (162).  

 

UTUC is diagnosed mainly with computer tomography (CT) scanning but ureteroscopy with 

or without biopsies can be used as an adjunct in cases where there is diagnostic uncertainty 

(59).   

 

1.7.2. Treatment 
 

1.7.2.1. Localised Disease 
 

Choice of treatment depends on stage of disease, patient fitness and patient choice.  

The gold standard treatment for UTUC is radical nephroureterectomy with excision of 

bladder cuff. Excision of the bladder cuff is important because there is a high risk of 

recurrence in unexcised ureteric stump. A single intravesical dose of mitomycin C post 

operatively has been demonstrated to reduce subsequent BC recurrence risk (absolute risk 

reduction 11%  and relative risk reduction of 40%) (163). There is also evidence for four 

cycles adjuvant cisplatin-based chemotherapy for radical nephroureterectomy with a 

disease-free survival of 71% (95% CI: 61-79) for chemotherapy vs 46% (36-56) for 

surveillance alone at 3 years (164).  

 

Alternatively, less invasive treatment with nephron sparing surgery is an option in a specific 

subset of patients with low grade, low stage and small volume (<1cm) disease. This 

treatment has the advantage of reducing the morbidity associated with the more invasive 
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treatment of nephroureterectomy. In the aforementioned specific subset of cases with low 

risk and low volume disease, nephron sparing surgery is reported to be oncologically 

equivalent (165). Nephron sparing surgery can also be used in cases where 

nephroureterectomy would be detrimental to their health I.e. patients with a single kidney 

or significant chronic renal impairment (165). Endoscopic management with ureteroscopy or 

percutaneous access and laser fulguration is a treatment option in well selected patients 

with low stage disease. Oncological outcomes are reported to be adequate in well selected 

patients. However, approximately 20% of these patients will progress to radical 

nephroureterectomy (166).  

 

1.7.2.2. Metastatic Disease 
 

Metastatic UTUC, like metastatic BC, is associated with a poor prognosis. Data informing 

treatment of metastatic UTUC is sometimes extrapolated from studies performed on 

patients with both upper and lower tract urothelial carcinomas. Platinum-based 

chemotherapy regimens are the standard treatments used. Patients with upper and lower 

urothelial carcinoma treated with platinum-based chemotherapy have similar overall and 

progression free survival at a median follow up of 4.8 years (167). Maintenance avelumab 

(PD-L1 inhibitor) can be used in patients who have responded to initial platinum-based 

chemotherapy (median overall survival 21.4 months for treatment vs 14.3 months for best 

supportive care)(145). In patients who progress on platinum-based chemotherapy, immune 

checkpoint inhibitor pembrolizumab (PD-1 inhibitor) can be used to prolong survival by 

approximately 3 months compared to standard chemotherapy (median overall survival 10.3 

months vs 7.4 months) (168). In patients who progress on pembrolizumab, antibody drug 

conjugate enfortumab vedotin has been reported to prolong survival by approximately 4 

months (median overall survival 12.9 vs 9.0 months) compared to standard chemotherapy 

(146).  

 

1.8. Renal Cell Cancer (RCC) 
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1.8.1. Overview, Histology, Aetiology and Diagnosis 
 
Renal cell cancers (RCC) are adenocarcinomas that arise from the renal tubular epithelial 

cells. It is the 14th commonest malignancy globally overall (9th commonest in men and 14th 

commonest in women). It is estimated there were 431, 288 new cases in 2020 (57). In total, 

approximately 75% of RCCs are clear cell RCCs (ccRCC) which arise from the proximal tubule. 

Less common subtypes of RCC include papillary RCC (10% and arise from distal tubular 

epithelium), chromophobe RCC (5% and arise from distal tubular epithelium), collecting duct 

carcinoma (1% and arise from collecting ducts) and renal medullary carcinoma (1% and arise 

from distal tubular epithelium)(169). The majority of RCCs are detected incidentally on 

imaging (57). Symptoms are often a late sign associated with local growth of the tumour, 

metastatic disease, or paraneoplastic syndromes.  

 

Histologically, the most common subtype of RCC (clear cell RCC [ccRCC]) is characterised by 

malignant cells arising from the proximal tubular epithelium and which have a distinct cell 

membrane, clear cytoplasm and arranged in ‘nests’ surrounded by thin-walled blood 

vessels. The clear cytoplasm is a result of cytoplasmic glycogen, lipids and cholesterol. The 

glycogen can be stained for using periodic-acid Schiff (PAS). The cytoplasm can also be 

granular and eosinophilic (18). Nuclear abnormalities are graded using the Furhman grading 

system which groups nuclear abnormalities (E.g. nuclear size, pleomorphism, presence of 

nucleoli) according to their severity (170).  

 

Risk factors for RCC include obesity, hypertension, smoking, and chronic kidney disease. 

Inherited cancer syndromes caused by germline mutations also predispose to renal cell 

cancer. The following inherited cancer syndromes predispose to RCC:  

• von Hippel Lindau syndrome (mutation in VHL gene [tumour suppressor]) 

• Hereditary leiomyomatosis and RCC (mutation in FH gene [encodes fumarate 

hydratase enzyme])  

• Hereditary papillary RCC (mutation in MET gene [receptor tyrosine kinase and proto-

oncogene) 

• Birt-Hogg-Dubé (mutation in FLCN gene [encodes folliculin protein) (57).  
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Other common germline mutations have been identified in the following genes: BAP1 

(encodes BRCA1 associated protein 1), SDHB/SDHC/ SDHD (tumour suppressors and encode  

subunits of succinate dehydrogenase enzyme complex), TSC1/TSC2 (tumour suppressors 

that encode hamartin and tuberin proteins) , and MITF (encodes melanocyte inducing 

transcription factor) (57). Somatic gene mutations have also been reported in RCC include 

VHL, PBRM1 (tumour suppressor gene and encodes Protein polybromo-1 which is involved 

in chromatin remodelling), BAP1 and SETD2 (encodes a histone methyltransferase) (171).  

 

Renal cell carcinoma is diagnosed with computer tomography (CT) scanning and the disease 

is staged according to the TNM classification (Table 4) (172). 
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T - Primary Tumour 

Tx Primary tumour cannot be assessed 

T0 No evidence of primary tumour 

T1 Tumour ≤ 7 cm or less in greatest dimension, limited to the kidney  

T1a Tumour ≤ 4 cm or less  

T1b Tumour >4cm but ≤7cm  

T2 Tumour > 7 cm in greatest dimension, limited to the kidney  

  T2a Tumour>7cmbut≤10cm  

T2b Tumours > 10 cm, limited to the kidney  

T3 Tumour extends into major veins or perinephric tissues but not into the ipsilateral adrenal 
gland and not beyond Gerota’s fascia  

  T3a Tumour extends into the renal vein or its 

segmental branches, or invades the 

pelvicalyceal system or invades peri-renal 

and/or renal sinus fat, but not beyond Gerota 

fascia 

T3b Tumour grossly extends into the vena cava 

below diaphragm  
 

T3c Tumour grossly extends into vena cava above 

the diaphragm or invades the wall of the vena 

cava  

T4 Tumour invades beyond Gerota fascia (including contiguous extension into the ipsilateral 
adrenal gland)  

N - Regional Lymph Nodes 

Nx Regional lymph nodes cannot be assessed 

N0 No regional lymph node metastasis 

N1 Metastasis in regional lymph node(s) 

M - Distant Metastasis 

 M0 No distal metastasis 

M1 Distant metastasis 

Table 4. TNM Classification for Kidney Cancer. 
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1.8.2. Treatment  
 

Treatments for renal cell cancer include surgery (Radical or partial nephrectomy) and 

immunotherapy. Choice of treatment will depend on stage of disease as well as patient 

factors.  

 

1.8.2.1. Localised Disease 
 

Nephron sparing surgery or partial nephrectomy has advantages over full nephrectomy with 

respect to preserving renal function which may be associated with cardiovascular benefits. 

Partial nephrectomy can be offered to all suitable patients with T1 cancer (localised cancer 

<7cm) and to patients with T2 tumours associated with a solitary kidney or chronic kidney 

disease if it is feasible (173). Radical nephrectomy is the treatment of choice for RCCs staged 

T2 as well as T1 RCC unsuitable for partial nephrectomy e.g. close to the renal hilum (173). 

In patients with RCC associated with renal vein or inferior vena caval involvement, then 

there is evidence for radical nephrectomy and removal of tumour thrombus (173). 

 

1.8.2.2. Metastatic Disease 
 

In total, one quarter of newly diagnosed RCC patients will have metastatic disease and 30% 

of patients will progress to metastatic disease following nephrectomy. Cytoreductive 

nephrectomy is surgery to remove the kidney in the setting of metastatic RCC. This is a 

palliative treatment in most patients with metastatic disease and further systemic 

treatment is necessary to improve survival. However, cytoreductive nephrectomy may be 

curative in a subset of patients with a single metastatic deposit if the kidney and the 

metastatic deposit is removed (173). 

 

There is evidence for the use of tyrosine kinase inhibitors (e.g. Sunitinib or pazopanib) in 

metastatic RCC, with particularly good evidence for benefit in the clear cell subtype of RCC. 

Furthermore, there is emerging evidence for checkpoint inhibition (e.g. Nivolumab or 

Pembrolizumab) in addition to TKIs in metastatic RCC.  The first line standard of care now is 

combination TKI and checkpoint inhibitor treatment e.g. nivolumab combined with 

cabozantinib or pembrolizumab combined with axitinib or pembrolizumab combined with 
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Lenvatinib (173). These combinations have demonstrated a survival benefit with respect to 

progression free survival and overall survival (174). 

 

1.9. Pre-Clinical Cancer Models Overview 
 

Cancer models are an important component of cancer research as they can help with 

elucidating biological mechanisms, establishing causal relationships, identification of novel 

treatments and understanding tumour microenvironment interactions (175). Several pre-

clinical models exist with different strengths and weaknesses and the choice of model 

largely depends on the research question. For example, studying the interaction between 

cancer and immunity necessitates a model system with intact immunity e.g. 

immunocompetent animal models (175). 

 

Broadly speaking, pre-clinical models can be categorised into animal and non-animal 

models. Animals used in animal models include mice, zebrafish, and drosophila. Animal 

models can be autochthonous (i.e. tumour initiation from the native organisms’ normal 

cells), allografts (i.e. tumour cell implantation from other animal tumours from the same 

species) or xenograft (i.e. tumour cell implantation from human tumours). Non-animal 

models include in vitro cell culture and 3D culture or organoids (175). 

 

1.9.1. Cancer Models in Mice 
 

The main advantages of modelling cancer in mice are the presence of close homology of 

different organs and tissues to the human systems, the ability to recreate the complex 

tumour microenvironment interactions present in human cancer and the ability to study the 

immune responses and interactions (175).  

 

Carcinogen induced or genetically engineered (GEM) mouse models of cancer offer the 

advantage of cancer developing in its native cells and tissues. However, carcinogen induced 

mouse models of cancer often have long timelines, have a low propensity to metastasise 

and have variable penetrance. For GEM models of cancer, modelling the complex genetic 

profile of human cancer is often limited by the use of a discrete number of oncogenic 
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genomic alterations. Allograft and xenograft mouse models of cancer have the advantage of 

the potential to generate large numbers of synchronous tumours that can be used in 

intervention studies. However, human xenografts require the mice to be immunodeficient 

resulting in the absence of adaptive immunity (175).  

 
1.9.1.1. Mouse Models of Bladder Cancer  
 

Transgenic mouse models of BC have led to numerous insights into the genetic alterations 

and signalling pathways driving BC. Mouse models to date have tested the roles of 

activating mutations in FGFR3, RAS (HRAS and KRAS), Beta-Catenin (β-catenin) and loss of 

function genetic alterations in RB1, TP53 and PTEN tumour suppressor genes as well as 

different combinations of genetic alterations (176). This has enabled study into the role of 

the MAPK, WNT, PI3 kinase and mTOR signalling pathways in BC.  The majority of the 

transgenic bladder cancer models in mice have utilised the mouse uroplakin-2 (Upk2) 

promotor, which is the 3.6kb 5' upstream sequence of the mouse Upk2 gene(176). The Cre 

Lox system has often be used to conditionally express (or overexpress) or inactivate a gene 

of interest to the urothelium (176). 

 

In mice, urothelial specific expression of the SV40T, which is an oncoprotein that inactivates 

TP53 and retinoblastoma proteins, leads to urothelial carcinoma. The severity depends on 

the number of copies of the SV40T transgene.  A low number of copies of the SV40T 

transgene led to a carcinoma in situ (CIS) phenotype, and a high number of copies develop 

CIS, MIBC and as metastatic disease (177).  

 

Constitutively active Hras alone can drive low grade non-invasive papillary BC in mice. A 

transgenic mouse model whereby constitutively active rabbit Hras gene (Q61L) is expressed 

in the urothelium gives rise to urothelial hyperplasia at an early onset and low grade non-

invasive papillary tumours. In this model, tumour latency was dependant on number of 

copies of the Hras transgene (178). However, this finding was not replicated in another 

more recent study utilising a mouse model where Hras Q61L was expressed under the 

control of the Upk2 promoter (utilising the Cre Lox system) by 12 months. In this model, 

there was evidence of urothelial hyperplasia but not a cancer phenotype suggesting there 
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was a tumour suppressor mechanism stopping progression to cancer. There was no 

observable phenotype (no hyperplasia or cancer) when the Ras oncogene Kras G12D was 

used in the same study (179). The different findings of these two studies with respect to the 

development of cancer could be explained by different transgenic methods used to 

generate the cancers.  Zhang et al used a rabbit 3kb Hras genomic fragment, harbouring the 

Q61L mutation, under the direct control of a 3.6kb fragment of the murine Upk2 gene 

promoter. Furthermore, Zhang et al evaluated mouse founders with different numbers of 

transgene copies (one founder had 2 transgene copies, one founder had 30 transgene 

copies and one founder had 48 transgene copies (178). Ahmed et al, in contrast, utilised the 

murine Upk2 gene promoter and the rabbit Hras Q61L oncogene (2 transgene copies in the 

mouse genome) in conjunction with the Cre Lox system (179).  

 

Mice expressing a constitutively active Hras transgene and have had knockout of Tp53 

(using the Cre Lox system) in the urothelium develop CIS and MIBC suggesting that 

activation of RAS signalling in combination with Tp53 loss leads to urothelial cancer 

progression (180). This is supported by another mouse model in which homozygous Tp53 

mutation and constitutively active Hras leads to urothelial proliferation that is greater and 

earlier onset than activated Hras only mice with a proportion of the mice with both genetic 

alterations developing high-grade cancer. It is important to note that in this model, 

transgenic mice heterozygous for the Tp53 mutation and have constitutively active Hras do 

not develop tumours more frequently or have higher tumour pathological grades than the 

constitutively active Hras only mice suggesting that Tp53 mutations must be homozygous to 

interact with oncogenes to induce BC (181). 

 

Loss of p53 tumour suppressor function alone does not lead to BC. Mice homozygous for 

Tp53 mutation resulting in knockout do not show evidence of urothelial cancer until they 

reach seven months of age when the mortality rate is high due to other cancers (thymic 

lymphomas and soft tissue sarcoma) (181). These findings are mirrored with loss of function 

of the retinoblastoma tumour suppressor function.  Tissue-specific homozygous knockout of 

Rb1 in the mouse urothelium does not increase the rate of urothelial proliferation but does 

activate the p53 pathway leading to apoptosis. Additional urothelial-specific knockout of 

Tp53 results in hyperplasia, nuclear abnormalities, and low-grade papillary bladder tumours 
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but not invasive tumours. Mice deficient in functioning TP53 and RB1 are, however, more 

sensitive to carcinogen-induced invasive cancer with 50% of BBN exposed mice deficient in 

both TP53 and RB1 (knockouts) developing invasive urothelial cancer.  This suggests that the 

combination of loss of TP53 and RB1 can cooperative in driving  invasive urothelial cancer in 

conjunction with other carcinogens (182).  

 

In a mouse model utilising the Cre Lox system, urothelium specific inactivation of both Tp53 

and Pten tumour suppressor genes led to CIS, high grade invasive carcinoma with areas of 

transitional cell, squamous and sarcomatoid carcinoma and stained positive for cytokeratin 

suggesting that they were epithelial in origin. There was evidence of metastatic spread to 

regional lymph nodes as well as distant sites such as the spleen, liver and diaphragm. There 

was no evidence of BC in mice with loss of function of Tp53 alone or Pten alone. Key 

markers of the mTOR signalling pathway (AKT and mTOR) were upregulated in mouse BCs 

and an mTOR inhibitor (rapamycin) prevented tumours from developing suggesting that the 

mTOR signalling pathway played an important role in driving these BCs (183). 

 

Previous studies reported expression of a mutated Fgfr3 transgene alone or in combination 

with other genetic events in the urothelium does not lead to cancer.  A transgenic mouse 

model in which a mutant Fgfr3 transgene (K644E and K644M which are murine equivalents 

of human K652E and K652M) is expressed under the control of the Upk2 promoter utilising 

the Cre Lox system does not lead to urothelial hyperplasia, dysplasia or carcinoma. 

However, when Fgfr3 mutations were introduced alongside overexpression of Kras, 

tumours develop suggesting that FGFR3 acts with other genetic alterations to drive 

tumourigenesis (184).   

 

Although Fgfr3 K644E or K644M mutations alone in mice have previously not driven BC, a 

recent study has demonstrated that a different FGFR3 mutation (S249C [constitutively 

active form]) alone can drive BC. A genetically engineered mouse model of BC expressing 

human FGFR3 249C under the control of the uroplakin-2 promoter developed focal papillary 

non-invasive urothelial cancer resembling the luminal papillary subtype. Higher levels of 

FGFR3 expression levels were associated with higher tumour frequency and more multifocal 

tumours (185).  



 77 

 

WNT signalling and PI3 kinase pathways can cooperate to drive BC. A transgenic mouse 

model with urothelial specific expression of activated β-catenin (causing accumulation of β-

catenin and activation of WNT signalling) under the control of the Upk2 promoter led to 

urothelial hyperplasia but not cancer. High level of the PTEN tumour suppressor protein 

were observed suggesting this was stopping tumour development in this model (186). 

Combination of PTEN deficiency and β-catenin accumulation (and resulting WNT signalling 

activation) led to papillary BC that was dependant on PI3 kinase signalling (associated high 

levels of pAKT signalling and downstream mTOR activation) (186).  

 

The WNT signalling pathway can also cooperate with the RAS pathway to drive BC. Although 

one study previously reported that constitutively active Hras Q61L or Kras G12D oncogene 

(activation of RAS pathway) did not lead to BC in mice. Mice with a combination of 

increased beta-catenin expression (and activation of WNT signalling) and RAS activation 

developed papillary BC with associated upregulation of MAPK signalling markers (pERK1/2 

and pMEK1/2) and WNT signalling markers (SOX9). These tumours were sensitive to MEK 

inhibition (179).  

 

1.9.2. Zebrafish Disease Models 
 

The zebrafish (Danio rerio) is an important vertebrae model of human disease. It has 

numerous advantages for genetic studies including high fecundity, ex vivo fertilisation and 

embryogenesis, optically transparent embryos and larvae, rapid embryological 

development, and low housing costs (187). A key advantage of using zebrafish to model 

disease is the ability to perform live in vivo imaging at the cellular level (188, 189). Around 

70% of human genes have a homolog in zebrafish (190). They are also highly amenable to 

efficient transgenic approaches (191). Mosaic (F0) transgenic zebrafish can be generated at 

a rate of up to 1000 animals per day. Furthermore, stable transgenic founders can arise 

from up to 50% of injected mosaic F0 animals using modern Tol2 transposon-based 

transgenesis techniques. The completely transparent adult mutant ‘Casper’ line, which is 

the result homozygous mutation in both nacre and roy genes enable in-vivo imaging of 

tumour development and metastases (192).  
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1.9.2.1. Zebrafish Cancer Models 
 
Tumour suppressor genes in zebrafish have been demonstrated to have conserved function. 

Zebrafish with a homozygous mutation in the tp53 binding domain (M214K which is 

orthologous to human methionine-246 also in the DNA binding domain) have been 

demonstrated to develop peripheral nerve sheath tumours, angiosarcomas, germ cell 

tumours, and leukaemia (193, 194). Zebrafish with a homozygous mutation in the brca gene 

are prone to testicular neoplasias in adulthood, and tumours in multiple tissues develop in 

combination with homozygous tp53 mutation (195). Somatic inactivation of the rb1 tumour 

suppressor in mosaic adult zebrafish (F0 generation) utilising TALEN genome editing leads to 

tumorigenesis in 11-33% of embryos developing tumours as early as 3.5 months of age. 

They predominantly develop brain lesions that exhibit features of neuroectodermal-like and 

glial-like tumours. Adult zebrafish with heterozygous germline rb1 mutations do not develop 

cancers and adult zebrafish with homozygous rb1 mutation have high mortality rates during 

the larval stages (196).  

 

It has been demonstrated in a zebrafish model that germline homozygous inactivation of 

the vhl gene leads to abnormalities in the pronephros epithelium (Predominantly proximal 

pronephros) that mirror clear cell renal cell cancer features. The phenotype in the zebrafish 

pronephros was evaluated during the larval stages (up to 8.5 days post fertilisation) and 

characterised by an increased tubule diameter, prominent eosinophilic cytoplasm, 

numerous cytoplasmic vesicles, disorganised cilia, greater lipid vesicles (confirmed with 

BOPIDY staining) and higher glycogen content in the epithelium (confirmed with periodic 

acid Schiff staining), increased cellular proliferation (confirmed with BrdU staining) and 

apoptosis (investigated using immunofluorescence for activated caspase 3) (197). HIF2a 

inhibitor treatment led to more organised nuclei, reduced number of lipid vesicles and 

increased pronephros luminal diameter. However, a gross cancer phenotype was not seen 

in this model and the homozygous mutant vhl zebrafish embryos are not viable beyond 13 

days post fertilisation possible due to cardiac abnormalities (197). The absence of a gross 

cancer phenotype was mirrored in a mouse model of Vhl mutation where there was also 
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cellular proliferation, accumulation of cellular lipids and renal cysts and but not cancer 

(198).  

 

Oncogenes also have conserved function in zebrafish. This was first demonstrated when the 

mouse c-Myc oncogene was overexpressed in the lymphoid tissue utilising the rag2 

promotor led to lymphoma that shared similarities to human acute T cell lymphoblastic 

leukaemia (T-ALL). More severe cancer occurred in a homozygous tp53 mutant background 

(188). Furthermore, RAS signalling, involved in regulating cell division, has been shown to be 

conserved in zebrafish. Human oncogenic constitutively active HRAS_G12V occurs when a 

GGC codon is substituted with a GTC codon (G12V). When the sequence is fused to the GFP 

sequence and microinjected into fertilised eggs, approximately 20% developed neoplasias 

(nevi, melanomas, and lymphomas) (199).  

 

Zebrafish have successfully been used to interrogate oncogenic pathways in haematological 

cancers (188), melanoma (200), thyroid cancer (201), pancreatic cancer (202), 

hepatocellular carcinoma (203), intestinal cancers (204), brain cancer (205) and 

rhabdomyosarcoma (206) which very often resemble human tumours. These models often 

drive mammalian oncogenes under the control of a tissue-specific promotor or they 

knockdown zebrafish orthologues of human tumour suppressor genes. Melanoma models 

are the most widely used zebrafish cancer models due to the superficial and easily visualised 

nature of the cancer. In these models, human activated BRAF V600E (the most common 

oncogene associated with human nevi and melanoma) driven under the control of the mitfa 

promotor leads to nevi, but in tp53 deficient fish, human activated BRAF V600E leads to 

invasive melanomas, which share similarities with human melanomas. This suggests that 

BRAF activation leads to the development of nevi and that p53 and BRAF pathways 

cooperate to give rise to melanoma (200).  

 

RAS signalling can drive proliferation, an early hallmark of cancer, in the zebrafish larval 

intestine. A zebrafish model of intestinal cancer expressing kras G12D  (tagged to GFP) in a 

posterior intestine enhancer trap line led to an epithelial tumour phenotype evident at five 

days post fertilisation (204). This model utilised the Gal4/UAS system which can help avoid 

the potential toxic effect of oncogene overexpression that potentially hinders the 
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development of stable transgenic lines. In this system, tissue specific expression of genes of 

interest relies on the expression of two transgenes together. Gal4, a transcriptional 

activator, can be expressed under the control of a tissue specific promoter or enhancer and 

a gene of interest is placed downstream of an upstream activating sequence (UAS). When 

the Gal4 driver gene is not present, transgenes positioned downstream of UAS (upstream 

activating sequence) are not expressed (204, 207). A schematic of the Gal4/UAS system 

utilising the zebrafish cmlc gene promoter and GFP is shown in Figure 14. This intestinal 

tumour model demonstrated the tumour phenotype by measurement of fluorescent area 

with fluorescence microscopy, measurement of the intestinal cell counts by DAPI staining 

and measurement of the number of mitotic cells using pH3 (phosphorylated histone H3) and 

BrdU staining. In addition, the study used quantitative real time PCR (qPCR) to confirm 

oncogene expression. Although this study demonstrates that kras G12D can drive 

proliferation in the zebrafish intestinal cells, there was no evidence of tumour invasion 

during the study period. Therefore, the lesions cannot yet be confirmed to be cancers (204).  
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In this schematic, the zebrafish cmlc (cardiac myosin light chain) gene promoter, which drives gene 
expression in the zebrafish heart, and the reporter gene GFP (green fluorescent protein) are used to 
illustrate how the system works. Gal4, a transcriptional activator, is placed downstream of the heart 
specific cmlc promoter in one zebrafish line and GFP is placed downstream of the upstream activating 
sequence (UAS) in another zebrafish line. GFP is expressed only in tissues where the upstream 
activating sequence is expressed. In offspring that possess both components, the Gal4 transcriptional 
activator binds to the upstream activating sequence (UAS) initiating expression of GFP under the 
control of the heart specific cmlc gene promoter resulting in zebrafish with GFP positive hearts. 
 

 

 

 

 

 

 

 

 

   

 

 

 

 

Figure 14. Schematic of The Gal4/UAS System.  
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Most transgenic zebrafish models of cancer generated stable transgenic lines whereby the 

transgenes are integrated into the genome of every cell in the organism and are heritable 

from generation to generation. However, transient expression of oncogenes in a mosaic 

pattern in F0 zebrafish have also been investigated (205, 206, 208). This approach utilises 

one cell stage microinjection of exogenous DNA, which randomly integrates into the 

zebrafish genome. The result of the mosaic approach is transgene integration and 

expression in some of the somatic cells in a tissue but not necessarily all of the cells. 

Furthermore, there is variation in the proportion of somatic cells that express the transgene 

across different individual F0 zebrafish (208). This method was utilised in a zebrafish model 

of brain cancer whereby human oncogenic KRAS G12V was transiently expressed under the 

control of the cytokeratin 5 (krt5) and glial fibrillary acidic protein (gfap) promotors and led 

to brain tumourigenesis (205). This method has been hypothesised to more closely 

recapitulate human tumourigenesis, which more commonly arises due to genetic alterations 

in somatic cells (208).  

 

Allograft zebrafish cancer models exist for several cancer types. The main advantage over 

mouse transplantation cancer models is the ability to graft more animals in less time and 

lower cost as well as better imaging resolution of the engrafted cancer cells (209). 

Transplanted zebrafish T cell lymphoma cells (driven by MYC) transplanted into irradiated 

adult zebrafish migrate to the thymus suggesting the zebrafish thymus gland is a supportive 

microenvironment for T cell lymphoma cells (188). Other zebrafish cancers that have been 

successfully transplanted include B cell acute lymphoblastic leukaemia, melanoma, 

pancreatic cancer, hepatocellular carcinoma, and Ewing’s sarcoma (209). Transplantation of 

fluorescently labelled cancer cells enables the study of the tumour initiation and metastatic 

progression (210).  

 

Xenotransplantation of human cancer cells into zebrafish embryos that have not yet 

developed a fully functional immune system has been reported (211). Fluorescent labelled 

human pancreatic cancer cells (derived from human patients) transplanted into the yolk sac 

of 2-day old zebrafish embryos disseminated and spread to the liver, gut and intestines. 

Transplantation of human non-malignant pancreatic cells using the same technique failed to 
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metastasise suggesting that this model could demonstrate the progression behaviour of 

human cancer (211). 

 
1.10. Spontaneous Urinary Tract Cancers in Fish  
 

There is no literature on spontaneous urinary tract cancer development in zebrafish. Other 

fish species have been demonstrated to develop urinary tract cancers(212). There are 10 

cases described of the Astronotus ocellatus species of fish (Also known as the Oscar species 

[from cichlid family](213)) developing epithelial tumours of the urinary tract. Four 

neoplasms in the National Cancer Institute’s Registry of Tumours in Lower Animals archive 

have been reported as likely originating from the ‘transitional epithelium of the renal 

collecting ducts and urinary bladder’ in the Oscar species. These tumours were interpreted 

as being ‘urothelial adenopapillomas of the urinary bladder’.  There are two lesions of the 

mesonephric duct that have been described in another teleost species, the rainbow trout, 

that were exposed to Methylnitronitrosoguanidine (MNNG) (212).  

 
1.11. Project Aims and Objectives 
 

The aims and objectives of my project are as follows: 

 

1. To perform an up-to-date systematic review of the epidemiology and risk factors for 

bladder cancer. 

2. To perform a characterisation of the zebrafish urinary tract and determine the 

homology of the zebrafish system to the human system with respect to structure 

and histological characteristics. 

3. To develop a dissection technique to isolate the urinary bladder from culled adult 

zebrafish that can be used for future downstream applications. 

4. To study the development of the zebrafish urinary bladder with respect to 

morphological change during the larval and juvenile stages. 

5. To identify and characterise spatial and temporal reporter gene expression pattern 

of transgenic zebrafish urinary tract reporter lines in order to determine their 

feasibility for use in a cancer model. 
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6. To develop a transgenic zebrafish urinary tract cancer model using genomic 

alterations associated with bladder cancer (combination of HRAS overexpression and 

tp53 mutation). 

7. To histologically analyse potential zebrafish urinary tract tumours arising from my 

newly developed model. 
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Chapter 2.  Materials and Methods 
 

2.1. Zebrafish Husbandry 
 

Zebrafish were housed and raised in accordance with UK Home Office legislature (Animals 

(Scientific Procedures) Act 1986) at the approved biological services aquaria, Bateson 

centre, University of Sheffield under PPL5320710 and PILI82542068. Zebrafish were 

maintained using standard conditions. These include maintenance at a temperature of 28 

degrees in a closed aquarium system with a continuous recirculating water supply. The 

aquaria facility maintained a daily light cycle of 14 hours of light and 10 hours of dark (214).  

 

Zebrafish embryos were acquired either through pair mating or marbling. Pair mating 

involved placing a male and female zebrafish in a specific zebrafish pair mating tank with a 

divider in between the day before. The following morning the divider was released at the 

onset of lights turning on (at 8am) to allow mating to occur. Alternatively, marbling involved 

placing a marbling tank into a tank of zebrafish (containing males and females) the night 

before and collecting zebrafish embryos the following day. Zebrafish embryos were 

collected using a strainer. Zebrafish embryos were placed into a petri dish of E3 media. 

10xE3 media is made up as follows: 2.867 g sodium chloride (5.00 mM), 0.127 g potassium 

chloride (0.17 mM), 0.483 g calcium chloride dihydrate (0.33 mM), 0.817 g magnesium 

sulphate heptahydrate (0.33 mM) and deionised water up to 1 litre, followed by autoclave. 

The 10x stock is subsequently diluted to 1x working solution as follows in deionised water 

and 1 drop of methylene blue (Sigma 50484) is added per litre of 1x working solution. 

Unfertilised embryos were removed later that day to avoid contamination.  

 

Pre 5.2pf zebrafish embryos were raised in a petri dish of E3 media with no more than 60 

animals per plate in an incubator. Dead embryos were removed from the plate to avoid 

contamination of the E3 media. 

 

Zebrafish were placed on the aquarium system from day 5.2 post fertilisation (pf) at the 

point of independent feeding. After day 5.2pf, zebrafish were fed twice daily at which point 
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their health condition was also observed. Procedures performed on zebrafish prior to day 

5.2pf were not subject to home office legislation.  

 

Zebrafish were sacrificed with a schedule 1 technique which usually involved an overdose of 

tricaine anaesthesia (primary method) and a secondary method which included: 

confirmation of cessation of circulation under a microscope, destruction of the brain with a 

pin, or confirmation of rigor mortis. 

 

The only regulated procedures performed on zebrafish post 5.2pf were a) immersion 

fixation culling and b) imaging under anaesthetic followed by recovery. Immersion fixation is 

a technique whereby zebrafish were anaesthetised in tricaine followed by immersion in 

fixative to maximally preserve tissues for downstream histological applications. Imaging 

under anaesthetic followed by recovery involves anaesthetising zebrafish to perform 

imaging followed by recovery from the anaesthetic under close observation and return to its 

tank.
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2.2. Zebrafish Lines 
 

The zebrafish lines (Mutant/transgenic or wild type) used and maintained during this project are below in Table 5. 

 

Zebrafish Line Name Transgenic/Mutant/Enhancer 

Trap/Wild Type 

Stable vs F0 generation Presence of 

Transgene 

Selection 

Marker in Line 

(Yes/No)  

Origin Reference 

(If 

present) 

Et(gSAIzGFFD)875b; 

Tg(UAS: GFP) 

 

Transgenic and Enhancer trap Stable No Kawakami Lab, National 

Institute of Genetics, 

Mishima, Japan 

(215) 

tp53+/zdf1 Mutant Stable N/A Originally from Zebrafish 

International Resource 

Centre (ZIRC). Kind gift 

from Dr Catarina Enriques  

(194) 
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tp53+/zdf1, 

Et(gSAIzGFFD)875b; 

Tg(UAS: GFP) 

 

 

 

 

 

Mutant and Enhancer trap Stable No Generated from crosses, 

screening for GFP and 

genotyping offspring in 

Biological Services 

Aquaria, Bateson Centre, 

University of Sheffield 

N/A 

tp53+/zdf1, 

Et(gSAIzGFFD)875b 

Mutant and Enhancer trap Stable No Generated from crosses, 

screening for GFP and 

genotyping offspring in 

Biological Services 

Aquaria, Bateson Centre, 

University of Sheffield 

N/A 
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Et(gSAIzGFFD)875b Enhancer trap Stable  No Generated from crosses, 

screening for GFP and 

genotyping offspring in 

Biological Services 

Aquaria, Bateson Centre, 

University of Sheffield 

(215) 

tp53zdf1/zdf1, 

Et(gSAIzGFFD)875b 

 

Mutant and Enhancer trap Stable No Generated from crosses, 

screening for GFP and 

genotyping offspring in 

Biological Services 

Aquaria, Bateson Centre, 

University of Sheffield 

N/A 

Tg(UAS: 

Kaede)s1999t 

 

Transgenic Stable No Renshaw Lab, Biological 

Services Aquaria, Bateson 

Centre, University of 

Sheffield 

(216) 
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Tg(cdh17: Gal4) 

sh681; Tg(UAS: 

Kaede) s1999t 

Transgenic Stable Yes (cdh17: Gal4 

cassette 

contains 

cmlc:GFP 

sequence 

leading to a GFP 

heart marker) 

Made by Ibrahim Jubber N/A 

Tg(cdh17: Gal4) 

sh681 

Transgenic Stable Yes (cdh17: Gal4 

cassette 

contains 

cmlc:GFP 

sequence 

leading to a GFP 

+ as a selection 

marker) 

Made by Ibrahim Jubber N/A 

TgBAC(mpx: eGFP) 

i114  

 

Transgenic Stable No Renshaw Lab 

, Biological Services 

Aquaria, Bateson Centre, 

University of Sheffield 

(217) 
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Tg(UAS: eGFP 

HRAS_G12V)io006 

 

Transgenic Stable Yes (UAS: GFP 

HRAS_G12V 

cassette 

contains 

cmlc:GFP 

sequence 

leading to a GFP 

+ heart as a 

selection 

marker) 

Dr Yi Feng, University, of 

Edinburgh 

(218, 219) 

Tg(UAS: GFP- 

CAAX)ed204 

Transgenic Stable Yes (UAS: eGFP- 

CAAX cassette 

contains 

cmlc:GFP 

sequence 

leading to a GFP 

+ heart as a 

selection 

marker) 

Dr Yi Feng, University of 

Edinburgh 

(220) 
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Wild type (Nacre) 

 

Wild Type Stable N/A Biological Services 

Aquaria, Bateson Centre, 

University of Sheffield 

(221) 

Wild type (AB) 

 

Wild Type Stable N/A Biological Services 

Aquaria, Bateson Centre, 

University of Sheffield 

N/A 

 

 

tp53zdf1/zdf1, 

Et(gSAIzGFFD)875b; 

Tg(UAS: GFP- 

HRAS_G12V) 

 

Mutant, Transgenic and 

Enhancer trap  

F0 generation (for UAS 

GFP HRAS_G12V 

component) and stable 

for GFF transgene and 

p53 mutation 

Yes (UAS: GFP 

HRAS_G12V 

cassette 

contains 

cmlc:GFP 

sequence 

leading to a GFP 

+ heart as a 

selection 

marker) 

Made by Ibrahim Jubber N/A 
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 tp53zdf1/zdf1, 

Et(gSAIzGFFD)875b; 

Tg(UAS: GFP- CAAX)  

 

Mutant, Transgenic and 

Enhancer trap 

F0 generation (for UAS 

GFP CAAX component) 

and stable for GFF 

transgene and p53 

mutation 

Yes (UAS: GFP- 

CAAX cassette 

contains 

cmlc:GFP 

sequence 

leading to a GFP 

+ heart as a 

selection 

marker) 

Made by Ibrahim Jubber N/A 

Et(gSAIzGFFD)875b; 

Tg(UAS: GFP- 

HRAS_G12V) 

 

Transgenic and Enhancer trap F0 generation (for UAS 

GFP HRAS_G12V 

component) and stable 

for GFF transgene 

Yes (UAS: GFP- 

HRAS_G12V 

cassette 

contains 

cmlc:GFP 

sequence 

leading to a GFP 

+ heart as a 

selection 

marker) 

Made by Ibrahim Jubber N/A 
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Et(gSAIzGFFD)875b; 

Tg(UAS: GFP- CAAX)  

 

Transgenic and Enhancer trap F0 generation (for UAS 

GFP CAAX component) 

and stable GFF 

transgene 

Yes (UAS: GFP- 

CAAX cassette 

contains 

cmlc:GFP 

sequence 

leading to a GFP 

+ heart as a 

selection 

marker) 

Made by Ibrahim Jubber N/A 

 

tp53zdf1/zdf1, 

Et(gSAIzGFFD)875b; 

Tg(cdh17: GFP- 

HRAS_G12V) 

 

Mutant, Transgenic and 

Enhancer trap 

F0 generation (for 

Cdh17 GFP HRAS_G12V 

component) and stable 

for GFF transgene and 

p53 mutation 

Yes (cdh17: GFP- 

HRAS_G12V 

cassette 

contains 

cmlc:GFP 

sequence 

leading to a GFP 

+ heart as a 

selection 

marker) 

Made by Ibrahim Jubber N/A 
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tp53zdf1/zdf1, 

Et(gSAIzGFFD)875b; 

Tg(cdh17: GFP- 

CAAX) 

 

Mutant, Transgenic and 

Enhancer trap 

F0 generation (for 

Cdh17 GFP CAAX 

component) and stable 

for GFF transgene and 

p53 mutation 

Yes (cdh17: GFP- 

CAAX cassette 

contains 

cmlc:GFP 

sequence 

leading to a GFP 

+ heart as a 

selection 

marker) 

Made by Ibrahim Jubber N/A 

Table 5. Zebrafish Lines Maintained During This Project. 
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New zebrafish lines sent from other facilities only came from zebrafish facilities that were 

approved by the biological services aquaria at the Bateson Centre, University of Sheffield. 

New zebrafish lines sent from other labs outside of the biological services aquaria were held 

in a quarantine facility to prevent spread of disease. Offspring embryos were then bleached 

before being taken out of quarantine and put on the main biological services aquarium 

system. 

 

The Et(gSAIzGFFD)875b; Tg(UAS: GFP) enhancer trap and transgenic zebrafish were 

outcrossed to tp53+/zdf1 zebrafish (originally from ZIRC and kindly donated by Dr Caterina 

Enriques) and the offspring were screened for GFP negative to identify those without the 

UAS: GFP transgene. These offspring were genotyped once they reached adulthood 

(Minimum 3 months of age) for the GFF transgene (see methods for GFF primers) and the 

tp53 zdf1 mutation (see methods for tp53 primers and restriction digest). The tp53+/zdf1 

zebrafish (Heterozygous for mutation) that were positive for the GFF transgene were raised 

to adulthood and incrossed. The offspring were subsequently genotyped once they reached 

adulthood for the presence of the GFF transgene (see methods for GFF primers) and for 

homozygous and wild type for the tp53 zdf1 mutation (see methods for p53 primers and 

restriction digest). 

 

 

2.3. Zebrafish One Cell Stage Microinjection 
 

Zebrafish one cell stage microinjection was performed following a training programme 

approved by the biological services aquaria (It is a regulated procedure to raise zebrafish 

embryos that were injected at the one cell stage). The day before injection, zebrafish were 

paired using pair mating tanks with a divider in between males and females. The following 

morning, at the onset of the lights coming on (8am), eggs were collected and injected within 

15 minutes. Injections were performed using glass capillary needles prepared in advance 

using a micropipette puller (Sutter Instrument Model P-1000 Flaming). The Injection mixture 

was composed of tol2 mRNA (50ng/ul), plasmid (10-50ng/ul), RNAse free water (Qiagen 

169041483) and phenol red. A WPI Pneumatic PicoPump PV820 injection rig was used for 

microinjection. A graticule was used to measure the injection volume to be delivered. A 
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total of 0.5-1nl was used for injection. The eggs were pipetted on a petri dish and aligned 

against a histology slide under a microscope. The injection was performed through the 

chorion and either into the cell or the yolk (Figure 15). The injected eggs were subsequently 

added to a petri dish of E3 and placed in an incubator with no more than 50-60 embryos per 

petri dish. Dead or unfertilised eggs were removed later in the day to prevent 

contamination of the E3 media. 

 

 
Figure 15. One Cell Stage Microinjection Technique. 
 (A) One cell stage embryos are lined up in a petri dish against a microscope slide. (B) The injection 
volume is calibrated using a graticule. (C) Microinjection is performed into the yolk of the one cell 
stage embryos and successful injection is confirmed by the presence of a distinct red dot in the yolk 
(due to the presence of phenol red in the injection mixture). Adapted from Rosen et al 2009 (222). 
Image re-used with permission.  
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2.4. Zebrafish Dissection 
 

Zebrafish dissection was performed on zebrafish between the ages of 4 weeks old to adults. 

They were sacrificed using a schedule 1 technique (Immersion in tricaine followed by 

destruction of the brain). The technique to dissect open the zebrafish in order to expose the 

kidney/urinary tract was modified from Gerlach at al 2011 (30). Equipment required 

included 4% agarose dissection plate (Molecular grade agarose, Meridian biosciences BIO-

41025), tricaine MS222 bath, Leica light microscope, dissection pins, spring scissors and fine 

forceps. The 4% dissection plate was made using the same technique as an agarose gel (16g 

molecular grade agarose per 100mls distilled water) and poured into a petri dish and left to 

set. Following schedule 1 cull, the head was removed followed by incision of the ventral 

abdominal wall from the cut end of the head to the anal fin. The lateral abdominal walls 

were pinned to the dissection plate so that the ventral surface of the zebrafish was facing 

up. The gut, swim bladders, gonads and loose areolar tissue was removed to expose the 

urinary tract along the dorsal abdominal wall. 

 

2.5. Mounting Zebrafish for Fluorescent Microscopy Imaging  
 

In order to image zebrafish live, they were first anaesthetised. The ages of the zebrafish that 

were imaged ranged from embryos at around 20 hours post fertilisation up to a maximum 

of 4 weeks post fertilisation at the juvenile stage. This involved adding tricaine anaesthetic 

to zebrafish either in E3 media or aquarium water. The zebrafish were then mounted in 1% 

low gelling temperature agarose (Sigma A9414) with tricaine anaesthesia in a 4 well 

mounting dish (Ibidi). In order to make the 1% low gelling temperature agarose, 0.1g of low 

gelling temperature agarose powder was added to 9.5mls E2 and 420 ul of tricaine was 

added to this. It was microwaved until the powder was dissolved and the temperature was 

maintained at 42 degrees in a heat block until it was needed. Anaesthetised zebrafish were 

oriented laterally with the head on the left and the tail on the right under a microscope and 

the warm low gelling temperature agarose was added and allowed to set. 

 

2.6. Zebrafish Timelapse Imaging 
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Live timelapse imaging performed on the Zeiss Z1 Lightsheet microscope. Zebrafish embryos 

were first dechorionated. The Lightsheet microscope chamber was filled with E3 with 

tricaine (1ml per 25mls). 1% low gelling temperature agarose was placed on the zebrafish 

and they were then drawn up into a capillary. The capillary was loaded into the Lightsheet 

system for imaging. Fluorescent microscope (GFP channel) and brightfield channel images 

were taken every 15 minutes. 

 

2.7. Fin clipping, Genomic DNA Extraction and Genotyping Zebrafish 
 

Zebrafish genotyping via fin clipping was performed by the Bateson Centre Aquaria 

Genotyping service (By Lisa Van Hateren). Zebrafish were first anaesthetised in tricaine 

(4.2ml per 100mls aquarium water). No greater than 1/3 of the caudal fin was clipped and 

placed into a PCR tube containing 100μl 50mM sodium hydroxide. Fin clipped zebrafish 

were then placed into a single tank with an assigned number that corresponded to a 

number on the PCR tube.  

 

To extract DNA from the fin clip samples, the sample was boiled at 98°C for 5 mins followed 

by cooling the tube at 4°C for 10 mins.  A total of 10μl (1/10 volume of sodium hydroxide) 

1M Tris pH 8 was then added and the sample was vortexed. Finally, the sample was spun 

down for 10 minutes at full speed (4,200 RPM). 

 

The PCR reactions for genotyping zebrafish were assembled as follows (Total volume of 

reaction was 10ul): 1ul Genomic DNA, 2ul 5x FirePol PCR Master mix (Thistle Scientific) 0.2μl 

forward primer (10μM) , 0.2μl reverse primer (10μM) and 6.6μl Water. 

 

The primers used for genotyping are below: 
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Primer name Primer sequence Source of Primer 

Sequences 

tp53 Forward Primer 

tp53 Reverse Primer 

ACATGAAATTGCCAGAGTATGTGTC 

TCGGATAGCCTAGTGCGAGC 

Zebrafish International 

Resource Centre 

GFF Forward Primer 

GFF Reverse Primer 

TATCGAGCAGGCTTGTGACA 

ATCAGTCTCCACACTTGCCA 

Designed (Primer 3) and 

optimised by Ibrahim 

Jubber  

 

The PCR settings used for genotyping are below: 

GAL4FF (Also referred to as GFF) Transgene 

Step 1: Initial Denaturation 95°C for 2 mins 

Step 2: Denaturation 95°C for 30 sec 

Step 3: Annealing 62°C for 30 sec 

Step 4: Elongation 72°C for 30 sec 

Step 5: Repeat steps 2-4 Go to step 2, Cycle x29 

Step 6: Final Elongation 72°C for 10 min 

Step 7: End Stage Hold at 12 °C 

 

Zebrafish tp53 gene 

Step 1: Initial Denaturation 95°C for 3 mins 

Step 2: Denaturation 95°C for 30 sec 

Step 3: Annealing 53°C for 30 sec 

Step 4: Elongation 72°C for 30 sec 

Step 5: Repeat steps 2-4 Go to step 2, Cycle x39 

Step 6: Final Elongation 72°C for 5 min 

Step 7: End Stage Hold at 12 °C 
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Genotyping for the zebrafish tp53 mutation (M214K, zdf1) utilises the Restriction Fragment 

Length Polymorphism (RFLP) assay. This system is used to detect a mutation that either 

creates or removes a site that is recognised by a specific restriction enzyme. The tp53 zdf1 

mutation creates a mutation site recognised by the MboII restriction enzyme. An MboII 

restriction enzyme digest was used to genotype for the presence of the tp53 mutation using 

the following quantities: Mboll enzyme (NEB) (0.5μl), water (0.5ul), PCR reaction mixture 

containing amplified DNA fragment (4ul). The incubation temperature used was 37 degrees 

for a total of 2 hours.  

 

PCR reaction for the GFF transgene produces a band size of 334bp on gel electrophoresis. 

PCR reaction for the wild type tp53 gene produces a band size of 336bp on gel 

electrophoresis. Mboll diagnostic digest of the tp53 gene fragment in the presence of 

homozygous M214K mutation (from the PCR reaction) results in digestion into two 

fragments – 196bp and 140bp on gel electrophoresis. Heterozygous tp53 M214K mutation 

results in 3 bands- the wild type 336bp band and the two digest bands – 196bp and 140bp 

on gel electrophoresis. Agarose gel electrophoresis of the genotyping process for GFF 

transgene (PCR only) and tp53 zdf1 mutation (PCR and diagnostic digest) is shown below 

(Figure 16). 
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Agarose gel electrophoresis of PCR amplified DNA fragments from genomic DNA. (A) Representative 
example of genotyping on 32 zebrafish PCR amplified DNA samples from genomic DNA using PCR 
primers for GFF transgene. GFF DNA fragment length: 334bp. (B) Representative example of 
genotyping of 32 zebrafish PCR amplified DNA samples from genomic DNA using primers for 
zebrafish tp53 gene followed Mboll diagnostic digest to identify zebrafish with tp53 zdf1 mutation. Wild 
type (WT) band is 336bp. Homozygous tp53zdf1/zdf1 mutant (Hom) is two bands: 196 and 140bp. 
Heterozygous tp53+/zdf1 mutant (Het) has all 3 bands. 
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Figure 16. Genotyping for GFF transgene and tp53 zdf1 mutation.  
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2.8. Zebrafish in situ hybridisation  
 

This work was performed by laboratory technician Maggie Glover. For digoxygenin-labelled 

RNA probe production, the probe for uroplakin 1a was synthesized from linearized plasmid 

DNA obtained from a plasmid vector containing the coding sequence. The coding sequence 

was contained in the p-express 1 plasmid. The Zebrafish Information Network (ZFIN) was 

searched for details regarding zebrafish upk1a cDNA (MGC: 136832, Accession number: 

GenBank: BC115285). A cDNA clone for upk1a was obtained from Source BioScience, 

Nottingham, UK. This upk1a cDNA clone was then inserted in the p-Express 1 vector 

between EcoRV (744) and NOT1 (735) restriction sites. For the antisense uroplakin 1a probe, 

the p-express 1 plasmid was linearized using the EcoRI restriction enzyme and the T7 RNA 

polymerase enzyme was used for transcription. For the sense uroplakin 1a probe, the p-

express 1 plasmid was linearized using the NotI restriction enzyme and the SP6 RNA 

polymerase enzyme was used for transcription. Whole-mount in situ hybridization was 

performed using standard procedures (223). 

 

2.9. Whole Mount Zebrafish EdU Proliferation Assay  
 

The 5-ethynyl-2’-deoxyuridine (EdU) proliferation assay was performed in whole mount 

zebrafish larvae using the Click-it EdU Cell Proliferation Kit (Thermofisher C10340) with 

Alexa Fluor 647 dye (Thermofisher C10340). Unless otherwise stated all washes and 

incubation steps were performed at room temperature with light shaking (4 RPM). 10mM 

EdU (diluted in DMSO) or DMSO as a control (1 in 20 dilution in RNAse free water) was 

injected into the yolk (2nl volume) at 3 dpf and the larvae were incubated in E3 for 20 hours 

in the dark at 28 degrees before fixation in 4% PFA for 30 minutes. The larvae were washed 

in PBST (0.5% Triton X in PBS [OXOID, BR0014G]) and subsequently incubated in 3% Bovine 

Serum Albumin (BSA) diluted in PBST for 1 hour. The larvae were incubated in reaction mix 

(1x Clickit reaction buffer [440μl], copper protectant [10μl], Alexa Fluor picolyl azide [1.2μl] 

and 1x Clickit EdU buffer additive [50μl) for 30minutes. The reaction mix was scaled up as 

necessary using the same ratios. 

 

https://zfin.org/
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At this stage, whole mount immunohistochemistry staining for GFP was performed (See 

section 2.10. ). Following a PBST wash, the larvae were subsequently stained with Hoechst 

33342 (1:1000 dilution in PBST) for 30 minutes. The protocol was completed with a PBST 

wash. The whole mount zebrafish were kept in the dark until imaging. 

 

2.10. Whole Mount Zebrafish Immunohistochemistry  
 

Zebrafish larvae underwent whole mount immunohistochemistry staining with an anti-GFP 

antibody (abcam6556, rabbit polyclonal). This protocol involved fixation with 4% PFA for 30 

minutes at room temperature. Fixation was followed by permeabilization (performed by 

washing in 0.5% triton X in PBS (PBST) for 5 minutes at room temperature on a rocker three 

times). Zebrafish larvae were incubated in 5% sheep serum block (diluted in PBST) for 2 

hours followed by incubation in the anti-GFP antibody (1:200 dilution in, diluted in 5% sheep 

serum in PBST) overnight at 4 degrees on a shaker. This was followed with a PBST wash 

followed by incubation with a secondary antibody (Goat Anti-Rabbit IgG H&L Alexa Fluor 

488 [abcam ab150077], 1:250 dilution, diluted in 3% sheep serum in PBST) for 2 hours at 

room temperature. This step is followed by a PBST wash. 

 

2.11. Histology 
 

2.11.1. Zebrafish Histology 
 

Zebrafish were fixed by immersion fixation in 4% PFA for 2-4 days at 4 degrees. Immersion 

fixation is a regulated procedure that involves immersion in tricaine anaesthetic until the 

zebrafish is non-responsive, followed by immersion in 4% PFA. The 4% PFA was either 

purchased in solution (Sigma Aldrich 1004965000) or made up from powder (Fisher 

Scientific P/0840/53) in PBS and heated overnight on a heated stirrer at 70 degrees until 

dissolved. 

 

Zebrafish aged older than 3 weeks were decalcified in 0.25-0.5M EDTA for 2-4 days (either 

purchased [Invitrogen AM9262] or made up from powder [Fisher Scientific D/0700/53] in 

distilled water) and then placed in 70% ETOH. Zebrafish were then placed on the tissue 

processor by the histology technician team. Tissue processor settings were as below: 
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Tissue processing reagent Duration 

70% alcohol  2 hours 

70% alcohol  2 hours 

70% alcohol  2 hours 

95% alcohol  2 hours 

95% alcohol  2 hours 

100% ETOH  2 hours 

100% ETOH  2 hours 

Xylene 1  2-3 hours 

Xylene 2  2-3 hours 

Wax 1  2-3 hours 

Wax 2 (Under vacuum)  2-3 hours 

 

Processed zebrafish were then wax embedded in cassettes. They were oriented in 3 possible 

orientations: (1) sagittal [enables lateral surface to lateral surface sectioning], (2) coronal 

[enables ventral to dorsal sectioning] or (3) transverse [enables caudal to rostral sectioning]. 

Zebrafish wax specimens were sectioned on a microtome at 3.5 – 5 micron thickness on 

charged slides. 

 

2.11.2. Human Control Histology Samples 
 

Human urinary bladder and ureter specimens were obtained with the ethical approval of 

the South Yorkshire Research Ethics Committee (REC reference number: 10/H1310/73).  

 

2.11.3. H&E staining 
 

Wax sections were first dewaxed in two xylene pots for 5 minutes each. Sections were then 

transferred to two absolute alcohol pots for 3 minutes each. Sections were then rehydrated 

by transferring them to 95% or 90% alcohol followed by 70% alcohol pots for 3 minutes 

each. A 1-minute rinse in tap water is then performed followed by immersion in Gill’s 

haematoxylin to stain the nuclei for approximately 1 minute. The Gill’s haematoxylin is then 
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washed under tap water until the water runs clear. The sections are then immersed in pots 

of increasing alcohol concentrations for 3 minutes each (70% and 90% or 95%). The sections 

are then immersed in 1% eosin in 95% alcohol for approximately 1 minute to stain the 

extracellular matrix and cytoplasm. The sections are then immersed in two consecutive pots 

absolute alcohol for 3 minutes each and then two consecutive pots of xylene for 5 minutes. 

Finally, cover slips are mounted to the slides using Dibutylphthalate Polystyrene Xylene 

(DPX) mountant.  

 

2.11.4. Immunohistochemistry (FFPE): ABC DAB method 
 

The ABC DAB method was used for immunohistochemistry. All reagents used for FFPE 

immunohistochemistry are listed in Table 6. Wax sections were first dewaxed in two xylene 

pots for 5 minutes each. Sections were then transferred to an absolute alcohol pot for 5 

minutes followed by a second absolute alcohol pot for 3 minutes. Sections were then 

rehydrated by transferring them to a 95% alcohol pot for 3 minutes. To block endogenous 

peroxidases, sections were immersed in 3% hydrogen peroxide. Heat induced antigen 

retrieval was performed either with an antigen retrieval pressure cooker or a microwave 

and antigen retrieval solution. For some of the experiments (details below), avidin/biotin 

block (Vector laboratories/2B Scientific SP-2001) was applied to the slides. Non-specific 

binding sites were blocked either with animal sera (10% goat or rabbit sera) or 10% casein 

(Sigma B6429-500ml, diluted in PBS). The primary antibody was applied for either 1 hour at 

room temperature or overnight in the fridge (diluted in 2% animal sera or 1% casein). A 

biotinylated secondary antibody was diluted in 2% sera or 1% casein and applied for 1 hour. 

The avidin-biotin complex (ABC) solution (Vector laboratories/2B Scientific Vectastain Elite 

ABC-HRP Kit, Peroxidase, Standard PK-6100) was applied for a total of 30 minutes. The DAB 

substrate (Vector laboratories/2B Scientific DAB substrate kit, peroxidase [HRP] SK-4100) 

was applied for 2-9 minutes. Slides were subsequently stained with Gill’s haematoxylin for 

approximately 1 minute and rinsed with rap water for 2 minutes. Finally, slides were 

dehydrated by immersing in pots with increasing concentrations of alcohol (3 minutes each) 

followed by immersing in a pot of xylene. Cover slips were mounted to the slides with DPX 

mountant.
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Primary 

Antibody 

name 

Reference  

(if 

available) 

Origin and 

code 

Host 

species and 

clonality 

Antigen 

retrieval 

Dilution Non-

specific 

block  

Primary antibody 

Incubation details 

Secondary antibody 

Uroplakin 

1a (N-16) 

Not 

available 

Santa cruz sc-

15170 

Goat 

polyclonal 

0.01M 

citrate 

boiled in 

microwa

ve 

1:400 

dilution for 

zebrafish and 

1:200 human 

Rabbit sera Overnight at 4 

degrees 

Biotinylated Rabbit 

anti-goat 1:200 dilution 

(Vector Laboratories 

now 2b Scientific) 

 

Uroplakin 2 

(k-18) 

Not 

available 

Santa cruz sc-

15179 

Goat 

polyclonal 

0.01M 

citrate 

boiled in 

microwa

ve 

1:400 

dilution for 

zebrafish 

tissue and 

1:100 to 

1:400 

dilution for 

human tissue 

Rabbit sera Overnight at 4 

degrees 

Biotinylated Rabbit 

anti-goat 1:200 dilution 

(Vector Laboratories 

now 2b Scientific) 
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Cytokeratin 

5/6 

(224) Dako M7237 

 

 

Mouse 

monoclonal 

Dako pH 

9 in 

pressure 

cooker 

1:100 to 

1:200 

dilution for 

zebrafish 

tissue and 

1:100 

dilution for 

human tissue 

Goat sera Overnight at 4 

degrees 

Biotinylated Goat anti-

mouse 1:200 dilution 

(Vector Laboratories 

now 2b Scientific).  

 

Gata3  (225) Sigma Aldrich  

SAB2100898 

Rabbit poly-

clonal 

Dako pH 

6 in 

pressure 

cooker 

1:400 

dilution for 

zebrafish 

tissue and 

1:100 

dilution for 

human tissue 

Goat sera Overnight at 4 

degrees 

Biotinylated Goat anti-

rabbit 1:200 dilution 

(Vector Laboratories 

now 2b Scientific), 
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CD44  (226) Sigma Aldrich 

SAB1405590 

Mouse 

mono-

clonal 

Dako pH 

6 in 

pressure 

cooker 

1:400 

dilution for 

zebrafish 

tissue and 

1:50 dilution 

for human 

tissue  

Goat sera Overnight at 4 

degrees 

Biotinylated Goat anti-

mouse 1:200 dilution 

(Vector Laboratories 

now 2b Scientific).  

 

AE1/AE3 (227) Abcam 961 Mouse 

mono-

clonal 

Dako pH 

6 in 

pressure 

cooker 

Pre-diluted Casein 1 hour at room temp Biotinylated Goat anti-

mouse 1:200 dilution 

(Vector Laboratories 

now 2b Scientific).  
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Pax8 (228) Abcam 

227707 

Rabbit 

mono-

clonal 

EDTA 

pH8 

100x 

(Abcam, 

ab93680

) in 

pressure 

cooker 

1:100 and 

1:200 

Casein 1 hour at room 

temperature 

Biotinylated Goat anti-

rabbit 1:200 dilution 

(Vector Laboratories 

now 2b Scientific) 

Table 6. Reagents Used for Immunohistochemistry Experiments. 
 

 

 

 



 111 

2.11.5. Masson’s Trichrome 
 
Bouin’s fixative was heated to 56 degrees for 1 hour. Sections were deparaffinised in 

decreasing concentrations of ethanol followed by hydration in distilled water. Tissue 

sections were mordanted in Bouin’s solution for 1 hour at 56 degrees to improve staining 

quality and then subsequently rinsed in tap water until the yellow colour disappeared. 

Weigert’s haematoxylin was applied onto the slides for 15 minutes. Slides were then 

washed in tap water and immersed in 1% acid alcohol (5mls HCL made up to 100mls in 70% 

ETOH) five times. Ponceau fuchsin (0.5% Ponceau 2R in 1% acetic acid and 0.5% acid fuchsin 

in 1% acetic acid [Mix 2 parts ponceau and 1 part acid fuchsin]) was then applied to the 

slides for 8 minutes followed by a wash in distilled water. Slides were dipped in 

phosphomolybdic acid (5% phosphomolybdic acid in distilled H20) solution until the red 

colouration in the connective tissue lightened to colourless and this was followed by a wash 

in tap water. Slides were then dipped in light green stain (2% light green in 2% acetic acid) 

until the connective tissue stained. Slides were subsequently washed in tap water, and this 

was followed by dehydration through a series of increasing concentrations of alcohol. 

Finally, slides were immersed in xylene and then mounted with DPX mountant. 

 

2.11.6. Histological Analysis 
 
All histology images were reviewed with a pathologist. 

 

2.12. Molecular Biology 
 

2.12.1. Agarose Gel Electrophoresis 
 

Agarose gel electrophoresis was performed to either quantify DNA or RNA or determine 

nucleotide sequence size. Molecular grade agarose was added to 1xTAE (diluted from a 50x 

stock) and heated in the microwave until dissolved. A 50xTAE solution is made up of 242 g 

Tris base, 57.1ml Glacial Acetic Acid, 100mls 500mM EDTA pH 8 and then made up to 1 litre 

in distilled water. Sybre Safe DNA gel stain (Invitrogen S33102) was subsequently added (3ul 

per 50mls of liquid agarose). The agarose liquid was then added to a mould with a comb and 

allowed to set. The gel tank was filled to the fill line with TAE and the set gel was added. 

DNA ladder was pipetted into the well (NEB or Bioline). The loading buffer was added to 
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each sample (x6 concentration, NEB B7024S) and samples were loaded. Voltage and time 

depended on the nature of the nucleotide fragments that needed separating. Samples were 

interpreted on a UV gel reader in a dark room.  

 

2.12.2. Plasmids 
 

The following plasmids used during this project are listed below in Table 7: 

 

Plasmid Name Type of plasmid Selective 

Antibiotic 

Resistance 

Origin Reference 

if available 

pDestTol2CG2- 

UAS:GFP-

HRAS_G12V 

Expression vector Carbenicillin Dr Yi Feng Not 

available 

pDestTol2CG2-

UAS:GFP-CAAX 

Expression vector Carbenicillin Dr Yi Feng Not 

available 

pDestTol2CG2, 

crya:Venus-UAS: 

fgfr3-2A-eGFP 

Expression vector Carbenicillin Dr Alexa 

Burger 

(229) 

pDestTol2CG2, 

crya:Venus-

UAS:eGFP 

Expression vector Carbenicillin Dr Alexa 

Burger 

(229) 

pDestTol2CG2- 

cdh17:GFP- HRAS 

(G12V) 

Expression vector Carbenicillin Made by 

Ibrahim 

Jubber 

Not 

available 

pDestTol2CG2- 

cdh17: GFP- CAAX 

Expression vector Carbenicillin Made by 

Ibrahim 

Jubber 

Not 

available 

pDestTol2CG2-

cdh17:erbb2(A301F)- 

GFP 

Expression vector Carbenicillin Made by 

Ibrahim 

Jubber 

Not 

available 



 113 

pDestTol2CG2-

cdh17: pik3ca 

(E545K)- GFP 

Expression vector Carbenicillin Made by 

Ibrahim 

Jubber 

Not 

available 

pDestTol2CG2-

cdh17: Gal4 

Expression vector Carbenicillin Dr Iain 

Drummond 

Not 

available 

pT2KXIGdeltaIN-

enpep: GFP 

Expression vector Carbenicillin Dr Martin 

Lowe 

Not 

available 

pDestTol2CG2-

enpep: Gal4 

Expression vector Carbenicillin Dr Freek Van 

Eeden 

Not 

available 

pME- GFP- 

HRAS(G12V) 

Gateway entry 

clone 

Kanamycin Dr Yi Feng Not 

available 

pME- GFP -CAAX Gateway entry 

clone 

Kanamycin Tol2 kit (230) 

pME- erbb2 (A301F)- 

GFP 

Gateway entry 

clone 

Kanamycin Designed by 

Ibrahim 

Jubber and 

synthesised 

by 

Thermofisher 

Not 

available 

pME- pik3ca 

(E545K)- GFP 

Gateway entry 

clone 

Kanamycin Designed by 

Ibrahim 

Jubber and 

synthesised 

by 

Thermofisher 

Not 

available 

p5E-cdh17  Gateway entry 

clone 

Kanamycin Dr Iain 

Drummond 

Not 

available 

p3E-polyA Gateway entry 

clone 

Kanamycin Tol2 kit (230) 

p3E-GFP-poly A Gateway entry 

clone 

Kanamycin Tol2 kit (230) 
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p5E-4x UAS Gateway entry 

clone 

Kanamycin Tol2 kit (230) 

pDestTol2CG2 

(Contains cmlc: GFP 

nucleotide sequence 

for GFP+ heart 

selection marker) 

Destination 

vector 

Carbenicillin and 

Chloramphenicol 

Tol2 kit (230) 

pCS2FA-transposase Vector used as 

template for in 

vitro 

transcription of 

tol2/transposase 

mRNA 

Carbenicillin Tol2 kit (230) 

Table 7. Plasmids Used During This Project. 
 

2.12.3. Restriction Enzymes 
 
The following restriction enzymes were used during this project and were purchased from 

NEB: Mboll, NcoI, NotI, Bamh1, KpnI and SalI. Restriction enzyme digest reactions were 

performed according to the enzyme manufacturer’s instructions. Briefly, restriction enzyme 

reactions consisted of the DNA sample, enzyme, enzyme buffer and nuclease free water 

(Qiagen 169041483). The total volume of the reactions was either 50ul or 30ul.  The 

restriction enzyme reaction was subsequently run out on a gel to confirm successful 

digestion and the gel appearance was compared against a simulated successful diagnostic 

digest using SnapGene® software (from Dotmatics; available at www.snapgene.com). 

 

2.12.4. Bacterial Transformation 

Plasmids were transformed using top ten chemically competent E coli (Thermofisher 

C404010). A total of 1-3 ul of plasmid was added to competent cells (1 vial of 50 ul used for 

up to 3 transformation reactions) and incubated on ice for 30 minutes. The bacteria were 

subsequently heat shocked for 30 seconds at 42 degrees using a pre-heated water bath. A 

total of 250ul of SOC media was added to the reaction. The reaction was then placed in a 

http://tol2kit.genetics.utah.edu/index.php/PCS2FA-transposase
http://www.snapgene.com/
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shaking incubator at 37 degrees for 1 hour. The reaction was then spread on a prewarmed 

selective agar plate (Containing appropriate antibiotic at 50 μg/ml for kanamycin and 

carbenicillin or 30 μg/ml for chloramphenicol) and incubated overnight at 37 degrees in a 

regular incubator.  

The following morning, single bacterial colonies were isolated with clean pipette tips and 

placed into 50mls of LB broth with appropriate antibiotic (at 50 μg/ml for kanamycin and 

carbenicillin or 30 μg/ml for chloramphenicol) in a conical flask with a soft bung. The 

bacteria were grown overnight in a shaking incubator at 37 degrees (12-16 hours).  

 

2.12.5. Plasmid Purification  
 

Following 12-16 hours of incubation of bacterial culture originating from a single bacterial 

colony (bacteria containing the plasmid), a glycerol stock was always made. To make a 

glycerol stock, 500ul of bacterial culture was added to 500ul of glycerol (Sigma G5516) in 

labelled cryovial and placed in the -80 degrees freezer. 

 

The Nucleobond Midi DNA purification kit (Macherey Negel 740410.50) was used to isolate 

and purify plasmid from the bacterial culture. This is a column-based purification method. 

There are 3 types of prep in this kit depending on the amount of plasmid DNA required. The 

most common purification performed was midi prep (High copy plasmid purification). 

Manufacturer’s instructions were followed. Briefly, this had the following steps 

(Summarised):  

 

1. Cultivation and harvesting of bacterial cells:  Centrifugation (4500-6000xg for 30 

minutes followed by removal of supernatant. 

2. Cell lysis: Addition of buffers S1, S2 and S3. 

3. Equilibration of the column: Adding buffer N2 to Midi AX100 column and discarding 

the flow through. 

4. Clarification of lysate and binding of plasmid to column: Pouring the lysate into 

folded filter paper positioned over the equilibrated Nucleobond column and 

discarding the flow through. 
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5. Washing the DNA in the column: Adding buffer N3 to the column and discarding the 

follow through. 

6. Elution: Adding buffer N5 to the column and collecting the flow-through containing 

plasmid DNA.  

7. Precipitation of a DNA pellet: Adding room temperature isopropanol to the eluted 

plasmid DNA, centrifugation at maximum speed for 30 minutes and removing the 

supernatant. 

8. Washing DNA pellet: Adding room temperature 70% ethanol to the DNA pellet and 

centrifugation, centrifugation at maximum speed for 10 minutes followed by 

removal of the ethanol. 

9.  Drying of DNA pellet: Allowing the DNA pellet to dry at room temperature for 5 to 

10 minutes. 

10. Reconstitution of DNA: Dissolving the pellet in an appropriate volume of RNAse free 

water (Depending on the desired concentration). 

 

In situations needing a quick and efficient method to extract plasmid DNA from culture for 

to confirm plasmid identify but not for downstream plasmid use, a modified ‘dirty’ mini 

prep protocol was performed using the nucleobond plasmid purification kit (Macherey 

Negel). This method involves growing 5-6mls of bacterial culture containing the plasmid 

(single colony in LB broth incubated for 12-16 hours). A total of 2mls of grown culture (from 

the total 5-6mls bacterial culture) was used for this protocol. An initial centrifugation step 

was performed to pellet the bacterial cells for 1 minute at full speed. Once the supernatant 

was removed, the cell lysis step involved resuspending the bacterial cells in 250ul of solution 

S1. A total of 250ul of solution S2 was added and the mixture was inverted six times and 

incubated for 2 minutes at room temperature. A total of 250ul of S3 solution was added to 

this mixture followed by centrifugation at maximum speed for 10 minutes to precipitate 

impurities (white flocculate). The supernatant was transferred to a new 1.5ml Eppendorf. 

The precipitation step involved adding 750ul isopropanol, mixing vigorously and 

centrifugation for 10 minutes at maximum speed. The supernatant containing impurities 

was discarded. The precipitated DNA pellet was washed by adding 1ml 70% ethanol, mixing 

and centrifuging at room temperature at maximum speed for 10 minutes. The supernatant 

containing impurities and alcohol was discarded. The pellet containing pure plasmid DNA 
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was left to air dry at room temperature for 10 minutes. Finally, the pure DNA pellet was 

resuspended in an appropriate volume of RNAse free water.  

 

2.12.6. DNA/RNA Quantification 
 

Several methods were used to estimate DNA/RNA concentration including: Nanodrop 

spectrophotometer, Beckman spectrophotometer, Qubit fluorometer 3.0 (Invitrogen) and 

Gel electrophoresis. Manufacturer’s instructions were followed for the devices used. 

 

The Qubit fluorometer enables more accurate nucleic acid quantification but requires the 

use of reagents and does not provide estimates of purity such as the 260/280 and 260/230 

ratios that spectrophotometric methods provide. In order to quantify DNA with a Qubit 

fluorometer, the Qubit dsDNA quantitation broad range kit was used (Invitrogen Q32850). 

The kit contains a fluorogenic dye (Qubit dsDNA broad range reagent), buffer (Qubit dsDNA 

broad range buffer) and two standard solutions (used to calibrate the Qubit device). The 

dsDNA quantification involves first preparing a working solution from the fluorogenic dye 

and the buffer (by diluting the Qubit dsDNA broad range reagent in the Qubit dsDNA broad 

range buffer at a ratio of 1:200). The working solution amount can be scaled up as necessary 

as 200ul of working solution is needed for each sample including standards. The standards 

are prepared by adding 190ul of working solution to 10ul of standard solution. DNA samples 

are prepared for quantification by adding a total of 1-20ul of sample topped up with 

working solution to a total volume of 200ul. The samples are vortexed and incubated at 

room temperature for 2 minutes. The standards and samples are then analysed on the 

Qubit fluorometer following on screen instructions. 

 

2.12.7. Plasmid DNA Confirmation 
 

Methods used to confirm plasmid identify included: 

1. Restriction enzyme digest  

 

And/Or  
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2. Sanger sequencing using generic primers e.g. M13F or with specifically designed 

primers (Genewiz). This method is able to sequence a maximum of approximately 

1200bp in one read. 

And/Or 

 

3. Whole plasmid next generation sequencing (Plasmidsaurus, USA).  

 

2.12.8. Plasmid Recombination (Gateway cloning) 
 

Gateway cloning technology was used to assemble expression vectors from 4 components: 

p5’ entry vector, Middle entry vector, p3’ Entry vector and a destination vector 

(pDestTol2CG2). LR reactions were used to make expression vectors from entry clones and 

destination vectors. A total of 20 femtomoles of each component plasmid were assembled 

topped up to 8ul in nuclease free water. The starting concentration of each component 

plasmid had to be low enough to facilitate accurate pipetting of 20 femtomoles. This 

reaction was assembled in a 1.5 ml Eppendorf at room temperature. LR clonase II PLUS 

enzyme (Invitrogen by Thermofisher Scientific 12538120, stored in -80 degree freezer) was 

thawed on a cold block for approximately 2 minutes. The enzyme mix was briefly vortexed 

twice. 2ul of this enzyme mix was added to the plasmid components assembled in a 1.5ml 

Eppendorf and briefly vortexed twice. The reaction was then incubated at 25 degrees C 

overnight. The following morning, 1ul of Proteinase K solution was added to terminate the 

reaction. The reaction was then briefly vortexed and centrifuged and incubated at 37 

degrees C on a hot block for 10 minutes then put in fridge. A total of 3ul of the reaction mix 

was then transformed in 50ul of top 10 E coli competent cells (See section on bacterial 

transformation for further details) for plasmid replication. 

 

2.12.9. In vitro transcription (Tol2/transposase mRNA) 
 

Tol2 (transposase) mRNA was synthesised to facilitate transposition of plasmid DNA into the 

zebrafish genome following one cell stage microinjection. The tol2 (transposase) mRNA was 

synthesised using an in vitro transcription reaction from template DNA (p-CS2 transposase 

plasmid, tol2 kit 396).  
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The p-CS2 transposase plasmid was first linearised with the NOT1 restriction enzyme (Buffer 

r3.1) in a digest reaction at 37 degrees overnight. Successful linearisation was confirmed 

using gel electrophoresis. The linearised plasmid DNA was purified using QIAquick PCR 

purification kit (Qiagen 28104). This kit purifies DNA fragments from enzymes and buffers. 

Manufacturer’s instructions were followed. This involved adding 5 volumes of buffer PB to 1 

volume of the linearised plasmid DNA from the digest reaction and then mixed. The sample 

was added to a QIAquick spin column placed in a 2ml Eppendorf and the column was 

centrifuged for 1 minute to bind the pure linearised DNA. The flow through was discarded. 

The DNA in the column was washed by adding 0.75ml Buffer PE to the column and 

centrifugation was performed for 1 minute. The flow through was discarded. The column 

was subsequently placed in a clean Eppendorf and the DNA was eluted by adding 30- 50ul 

buffer EB to the column and centrifugation was performed for 1 minute. 

 

An in vitro transcription reaction was performed using the mMESSAGE SP6 polymerase kit 

(Invitrogen AM1340) using manufacturer’s instructions. The in vitro transcription reaction 

(total volume 20ul) requires the following components: linear template DNA (pCS2 

transposase plasmid, SP6 RNA polymerase enzyme mix (2ul), 10x reaction buffer (2ul) and 

ribonucleotides (10ul) and RNAse free water. The reaction was scaled by as necessary with 

the same proportions. The reaction was incubated in a PCR tube in a PCR machine for 2 

hours at 37 degrees. The reaction is then terminated using TURBO DNAse enzyme and 

incubating at 37 degrees for 15 minutes.  

 

The RNA was subsequently purified using phenol chloroform method or RNeasy MinElute 

clean up protocol using the RNeasy MinElute cleanup kit (Qiagen 74204). Both techniques 

were used during the course of this project. The phenol chloroform method was performed 

according to the mMessage mmachine kit manual. This method precipitates RNA and 

removes all enzyme and most of the free nucleotides. The phenol chloroform method 

involved adding 115ul nuclease free water and 15ul ammonium acetate stop solution 

followed by mixing thoroughly. Phenol/chloroform extraction was then performed. An equal 

volume phenol was then added followed by centrifugation at 4 degrees for 15 minutes. The 

top layer was carefully transferred to a new tube. An equal volume of chloroform was 
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added, and this was then followed with centrifugation at 4 degrees for 15 minutes. The top 

aqueous phase was transferred to a new tube. The RNA was precipitated by 1 volume of 

isopropanol and mixing thoroughly. The mixture containing the precipitated RNA was chilled 

at -20 degrees for at least 2 hours. Centrifugation of the mixture was performed at 

maximum speed at 4 degrees for 20 minutes to pellet the RNA followed by removal of the 

supernatant containing any impurities. The RNA pellet was washed with 1ml of 70% ethanol 

(RNAse-free), and this was centrifuged at 4 degrees at maximum speed for 20 minutes. The 

pellet was dried at room temperature for 10 minutes and resuspended in an appropriate 

volume of RNAse free water depending on the desired concentration.  

 

The RNeasy MinElute clean protocol (Qiagen) is a column-based extraction method and was 

performed according to the manufacturer’s instructions. The sample was adjusted to a 

volume of 100ul with RNAse free water. A total of 350ul of buffer RLT was added and mixed 

thoroughly. A total of 250ul of 100% ethanol (Fisher E/0665DF/17)was added to the diluted 

mixture. In order to isolate the RNA, the sample was added to an RNeasy MinElute spin 

column and centrifuged for 15 seconds at maximum speed. The flow through containing 

impurities was discarded. The RNA in the column was washed by adding 500ul of buffer RPE 

and centrifugation performed at maximum speed for 15 seconds. A further washing step 

was performed by adding 500ul 70% ethanol to the spin column and centrifugation 

performed at maximum speed for 2 minutes. Elution of the RNA was performed by adding a 

minimum of 10ul of RNAse free water (Depending on the desired concentration) to the 

column (placed in a new Eppendorf) and centrifuging the column for 1 minute at maximum 

speed. The RNA was transferred to ice and stored at -80 degrees until needed. 

 

The purified RNA was quantified using both nanodrop spectrophotometry and gel 

electrophoresis. For gel electrophoresis, 0.5ul of RNA is mixed with 2ul H20 and 2ul loading 

dye and run on a gel at 120 volts for 15 minutes to confirm the presence of two distinct 

bands (Figure 17). 
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(A) Agarose gel electrophoresis of linearized pCS2 transposase plasmid (tol2 kit 396) using NotI 
restriction enzyme digest (with undigested plasmid for comparison) (B) tol2 transposase mRNA 
fragment generated using in vitro transcription from linearized pCS2 tol2 transposase plasmid. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 17. Generating tol2 mRNA from pCS2 transposase plasmid (tol2 kit 396).  
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2.13. Imaging 
 

The following microscopes were used to take fluorescent microscope pictures:  

 

 Microscope Name Type of Microscope 

Leica M205 FA and DFC365 FX Fluorescent Stereo 

Zeiss Z1 Lightsheet 

Perkin Elmer Spinning Disc Confocal 

Nikon Eclipse TE2000-U Fluorescent inverted 

Nikon SMZ Extended Focus  Brightfield Stereo 

3DHISTECH Panoramic Slide Scanner N/A (Slide Scanner) 

 

For fluorescent microscopy, a BF or DF channel was taken in addition to a fluorescent 

channel. Images were formatted in FIJI to add scale bars and create merged brightfield and 

GFP channel images. Microscope settings (Exposure time, gain etc) were stored in the meta 

data of the imaging files.  

 

2.14. Software 
 

The following software were used during this project:  

 

Software Manufacturer 

FIJI version 2.14.0/1.54f Open-Source Software 

Qupath v0.5.0 Open-Source Software  

Zen Lite (Zeiss) Blue edition Zeiss 

NIS elements (Nikon) Nikon 

Volocity Quorum Technologies 

Leica Application Suite X Leica 

SnapGene®  v4.3.11 Dotmatics (available at snapgene.com) 
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2.15. Gene and Protein Cross Species Alignment 
 

Gene and protein sequences were downloaded from Ensembl (Release 111) (231) or 

UniProt (232). For alignment of sequences, either the online Basic Local Alignment 

Search (BLAST) tool (233) or the CLUSTAL OMEGA feature in SnapGene® software (from 

Dotmatics; available at www.snapgene.com) were used. 

 

2.16. Systematic Review 
 

Systematic review was performed according to the accepted Preferred Reporting Items for 

Systematic Reviews and Meta-Analyses (PRISMA) method (234). These are evidence-

based guidelines on how to conduct and present a rigorous systematic review and/or 

meta-analysis. 
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Chapter 3.  Epidemiology of Bladder Cancer in 2023: A Systematic 
Review of Risk Factors 
 

Work in this chapter contributed to the following publication: 

 

Jubber I, Ong S, Bukavina L, Black PC, Comperat E, Kamat AM, Kiemeney L, Lawrentschuk N, 

Lerner SP, Meeks JJ, Moch H, Necchi A, Panebianco V, Sridhar SS, Znaor A, Catto JWF, 

Cumberbatch MG. Epidemiology of Bladder Cancer in 2023: A Systematic Review of Risk 

Factors. Eur Urol. 2023;84(2):176-90. 
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3.1. Introduction 
 

In 2018, Bladder cancer (BC) was the 10th commonest cancer worldwide (235). Incidence 

rates were higher in men for whom it was the sixth commonest cancer. Highest incidence 

rates were seen in the developed world (235). Most BCs are urothelial carcinoma (UC) in 

subtype (remainder include squamous cell, sarcoma, lymphoma and adenocarcinoma) and 

approximately 75% of these are non–muscle-invasive BC (NMIBC) (236). NMIBC has a high 

prevalence due to its indolent natural history and high recurrence rate. Around one-quarter 

of BCs, and most non-UC subtypes, are muscle invasive (MIBC) which require systemic 

chemotherapy and/or immunotherapy, and radical treatment (cystectomy or radiotherapy), 

or palliation (237). Most BCs present with either haematuria or storage lower urinary tract 

symptoms while the remainder are asymptomatic or incidental findings (238).  

 

The demographics of BC are evolving reflecting an improved understanding of the human 

exposome and the changing nature of industrialization (239). For example, around half of 

BCs are attributed to cigarette smoking although the rate of smoking has declined in many 

countries (240-242). Similarly, workplace regulations have reduced exposure to high-risk 

carcinogens (243). Here, we update previous reports (56, 244), by searching the literature to 

compile a contemporary picture of BC demographics and epidemiology.  
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3.2. Evidence Acquisition 
 

A systematic literature search was performed using PubMed and Embase on 21.1.22 and 

6.9.22 utilising a combination of subject headings and free text words. Further details of the 

search strategy are in supplementary files. The search was restricted to manuscripts 

published since 2018. Manuscripts were excluded if they were not in English, had <50 

subjects (for epidemiological studies), or were not human studies. Conference abstracts 

were also excluded. Two authors (I.J and S.O) reviewed the abstracts using a priori inclusion 

and exclusion criteria and Covidence software (Cochrane library). Conflicts were resolved 

between the authors or with the involvement of a third author (M.G.C). Reference lists of 

included manuscripts were also searched. Systematic reviews (SR) and meta-analyses (MA) 

were included. We report our findings in accordance with the Preferred Reporting Items for 

Systematic Reviews and Meta-analyses (PRISMA) guidelines(245). The review was registered 

with the PROSPERO database (CRD42022341359) on 20.7.22. 

 

3.3. Evidence Synthesis 
 

The literature search, after removal of duplicates, identified 5,177 studies, of which 334 full-

text articles were included. A total of 15 articles were identified by searching references, 

including 349 full-text articles (Figure 18). Information on study type, number of study 

subjects or number of studies and confounding factors adjusted for were extracted for 

quality assessment. For MAs, specific information on included studies and heterogeneity 

were extracted. 
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Search captured all articles from 1 April 2018 until 6 September 2022. BC = bladder cancer.  

Search Terms: : Pubmed: (((((bladder cancer[MeSH Terms]) AND (Incidence)) OR 
((bladder cancer[MeSH Terms]) AND (prevalence))) OR ((bladder cancer[MeSH Terms]) 
AND (risk))) OR ((bladder cancer[MeSH Terms]) AND (risk factor))) OR ((bladder 
cancer[MeSH Terms]) AND (hazard)). Same search terms applied for Embase search 
utilising Embase subject headings. n=5538.

Full manuscripts assessed for 
eligibility. n=480.

Duplicates removed. 
n=361.

Abstracts assessed for eligibility. 
n=5177.

Non-eligible studies 
excluded. n=4697. 

Non-eligible studies excluded. n=146.
Conference abstracts: 62
Not evaluating BC risk in patients: 45
Unable to access full texts: 10
Editorials: 10
Non-systematic reviews: 6
Genetic studies: 5
Single country incidence data: 5
Less than 50 patients: 2
Paediatric population: 1

Full-text manuscripts included. 
n=349.

Searched 
references. 
n=15.

Figure 18. CONSORT Diagram for Systematic Review. 
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3.4. Epidemiology, Incidence, Prevalence, and Mortality of Bladder Cancer 
 

According to GLOBOCAN, there were 573, 000 new BC cases and 213, 000 deaths worldwide 

in 2020  (46, 246, 247). Over three-quarters of new BC cases occurred in men. BC incidence 

is strongly correlated with increasing age. In males and females, age specific incidence rates 

start to rise from ages 50-54. A significantly sharper rise occurs in males between ages 55-

59. The highest incidence rates for BC occur in the over 85 years age category in males and 

females (248). 

 

Commonly used epidemiological measures for incidence and mortality are age-standardised 

incidence rates and age-standardised mortality rates. These measures take into account the 

effects of age which is important for making regional comparisons where the age 

distributions may differ significantly. Age standardised incidence rates (ASR, per 100, 000 

persons per year) for both sexes combined were highest in Europe (11), North America (11), 

North Africa (8.9), and West Asia (8.6) and lowest in West (2.0) and Middle Africa (1.6), 

Central America (2.2), and South-Central Asia (1.9). Male: female ratios of age-standardised 

incidence rates (ASR, per 100,000 persons) vary by region from 6:1 to 2:1. In West Asia the 

ASR is 15 vs 2.6 for men and women respectively (ratio of 6:1) and in East Africa the ASR is 

4.2 vs 2.4 for men and women respectively (ratio of 2:1). The 5-year prevalence worldwide 

in 2020 was 1,721,000 cases. The combined age standardised mortality rates (ASR, per 100, 

000 persons per year) for both sexes were highest in North Africa (5.2), South Europe (3.3), 

and West Asia (3.2). GLOBOCAN world maps of BC incidence and mortality rates are shown 

in (Figures 19, 20, 21). 

 

In men, BC is the sixth most common cancer worldwide (5% of all cancers excluding non-

melanoma skin cancer) and in women it is the 17th most common cancer site (1.5% of 

female cancer incidence). BC has the 9th highest five-year prevalence (22 per 100,000 

persons) overall. With regards to disability-adjusted life years (DALYs), BC ranks as the 15th 

highest (54 years of total health lost per 100,000 individuals)(249).  
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Globally, estimated ASRs for incidence have not significantly changed from 1990 to 2019, 

reflecting diverging incidence trends in different world areas. According to estimates, there 

have been significant increases in East Asia (percentage change: 56%), North Africa and 

Middle East (53%) and Central Europe (50%). With regards to estimated age standardised 

mortality rates, there were overall decreases worldwide, but a significant increase was 

noted in central Asia (18%)(250). GLOBOCAN predictions of future BC disease burden (based 

on demographic changes only) by continent estimate the greatest percentage increases in 

incident BC cases from 2020 to 2040 will be in Africa (100.6%), Latin America and the 

Caribbean (85%), Asia (79%) and Oceania (70%) (Figure 22) (251). This is likely to reflect the 

forecasted industrialisation and ageing population in these areas. 
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From Global Cancer Observatory: Cancer Today tool by the International Agency for Research on 
Cancer (246). 
 
 
 
 
 

Figure 19. Global Map of Incidence (Age-Standardized) Rates for Males and Females in 2020.  
 



 131 

From Global Cancer Observatory: Cancer Today tool by the International Agency for Research on 
Cancer (246).  
 

 

 

 

Figure 20. Global Map of Prevalence for Males and Females in 2020.  
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 From Global Cancer Observatory: Cancer Today tool by the International Agency for Research on 
Cancer (246). 
 

 

 

Figure 21. Global Map of Mortality (Age-Standardized) Rates for Males and Females in 
2020.  
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Adapted from Global Cancer Observatory: Cancer Tomorrow tool by the International Agency for 
Research on Cancer (251) 
 

 

 

 

 

 

 

 

Totals

573 2782020

913 0022040

Estimated number of new cases (in thousands)

Asia

Europe

North America

Africa

Latin America and Caribbean

Oceania

100 200 3000 400 500

66 602 (+101%)

62 690 (+85%)

7095 (+70%)

136 834 (+52%)

267 294 (+31%)

372 487 (+79%)164 396

203 983

208 091

63 311

89 997 46 837

2020

2040

Figure 22. Estimated Number of New Bladder Cancer Cases Between 2020 and 2040 (Both Sexes). 
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3.5. Risk Factors for Bladder Cancer 
 

Most BCs are associated with external risk factors. In total, 4.3% of BC patients have a first-

degree relative with BC (252) and up to 50% of urothelial cancer patients have a family 

history of cancer (253). The International Agency for Research on Cancer (IARC) has 

reported sufficient evidence for the following risk factors in BC: tobacco smoking, various 

occupational exposures (aluminum, rubber production, painters, firefighters, occupational 

exposure to various dyes [e.g.  magenta, auramine] or dye intermediates [ e.g. 4-

aminobiphenyl] and paint), environmental exposures (X radiation or gamma radiation, 

arsenic), medications (cyclophosphamide and chlornaphazine), opium consumption and 

Schistosoma infection (Table 8) (254). 

 

 

 

 

 

 

Occupational Agents
• Benzidine (Dye manufacturing)
• 4-aminobiphenyl (Dye and rubber manufacturing) 
• ortho-Toluidine (Dye and rubber manufacturing) 
• 2-Naphthylamine (Dye and rubber manufacturing) 
• 4-Chloro-ortho-toluidine* (Dye manufacturing) 
• 2- Mercaptobenzothiazole* (Rubber manufacturing)
• Tetrachloroethylene* (Dry cleaning, automotive and 

metalwork industries)
• Soot* 
• Coal Tar Pitch* 

Smoking
• Tobacco Smoking 

Occupations
• Aluminum production 
• Rubber manufacturing industry 
• Dye Industry (Magenta, Auramine)
• Painter 
• Firefighter
• Dry cleaning* 
• Hairdressers or barbers* 
• Printing processes* 
• Textile manufacturing *

Diseases and Medications or Drugs 
• Chlornaphazine
• Schistosomiasis
• Cyclophosphamide
• Opium Consumption
• Pioglitazone* 

Environmental Factors 
• Arsenic and inorganic arsenic compounds
• X and Gamma Radiation 
• Outdoor air pollution* 
• Diesel Exhaust* 

Adapted IARC list of classifications for bladder cancer with sufficient or limited evidence for humans21 .*Agents with 
limited evidence for bladder cancer in humans. Note that all risk factors without an asterix correspond to a group 1 
IARC classification (carcinogenic to humans). 

Table 8. Bladder Cancer Risk Factor Summary According to International Agency for Research on Cancer 
Monographs. 
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3.5.1. Tobacco Smoking 
 
Approximately 50% of BC cases are caused by tobacco smoking (255). A cohort study of 

422,010 subjects with 30 years follow-up demonstrated between two- and three-times 

increased risks of BC with smoking (HR: 2.32, 95% CI 1.98-2.73 in males and HR: 2.75, 95% CI 

2.07-3.64 in females)(256).  

 

In a pooled analysis of seven Australian cohorts (including 364, 426 subjects), the 

percentage BC risk attributed to ever smoking was estimated to be 44% (95% CI: 35-52%) 

overall, 53% (95% CI: 43-62%) in men and 19% (1.1-33%) in women (257). However, 

significantly higher values have been reported previously (255). 

 

In a meta-analysis (MA) of 52 studies, BC risk is directly proportional to smoking intensity up 

to 20 cigarettes/day (RR: 2.52, 95% CI: 2.41-2.64 for 10 cigarettes/day and RR 3.27, 95% CI: 

3.16-3.38 for 20 cigarettes/day) but plateaus thereafter. In contrast, BC risk increases 

without plateau with smoking duration (258).  

 

BC risk decreases with time since smoking cessation. In a prospective cohort of 143,279 

post-menopausal women, BC risk in ex-smokers was 25% lower within the first ten years 

following smoking cessation (HR: 0.75, 95% CI: 0.56-0.99) and continued to decrease with 

time. However, risks of BC remained higher in ex-smokers compared to never-smokers 30 

years after quitting smoking (HR: 1.92; 95% CI, 1.43–2.58)(259).  

 

A MA of 14 studies (646, 526 subjects) demonstrated increased BC risk with lifetime second 

hand smoking exposure in non-smokers (RR: 1.22, 95% CI: 1.06-1.40) compared to 

unexposed non-smokers (260). 

 

3.5.2. e-Cigarette use 
 
E-cigarette vapour may contain a number of carcinogenic compounds (e.g.  formaldehyde 

and acrolein). A study of 23 subjects found two carcinogenic compounds (o-toluidine and 2-

napthylamine) at higher concentration in the urine of e-cigarette users (261). Similarly, a 

systematic review (SR) of 22 studies found numerous carcinogenic compounds linked to BC 
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in the urine of e-cigarette users (262). However, there is no published epidemiological 

bladder cancer data for e-cigarette use as yet. 

 

3.5.3. Cannabis use 
 

Previous data on cannabis and BC risk has been inconsistent, with two previous studies 

reporting both increased and decreased BC risk respectively. A cohort study of over 150,000 

subjects reported no association between previous cannabis use and BC risk overall but 

reduced BC risk in female subjects on subgroup analysis (HR: 0.42, 95% CI: 0.19-0.94)(263). 

This study is limited by potential recall bias and lack of adjustment for key confounding 

factors such as occupation. 

 

3.5.4. Opium Consumption 
 

Opium consumption has previously been linked to increased BC risk in several case control 

studies. A prospective cohort study of over 50, 000 subjects with a median 10 years follow 

up showed increased BC risk for ever users of opium (smoking and ingestion) compared to 

never users (HR: 2.86, 95% CI: 1.47-5.55) (264).  

 

3.5.5. Occupational Carcinogen Exposure 
 

Occupational carcinogen exposure is the second most frequent BC risk factor for 

industrialised countries. An estimated 5.7% of new BCs are due to occupational carcinogen 

exposure (265).  

 

A Nordic cohort study of 14.9 million subjects (including 111,458 BC cases) reported the 

highest smoking adjusted standardised incidence ratios (SIRs) in chimney sweeps (SIR: 1.29, 

95% CI: 1.05–1.56), waiters (SIR: 1.22, 95% CI: 1.07–1.38), hairdressers (SIR: 1.14, 95% CI: 

1.02–1.26), cooks and stewards (SIR: 1.12, 95% CI: 1.01–1.25), printers (SIR: 1.11, 95% CI: 

1.04–1.18), seamen (SIR: 1.09, 95% CI: 1.03–1.14) and drivers (SIR: 1.08, 95% CI: 1.05-1.10) 

(266).  
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Firefighters are exposed to numerous combustion products from fires such as polyaromatic 

hydrocarbons, volatile organic compounds, diesel exhaust, asbestos, metals (cadmium and 

arsenic) and particulate matter. Some of these agents are either known bladder cancer 

carcinogens (such as polyaromatic hydrocarbons) or suspected bladder cancer carcinogens 

(such as diesel exhaust) (267). A MA of 14 studies demonstrated increased BC risk in 

firefighters (summary risk estimate: 1.12, 95% CI: 1.04-1.21) (268). Although, this increased 

risk is most likely related to the combustion product exposure, firefighters are exposed to 

other factors which are not necessarily related to combustion products such as heat stress, 

radiation and shift work. These factors may also contribute to the increased bladder cancer 

risk (267). It is important to note the individual studies had varying levels of adjustment for 

potential confounders and there was poorly defined exposure information (268). 

 

3.5.6. Dietary Factors 
 

Previous studies investigating diet/fluid consumption and BC risk have yielded inconsistent 

results. The World Cancer Research Fund Continuous Update Project reported that there 

was limited suggestive evidence of reduced BC risk with fruit and vegetables and tea 

intake(269). 

 

3.5.6.1. Regional Diets 
 

A MA of 13 studies (including 646,222 subjects) demonstrated reduced BC risk with high 

adherence to a Mediterranean diet overall (HR: 0.85, 95% CI: 0.77-0.93]). Subgroup analysis 

showed reduced BC risks in males and not in females (270). In contrast, Western diet was 

associated with an exaggerated BC risk overall (HR for highest vs lowest tertile: 1.54, 95% CI: 

1.37-1.72). Subgroup analysis revealed increased risks in males with no observed differences 

noted in females (271). 

 

3.5.6.2. Grain and Fibre 
 

A MA of 13 cohort studies (including 574,726 subjects) reported reduced BC risk with higher 

intake of total whole grain (HR for highest vs lowest tertile: 0.87, 95% CI: 0.77-0.98). Similar 
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findings were reported for total dietary fibre (HR for highest vs lowest tertile: 0.86, 95% CI: 

0.76-0.98)(272).  

 

3.5.6.3. Alcohol 
 

The association between BC and alcohol is controversial. While there was no association 

between increased alcohol intake and BC risk overall in an Australian cohort 226,162 of 

subjects (273), a MA subgroup analysis of a Japanese population demonstrated increased BC 

risk with heavy alcohol consumption (moderate alcohol intake defined as <30g of 

ethanol/day, heavy intake defined as the most heavy volume of alcohol consumed) (RR: 

1.31, 95% CI: 1.08–1.58) (274). Furthermore, heavy consumption of spirit drinks was 

associated with increased BC risk in males (RR: 1.42, 95% CI: 1.15–1.75) (274).  

 

3.5.6.4. Dietary fluid consumption 
 

Previous data on dietary fluid consumption and BC risk have been conflicting. Increased fluid 

may reduce carcinogen exposure by diluting urine. However, increased fluid may increase 

exposure to potential carcinogens such as arsenic. In a MA of 20 studies, while total fluid 

intake did not correlate to BC risk overall, subgroup analysis by sex demonstrated male 

predisposition to BC development with increased fluid intake (RR: 1.37, 95% CI: 1.04-1.81 

for highest vs lowest intakes).  Increased BC risks were also observed with total fluid intake 

> 3000ml/day and with tap water consumption (RR: 1.33, 95% CI: 1.02-1.73 for highest vs 

lowest categories) (275) but not non-tap water. However, most studies evaluated were 

retrospective, and categories of fluid intake were often poorly defined.  

 

3.5.6.5. Caffeine 
 

A pooled analysis of 12 cohorts (including 501, 604 subjects) reported increased BC risk with 

coffee consumption > 500mls per day (HR: 1.56, 95% CI: 1.38-1.77) and 180-500mls per day 

(HR: 1.39, 95% CI: 1.23-1.58) compared to no coffee. However, analysis stratified by sex and 

smoking demonstrated the link was restricted to male smokers suggesting the findings may 

have been influenced by residual confounding of smoking (276).  
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3.5.6.6.  Tea 
 

Greater tea consumption was associated with reduced BC risk overall in a pooled analysis of 

12 cohort studies (HR: 0.84, 95% CI: 0.75–0.95 for high consumption). However, no evidence 

of association was seen for females and never smokers in subgroup analysis(277) suggesting 

a possible modulation of the effect by tobacco carcinogens. This study is limited by the lack 

of granularity in tea consumption data and the lack of data on other potential confounding 

factors e.g. occupation.  

 

3.5.6.7. Cow’s Milk and Dairy 

A Swedish cohort study previously reported a 38% reduced BC risk with high culture milk 

intake (278). However, overall, the literature on dairy products has previously been 

inconsistent. Dairy products were not associated with BC risk overall in a pooled analysis of 

13 studies, but reduced BC risks were seen for yoghurt (HR: 0.85, 95% CI: 0.75-0.96 for 

moderate consumption) (279). This analysis did not adjust for occupation. 

3.5.6.8. Meat and Fish 
 

There has previously been inconsistent data on the relationship between meat and BC risk. 

A MA of 11 studies (including 518, 545 subjects) demonstrated increased BC risk with a high 

intake of organ meat (HR for highest vs lowest tertile: 1.21, 95% CI: 1.05- 1.38). On subgroup 

analysis, fish consumption was linked to lower BC risk in men (HR: 0.79, 95% CI: 0.65- 0.97) 

but not in women (280). This work is limited by a lack of data on food preparation methods 

and other potential BC risk factors such as occupation. 

 

3.5.6.9. Fruits and vegetables 
 

A pooled analysis of 13 cohort studies (including 535, 713 subjects) demonstrated a small 

decrease in BC risk only in women (HR: 0.92; 95% CI 0.85-0.99) with increasing fruit 

consumption by 100g per day but not in men (281). Potential explanations for the sex 

difference include hormonal factors and micturition habits. A pooled analysis of 13 cohort 

studies showed higher intake of total vegetables was associated with reduced BC risk in 
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women but not men (highest vs lowest tertile HR: 0.79, 95% CI: 0.64-0.98)(282). An 

important limitation of these studies is the limited data on confounding factors.  

 

3.5.6.10. Inflammatory Diets 
 

Chronic inflammation has previously been implicated in BC and diet is reported to modulate 

inflammation. Results from three North American prospective cohort studies (Including 218, 

074 subjects) did not demonstrate an association between diets with greater inflammatory 

potential and BC risk (283).  

 

3.5.6.11. Vitamins  
 

A SR of 6 studies evaluated the association between Vitamin D levels and BC. In total, 5 out 

of the 6 studies demonstrated an association between low serum vitamin D levels and BC 

risk (OR ranging from 1.28 to 3.71) (284). The potential mechanism involved with this 

association is poorly understood. However, it has been postulated that bladder cancer 

development may be linked to Toll-like receptor signalling and immune responses 

controlled by vitamin D receptor signalling. Further work is needed to confirm this 

postulated mechanism (284). 

 

Increased BC risk was reported with high vitamin B1 consumption (HR: 1.14, 95% CI: 1.01-

1.29) compared to low consumption. Subgroup analysis showed this association only in 

men. (285). This study is limited by the absence of data on numerous potential confounding 

factors. 

 

3.5.7. Environmental Carcinogens 
 
Arsenic in the drinking water, which the IARC has classified as a group 1 carcinogen (286), 

has established links to BC risk. Air pollution is classified by the IARC as a group 1 carcinogen 

based on associations with lung cancer.   

 

3.5.7.1. Arsenic 
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Although there is significant evidence that high levels of arsenic in drinking water is a risk 

factor for BC, there has previously been uncertainty about the exposure levels required for 

carcinogenicity. A MA of 8 studies specifically evaluating low levels of exposure (exposure 

greater than 150 µg/L was excluded) and did not show a statistically significant increased 

risk of BC with an increase in arsenic levels of 10 µg/L (RR: 1.02, 95% CI: 0.97-1.07) (287). 

This suggests that arsenic is carcinogenic only at higher levels.  

 

3.5.7.2. Air Pollution 
 

Diesel exhaust emissions and outdoor air pollution exposure have been established as  

carcinogens by the IARC based on evidence for lung cancer (group 1)(254, 288) and are both 

reported to have limited evidence for BC. A pooled analysis of 2 case-control studies (5121 

subjects) reported increased BC risk (OR: 1.61, 95% CI: 1.08–2.40) with high level of 

cumulative diesel exhaust exposure (289).   

 

There were no statistically significant associations with BC for air pollution in a pooled 

analysis from a European cohort (290) or a Spanish case control (291).  

 

3.5.7.3. Nitrates 
 

Previous studies on nitrates and BC risk have not been conclusive. A MA of 5 studies showed 

no significant association between nitrates in drinking water and BC risk (292). Most study 

populations were in developed countries with relatively low nitrate concentrations. 

 

3.5.7.4. Trihalomethanes 
 

Drinking water disinfection is a widespread public health measure to protect against 

waterborne infections and the most common disinfectant used globally is chlorine. 

However, disinfection byproducts form as a result of drinking water disinfection and 

trihalomethanes (and haloacetic acids) are the predominant disinfection byproduct classes 

that form following chlorination. Long term exposure to trihalomethanes has previously 

been linked to increased BC risk in case control studies.  In a cohort study of 58,672 

individuals with 16 years of follow-up, there was no association between high drinking 
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water trihalomethane (THM) exposure and BC risk. This study evaluated THM 

concentrations up to around 20 µg/L, reflecting European chlorinated drinking water. 

However, individual drinking water consumption data was lacking (293).  

 

3.5.7.5. Routine Personal Hair Dye Use 
 

Although there is some evidence of increased cancer risk with occupational exposure to hair 

dyes, previous data on personal hair dye use and BC risk have been conflicting. A 

prospective cohort study (including 117, 200 women) reported no significant association 

between ever users of permanent hair dyes and BC (294).  

 

3.5.8. Race and Comparative Genomic Landscape From Various Genomic Ancestries  
 
A UK cohort study of 52, 779, 123 subjects reported lower age standardised rates for BC in 

Asian and black ethnic categories compared to white (295). These data should be 

interpreted with caution as the differences in BC incidence rates between races can reflect 

different smoking patterns and environmental exposures. An analysis of the molecular 

effects of ancestry in cancer demonstrated enrichment in HRAS mutations in BCs from 

patients with East Asian ancestry compared to European ancestry (296).  

 

3.5.9. Socioeconomic position 
 

An analysis of GLOBOCAN data demonstrated positive correlations between gross domestic 

product (GDP) per capita and BC incidence in men (r=0.48) and women (r=0.44). However, 

this association was not significant in multivariable linear regression adjusting for tobacco 

smoking(297).  

 

A cohort study reported higher BC incidence in more deprived socio-economic groups in 

Canada (based on income and education levels) over an 18-year period (298). An important 

drawback of these is the absence of data on smoking. 
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3.5.10. Physical Activity 
 
A North American prospective cohort study of 141 288 post-menopausal women 

demonstrated reduced BC risk with more physically activity (≥15 MET [metabolic equivalent 

of task] hours/week of total physical activity HR: 0.74, 95% CI: 0.59-0.94, ≥8.75 MET 

hours/week of walking HR: 0.79, 95% CI: 0.63-0.98, and ≥11.25 MET hours/week of 

moderate to vigorous activity HR: 0.76, 95% CI: 0.61-0.94 (299). In contrast, data from a 

Japanese cohort of 76, 795 subjects (300) and Korean cohort of 162, 220 subjects(301) 

reported no association with BC risk.   

 

3.5.11. Gene-Environment Interaction 
 

N-Acetyltransferase 2 and Glutathione S transferases are enzymes involved in the 

detoxification of carcinogens linked to BC such as arylamines and polyaromatic 

hydrocarbons. Previous reports on the role of N-Acetyltransferase 2 (NAT-2) and 

Glutathione S transferase (GSTM1, GSTT1) gene polymorphisms and BC risk have been 

inconsistent.  

 

In a MA of 54 case-control studies (including 31, 929 subjects), the slow acetylator genotype 

of NAT-2, an enzyme important for catalysing N-acetylation of arylamines, was associated 

with increased BC risk compared to the rapid and intermediate genotype (OR: 1.46, 95%: 

1.30-1.63) (302).  

 

An analysis of genetic associations of plasma metabolites revealed an association between 

caffeine metabolite 5-acetylamino-6-formylamino-3-methyluracil (AFMU), a potential BC 

carcinogen which is a product of NAT2 activity, and single nucleotide polymorphism (SNP) 

rs1495741 near the N-acetyltransferase 2 (NAT2) gene which showed linkage disequilibrium 

with a SNP, rs35246381, that has previously been reported to be associated with urinary 

AFMU (303). 

 

A MA of 84 studies demonstrated that both the GSTM1 and GSTT1 null genotypes, were 

associated with increased BC risk in the overall population (OR: 1.40, 95% CI: 1.31–1.48 for 

GSTM1 and OR:1.11, 95% CI: 1.01-1.22 for GSTT1)(304). A MA of 34 case control studies 
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showed the GSTP1 gene polymorphism (313 A/G rs1695) was also associated with increased 

BC risk (GG vs AA; OR: 1.33, 95% CI 1.04–1.69) (305). 

 

A SR of 5 studies demonstrated arsenic (+3 oxidation state) methyltransferase (AS3MT) 

gene polymorphisms (rs3740393 and rs11191438 polymorphisms) were associated with 

increased BC risk potentially because of regulating inorganic arsenic metabolism (306).  

 

3.5.12. Urinary Tract Inflammation 
 
3.5.12.1. Urinary Tract Infection 
 

Whilst the association between schistosomiasis, an infectious disease caused by parasitic 

flatworms called schistosomes, and BC risk (squamous cell carcinoma of the bladder) is well 

established (254), the association with non-schistosomiasis urinary tract infection is less well 

defined. A MA of 8 studies demonstrated increased BC risk with urinary tract infections (RR 

1.33, 95% CI: 1.14–1.55) (307) 

 

3.5.12.2. Neurogenic Bladder and Long-Term Catheter 
 

Neurogenic bladder is a broad term used to refer to bladder dysfunction caused by diseases 

of the central and peripheral nervous system such as stroke, Parkinson’s Disease, spinal cord 

injury and spina bifida. Patients with neurogenic bladders can have bothersome urinary 

tract symptoms such as hesitancy, poor stream, urgency and frequency. They may also have 

urinary retention or urinary incontinence and may require catheterisation to manage this 

(308).  

 

There have been previous reports of increased BC risk in neurogenic bladder patients with a 

higher incidence of squamous cell histology, but the causes are unclear. The proposed 

pathophysiology is secondary to chronic irritation due to long term catheters and recurrent 

urinary tract infections. A cohort study with 7004 subjects reported that BC was diagnosed 

in 0.5% of spinal cord injury (SCI) patients. 95% of BCs had a >10 years latency between the 

onset of SCI and BC diagnosis. Long-term catheters (LTC) were the bladder emptying 

method in 22% of BC cases suggesting a BC risk independent of LTCs. An important 
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limitation is the absence of data on key BC risk factors i.e. smoking (309). A SR of 15 studies 

reported a comparable overall incidence of BC of 0.33% (Range: 0.11%-7.4%) in the 

neurogenic bladder population (310) (vs 0.5% in spinal cord injury patients in Bothig et al 

2020 described above) (309). 

 

A Canadian cohort study of 147, 612 subjects demonstrated increased BC risk with LTCs (HR: 

4.80, 95% CI: 4.26-5.42). BC risk was highest among patients in the two longest catheter 

duration quintiles (2.9–5.9 and 5.9–15.5 years) (311). It is important to note that there could 

be a detection bias as patients with neurogenic bladder and long-term catheters are more 

likely to be under regular hospital follow up. 

 

3.5.12.3. Urolithiasis 
 

Previous work on urolithiasis and BC has been inconsistent. A MA of 13 studies 

demonstrated an increased risk of BC in patients with urolithiasis (OR: 1.87, 95% CI, 1.45–

2.41) (312). This may be due to the associated chronic irritation and inflammation. The BC 

risk was increased with bladder stones (OR: 2.17, 95% CI: 1.52-3.08) and kidney stones (OR: 

1.39, 95% CI: 1.06-1.82). Important potential confounders such as smoking occupation were 

not adjusted for the majority of included studies. There is also a potential surveillance bias 

as patients with urolithiasis are likely to have had more follow up imaging than the general 

population. 

 

3.5.12.4. Benign Prostate Hyperplasia and Bladder Diverticulae 
 

BPH has previously been proposed as a risk factor possibly due to prolonged contact time of 

urothelium with urine carcinogens, but the data has been inconsistent. A retrospective 

cohort of 35,092 subjects demonstrated increased BC risk with BPH (HR: 4.11, 95% CI:  2.70–

6.26) (313).  

 

A cohort study of 10, 662 subjects demonstrated increased BC risk with bladder diverticulae 

(HR: 2.63, 95% CI: 1.74–3.97) (314). This may be due to prolonged urothelial contact with 
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urinary carcinogens due to urinary stasis. This study did not evaluate the association 

between bladder diverticulae and intra diverticulae BCs specifically. 

 

3.5.13. Medical Conditions (This section was written with assistance from a collaborator: 
Dr Sean Ong, University of Melbourne, Australia) 
 

Previous studies have evaluated medical conditions, but the evidence for certain conditions 

has been inconsistent. As numerous medical conditions and treatments are intrinsically 

linked, it is difficult to ascertain the effect of specific conditions and treatments on BC risk.  

 

3.5.13.1. Pelvic Radiotherapy  
 

Previous studies investigating secondary BC following pelvic radiotherapy (RT) have had 

inconsistent results. A cohort study of 440, 792 subjects with six years follow-up reported 

increased BC risk with external beam radiotherapy (EBRT) for prostate cancer compared to 

radical prostatectomy (HR: 1.41, 95% CI: 1.33-1.51) (315). There were similar findings in a 

cohort of 84,397 subjects (316) and a MA of 15 studies (including 619, 479 subjects) (317).  

A cohort study (including 318, 058 subjects) with a median follow up of approximately 10 

years demonstrated increased BC risk with brachytherapy (HR 1.58; 95% CI 1.46-1.72) (318). 

Whole exome sequencing of muscle invasive BCs demonstrated distinct genomic profiles in 

BCs with previous RT (increased frequency of short insertions and deletions [indels])(319). 

 

Increased secondary BC risks were also reported following RT for gynaecological cancer (HR: 

2.69, 95% CI: 2.29-3.16)(320). 

 

3.5.13.2. Obesity  
 

Previous data on obesity and BC risk is inconsistent. A cohort study of 11, 823, 876 men 

demonstrated increased BC risks with higher BMI categories but only in participants with 

waist circumference>90cm suggesting abdominal obesity to play a key role (321).  

 

A pooled analysis of 6 cohort studies (including 811, 633 subjects) showed no significant 

association between raised BMI and BC risk overall in men but and an inverse association 
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between raised BMI and BC risk overall in women (HR: 0.90, 95% CI: 0.82-0.99). Analysis of 

BC subtypes showed an association between raised BMI and NMIBC in men (HR: 1.09, 95% 

CI: 1.01-1.18) (322).  This study is limited by lack of data on potential confounders such as 

co-morbidities and physical activity. 

 

3.5.13.3. Metabolic syndrome 
 

Previous research on metabolic syndrome (which comprises central obesity, insulin 

resistance, hypertriglyceridemia, hypercholesterolaemia, hypertension and reduced high 

density lipoprotein [HDL]) and BC risk has been inconclusive. A SR and MA of 4 studies 

demonstrated increased BC risk with metabolic syndrome (RR 1.09, 95% CI, 1.02 to 1.17) 

(323). This study did not specify the confounding factors that were adjusted for in individual 

studies and there may be a confounding effect from medications.  

 

3.5.13.4. Diabetes 
 

In a cohort of 95, 796 subjects, there was no significantly increased risk of BC in the T2DM 

group after 16 years follow up (324). Similar findings were reported in a cohort of 148, 208 

women (325). However, increased BC risk were reported in a Korean cohort of over 25 

million subjects with a mean follow up period of 8.6 years (HR: 1.28, 95% CI: 1.23-1.33). This 

study is limited by potential misclassification of diabetic subjects and did not adjust for 

smoking and diabetic medications (326). 

 

3.5.13.5. Hypertension and Hyperlipidaemia  
 

A pooled prospective cohort study of 811, 633 men and women reported no association 

between raised cholesterol and BC risk. However, there was increased BC risk with 

increasing blood pressure in men (HR: 1.09, 95% CI: 1.02-1.17) but not women. An 

important limitation is the potential confounding effect of drug treatments, occupational 

and environmental exposures on the results (322). 

 

3.5.13.6. Stroke 
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A cohort study of 944, 633 subjects reported increased BC risk in the stroke population (HR 

1.43; 95% CI: 1.17-1.76) (327). However, smoking status and other specific medical co-

morbidities were not adjusted for. 

 

3.5.13.7. Asthma  
 

Previous reports on asthma or atopic disease and BC risk have had inconsistent results. A 

MA of 7 studies (2, 171, 549 subjects) found an increased BC risk in patients with current or 

previous asthma (HR 1.46; 95% CI: 1.18–1.80)(328). A proposed mechanism is associated 

oxidative stress, reactive oxygen species and resulting DNA damage.  

 

3.5.13.8. Autoimmune and Rheumatological Conditions 
 

A MA of 10 cohort studies reported increased BC risk (HR 1.92; 95% CI 1.15–3.21) with 

systemic lupus erythematosus (SLE) (329). Similar findings have been reported for vasculitis. 

A cohort study of 9910 subjects reported increased BC risk with antibody-associated 

vasculitis (AAV) (HR: 2.70 95% CI: 1.20-6.10) (330). Similarly, a cohort study of 359, 860 

subjects reported increased BC risk with gout (HR 1.15 95% CI: 1.01-1.30)(331). These 

studies did not adjust for treatments in their analyses. There was no significant association 

between Inflammatory Bowel Disease (IBD) and BC risk in two MAs (332, 333). 

 

3.5.13.9. Solid Organ Transplantation 
 

Several studies have previously reported increased BC risk following kidney transplant 

believed to be due to immunosuppressive therapy. However, there have also previously 

been conflicting reports. A cohort study (including 3069 subjects) reported an incidence of 

solid organ malignancy of 3.6% in kidney transplant recipients. Of the solid organ 

malignancies reported, 5.3% were BCs (0.20% BC overall in kidney transplant patients)(334).  

 

A study of 11,004 liver transplant patients reported a risk of de novo malignancy of 2.1% at 

1 year, 13% at 5 years and 28% at 10 years. Of the reported malignancies, 1.1% were BCs 

(335). It is important to note that the potential effect of key BC risk factors such as smoking 

were not considered. 
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3.5.13.10. Associations with other cancers 
 

A cohort study of 10,734 men with non-seminoma testicular cancer demonstrated increased 

BC risk compared to the general population (SIR: 1.47, 95% CI: 1.07- 1.59) potentially related 

to effects of cisplatin-based chemotherapy, radiation from surveillance imaging and 

radiotherapy (336). 

 

3.5.14. Medications (This section was written with assistance from Dr Sean Ong, 
University of Melbourne, Australia) 
 

The IARC has classified cyclophosphamide and chlornaphazine as having sufficient evidence 

for BC (254). Exploratory evidence showed increased BC risks for pioglitazone(337, 338), 

ranitidine (339), levothyroxine(340) and angiotensin 2 receptor blockers (341). No 

significant association was seen for SGLT2 inhibitors (342), Metformin (343), Aspirin (344, 

345), Statins (346), ACE inhibitors, calcium channel blockers or diuretics(341). There were 

mixed results for reports on androgen deprivation therapy (347) and 5- alpha reductase 

inhibitors (348-350). 

 

3.6. Summary 
 

BC is a significant global health problem. Whilst the incidence of BC has not significantly 

changed globally, increased incidence and mortality have been noted in specific regions of 

the world likely to represent evolving carcinogen exposures. Smoking and specific 

occupational exposures are the most established risk factors. There is emerging evidence for 

a number of risk factors including specific dietary factors, gene-external risk factor 

interactions, and pelvic radiotherapy.  
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Chapter 4.  Analysis of the Distal Urinary Tract in Larval and Adult 
Zebrafish Reveals Homology to the Human System. 
 
Work in this chapter contributed to the following publication: 

 

Jubber I, Morhardt DR, Griffin J, Cumberbatch MG, Glover M, Zheng Y, Rehman I, Loynes CA, 

Hussain SA, Renshaw SA, Leach SD, Cunliffe VT, Catto JWF. Analysis of the distal urinary tract 

in larval and adult zebrafish reveals homology to the human system. Disease models & 

mechanisms. 2023;16(7). 
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4.1. Introduction 
 

The urinary tract is essential for the regulation of extracellular fluid and the excretion of 

metabolites. In humans, the urinary tract is composed of a multifunctional kidney, with 

excretory, metabolic, and endocrine roles, and an excretory component. The excretory 

component comprises two propulsive drainage tubes (ureters) leading to a contractile 

expansive storage vesicle (urinary bladder) with intermittent outflow via the urethra. 

Micturition (passing urine) occurs under voluntary and involuntary neurological control. The 

embryological development of the urinary tract is characterised by complex interactions 

between various tissues.  

 

In humans, the distal excretory component of the urinary tract begins development at 

approximately 4 weeks gestation. The cloaca is partitioned by the uro-rectal septum to form 

the ventral urogenital sinus and the dorsal anorectal canal. The urogenital sinus develops 

into the urinary bladder and urethra. The mesonephric ducts fuse with the urogenital sinus 

and the ureteric bud develops as an outgrowth from the distal mesonephric duct. The 

ureteric bud is involved in reciprocal induction events with the metanephric mesenchyme 

giving rise to the collecting ducts, renal pelvis, and ureters. The distal mesonephric duct and 

ureteric bud undergo a remodelling process whereby the ureters fuse with the urogenital 

sinus and subsequently migrate superiorly and laterally to form the vesicoureteric junctions 

and the trigone. The distal mesonephric ducts migrate inferiorly to empty into prostatic 

urethra and forms the ejaculatory duct (Figures 1 and 2) (351). 

 

The resultant excretory system is lined by urothelium; a multi-layered epithelium with a 

terminally differentiated superficial layer as well as intermediate and basal cell 

compartments (352). The superficial layer is composed of ‘umbrella cells’ which are 

characterised by the expression of uroplakin proteins. Uroplakin proteins are from a 

superfamily of tetraspanins and highly evolutionarily conserved across species (353). They 

form an asymmetric unit membrane on the apical surface of the superficial urothelial layer 

and are expressed on the cell membrane and within the cytoplasm. Uroplakin proteins have 

been reported to have barrier function with respect to water permeability (354, 355). There 

are 4 important members in humans: Uroplakin-1a, 1b, 2, and 3. Basal cell layers express 
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transcription factor tumour protein 63 (TP63 or p63) (356) and high molecular weight 

cytokeratins such as cytokeratin 5 (KRT5) (357). 

 

Danio rerio (zebrafish) models have been used to study the biology of the kidney. The 

zebrafish embryonic and larval kidney (pronephros) is comprised of two crescent shaped 

nephrons fused in the midline that course from the glomerulus to the pronephric ducts and 

cloaca (32). The mesonephros (the permanent adult kidney structure in zebrafish) develops 

at around 10 days post fertilisation (dpf) during the transition from larva to juvenile as the 

osmoregulatory demands of the fish increase (23). Whilst the zebrafish kidneys have been 

well characterised, the distal excretory component of the urinary tract is not well studied 

and it is unclear whether a bladder and urethra exist or if urine exits the body separately 

from the intestinal tract (26, 358).  

 

Here we describe the zebrafish distal excretory urinary tract. We identify features similar to 

those observed in larger teleosts and mammals, including a urinary bladder that leads to a 

distinct urethra transporting urine externally.  

 

4.2. Results 
 

4.2.1. Uroplakin Genes in the Zebrafish 
 

As uroplakin expression is characteristic of human urothelium, we searched for conserved 

orthologues within the zebrafish genome. We identified three candidate genes: uroplakin-

1a (ENSDARG00000021866.9), uroplakin-2-like (ENSDARG00000103164.2) and uroplakin-3-

like (ENSDARG00000092872.2). Uroplakin-1b is a uroplakin gene which exists in mammals 

but not in zebrafish. Protein alignment of the zebrafish and human uroplakin genes revealed 

structural homology and inter-species conservation (Figure 23). Uroplakin-1a is a member of 

the tetraspanin superfamily of transmembrane proteins, which have 4 transmembrane 

helices (3 clustered towards the N terminus and 1 at the C terminus). Uroplakin-2 and 3 

have a single transmembrane domain towards the C terminus. 
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Mammalian Uroplakin-1a and 1b interact with Uroplakin-2 or 3a to form two heterodimers 

that can subsequently exit the endoplasmic reticulum. The two components of this dimer 

(1a/1b and 2/3a) function together as a unit (353). 
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(a)  Uroplakin 1a, (b) Uroplakin 2, (c) Uroplakin 3a. SnapGene® software (from Dotmatics; available at 
snapgene.com) used for alignment. Human sequence used as reference. Alignment highlighted in 
green. 

 
 

Figure 23. Alignment of Human, Mouse and Zebrafish Uroplakin Protein Amino Acid Sequences. 
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4.2.2. Uroplakin-1a mRNA Expression in the Zebrafish Larval Pronephros 
 

Uroplakin-1a is the most highly conserved uroplakin and the only member present in 

zebrafish from the Uroplakin-1a/1b component of the dimer. Uroplakin-1a is known to line 

the urothelium in the human urinary tract (urethra, urinary bladder, ureters and renal 

collecting system) and is highly specific.  

 

The zebrafish pronephros is a functioning urinary tract system which starts to function at 

around 48 hours post fertilisation. The zebrafish pronephros continues to function during 

the larval stages and represents the precursor to the final zebrafish urinary tract, the 

mesonephros.  

 

In order to determine homology between the human urinary tract and the zebrafish 

pronephros (early urinary tract), in situ hybridisation for uroplakin-1a was performed.  We 

observed uroplakin 1a expression from around 96 hpf (hours post fertilization) in the 

zebrafish larval pronephros (Figure 24).  
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(a) uroplakin-1a expression in the cloaca (Black arrow) at 96 hours post fertilisation (hpf) in the lateral 
view.  (b) uroplakin-1a expression in the two pronephric ducts (red arrows) as they drain from the 
kidney towards the cloaca at 120 hpf in the ventral view.  (c) Sense Control for Uroplakin 1a In Situ 
Hybridisation in Zebrafish larvae at 96 hpf. Scale bar= 50μm. Scale bars=50μm. Images shown are 
from 1 experiment. Performed by technician Maggie Glover. 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 24. Expression of uroplakin 1a in Zebrafish Larvae Using in situ Hybridisation.  
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4.2.3. Histological Comparison Between Zebrafish and Human Excretory Urinary Tracts 
 

To explore any similarity between the anatomical structures of zebrafish and human 

excretory urinary tracts, we sectioned and stained adult zebrafish from the kidney to the 

cloacal region in transverse, coronal and sagittal orientations. Microscopy revealed two 

mesonephric ducts leaving the distal kidney, traveling inferiorly and caudally before fusing 

into a single collecting vesicle, with features of a urinary bladder (Figure 25). This structure 

closely resembles the ureters and urinary bladder in humans. In contrast to human 

urothelium (which has multiple layers and different cell types), the zebrafish urinary bladder 

epithelium appeared one to two cells thick and all cells had a similar appearance (regardless 

of luminal proximity). 

 

Similarities between adult zebrafish and humans were also observed in the anatomy and 

morphology of the urinary tract structures distal/inferior to the urinary bladder. The urinary 

bladder in adult zebrafish, as for humans, leads to a urethra and urethral orifice which 

excretes urine (Figure 26). Furthermore, H&E and Masson’s trichrome staining 

demonstrated that the urethra in both males and female adult zebrafish is lined by an 

epithelial layer surrounded connective tissue rich in collagen (Figure 26). This histological 

characteristic is also present in the human urethra. In female adult zebrafish, the urethra 

and oviduct are separate tubes throughout their lengths (Figure 26). However, in male adult 

zebrafish the ejaculatory duct joins into the urethra, enabling ejaculation to occur via the 

urethra, which closely resembles ejaculation in male humans (Figure 26).  
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 H&E-stained adult zebrafish (female) sections in transverse orientation from cranial to caudal. (a) 
Kidney (black dotted outline) converges onto two mesonephric ducts (Black arrows). (b) Two 
mesonephric ducts (black arrows) inferior to kidney in retroperitoneum. (c) The two mesonephric 
ducts unite into a single urinary bladder (black dotted outline) lined by epithelial cells (red arrow). (d) 
Inferior aspect of urinary bladder (black dotted outline). Images shown are of sections from 1 adult 
zebrafish. Scale bars=50μm. Histological staining performed by histology technician Maggie Glover. 
 

 

 

 

 

 

Figure 25. Anatomy of Adult Zebrafish Mesonephric Ducts and Urinary Bladder. 
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(a) H&E stain (sagittal orientation) of adult female zebrafish cloacal region demonstrating distinct and 
separate urethral orifice (black arrow), oviduct (red arrow) and rectum (black triangle). (b) Masson’s 
trichrome demonstrating connective tissue (light green colouration, black arrow) surrounding female 
urethra. (c) H&E stain (coronal orientation) of adult male zebrafish cloacal region demonstrating 
urethra (black arrow), ejaculatory duct (red arrow). (d) H&E stain (coronal orientation) of adult male 
zebrafish cloacal region demonstrating ejaculatory duct (red arrow) opening into urethra (black arrow) 
and distinct separate rectum (white arrow). (e) Masson’s trichrome stain of male adult cloacal region 
(coronal orientation) demonstrating muscle fibres surrounding ejaculatory duct (red arrow) and 
connective tissue (light green colouration, black triangle) surrounding urethra (black arrow). (f) 
Masson’s trichrome stain of male zebrafish urethra at higher magnification. Scale bars =50μm for (a-
e) and 20μm for (f). Images shown are of sections from 2 adult zebrafish (Male and female) for 
Masson’s trichrome staining. Histological staining performed with assistance from histology technician 
Fiona Wright. 
 

 

a. b.

c. d.

e. f.

Figure 26. Anatomy of Adult Zebrafish Urethra. 
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To understand protein conservation between the zebrafish and human excretory urinary 

tracts, we determined the expression of various proteins that are characteristic of human 

urothelium.  

 

GATA3 is a pioneer transcription factor and urothelial differentiation marker that is highly 

expressed in normal human urothelium (359). Amino acid alignment of zebrafish and human 

GATA3 proteins revealed significant homology (Figure 27). Immunohistochemistry revealed 

strong nuclear GATA3 expression in the zebrafish urothelium that matches human urothelial 

expression (Figure 28).  

 

 

GATA3 primary Ab directed towards N terminus region of human GATA3 protein (Dotted red). Amino 
acid alignment performed using the online National Center for Biotechnology Information (NCBI) 
BLAST tool (233).  
 
 
 
 
 
 

Figure 27. Alignment of Human and Zebrafish GATA3 amino acid sequences.  
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(a)  Hematoxylin and eosin stain of coronal zebrafish urinary bladder section and (b) Human urinary 
bladder sections for reference. (c) Nuclear expression of Gata3 in zebrafish urinary bladder 
urothelium (black arrow). (d) Nuclear expression of GATA3 in human urinary bladder urothelium (red 
arrow). (e) GATA3 antibody stain on zebrafish tail shown for negative control. (f) GATA3 antibody 
stain on human bladder lamina propria and detrusor muscle shown for negative control. Zebrafish 
images shown are of sections from 1 adult zebrafish. Scale bar=20μm for (a) and (c). Scale 
bar=50μm for (b), (d) and (e). Scale bar = 200μm for (f). 
 

 

Figure 28. Expression of GATA3 in Zebrafish and Human Urinary Bladder Tissue Sections 
Using Immunohistochemistry.  
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Uroplakins are tetraspanin dimers that are characteristic of mammalian urothelium (352). 

Amino acid sequence alignment demonstrated similarities between human and zebrafish 

sequences (Figure 29). Immunohistochemistry revealed cytoplasmic and membranous 

expression of Uroplakin-1a and Uroplakin-2l within the epithelium of the zebrafish urinary 

bladder and mesonephric duct, in a pattern similar to that seen in human urothelium 

(Figure 30).  

 

 
Figure 29. Alignment of Human and Zebrafish Uroplakin-1a and Uroplakin-2 Amino Acid 
Sequences.  
(a)  Alignment of Human and Zebrafish Uroplakin-1a amino acid sequences (Uroplakin 1a primary Ab 
directed towards amino acids 100-150 of human Uroplakin1a protein (Dotted red). (b) Alignment of 
Human and Zebrafish Uroplakin 2 amino acid sequences (Uroplakin 2 primary Ab directed towards 
last 50 amino acids (C terminus) of human Uroplakin-2 protein (Dotted red). Note human Uroplakin 2 
protein is 184 amino acids in length. Amino acid alignment performed using the online National 
Center for Biotechnology Information (NCBI) BLAST tool (233). 
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(a) Cytoplasmic and membranous expression of urothelium-specific protein Uroplakin 1a (Upk1a) in 
zebrafish urinary bladder urothelium. (b) Cytoplasmic UPK1A expression in human urinary bladder 
urothelium. (c) Uroplakin-2l (Upk2l) expression in zebrafish urinary bladder. (d) UPK2 expression in 
human urinary bladder. (e) Upk2l expression in zebrafish mesonephric duct epithelium. (f) UPK2 
expression in human ureter urothelium. Scale bar= 20μm for (a), (c) & (e). Scale bar=50μm for (b) & 
(d). Scale bar= 100μm for (f). Representative images shown are of sections from 1 adult zebrafish. 
IHC Performed by technician Maggie Glover, University of Sheffield. 
 

a. b.

c. d.

e. f.

Figure 30. Expression of Uroplakins in Zebrafish and Human Urinary Bladder Tissue Sections 
Using Immunohistochemistry.  
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Having demonstrated expression of proteins found in the superficial urothelial layer, we 

next sought to perform immunohistochemistry for known markers of human basal 

urothelial layers KRT5 (357) and basal and stem cell marker CD44 (360). The immunogen for 

the CD44 antibody was the full length 361 amino acid human protein and the immunogen 

for the KRT5 antibody is the full length 590 amino acid human KRT5 protein.  Amino acid 

alignments for zebrafish and human KRT5 and CD44 revealed significant homology for KRT5 

and a small amount of homology for CD44 (Figure 31).  

 

Cytoplasmic KRT5 expression was confirmed in both the zebrafish urinary bladder and 

mesonephric duct epithelium. However, there was a difference between the expression of 

KRT5 between zebrafish and human urothelium: KRT5 was expressed throughout the 

zebrafish urinary epithelium but only in the basal cell layer of the human urothelium (Figure 

32). The basal and stem-like marker CD44 showed cytoplasmic expression in the zebrafish 

urinary bladder urothelium in a similar manner to the human urinary bladder urothelium 

(Figure 32).  

 

No primary antibody controls for immunohistochemistry are shown in Figure 33. 
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(a) Zebrafish Cd44b and human Cd44 sequences aligned using online BLAST tool. Homology is seen 
to human Cd44. Sequence homology is seen between at human amino acid sequences 27-134 (N 
terminus region) and human amino acid sequence 666-717 (C-terminus region). Note that human 
CD44 amino acid sequence is 742 amino acids long and zebrafish CD44b amino acid sequence is 
405 amino acids long. (b) Zebrafish and human CK5 sequences aligned using online BLAST tool. 
Homology is seen to human CK5 amino acids 137-482. Note that human cytokeratin 5 is 590 amino 
acids long. Amino acid alignment performed using online National Center for Biotechnology 
Information (NCBI) BLAST tool (233). 
 
 

 

 

 

 

 

Figure 31. Amino acid Alignment of Zebrafish and Human CD44 and Cytokeratin 5 Sequences.  
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(a) Cytoplasmic expression of Krt5 in zebrafish urinary bladder urothelium. (b) Cytoplasmic KRT5 in 
human urinary bladder urothelium. (c) Cytoplasmic Krt5 expression in zebrafish mesonephric duct 
epithelium. (d) Cytoplasmic KRT5 expression in human ureter urothelium. (e) Cytoplasmic CD44 
expression in zebrafish urinary bladder urothelium. (f) Cytoplasmic CD44 expression in human urinary 
bladder urothelium. Scale bar = 20μm for (a), (c), (e). Scale bars=50μm for (b) and (f). Scale 
bar=100μm for (d). Images shown are of sections from 1 adult zebrafish. 
 

a. b.

c. d.

e. f.

Figure 32. Expression of Urothelial Basal Cell Layer Markers in Zebrafish and Human Urinary 
Bladder Tissue Sections Using Immunohistochemistry. 
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 (a) No primary antibody control for biotinylated goat anti-rabbit secondary antibody, (b) No primary 
antibody control for biotinylated rabbit anti-goat secondary antibody. (c) No primary antibody control 
for biotinylated goat anti-mouse secondary antibody. (d) No primary antibody control for biotinylated 
goat anti-rabbit secondary antibody. (e) No primary antibody control for biotinylated goat anti-mouse 
secondary antibody. (f) No primary antibody control for biotinylated rabbit anti-goat secondary 
antibody. Scale bars= 50μm. 
 

 

 

Figure 33. Negative (No Primary Antibody) Controls for Immunohistochemistry. 
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Masson’s trichrome straining demonstrated that the wall of the zebrafish mesonephric 

ducts and urinary bladder have a connective tissue layer rich in collagen deep to the 

epithelial layer. Similar to the zebrafish mesonephric duct, the human ureter also has a 

connective tissue layer deep to the epithelial layer (Figure 34). However, the human ureter 

has a muscle layer deep to the connective tissue (lamina propria) layer which is not present 

in the zebrafish mesonephric duct. Masson’s trichrome staining demonstrated the zebrafish 

urinary bladder wall has, deep to the epithelial layer, a connective tissue layer and a deeper 

thin layer of muscle fibres. The structure of the human urinary bladder wall follows a similar 

pattern (Figure 34). 
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(a) Masson’s trichrome stain of zebrafish mesonephric duct sections (coronal orientation) 
demonstrating connective tissue layer (light green colouration, black arrow) deep to epithelial layer 
(black triangle). (b) Masson’s trichrome of human ureter section, for comparison, demonstrating 
connective tissue layer (light green colouration, black arrow) deep to epithelial layer (black triangle) 
and muscle layer (white arrow). (c) Masson’s trichrome stain of zebrafish urinary bladder section 
(Coronal orientation) demonstrating, deep to epithelial layer (black triangle), a connective tissue layer 
(light green colouration, black arrow) and thin muscle fibres (red fibres, red arrow). (d) Masson’s 
trichrome stain of human urinary bladder section demonstrating, deep to epithelial layer (black 
triangle), a connective tissue layer (light green colouration, black arrow) and a muscle layer (red 
fibres, red arrow). Scale bar=20 μm for (a), 250 μm for (b), 10 μm for (c) and 200 μm for (d). Images 
shown are of sections from 1 adult zebrafish. Performed with assistance from Fiona Wright, histology 
technician, University of Sheffield. 
 

 

 

 

 

 

 

a. b.

c. d.

Figure 34. Structure of Zebrafish Mesonephric Duct and Urinary Bladder Wall. 
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4.2.4. Change in Excretory Urinary Tract Morphology Over Time 
 

I performed optimisation of a technique to dissect open zebrafish and perform fluorescence 

microscopy of their urinary tract in order to characterise the reporter gene expression in 

specific regions of the urinary tract in another adult zebrafish line (Data shown in Chapters 5 

and 6). This optimisation was carried out on the Tg(mpx:GFP)i114 zebrafish line (217), which  

is a transgenic reporter line with green fluorescent protein (GFP) expression in neutrophils. 

As the zebrafish kidney is also the site of haematopoiesis, the Tg(mpx:GFP)i114 zebrafish 

line would be likely to have GFP expression in the adult zebrafish kidney and thus would 

serve as a good positive control to show, as a proof of concept, that the technique of 

dissecting open zebrafish and performing fluorescence microscopy of their urinary tract was 

working.  

 

During the process of imaging the Tg(mpx:GFP)i114 zebrafish line, it was noticed, for the 

first time, that this line labelled the zebrafish urinary tract (tubules, mesonephric ducts and 

urinary bladder) and gut in addition to neutrophils. As there are, to date, no available 

transgenic zebrafish reporter lines that label the zebrafish excretory urinary tract and 

urinary bladder, this presented an opportunity to use this line to evaluate the embryological 

development of the zebrafish urinary tract with respect to morphology.    

 

At 2 weeks and 3 weeks post fertilisation, the GFP expression was localised to the gut, distal 

pronephros and neutrophils. The distal pronephros/mesonephros, which likely represents 

the precursor to the urinary bladder, had a tubular appearance. By 4 weeks post 

fertilisation, the GFP expression was localised to the renal tubules, ducts, and the most 

distal excretory urinary tract i.e. the urinary bladder. At this stage, the urinary bladder still 

had a tubular like appearance (Figure 35). By 6 weeks post fertilisation, the urinary bladder 

became a saccular/expansile structure, and this persisted to adulthood (Figure 36).  

 

 

 

 

 



 171 

 

 

(a-c) GFP expression distal urinary tract (White arrow) at 2 weeks post fertilisation (Lateral 
Orientation). GFP expression in gut (white asterix) and neutrophils (Red dotted square on zebrafish 
and red dotted square showed at higher zoom below zebrafish) also shown. (d-f) GFP expression 
distal urinary tract (White arrow) at 3 weeks post fertilisation (Lateral Orientation). GFP expression in 
gut (white asterix) and neutrophils (Red dotted squares on whole zebrafish in (c) and (f)) also shown.  
 

 

 

Figure 35. Analysis of Morphological Development of the Zebrafish Urinary Bladder Using 
GFP expression in the TgBac(mpx: GFP) i114 Zebrafish Line Between 2- and 3- Weeks Post 
Fertilisation. 
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Ventral abdominal wall incised open, urinary tract exposed (gut, gonads and swim bladder removed) 
and ventral surface of dorsal abdominal wall imaged. (a-b) 4 weeks old, (c-d) 6 weeks old, (e-f)) Adult 
(>3 months). Zebrafish urinary bladder develops from a tubular structure at 4 weeks old to a 
saccular/expansile structure at 6 weeks to adulthood. 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 36. Analysis of Morphological Development of the Zebrafish Urinary Bladder Using GFP 
Expression in the TgBAC(mpx: GFP)i114 Zebrafish Line Between 4-Weeks Post Fertilisation and Adult 
Stages. 
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4.2.5. Characterisation of Adult Zebrafish Urinary Bladder Morphology Using 
TgBAC(mpx:GFP)i114 Line 
 

Having shown for the first time that the TgBAC(mpx:GFP)i114 zebrafish line, in addition to 

labelling the neutrophils, also labels the distal urinary tract throughout the lifecycle of the 

zebrafish, it was possible to characterise, in detail, the morphological structure and 

anatomical relations of the adult zebrafish urinary bladder (Figure 37). Since the MPO gene 

(Myeloperoxidase, the human orthologue of the promoter used in the zebrafish 

TgBAC(mpx:GFP)i114 line) is not known to be expressed in the human urinary bladder (361, 

362), this labelling of the urinary bladder in the TgBAC(mpx:GFP)i114 zebrafish line is likely 

to be due to position effects. This is a phenomenon whereby upstream or downstream gene 

promoters or enhancers, both within the BAC and at the genome insertion site of the BAC, 

can potentially drive reporter gene expression in tissues that are not associated with the 

zebrafish mpx gene promoter. 

 

Two mesonephric ducts (analogous to ureters) run, in parallel, along the dorsal abdominal 

wall of adult zebrafish with approximately 1000μm in between them. Macroscopically, this 

region of the dorsal abdominal wall is pigmented which is best visualised in the brightfield 

channels. The two mesonephric ducts converge at the caudal aspect of the dorsal 

abdominal wall to a single urinary bladder. The urinary bladder is approximately 2000μm in 

length and saccular in shape. It tapers inferiorly and caudally to a narrow urethra (Figure 

37).  
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 Ventral abdominal wall incised open, urinary tract exposed and left lateral abdominal wall removed. 
(a-d): Ventral aspect of urinary tract on dorsal abdominal wall imaged. (e-f): Lateral aspect of urinary 
tract imaged. (g-h). Dissection pin used to lift urinary bladder away from abdominal wall attachments 
and lateral aspect imaged. 

Figure 37. Analysis of Morphology of Adult Zebrafish Urinary Bladder Using GFP Expression in 
TgBAC(mpx:GFP)i114 Zebrafish Line.  

2000μm 2000μm

1000μm 1000μm

2000μm 2000μm

1000μm 1000μm

Urinary Bladder Urinary Bladder

Mesonephric Ducts/Ureters Mesonephric Ducts/Ureters

Urethra Urethra

Urinary Bladder Urinary Bladder

Mesonephric 
Ducts/Ureters

Mesonephric 
Ducts/Ureters

Ventral Aspect Ventral Aspect

Ventral Aspect Ventral Aspect

Lateral Aspect Lateral Aspect

Lateral Aspect Lateral Aspect

Urinary Bladder
Mesonephric 
Ducts/Ureters Urinary Bladder

Mesonephric 
Ducts/Ureters

Urethra Urethra

GFP channel Merged BF and GFP channel
Caudal Caudal

Urinary Bladder Urinary Bladder

Dissection Pin 
Lifting Urinary 

Bladder
Dissection Pin 
Lifting Urinary 

Bladder

Urethra
Urethra

a. b.

c. d.

e. f.

g. h.



 175 

4.2.6. Isolation of Zebrafish Urinary Bladder From Dissected Adult Zebrafish 
 

During the process of dissecting open zebrafish and exposing the urinary tract, the 

macroscopic appearances of the zebrafish urinary bladder were investigated. The zebrafish 

urinary tract tissue in the kidney was traced along the dorsal abdominal wall at the caudal 

most region of the abdomen to the urinary bladder. The zebrafish urinary bladder is closely 

adherent to the dorsal abdominal wall with connective tissue and required careful 

dissection away from this connective tissue. In contrast to the zebrafish kidney which has a 

pigmented colouration, the zebrafish urinary bladder has a clear to translucent colouration. 

The zebrafish urinary bladder is approximately 500μm in length. 

 

It was decided to try to attempt to isolate the zebrafish urinary bladder away from the 

connective tissue along the dorsal abdominal wall. Being able to do this would open the 

possibility of being able to perform high quality transcriptomic analysis on freshly dissected 

zebrafish urinary bladders. With careful dissection technique, it was possible to isolate the 

zebrafish urinary bladder from the surrounding tissue (Figure 38). 
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Figure 38. Dissection of Zebrafish Distal Urinary Tract. 
(a) Overview anatomy of adult zebrafish. Urinary tract outline superimposed: Kidney (red) and Urinary Bladder (yellow). (b) Ventral incision, gut exposed 
(black arrow). (c) Gut excised, swim bladder (white arrow) and testes (green arrow) exposed. (d) Swim bladder and testes removed, kidney and distal urinary 
tract exposed. (e) Pin under tail kidney and urinary bladder. (f) Urinary bladder connected distal to the tail kidney. (g) Urinary bladder dissected proximal and 
distal. (h) Isolated urinary bladder in solution (black arrow). (i) Isolated kidney (obtained from mid-kidney/trunk) in solution. Figure generated with assistance 
from summer intern student Krithickk Sivakumar.
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4.3. Discussion 
 

Here we have characterised the distal excretory component of the urinary tract in both 

larval and adult zebrafish and demonstrated close homology in distal urinary tract anatomy 

and function between zebrafish and human. We identified expression of uroplakin 1a, a 

characteristic urothelial gene, in the zebrafish embryo pronephros starting at 96 hpf, and 

characterised key components of the adult zebrafish urinary excretory system (the urinary 

bladder arising from fusion of the two mesonephric ducts). We demonstrated the zebrafish 

urinary bladder empties via a distinct urethra, and that in anaesthetised adult zebrafish, 

urine accumulates in the bladder and is intermittently released. 

 

Using whole mount in situ hybridisation, we detected the presence of uroplakin1a 

expression in the zebrafish larval pronephric tubules and ducts at 96 hpf and 120 hpf. This is 

supported by the results of a previous study demonstrating expression of another uroplakin 

protein, Upk3l, at the apical surface of the pronephric tubules and ducts (42). Morpholinos 

against upk3l led to embryos with reduced pronephric function believed to be due to 

defects in epithelial polarity and morphogenesis. The zebrafish pronephric epithelium and 

the human urothelium both play roles in urine excretion function and are in direct contact 

with urine. Our findings are suggestive of structural homology between these two 

structures. Uroplakins are transmembrane proteins that form an as an asymmetric unit 

membrane (AUM) on the apical surface of the superficial layer of human urothelium (352). 

Multiple functions have been reported for uroplakins. Mouse knockout studies suggest that 

they play a role in apical membrane permeability barrier function of urothelium (354, 355). 

Abnormal uroplakins have also been linked to urinary tract malformations such as 

hydronephrosis and vesicoureteric reflux in mouse knockout and human genetic studies 

(363, 364). 

 

We demonstrated that zebrafish possess two mesonephric ducts arising from the kidneys 

and uniting into a urinary bladder. The zebrafish mesonephric ducts and urinary bladder are 

lined by an epithelium expressing proteins characteristic of human urothelium (suggesting 

structural similarity and evolutionary conservation). These are important findings as 
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previously there have been conflicting reports regarding the presence of a urinary bladder 

in zebrafish (25, 26, 358). The presence of mesonephric ducts and a urinary bladder have 

been described in other teleost species (28, 365). We did note two differences between the 

zebrafish and human urothelium. Firstly, the zebrafish urinary bladder epithelium is one to 

two cell layers thick, in comparison to the multi-layered human urothelium. Secondly, 

human urothelium is composed of superficial (‘umbrella’), intermediate, and basal cell 

layers, which are characterised by differential protein expression (352). The zebrafish 

urinary bladder epithelium expressed proteins characteristic of both superficial (Uroplakins) 

and basal (Cytokeratin 5 and Cd44) layers. This may reflect biological adaptation to 

differences in urinary composition, anatomical simplicity or that proteins characteristic of 

luminal and basal layers are different in zebrafish and humans. 

 

This study also showed structural similarity in the lower urinary tracts distal to the urinary 

bladder in zebrafish and humans. We demonstrated that the zebrafish urinary bladder leads 

to a urethra and urethral orifice that is separate from the hindgut and surrounded by a 

deeper connective tissue layer rich in collagen. These structures have not previously been 

described in zebrafish. Furthermore, we demonstrated sex differences in urethral anatomy 

in zebrafish by demonstrating that the male zebrafish ejaculatory duct joins the urethra 

(similar to humans) whereas the female oviduct is a separate structure to the urethra 

throughout its course.  

 
We identified for the first time that the Tg(mpx: GFP)i114 zebrafish line, which labels 

neutrophils, also labels the zebrafish urinary tract (and gut) from around 2 weeks post 

fertilisation to adulthood. This is the only transgenic reporter line to date, known to be 

expressed specifically in the urinary bladder. It was deemed extremely unlikely that the 

reporter gene expression pattern in the urinary tract represents neutrophilic infiltration 

because this would be expected to be a scattered pattern of single neutrophils rather than 

expression that clearly delineated the zebrafish mesonephric ducts and urinary bladder. The 

reporter gene expression is likely to be within the urinary tract and gut epithelia rather than 

other cell layers such as the muscle because expression in the muscle layers underlying the 

epithelia would be expected to be seen elsewhere in the zebrafish. It is not entirely clear 

what is driving the reporter gene expression in the excretory urinary tract. The expression 
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pattern seen is in the urinary tract and gut epithelia may be due to regulatory elements 

from nearby promoters or enhancers (within the BAC) driving the GFP expression. An in-

silico search of an online human protein expression atlas (The human protein atlas) revealed 

myeloperoxidase (MPO, the human protein that is analogous to zebrafish mpx) to be 

expressed predominantly in bone marrow and lymphoid tissues (361, 362) and therefore it 

is unlikely that the GFP expression in the urinary tract is being driven by the zebrafish mpx 

gene regulatory elements. Further work is required to confirm this. Overall, our finding is 

important as it can be used to study zebrafish urinary bladder structure and function. It is 

possible that in the future the GFP expression in the zebrafish urinary bladder epithelium 

could be utilised to isolate specifically the zebrafish urinary bladder epithelial cells using 

flow cytometry to study gene expression patterns in these cells.   

 

We characterised the change in excretory urinary tract morphology over time using the 

Tg(mpx: GFP)i114 zebrafish line. We showed the distal zebrafish urinary tract changes from 

a tubular structure (from 2-4 weeks post fertilisation) to a saccular expansile structure from 

6 weeks onwards to adulthood. A collaborator (Dr Duncan Morhardt) demonstrated, using a 

technique of injection of a fluorescent dye into the systemic circulation of adult zebrafish, 

that intermittent micturition takes place with corresponding expansion and contraction of 

the urinary bladder (data not shown in thesis) (366). My finding of the development of a 

saccular/expansile like morphology from around 6 weeks of age suggests that intermittent 

micturition may start to take place at around that time as it is unlikely that intermittent 

micturition can take place in a tubular like urinary bladder. Further work is needed to 

establish when the full urinary bladder function starts in zebrafish.  

 

4.4. Conclusion 
 

The adult zebrafish distal urinary excretory system shares several features with its human 

counterpart. The zebrafish system has two mesonephric ducts leading to a urinary bladder 

lined by a uroplakin expressing urothelium. The urinary bladder, in turn, leads to a urethra 

and urethral orifice. These findings present an opportunity to model human lower urinary 

tract diseases in zebrafish. 
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Chapter 5.  Developing a Transgenic Model of Urinary Tract Cancer 
in Zebrafish Utilising An Enhancer Trap Line 
 

5.1. Introduction  
 

Urinary tract cancers are a significant global health problem (56, 57, 367). Urinary tract 

cancers include cancers of the kidneys, ureters, bladder and urethra. The most common 

urinary tract cancer is urothelial cancer which can occur throughout the urinary tract. 

Urothelial cancers arise from the urothelial cells lining the renal pelvis, ureters, urinary 

bladder and urethra (367). The most common cancer arising the kidneys is renal cell 

carcinoma which arises from the renal tubules (57).  

 

Large genomic sequencing efforts have led to significant insights into the molecular events 

associated with these cancers (118, 368). The cancer genome atlas has identified many 

mutated and upregulated genes associated with urinary tract cancers. However, these 

insights would benefit from validation in a high-volume in vivo model to determine the 

driver genetic alterations and the passenger genetic alterations.  

 

The zebrafish model has led to significant insights in other cancers such as melanoma (369) 

and sarcoma (370). We have previously demonstrated that zebrafish have a urinary tract 

which shares close homology with the human system. The zebrafish kidney converges into 

two mesonephric ducts that unite into a single urinary bladder lined by epithelial cells that 

express uroplakin proteins. Whilst models of zebrafish melanoma and sarcoma exist, a 

transgenic zebrafish model of urinary tract cancer had not previously been developed. 
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5.2. Aims and Objectives 
 

The aims and objectives of this chapter are as follows:  

 

The overarching aim of this chapter was to develop a novel transgenic model of zebrafish 

urinary tract cancer. I planned to achieve this aim through the following objectives: 

 

1. To identify a transgenic zebrafish line with tissue specific expression in the urinary 

tract that could be used to direct expression of genes of interest. 

2. To characterise reporter gene expression pattern of transgenic zebrafish urinary 

tract reporter line during the embryonic, larval, juvenile stages and adult stages. 

3. To develop a system whereby genomic alterations associated with human urinary 

bladder cancer can be expressed and visualised in the zebrafish urinary tract in vivo. 

4. To raise transgenic zebrafish with human bladder cancer associated genomic 

alterations in the zebrafish urinary tract and monitor for the development of 

macroscopic abnormalities.  

5. To histologically analyse abnormalities arising from expression of human bladder 

cancer associated genomic alterations in the zebrafish urinary tract.  

 

5.3. Results 
 

5.3.1. Identification and Characterisation of Transgenic Et(gSAIzGFFD)875b; Tg(UAS: GFP) 
Zebrafish Line 
 

During a lab visit to the Kawakami laboratory (National Institute of Genetics, Japan), a shelf 

screen of enhancer lines was performed to identify a transgenic zebrafish line with tissue 

specific expression in the urinary tract. The Kawakami lab have a database of transgenic 

zebrafish lines with reporter gene expression in a large of number of different zebrafish 

tissues (215).  These zebrafish lines were generated by the Kawakami lab using tol2 

transposon technology (371) and gene and enhancer trap techniques (372). Gene trapping 

or enhancer trapping is a technique where a plasmid construct containing transcriptional 

activator (e.g. Gal4 or GFF; capable of driving reporter gene expression) or containing a 
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reporter gene (e.g. GFP) is expressed, through one cell stage microinjection, under the 

control of promoters or enhancers near the insertion point of the plasmid construct (372).  

 

The enhancer trap screen I performed involved fluorescent microscopy imaging of five of 

these transgenic zebrafish lines during the embryonic and larval developmental stages: 

• Et(hspGGFF)20A; Tg(UAS: GFP) 

• Et(gSAIzGFFM)1659A; Tg(UAS: GFP) 

• Et(gSAIzGFFM)619A; Tg(UAS: GFP) 

• Et(gSAIzGFFD)2262A; Tg(UAS: GFP) 

• Et(gSAIzGFFD)875b; Tg(UAS: GFP) 

 

These lines were selected based on a search of the enhancer trap database for lines which 

had been observed, at the Kawakami lab, to have reporter gene expression in the 

pronephros. These lines all utilised the Gal4/UAS system (373, 374) i.e. these enhancer trap 

lines were all generated using plasmids containing the GFF transgene, which is a form of 

transcriptional activator Gal4, and all had a second transgene (UAS: GFP) in their genome. 

The presence of both of these transgenes enables the transcriptional activator Gal4 (or in 

this case a modified version of Gal4 called Gal4-VP16 which is also known as GFF), which is 

expressed under the control of nearby enhancers or promoters, to drive expression of the 

upstream activating sequence (UAS) and any genes placed downstream of the upstream 

activating sequence to enable visualisation of the spatial expression pattern of nearby 

enhancers or promoters in these lines (372).  

 

Of all of the screened transgenic enhancer trap lines, The Et(gSAIzGFFD)875b; Tg(UAS: GFP) 

zebrafish line was determined to have the strongest and most specific expression in the 

zebrafish urinary tract. This line was transferred to the Bateson centre (MTA K2018-137), 

University of Sheffield for further characterisation. Data obtained from the Kawakami lab 

showed the genomic integration site of the p-gSAIzGFFD enhancer trap construct in the 

Et(gSAIzGFFD)875b line to be Chromosome 3: 3,525,857-3,625,856). One of the genes in 

this region includes: gucy2c which encodes the Guanylate Cyclase 2c protein, an enzyme 

found in the intestinal epithelium (375). This provides an estimation of potential gene 
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enhancers driving the spatial expression pattern in this transgenic line. However, this is only 

a rough estimation as the true enhancers or promoters could be further away. 

 

As the overarching aim was to develop a novel transgenic zebrafish model of urinary tract 

through expression of genes that are associated with human bladder cancer in the zebrafish 

urinary tract, it was important to understand when the reporter gene expression in the 

Et(gSAIzGFFD875b:UAS GFP) enhancer trap line started and how the expression changes 

over time.  

 

To determine when the GFP expression in the pronephros starts in the Et(gSAIzGFFD)875b; 

Tg(UAS: GFP) zebrafish line, a fluorescence microscopy time lapse was performed. Embryos 

were collected from an Incross of Et(gSAIzGFFD)875b; Tg(UAS: GFP)parents. Prior to the 

commencement of imaging at approximately 21.5 hours post fertilisation, embryos were 

dechorionated, anaesthetised using tricaine MS222, immobilised in low melting point 

agarose containing tricaine MS222 and drawn up into capillaries for imaging on a Lightsheet 

microscope (Zeiss).  

 

Analysis of the timelapse fluorescence microscopy imaging revealed the GFP expression to 

start in the distal pronephros at 23 hours post fertilisation. By 24 hpf, there was an increase 

in GFP positive cells in the distal pronephros. These GFP positive cells fused with the cloaca 

by 28 hours post fertilisation (Figure 39).  
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(a-b) at 23 hpf, (c-d) at 24 hpf and (e-f) at 28 hpf.  First GFP positive cells to appear at 23 hpf and 24 
hpf (White arrows). Fusion of zebrafish pronephros with cloaca is evident at 28 hpf (Asterix). 
Fluorescent microscopy images taken using Zeiss Lightsheet Microscope. 
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Figure 39. Early GFP Expression in the Zebrafish Pronephros of the Et(gSAIzGFFD)875b; 
Tg(UAS:GFP) Enhancer Trap Zebrafish Line. 
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Further characterisation was performed at 2-, 3- and 4-days post fertilisation using standard 

fluorescence microscopy. At days 2 and 3pf, the GFP expression was localised throughout 

the proximal and middle segments of the pronephros. At 4 days post fertilisation the GFP 

expression was visualised in the proximal, middle and part of the distal pronephros 

segments as well as the gut (Figure 40).  

 

Further fluorescence microscopy was performed on older Et(gSAIzGFFD)875B; Tg(UAS:GFP) 

zebrafish larvae at 2 weeks and 3 weeks post fertilisation. These timepoints were selected 

because mesonephrogenesis occurs at around 10 days post fertilisation. GFP expression was 

visualised in the proximal, middle and distal urinary tract segments as well as the gut at 2 

weeks. At 3 weeks, the GFP expression was localised to the proximal and middle urinary 

tract segments and the gut but not the distal urinary tract (Figure 41).  
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(a-b) 2dpf, (c-d) 3dpf, (e-g) 4dpf. Fluorescent microscopy images taken using Leica M205 FA 
Fluorescent Stereomicroscope (a-f) and Nikon W1 Spinning Disc Fluorescent Microscope (f-g). 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 40. GFP Expression in Zebrafish Et(gSAIzGFFD)875b; Tg(UAS:GFP) Line Between 2- and 4 Days 
Post Fertilisation.  
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 (a-b) 2wpf, (c-d) 3wpf. GFP expression is seen in pronephros/mesonephros and gut (Red dotted 
rectangle) at 2 and 3 weeks wpf (during mesonephrogenesis). Fluorescent microscopy images taken 
using Leica M205 FA Fluorescent Stereomicroscope. 
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Figure 41. GFP Expression in Zebrafish Et(gSAIzGFFD)875b; Tg(UAS:GFP) Line Between 2- and 3 
Weeks Post Fertilisation. 
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After 3 weeks post fertilisation, the zebrafish tissues became denser, and it was increasingly 

difficult to visualise the GFP expression pattern in the urinary tract. It was therefore 

necessary to dissect open (following schedule 1 cull) >4-week-old Et(gSAIzGFFD)875B; 

Tg(UAS:GFP)  zebrafish to visualise GFP expression in the urinary tract.  

 

Dissection involved incising the ventral abdominal wall and removing the gut, swim bladder 

and gonads to expose the urinary tract along the dorsal abdominal wall. This was 

immediately followed by fluorescence microscopy at 4 weeks, 6 weeks and 2 years to 

determine the GFP expression pattern in the juvenile and adult urinary tract.  

 

This imaging demonstrated GFP expression to be localised to the kidney tubules and 

mesonephric ducts/ureters during the juvenile stages of zebrafish development (4 weeks 

[Figure 42] and 6 weeks [Figure 43]). There was no GFP expression seen in the most distal 

aspects of the urinary tract which is where the urinary bladder would be expected to be 

located.  

 

Based on the lifecycle of zebrafish, whereby the adult stage is reached at 3 months and the 

laboratory lifespan continues to a maximum of 30 to 36 months, it was decided that it was 

highly likely that reporter gene expression in zebrafish between 3 months to 36 months 

would be very similar. The reporter gene expression in the Et(gSAIzGFFD)875B; Tg(UAS:GFP) 

zebrafish line was evaluated at 2 years due to the available adult zebrafish stocks at the 

time that this work was carried out. There was no GFP expression seen in the adult zebrafish 

urinary tract at 2 years old (Images not shown).  

 

A summary of the spatial reporter gene expression in the Et(gSAIzGFFD)875B; Tg(UAS:GFP) 

zebrafish line is shown in Table 9. 
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Zebrafish dissected open (Ventral abdominal wall incised and gut, gonads and swim bladder removed 
from abdominal cavity exposing urinary tract) at 4 weeks post fertilisation. Ventral surface imaged. (a) 
Undissected 4wpf zebrafish brightfield image for reference. (b-c) Whole zebrafish urinary tract, (d) 
Head kidney, (e) Trunk kidney, (f) Urinary tract terminus. GFP expression is seen in head kidney, 
body of kidney and tail kidney. GFP localizes to the kidney tubules, major ducts and ureters. 
Fluorescent microscopy images taken using Leica M205 FA Fluorescent Stereomicroscope. 
 
 

 

 

 

 

 

 

 

 

 

 

Figure 42. GFP Expression in Urinary Tract of Dissected Zebrafish Et(gSAIzGFFD)875b; 
Tg(UAS:GFP) Line At 4 Weeks Post Fertilisation. 
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 Zebrafish Dissected open (Ventral abdominal wall incised and gut, gonads and swim bladder 
removed exposing urinary tract] at 6 weeks post fertilisation.) (a-b) Whole zebrafish urinary tract, (c) 
Head kidney, (d) Trunk kidney, (e) Tail kidney, (f) Tail kidney terminus. GFP expression is seen in 
head kidney, body of kidney and tail kidney. Fluorescent microscopy images taken using Leica M205 
FA Fluorescent Stereomicroscope. 
 
 
 

 

 

 

 

 

 

 

 

 

 

Figure 43. GFP Expression in Urinary Tract of Dissected Zebrafish Et(gSAIzGFFD)875b; 
Tg(UAS:GFP) Line At 6 Weeks Post Fertilisation. 
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Time point Spatial Fluorescent Reporter Gene 

Expression Pattern 

23 hours pf Distal pronephros 

24 hours pf Distal pronephros 

28 hours pf Distal pronephros (Fuses with the cloaca) 

2 days pf Middle and distal pronephros 

3 days pf Middle and distal pronephros 

4 days pf Proximal, middle, and distal pronephros. 

Bowel.  

5 days pf Proximal, middle, and distal pronephros. 

Bowel. 

2 weeks pf Proximal, middle, and distal mesonephros. 

Bowel. 

3 weeks pf Proximal and middle mesonephros. Bowel. 

4 weeks pf Head, trunk and tail kidney (tubules and 

ducts). No expression visualised in urinary 

bladder. 

6 weeks pf Head, trunk and tail kidney (tubules and 

ducts). No expression visualised in urinary 

bladder. 

2 years pf No expression visualised in urinary tract. 

Table 9. Spatial Reporter Gene Expression Pattern in Et(gSAIzGFFD)875b; Tg(UAS: GFP)  
Zebrafish Line. 
Bowel expression was not assessed from 4 weeks post fertilisation onwards as zebrafish reporter 
gene expression was assessed by dissection and removal of organs overlying urinary tract. Note that 
mesonephrogenesis occurs at around 10-14 days old, so zebrafish pronephros becomes 
mesonephros by 2 weeks old(23). 
 

5.3.2. Stable GFP-HRAS_G12V Expression in the Zebrafish Urinary Tract 
 

The HRAS gene (belongs to RAS family of GTPases which activates the RAS-RAF-MEK-ERK 

pathway) has been reported to be commonly mutated in bladder cancer(120, 376). The 

G12V mutation (Glycine amino acid substituted to valine at amino acid 12) results in 
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constitutive activation of the RAS signalling pathway. Zebrafish embryos from Tg(UAS: GFP -

HRAS_G12V) and Tg(UAS: GFP-CAAX) lines were obtained from Dr Yi Feng (University of 

Edinburgh) and raised to adulthood. The plasmids used to generate them had a GFP heart 

marker (clmc: GFP) within the cassette and therefore the resulting zebrafish had GFP 

positive hearts. The Tg(UAS: GFP-CAAX) zebrafish line possesses the GFP-CAAX sequence 

(encodes GFP with a specific amino acid sequence at the C terminus directing GFP to the cell 

membrane) downstream of the upstream activating sequence (UAS) and therefore acts as a 

control for any experiments utilising the Tg(UAS GFP HRAS_G12V) zebrafish line. The 

HRAS_G12V oncogene has been previously demonstrated to function in zebrafish and drive 

cancers in other zebrafish tissues (370). 

 

To express HRAS_G12V in the zebrafish urinary tract, adult Tg(UAS: GFP-HRAS_G12V) and 

Tg(UAS: GFP-CAAX) zebrafish were outcrossed to adult Et(gSAIzGFFD)875b zebrafish. 

Embryos were screened for GFP fluorescence in the heart and pronephros and fluorescence 

microscopy was performed on the GFP positive zebrafish embryos generated from this 

outcross Et(gSAIzGFFD)875b; Tg(UAS: GFP-HRAS_G12V) to determine if this system could 

result in visual evidence of GFP-HRAS_G12V expression in the zebrafish pronephros. This 

imaging revealed GFP expression (and therefore downstream HRAS_G12V expression) in the 

pronephros and gut, but the expression was weak and appeared mosaic (Figure 44). A 

possible explanation for this weak expression is transcriptional silencing (or reduced 

expression) of the UAS: GFP-HRAS_G12V component which has been reported to occur with 

the use of the Gal4/UAS system (377). There are a number of possible explanations for 

transcriptional silencing that occurs with Gal4/UAS system. Repetitive DNA sequences, 

present in upstream activating sequences (UAS), can trigger transcriptional silencing. This 

phenomenon has also been attributed to DNA methylation. Repetitive UAS sequences are 

CpG-rich structures which are considered prone to methylation (377). 

 

This stable genetics technique of expressing genomic alterations in the zebrafish urinary 

tract was not pursued further as it was deemed unlikely that the weak GFP expression seen 

In Et(gSAIzGFFD)875b; Tg(UAS: GFP-HRAS_G12V) larvae would be capable of driving 

HRAS_G12V expression that would be sufficient for a cancer model.  
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 (a) Schematic of stable zebrafish transgenic cross. (b-e) Weak GFP expression in pronephros and 
gut of stable Et(gSAIzGFFD)875b; Tg(UAS:GFP-HRAS_G12V). Fluorescent microscopy images 
taken using Leica M205 FA Fluorescent Stereomicroscope (B-C) and Nikon Eclipse TE2000-U (d-e). 
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Figure 44. Attempt at Generating Stable Transgenic Zebrafish Et(gSAIzGFFD)875b; 
Tg(UAS:GFP-HRAS_G12V) Line for Use in a Urinary Tract Cancer Model. 
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5.3.3. Mosaic GFP HRAS_G12V Expression in the Zebrafish Urinary Tract 
 

Following the weak GFP HRAS_G12V expression that was visualised in the stable 

Et(gSAIzGFFD875b: UAS GFP HRAS_G12V) larvae, it was next decided to try to express GFP 

HRAS in the zebrafish pronephros utilising a transient approach in the F0 generation using 

one cell stage microinjection of plasmids. This technique involves the random incorporation 

of the p(UAS GFP HRAS_G12V) construct into the genome of one cell stage 

Et(gSAIzGFFD875b) zebrafish embryos using tol2 transgenesis. The transgenesis process 

results in incorporation of the plasmid DNA in a proportion of the subsequently dividing 

cells, but not all of them. This technique was felt to be less likely to be affect by UAS gene 

silencing. Furthermore, this technique more closely recapitulates the human adult cancer 

process which arises from genomic alterations in somatic cells.  

 

I performed one cell stage microinjection of Et(gSAIzGFFD)875b zebrafish embryos with 

pDestTol2CG2-UAS: GFP-HRAS_G12V) and pDestTol2CG2-UAS: GFP-CAAX) plasmids along 

with tol2 transposase mRNA (encodes the transposase enzyme). This technique relies on 

tol2 mediated transgenesis whereby the tol2 mRNA is translated into the transposase 

enzyme, which in turn, mediates the transposition of the plasmid sequences into the 

genome of the injected zebrafish embryos. Several plasmid concentrations were used until 

an optimum concentration was identified whereby mosaic transgene expression was seen in 

the pronephros and minimal embryonic death (due to high plasmid concentrations). Plasmid 

dilutions used during the optimization process were: 50ng/ul, 25ng/ul, 15ng/ul and in 

injection volumes used during the optimization process were 1nl and 0.5nl. The plasmid 

dilution that yielded the strongest expression pattern with the least deformities or death 

was 15ng/ul with an injection volume of 0.5nl. Injected embryos were screened for GFP 

expression in the zebrafish pronephros at days 2-4 post fertilisation and imaged using a 

spinning disc fluorescent microscope. This revealed strong mosaic GFP expression in the 

pronephros of zebrafish larvae (Figure 45). The GFP expression was localised the cell 

membranes as expected. GFP expression was also seen in the gut as expected based on the 

expression pattern of Et(gSAIzGFFD)875b; Tg(UAS: GFP)  larvae previously performed.  
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Based on the results of this experiment, it was decided to use this technique for a zebrafish 

urinary tract cancer model.  
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 (a) Schematic of one-cell stage microinjection procedure of plasmids containing GFP-HRAS-G12V 
and GFP-CAAX coding sequences in Et(gSAIzGFFD0875b enhancer trap zebrafish line. (b-c) 
Transient mosaic GFP expression in pronephros of 4dpf Et(gSAIzGFFD)875b; Tg(UAS:GFP-
HRAS_G12V) zebrafish demonstrated with fluorescent microscopy. (d-e) Transient mosaic GFP 
expression in pronephros of 4dpf Et(gSAIzGFFD)875b; Tg(UAS:GFP-CAAX) zebrafish demonstrated 
with fluorescent microscopy. Mosaic membranous expression of GFP-CAAX and GFP-HRAS_G12V 
is seen in pronephros (red dotted rectangle). Fluorescent microscopy images above taken using 
Perkin Elmer Spinning Disc Fluorescent Microscope at x20 objective. 
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Figure 45. Mosaic GFP-HRAS_G12V Expression in Zebrafish Distal Pronephros at 4 Days Post 
Fertilisation. 
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5.3.4.  5-Ethynyl-2-deoxyuridine Proliferation Assay 
 

Following optimization of the one cell stage pDestTol2CG2-UAS: GFP-HRAS_G12V and 

pDestTol2CG2-UAS:GFP-CAAX) plasmids in Et(gSAIzGFFD)875b zebrafish and successful 

visualisation of transgenic expression, I wanted to see if I could use an assay to measure 

proliferation activity in the zebrafish larval pronephros. There were two reasons for doing 

this. Firstly, the urothelium in humans has one of the lowest proliferation rates of all human 

tissues and so I wanted to see if this was also the case in the zebrafish pronephros. 

Secondly, as proliferation is one of the hallmarks of cancer, a proliferation assay would 

determine if GFP HRAS_G12V expression in the pronephros is driving proliferation, as an 

early precursor to cancer. 5-Ethynyl-2-deoxyuridine (EdU) is a nucleoside analogue of 

thymidine that incorporates into DNA during DNA synthesis and measures cells in the S 

phase synthesis of the cell cycle i.e. proliferating cells(378). The specific assay I used utilises 

click chemistry and relies on covalently coupling an azide with an alkyne.  

 

I optimised the assay by generating transgenic F0 Et(gSAIzGFFD)875b; Tg(UAS: GFP-CAAX) 

zebrafish with mosaic GFP expression in the pronephros. These were generated using one 

cell stage microinjection of pDestTol2CG2-UAS:GFP-CAAX into Et(gsAIzGFFD)875b zebrafish. 

I then performed yolk injection of EdU at 3dpf and incubated the EdU for 20 hours prior to 

co-immunostaining with a GFP antibody. The zebrafish were imaged in a lateral orientation 

(A field that included the cloaca on the right side of the image and the mid-section of 

gut/pronephros on the left side of the image). The image channels used with GFP (to image 

the GFP-CAAX in the Et(gSAIzGFFD)875b; Tg(UAS:GFP-CAAX] zebrafish line and far red (to 

image the EdU positive cells). 

 

In the zebrafish where the assay appeared to be successful, it was not possible to 

reproducibly quantify the proportion of GFP positive pronephros cells that were also 

positive for EdU (Figure 46) for several reasons. Firstly, it was not possible to reproducibly 

differentiate between individual GFP stained cells likely due to a combination of the quality 

of the imaging and degradation of the sample during the protocol. There were areas of the 

pronephros where it was possible to count and differentiate between individual GFP 

positive cells and then count individual GFP positive and far-red positive cells, but this was 
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not a technique that was deemed to be reproducible across all the successfully stained 

zebrafish. Subjectively, it did appear that the gut was significantly more proliferatively active 

than the pronephros. Furthermore, the pronephros did not appear to be a proliferatively 

active tissue at all. However, it was decided not to use this assay to compare proliferation 

activity between GFP-HRAS_G12V and GFP-CAAX expression in the zebrafish pronephros.   
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Assay performed in Et(gSAIzGFFD)875b; Tg(UAS:GFP-CAAX) zebrafish. Transgenic zebrafish 
larvae had mosaic GFP-CAAX expression in pronephros. Fluorescent microscopy performed using 
Perkin Elmer Spinning Disc at x20 objective. 4x separate 5-micron z slices are shown. Scale bar 
50um.  
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Figure 46. Optimisation of EdU Proliferation Assay to Visualize Proliferation in Zebrafish 
Pronephros Using Fluorescence Microscopy.  
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5.3.5. Design and Implementation of Zebrafish Urinary Tract Cancer Model 
 

Following optimisation of the one cell stage microinjection of the pDestTol2CG2-UAS: 

GFP_HRAS_G12V and pDestTol2CG2-UAS:GFP-CAAX plasmids, an experimental pipeline was 

designed to induce urinary bladder cancer. It was decided to utilise, in addition to the 

HRAS_G12V oncogene in zebrafish, the tp53 zdf1 mutation. This is a global mutation that 

was generated using N-ethyl-N-nitrosourea (ENU) mutagenesis and results in substitution of 

Methionine (M) with Lysine (K) at the 214th amino acid which is located within the DNA 

binding domain of the Tp53 protein. This mutation affects the region of the protein that is 

responsible for DNA binding to TP53 specific consensus sequences (194). The mutation is 

therefore a loss of function mutation i.e. loss of the ability to induce cell cycle arrest and 

apoptosis in response to DNA damage. 

 

TP53 protein is 393 amino acids in length and DNA binding domain mutations (between 

amino acid 102 to 292(379)) in the TP53 gene are common in human bladder cancer(380, 

381).  Ideally, the zebrafish tp53 mutation would be tissue specific to the urinary tract but it 

was felt that this would complicate the genetics of the experiment and so the global tp53 

mutation that had previously been reported to function was used.   

 

Through zebrafish crosses and genotyping for GFF transgene and tp53 zdf1 mutation, the 

following zebrafish lines were generated.  

 

1. Et(gSAIzGFFD)875b  

2. tp53zdf1/zdf1; Et(gSAIzGFFD)875b  

 

The tp53zdf1/zdf1 homozygous mutation was selected for use in this model over a 

heterozygous mutation to maximize the probability of cancer formation as a heterozygous 

tp53zdf1/zdf1 mutation would leave a functioning copy of the zebrafish tp53 gene. 

 

I performed microinjection of two plasmids (pDestTol2CG2-UAS:GFP-HRAS_G12V] and 

pDestTol2CG2-UAS: GFP-CAAX]) at the one cell stage into Et(gSAIzGFFD)875b zebrafish both 
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with and without the homozygous tp53 zdf1 mutation background (tp53zdf1/zdf1) thus giving 

rise to 4 experimental groups:  

 

1. tp53+/+, Et(gSAIzGFFD)875b; Tg(UAS: GFP-CAAX) 

2. tp53+/+, Et(gSAIzGFFD)875b; Tg(UAS: GFP-HRAS_G12V) 

3. tp53 zdf1/zdf1, Et(gSAIzGFFD)875b; Tg(UAS: GFP-CAAX) 

4. tp53 zdf1/zdf1, Et(gSAIzGFFD)875b; Tg(UAS: GFP-HRAS_G12V) 

 

The offspring were screened for the presence of GFP expression in the distal pronephros 

between days 2-5 post fertilisation and those with good expression were selected to be 

raised to adulthood and monitored for the development of tumours (Figure 47).   

 

Power calculations were performed based on estimates of tumour development from 

previous zebrafish models of other cancers and of mouse models of urinary bladder cancer.  

 

As this experiment had not previously been performed on zebrafish, data from mouse 

experiments were used for estimates. I estimated distal urinary tract/urinary bladder cancer 

in the following groups: 

 

1. tp53+/+, Et(gSAIzGFFD)875b; Tg(UAS: GFP-CAAX): 0% distal urinary tract/urinary 

bladder cancers. 

2. tp53+/+, Et(gSAIzGFFD)875b; Tg(UAS: GFP-HRAS_G12V): 20% distal urinary 

tract/urinary bladder cancers. 

3. tp53 zdf1/zdf1, Et(gSAIzGFFD)875b; Tg(UAS: GFP-CAAX): 30% distal urinary tract/urinary 

bladder hyperplasia. 

4. tp53 zdf1/zdf1, Et(gSAIzGFFD)875b; Tg(UAS: GFP-HRAS_G12V): 30% distal urinary 

tract/urinary bladder cancers. 

 

The power calculations provided a guide for how many zebrafish needed to be raised in 

each group and were based on 80% power, p value of 0.05 I estimated I needed the 

following numbers of zebrafish: 
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1. tp53+/+, Et(gSAIzGFFD)875b; Tg(UAS: GFP-CAAX): 31 zebrafish  

2. tp53+/+, Et(gSAIzGFFD)875b; Tg(UAS: GFP-HRAS_G12V): 31 zebrafish 

3. tp53 zdf1/zdf1, Et(gSAIzGFFD)875b; Tg(UAS: GFP-CAAX): 18 zebrafish 

4. tp53 zdf1/zdf1, Et(gSAIzGFFD)875b; Tg(UAS: GFP-HRAS_G12V): 18 zebrafish 

 

I added 30% extra zebrafish to each group to account for potential sickness or death due to 

non-malignancy related causes. I also added 20 extra zebrafish to each group to enable a 

preliminary histological analysis if no tumours developed at 3 months. This brought to the 

final numbers to: 

 

1. tp53+/+, Et(gSAIzGFFD)875b; Tg(UAS: GFP-CAAX): 60 zebrafish  

2. tp53+/+, Et(gSAIzGFFD)875b; Tg(UAS: GFP-HRAS_G12V): 60 zebrafish 

3. tp53 zdf1/zdf1, Et(gSAIzGFFD)875b; Tg(UAS: GFP-CAAX): 43 zebrafish 

4. tp53 zdf1/zdf1, Et(gSAIzGFFD)875b; Tg(UAS: GFP-HRAS_G12V): 43 zebrafish 

 

The final endpoint was selected at 3 months due to the reporter gene expression pattern of 

the Et(gSAIzGFFD)875b; Tg(UAS: GFP) zebrafish line. Based on the dissection/fluorescent 

microscopy experiments on the Et(gSAIzGFFD)875b; Tg(UAS: GFP) zebrafish line, there was 

no significant reporter gene expression at the adult stage. It was therefore deduced that 

oncogene expression would similarly cease to be expressed during the adult stage and so it 

was determined unlikely that tumours would form past 3 months.  
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Figure 47. Schematic of the Zebrafish Urinary Tract Cancer Model Pipeline. 
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5.3.6. Abdominal Tumour development in Urinary Tract Cancer Model 
 

The experimental zebrafish were monitored closely for any abnormalities including 

swimming difficulties, macroscopic lesions, and emaciation. 2-weeks post fertilisation was 

selected as the time point to start quantifying the onset of tumour development as this was 

when the zebrafish reached a size where it became more feasible to assess for the presence 

of a phenotype. This meant that the total number of zebrafish at 2-weeks post fertilisation 

would be the denominator in any calculations to determine the proportion of zebrafish that 

developed tumours in the experiment. Two weeks is also the start of mesonephrogenesis in 

the zebrafish and so is the transition from the temporary embryonic and larval urinary tract 

to the permanent adult urinary tract.  

 

Between 2 weeks and 3 months of age, the following numbers of zebrafish developed 

macroscopic abdominal tumours (Figure 48) 

 

• 7.1% (3/42) of the tp53+/+, Et(gSAIzGFFD)875b; Tg(UAS: GFP-HRAS_G12V) group 

• 14.6% (6/41) of the tp53 zdf1/zdf1, Et(gSAIzGFFD)875b; Tg(UAS: GFP-HRAS_G12V) 

group 

 

There was no significant difference when comparing the proportion of macroscopic 

abdominal tumours between the 2 groups above (p=0.31, Fishers exact test). 

 

There were no macroscopic abdominal tumours visualised in the other two groups. One 

tumour in each group was imaged using fluorescence microscopy to determine if the lesions 

expressed GFP as this indicates that HRAS_G12V is likely to also be expressed in the tumour 

as the GFP transgene is fused to HRAS_G12V. GFP was expressed in both tumours (Figure 

48) suggesting these are related to the HRAS_G12V overexpression. 
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 (a-d) Representative images (Colour and GFP channel fluorescent microscopy images) of zebrafish 
that developed macroscopic tumours between 2 weeks and 3 months in tp53+/+, Et(gSAIzGFFD)875b; 
Tg(UAS: GFP-HRAS_G12V) (a,b) and tp53 zdf1/zdf1; Et(gSAIzGFFD)875b; Tg(UAS: GFP-
HRAS_G12V) (c,d). (e) Proportion of zebrafish developing histologically confirmed macroscopic 
tumours between 2 weeks and 3 months (n=3/42 zebrafish for tp53+/+, Et(gSAIzGFFD)875b; Tg(UAS: 
GFP-HRAS_G12V) and n=6/41 for tp53 zdf1/zdf1; Et(gSAIzGFFD)875b; Tg(UAS: GFP-HRAS_G12V). (f) 
Proportion of zebrafish with visual abdominal tumours based on visual inspection that were confirmed 
to have cancer histologically (n=3/3 for tp53+/+, Et(gSAIzGFFD)875b; Tg(UAS: GFP-HRAS_G12V) 
and n=5/7 for tp53 zdf1/zdf1; Et(gSAIzGFFD)875b; Tg(UAS: GFP-HRAS_G12V). 
 

 

 

Figure 48. Zebrafish Tumours Generated in Urinary Tract Cancer Model. 
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5.3.7. Non-Abdominal Tumour Development in Urinary Tract Cancer Model  
 

In addition to abdominal tumour development in the experimental zebrafish, non- 

abdominal macroscopic tumours were also noted during the experiment in the head and 

skin (Figure 49). One of these tumours (skin lesion with melanoma like appearance) was 

evaluated using fluorescence microscopy in the tumour and this showed positive GFP 

fluorescence strongly suggestive of HRAS_G12V expression in the tumour.  

 

In total, 7.3% of the tp53 zdf1/zdf1, Et(gSAIzGFFD)875b; Tg(UAS: GFP-HRAS_G12V) group 

showed evidence of non-abdominal tumours. There were no non-abdominal tumours 

visualised in the other groups. 
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 (a) In total 3/41 (7.3%) zebrafish showed evidence of non-abdominal tumours (visually), all in the 
tp53 zdf1/zdf1, Et(gSAIzGFFD)875b; Tg(UAS: GFP-HRAS_G12V) group. (b-d) 15-day old zebrafish 
showed evidence of a melanoma like lesion on the tail. (e) 27-day old zebrafish with melanocytic 
nevus like lesion on tail (In addition to abdominal tumour). (f) 20-day old zebrafish with head/eye 
tumour. 
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Figure 49. Non-Abdominal Tumours in the Zebrafish Urinary Tract Cancer Model. 
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5.3.8. Histological Characteristics of H&E-Stained Tumours in the Urinary Tract Cancer 
Model 
 

Zebrafish that developed macroscopic tumours were culled and fixed using an overdose of 

tricaine anaesthesia followed by immersion in 4% paraformaldehyde and the whole 

zebrafish were processed histologically (embedded in paraffin wax, sectioned and stained 

for haematoxylin and eosin (H&E) to evaluate the histological characteristics of the tumours.  

 

Abdominal tumours were stratified based on their location within the abdominal cavity: 

proximal vs distal abdominal tumours. Based on the histological appearances and 

anatomical location, it was felt that proximal abdominal tumours were likely to be arising 

from the proximal urinary tract i.e. kidney tubules and upper urinary tract urothelium. Distal 

abdominal tumours were likely to be arising from the distal urinary tract i.e. urinary bladder 

and its early precursor, the distal pronephric duct and distal mesonephric duct. However, it 

was recognised that further characterisation was needed to determine the exact tissue of 

origin. 

 

In total, there were 4 individual zebrafish that developed tumour masses that appeared to 

be arising in the distal abdominal cavity (Figure 50). One of these tumours had an 

epithelioid appearance and three out of the four tumours had a spindle like morphology. 

 

In total, 5 zebrafish developed tumours masses that appeared to be arising in the proximal 

abdominal cavity tract (Figures 51-52). These tumour masses all had a spindle-like 

morphology.  

 

These tumour masses all demonstrated features of cancer i.e. invasion into the surrounding 

tissues, nuclear pleomorphism and prominent mitoses (Figure 53). These tumours occurred 

in both the tp53 mutant & HRAS_G12V and tp53 wild type & HRAS_G12V groups. 

 

By 3 months, all remaining zebrafish that hadn’t developed any macroscopic abnormalities 

were culled. A sample of these zebrafish were histologically analysed using H&E staining. 

The regions evaluated included the abdominal cavity, the head kidney, the trunk kidney, the 
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tail kidney and the urinary bladder. There was no evidence of cancer seen in the regions 

analyzed (Figure 54) suggesting that if tumours develop in zebrafish in this model, they are 

likely to manifest macroscopically.  
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 H&E-stained sections from transgenic zebrafish that developed cancers between 2 weeks and 3 
months. All cancers developed in in tp53 wild type & HRAS_G12V and tp53 mutant & HRAS_G12V 
groups. Each row represents separate zebrafish. (a-b) tp53 wild type & HRAS_G12V zebrafish, (c-h) 
tp53 mutant & HRAS_G12V zebrafish. All histology images taken on 3DHISTECH panoramic slide 
scanner (x20 objective and varying digital zoom). 
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Figure 50. Histological Characteristics of Zebrafish Distal Abdominal/Pelvic Cancers in Urinary 
Tract Cancer Model. 
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H&E-stained sections from transgenic zebrafish that developed cancers between 2 weeks and 3 
months. All cancers developed in tp53 wild type & HRAS_G12V and tp53 mutant & HRAS_G12V 
groups. Each row represents separate zebrafish. (a-d) tp53 wild type & HRAS_G12V zebrafish. (e-f) 
tp53 mutant & HRAS_G12V zebrafish. All histology images taken on 3DHISTECH panoramic slide 
scanner (x20 objective and varying digital zoom). 
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Figure 51. Histological Characteristics of Zebrafish Proximal Abdominal Cancers in Urinary 
Tract Cancer Model. 
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H&E-stained sections from transgenic zebrafish that developed cancers between 2 weeks and 3 
months. All cancers developed in tp53 wild type & HRAS_G12V and tp53 mutant & HRAS_G12V 
groups. Each row represents separate zebrafish. (a-b) and (c-d) are both tp53 mutation & 
HRAS_G12V zebrafish. All histology images taken on 3DHISTECH panoramic slide scanner (x20 
objective and varying digital zoom). 
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Figure 52. Histological Characteristics of Zebrafish Proximal Abdominal Cancers in Urinary 
Tract Cancer Model. 
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High zoom image of representative example of zebrafish cancer shown in Figure 44 a-b. All histology 
images taken on 3DHISTECH panoramic slide scanner (x20 objective and varying digital zoom). 
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Figure 53. Histological Features of Cancer in Urinary Tract Cancer Model: Nuclear 
Pleomorphism and Prominent Mitosis. 



 214 

 

 Images shown of representative tissue section from tp53 mutant & HRAS_G12V. Areas evaluated on 
tissue sections. (a) Whole zebrafish urinary tract. (b) Head kidney. (c)Trunk Kidney. (d) Tail kidney. 
(e) Urinary bladder at low zoom and (f) urinary bladder at high zoom. All histology images taken on 
3DHISTECH panoramic slide scanner (x20 objective and varying digital zoom). 
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Figure 54. No Evidence of Macroscopic Tumours in tp53 Mutant & HRAS_G12V and tp53 Wild 
Type & HRAS_G12V Endpoint 3-Month-Old Zebrafish. 
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5.3.9. Immunohistochemical Characterisation of Zebrafish Tumours Generated During 
Urinary Tract Cancer Model  
 

5.3.9.1. AE1/AE3 Epithelial Marker 
 

Although H&E staining provided important insights into the morphological characteristics of 

the tumour cells as well as the anatomical location of the tumours, it was determined that a 

more in-depth characterisation of the nature of the zebrafish tumours would need 

immunohistochemistry. Although oncogene expression was driven in the epithelial cells of 

the urinary tract of the zebrafish, most of the tumours appeared to have a spindle cell 

appearance which is not characteristic of epithelial tumours. However, it is well established 

that cancers that are significantly undifferentiated can take on alternative morphological 

appearances, including spindle cell morphology. 

 

First and foremost, it was necessary to determine if these tumours were epithelial in origin. 

In clinical practice, a commonly used marker to determine if tumours of unknown primary 

are epithelial in origin is AE1/AE3 (382). AE1/AE3 are broadly reactive and recognise 

cytokeratins in epithelial tissues. 

 

Due to the absence of commercially available AE1/AE3 zebrafish antibodies, a mouse 

recombinant monoclonal AE1/AE3 antibody (Ab961) with reported reactivity (by the 

manufacturer) in zebrafish was selected. Prior to staining the zebrafish tumours with the 

AE1/AE3 antibody, optimisation was performed on human and zebrafish epithelial tissues 

using different concentrations until successful staining was demonstrated. As expected, 

positive staining (cytoplasmic and membranous staining) was seen in the urothelium of the 

human bladder, the epithelial lining of the zebrafish urinary bladder and the zebrafish gut 

epithelium. No primary antibody negative controls all demonstrated an absence of positive 

staining (Figure 55).  
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 (a) AE1/AE3 staining in human bladder urothelium, (b) no primary antibody control in human bladder 
urothelium, (c) AE1/AE3 staining in zebrafish urinary bladder epithelium, (d) no primary antibody 
control in zebrafish urinary bladder epithelium, (e) AE1/AE3 staining in zebrafish gut epithelium, (f) no 
primary antibody control in zebrafish gut epithelium. All histology images taken on 3DHISTECH 
panoramic slide scanner (x20 objective and varying digital zoom). Performed with assistance from 
Jenny Down, histology technician, University of Sheffield. 
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Figure 55. Immunohistochemistry Validation of AE1/AE3 (Pan-Cytokeratin) Antibody in 
Zebrafish Epithelia. 
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Following successful optimisation of the AE1/AE3 antibody on normal zebrafish tissues, 

immunohistochemical staining of the zebrafish tumours was performed to determine if they 

were epithelial in origin. 

 

Three out of the four zebrafish lower abdominal tumours that were generated 

demonstrated cytoplasmic and membranous staining for the AE1/AE3 antibody (Figure 56). 

The AE1/AE3 positive tumours (Figure 56c-h) all had a spindle cell like morphology on H&E 

staining. This suggests that these AE1/AE3 positive tumours are epithelial in origin tumours 

that are significantly undifferentiated. The only zebrafish lower abdominal tumour that 

didn’t stain positive for AE1/AE3 (Figure 56a-b) had an epithelioid morphology on H&E 

staining.  

 

In the five tumours that appeared to be originating in the upper abdominal cavity, two out 

of the five demonstrated cytoplasmic and membranous staining for the AE1/AE3 antibody 

(Figures 57-58). The AE1/AE3 positive tumours (Figure 57c-d and Figure 58a-b) also had 

spindle cell like morphology suggesting they were also significantly undifferentiated 

epithelial-in-origin tumours. 
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Each row represents separate zebrafish. (a-b) tp53 wild type & HRAS_G12V zebrafish, (c-h) tp53 
mutant & HRAS_G12V zebrafish. All histology images taken on 3DHISTECH panoramic slide scanner 
(x20 objective and varying digital zoom). Performed with assistance from Jenny Down, histology 
technician, University of Sheffield. 
 

 

500μm 100μm

400μm 100μm

400μm 100μm

500μm 100μm

a. b.Low zoom High  zoom

c. d.

e. f.

g. h.

Low zoom High  zoom

Low zoom High  zoom

Low zoom High  zoom

Figure 56. Immunohistochemistry Using AE1/AE3 (Pan-Cytokeratin) Antibody in Distal 
Abdominal/Pelvic Tumours in Zebrafish Urinary Tract Cancer Model. 
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Each row represents separate zebrafish. (a-d) tp53 wild type & HRAS_G12V zebrafish. (e-f) tp53 
mutant & HRAS_G12V zebrafish. All histology images taken on 3DHISTECH panoramic slide scanner 
(x20 objective and varying digital zoom). Performed with assistance from Jenny Down, histology 
technician, University of Sheffield. 
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Figure 57. Immunohistochemistry using AE1/AE3 (Pan-Cytokeratin) Antibody in Proximal 
Abdominal Tumours in Zebrafish Urinary Tract Cancer Model. 
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Each row represents separate zebrafish. (a-d) tp53 mutant & HRAS_G12V zebrafish. All histology 
images taken on 3DHISTECH panoramic slide scanner (x20 objective and varying digital zoom). 
Performed with assistance from Jenny Down, histology technician, University of Sheffield. 
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Figure 58. Immunohistochemistry Using AE1/AE3 (Pan-Cytokeratin) Antibody in Proximal 
Abdominal Tumours in Zebrafish Urinary Tract Cancer Model. 
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5.3.9.2. Urothelial Immunohistochemistry Markers 
 

Three out of the five AE1/AE3 positive zebrafish tumours were selected for further 

immunohistochemical characterisation with urothelial markers. This selection was based on 

tumours that had a distal or middle abdominal anatomical location as it was hypothesised 

these would be most likely to be urothelial cancers. The markers that were selected to be 

used were GATA3 and Uroplakin 1a (UPK1A). UPK1a was selected over UPK2 due to closer 

homology between zebrafish and humans. These markers had already been optimised on 

zebrafish earlier in this project (see Chapter 4. GATA3 is from the GATA family of 

transcription factors and is expressed in a number of epithelial cancers including urothelial 

cancer. It is often used in clinical practice to differentiate metastatic urothelial or breast 

carcinoma from other metastatic carcinomas (90, 359). 

 

In the GATA3 immunohistochemistry staining experiment, of the three zebrafish tumours 

evaluated (Figure 59), one of the zebrafish tumours demonstrated positive nuclear staining  

for GATA3 (Figure 59c-d).  

 

However, in the UPK1A immunohistochemical staining, none of the zebrafish tumours 

demonstrated the cytoplasmic and membranous staining that would be expected in positive 

uroplakin 1a staining (Figure 60).  
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Each row represents a separate zebrafish. All zebrafish tumours shown from tp53 mutant & 
HRAS_G12V zebrafish. There is tiling artefact evident in image (e).  All histology images taken on 
3DHISTECH panoramic slide scanner (x20 objective and varying digital zoom). Performed with 
assistance from Jenny Down, histology technician, University of Sheffield. 
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Figure 59. Immunohistochemistry Using GATA 3 Antibody in IHC Determined Epithelial 
Tumours Generated in Zebrafish Urinary Tract Cancer Model. 
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Each row represents a separate zebrafish. All zebrafish tumours shown from tp53 mutant & 
HRAS_G12V zebrafish. There is tiling artefact evident in image (e). All histology images taken on 
3DHISTECH panoramic slide scanner (x20 objective and varying digital zoom). Performed with 
assistance from Jenny Down, histology technician, University of Sheffield. 
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Figure 60. Immunohistochemistry Using Uroplakin-1a Antibody in IHC Determined Epithelial 
Tumours Generated in Zebrafish Urinary Tract Tumours in Urinary Tract Cancer Model. 
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5.3.9.3. Renal Immunohistochemistry Markers 
 

As the spatial expression pattern of the zebrafish Et(gSAIzGFFD)875b; Tg(UAS:GFP) line was 

throughout the zebrafish pronephros and mesonephros, it was hypothesised that these 

zebrafish tumours may be renal in origin. In clinical practice, a commonly used renal 

immunohistochemical marker used in the diagnosis of renal cell carcinoma is transcription 

factor PAX8 (383).  

 

As there were no commercially available zebrafish Pax8 antibodies, a mammalian antibody 

targeting the human PAX8 protein would have to be used. The human and zebrafish Pax8 

amino acid sequences were aligned, and it was determined that there was significant 

homology in the N terminus. A rabbit monoclonal PAX8 antibody targeting the N terminus 

of the human PAX8 sequence was selected.  

 

This antibody was first optimised on mouse kidney tissue to validate the protocol. This 

successfully demonstrated nuclear staining of the renal tubular epithelial cells (Figure 61). 

However, no staining was demonstrated in normal zebrafish kidney tissue suggesting either 

an absence of PAX8 in the zebrafish kidney or insufficient homology between the amino acid 

sequences to facilitate binding of the antibody to the protein. 
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 (a) Zebrafish and human PAX8 sequences aligned using the online National Center for 
Biotechnology Information (NCBI) BLAST tool (233). Significant homology between sequences 
identified at N terminus. (b-c) PAX8 immunohistochemistry staining in normal mouse kidney (positive 
control). (d-e) No Pax8 staining is seen in normal zebrafish kidney. All histology images taken on 
3DHISTECH panoramic slide scanner (x20 objective and varying digital zoom). Performed with 
assistance from Jenny Down, histology technician, University of Sheffield. 
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Figure 61. Optimization of Pax8 Immunohistochemistry in Zebrafish Kidney. 
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5.4. Discussion 
 

This is the first known study to drive urinary cancer associated genomic alterations 

HRAS_G12V and tp53 DNA binding domain mutation in the zebrafish urinary tract. There 

were a number of important findings. Firstly, a new enhancer trap transgenic zebrafish line 

was identified with reporter gene expression in the pronephros and mesonephros during 

the larval and juvenile stages. Secondly, this study demonstrated that it is possible to use 

this enhancer trap transgenic zebrafish line to direct (and visualise) the expression of 

HRAS_G12V in the zebrafish urinary tract. Thirdly, abdominal cancers resulted from 

overexpression HRAS_G12V and a combination of HRAS_G12V overexpression and tp53 

mutation. Fourthly, many of these cancers were determined to be epithelial in origin but 

unlikely to be urothelial in origin based on immunohistochemistry i.e. positive for AE1/AE3 

(epithelial marker) but negative for GATA3 and UPK1A (urothelial markers). 

 

This study identified and characterised the Et(gSAIzGFFD)875b; Tg(UAS: GFP)  zebrafish line. 

This is an enhancer trap line that expresses GFP under the control of enhancers in the 

vicinity of the genomic insertion of the GFF transgene. The GFP expression pattern evolved 

over time. At 2- and 3-days post fertilisation, the GFP expression was restricted to the 

pronephros and from 4 days post fertilisation onwards, the expression was also in the gut. 

From 3-weeks post fertilisation onwards, the GFP expression was restricted to just proximal 

and middle segments of the mesonephros but not the distal mesonephros or urinary 

bladder region. No GFP expression was seen in the adult Et(gSAIzGFFD)875b; Tg(UAS: GFP)  

zebrafish urinary tract. The identification of this line is an important finding because it can 

be used as a resource in the study of urinary tract diseases as well as bowel diseases. It is 

important to note that this reporter line, whilst labelling the whole urinary tract in larvae, 

does not label the urinary bladder in juvenile and adult zebrafish. 

 

There is no previous literature on the embryology of the zebrafish mesonephric ducts and 

urinary bladder. Previous work on segmentation patterns of the pronephros reported that 

the most distal portion likely represents the excretory system or collecting system of the 

zebrafish larval urinary tract based on expression of mammalian nephric duct markers ret1, 

gata3, and emx1 (32). In mammals, the urinary bladder develops from the anterior 
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urogenital sinus which develops from partitioning of the cloaca. The mesonephric duct fuses 

to the anterior urogenital sinus and the ureteric bud develops as an outgrowth from the 

mesonephric duct and grows upwards  to fuse to the metanephric kidney (6). The 

embryological processes of the zebrafish urinary tract are likely to be different to the 

mammalian system because the final zebrafish kidney is the mesonephric kidney and they 

do not develop a metanephric kidney (31). In the Et(gSAIzGFFD)875b; Tg(UAS: GFP) 

zebrafish line, combination of GFP expression in the distal pronephros prior to day 5pf but 

absence of GFP expression in the urinary bladder region 3 weeks post fertilisation onwards 

suggests that there may be an embryological change to the structure of the urinary tract at 

this stage that involves the urinary bladder. Although it is logical the zebrafish distal 

pronephros is the precursor to the adult urinary bladder, our findings suggest that this may 

not be the case. It is possible that the zebrafish urinary bladder doesn’t exist prior to around 

3-weeks post fertilisation at which point it may start to develop. Potential tissues it could 

arise from are the cloacal tissue or from the mesonephric ducts. Further work is needed to 

determine the embryology of the zebrafish distal urinary tract.  

 

In vivo expression of GFP-HRAS_G12V in the zebrafish pronephros was demonstrated. Two 

different approaches to express GFP-HRAS_G12V in the zebrafish pronephros are 

demonstrated: stable expression and mosaic expression. The stable approach utilised stable 

zebrafish line crosses with a Tg(UAS: GFP-HRAS_G12V) zebrafish line crossed with the 

Et(gSAIzGFFD)875b zebrafish line. In contrast, the mosaic approach utilised one cell stage 

microinjection of p-UAS: GFP-HRAS_G12V plasmid with tol2 transposase mRNA. It was 

decided not to use the stable approach for the cancer model because the transgene 

expression was too low. A possible explanation for the poor transgene expression with the 

stable approach is UAS gene silencing (377). This is an issue associated with using the 

Gal4/UAS system whereby the UAS sequences become methylated over subsequent 

generations leading to silencing of expression of downstream genes and diminished 

expression over time (377). In contrast, the mosaic approach resulted in good expression. 

Furthermore, the mosaic expression of oncogene approach more closely recapitulates most 

adult human urinary tract cancers that arise due to somatic genomic alterations.  
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We demonstrated, utilising the Gal4/UAS system, that driving HRAS_G12V in combination 

with a global tp53 homozygous mutation (M214K) under the control of an enhancer that 

drives expression in the pronephros and mesonephros can drive cancers in the abdominal 

cavity. We demonstrated that the combination of tp53 homozygous M214K mutation and 

HRAS_G12V expression in the urinary tract leads to more tumours (14.6% vs 7.14%) than 

HRAS_G12V expression alone, though the difference was not statistically significant. In 

other zebrafish models of cancer, a combination of tp53 mutation with RAS overexpression 

leads to more carcinogenesis compared to HRAS overexpression alone (384). An important 

advantage of this model is the speed of onset of cancers and the majority of cancers in this 

model developed prior to 6 weeks post fertilisation. This rapid onset of cancer development 

is important because mechanistic data on the initiation and progression of cancer can 

potentially be generated in a short amount of time. 

 

These cancers can have a range of gross morphological appearances and can take on both 

epithelioid and spindle cell like appearances histologically. Immunohistochemistry for a pan 

cytokeratin (AE1/AE3) demonstrated that several of these cancers are likely to be epithelial 

in origin including cancers that appeared morphologically epithelioid on H&E staining. It is 

possible that in zebrafish cancers with spindle-cell like appearances on H&E sections but 

positive AE1/AE3 immunohistochemical profiles, there was significant undifferentiation and 

epithelial to mesenchymal transition as this is a known phenomenon that can occur with 

aggressive subtypes of carcinomas (385). The Gal4/UAS system, which was utilised to drive 

HRAS_G12V overexpression, is reported to result in significant overexpression of transgenes 

placed downstream of the upstream activating sequence (386). This is a possible 

explanation of the potential undifferentiated tumours.  

 

None of the cancers that were positive for AE1/AE3 staining stained positive for both 

urothelial panel markers (GATA3 and UPK1A). However, it may be the case that these 

tumours are significantly undifferentiated and no longer express markers that human 

urothelial cancers would be expected to express. It is recognised that human urothelial 

carcinomas can stain negative for uroplakins, particularly invasive and metastatic urothelial 

carcinomas (387, 388). Furthermore, it is possible that zebrafish urothelial cancers don’t 
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express these markers. Further work is needed to characterise the transcriptomic profile of 

the tumours to determine which human cancer subtype they are most likely to resemble. 

 

A particularly interesting finding is the wide range of different morphological appearances 

of the zebrafish cancers. The zebrafish cancers were in both proximal and distal abdominal 

locations, had both epithelioid and spindle cell like appearances on H&E staining, and were 

in both abdominal and non-abdominal regions. There are likely to be several reasons for 

this. Firstly, the enhancer trap Et(gSAizGFFD)875b; Tg(UAS:GFP) zebrafish line is expressed 

throughout the zebrafish pronephros and mesonephros and the gut. Therefore, mosaic 

expression of HRAS_G12V in these tissues is likely to lead to differing levels of expression in 

different regions of the pronephros and mesonephros. It is important to note that the 

pronephros and mesonephros epithelial layer is not one homogenous structure but has 

different regions that are likely to have different functions and different gene expression 

patterns. Previous studies have established different gene expression levels in different 

regions of the pronephros. Further work is needed to identify zebrafish gene promoter 

sequences that drive reporter gene expression in more specific areas of the zebrafish 

urinary tract as this may enable more homogenous cancers to develop.  

 

The non-abdominal cancers that were observed in this cancer model in the skin and the 

head region are likely to be secondary to small amounts of previously unidentified 

expression Et(gSAizGFFD)875b; Tg(UAS:GFP) in these regions. Another explanation is tol2 

mediated migration of the p-gSAIzGFFD enhancer trap cassette within the zebrafish 

genome. As the enhancer trap Et(gSAizGFFD)875b zebrafish line was made using tol2 

transgenesis, the p-gSAIzGFFD enhancer trap cassette has tol2 sequences that can 

theoretically be driven by tol2 transposase enzyme to migrate to other parts of the 

zebrafish genome. If this happens, then the GFF transcriptional activator could be driven by 

different regulatory elements leading to different tissue specific expression patterns. 

However, it is important to note that this is a theoretical risk and has not been seen 

previously (389). To try to reduce this potential risk, it was also attempted during this 

project to inject the plasmid into one cell stage embryos without tol2 transposase mRNA. In 

the absence of tol2 transposase mRNA, the transgenesis efficiency is significantly reduced 

(389).  However, the potential risk of tol2 transposase mediated movement of the p-
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gSAIzGFFD enhancer trap cassette would be diminished. Our findings were, in the absence 

of tol2 mRNA, that the mosaic expression of the transgenes in injected plasmids was either 

very weak or absent in the F0 generation. Therefore, it was determined that the tol2 

transgenesis system was essential for mosaic expression of transgenes of interest in the F0 

generation. 

 

5.5. Conclusion 
 

Driving urinary tract cancer associated genomic alterations HRAS_G12V and tp53 mutation 

under the control of the enhancer trap Et(gSAIzGFFD)875b leads to abdominal cancers 

which are predominantly epithelial in origin. Further work is needed in characterising the 

nature of these tumours and their homology to human cancers to determine the feasibility 

of this model for studying urinary tract cancers.  
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Chapter 6.  Developing A Transgenic Zebrafish Model of Urinary 
Tract Cancer Utilising the Zebrafish cdh17 Gene Promoter 
 

6.1. Introduction 
 

In Chapter 5. , I developed a zebrafish model where expression of HRAS_G12V in 

combination with a tp53 mutation in the zebrafish pronephros and mesonephros (and gut) 

drives cancer. However, it was determined that this model required optimisation for a 

number of reasons: 

 

Firstly, the reporter gene in the Et(gSAIzGFFD)875b; Tg(UAS:GFP) zebrafish line was 

expressed in both the zebrafish urinary tract (pronephros/mesonephros) and gut. This lack 

of specificity means that in some zebrafish, genes of interest under the control of the UAS 

(e.g. oncogenes) were also expressed in the gut as well as the urinary tract.  

 

Secondly, the driver for the model was an enhancer trap and so the promoter or enhancer 

driving expression of the oncogene is unknown. Whilst neighbouring promoters/enhancers 

can be mapped and identified, these are not always responsible for expression, and so this 

limits replication of our model and biological insights. Reproduction would always require 

offspring from our Et(gSAIzGFFD)875b enhancer trap zebrafish line. 

 

Thirdly, our zebrafish Et(gSAIzGFFD)875b enhancer trap line that was originally used was 

made using tol2 transgenesis. Therefore, injection of tol2 transposase mRNA into 

Et(gSAIzGFFD)875b larvae could, in theory, result in transposition of the GFF cassette to 

other sites within the genome. This is less of a problem for cassettes containing simple 

promoter/reporter constructs, but the enhancer trap is designed to catch nearby genes and 

drive expression in diverse tissues, meaning that it is possible for the tissue in which the 

oncogenes are expressed could vary from fish to fish, leading to problems with specificity 

and reproducibility. 
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In this chapter I describe my work to derive a more specific transgenic zebrafish line that 

overcomes these limitations. 

 

 

6.2. Aims and Objectives 
 

This chapter had the following aims and objectives: 

 

Aim 

 

Develop a new zebrafish cancer model expressing urothelial bladder cancer-associated 

oncogenes (HRAS_G12V, erbb2_A301F and pik3ca_E545K) under the control of a promoter 

with more specificity for the zebrafish urinary tract.  

 

Objectives 

 

I will address this aim through the following objectives: 

 

1. Evaluate, in detail, the expression patterns of different gene promoter-reporter gene 

constructs with previously reported expression in the zebrafish urinary tract  

2. Select a gene promoter with good expression in the zebrafish urinary tract and 

establish a stable reporter line for this promoter. 

3. Characterise the expression of this new transgenic zebrafish line in larvae and adults 

to determine the feasibility of utilising this promoter for a cancer model. 

4. Generate new plasmids to express bladder cancer associated oncogenes 

(HRAS_G12V, erbb2 A301F and pik3ca E545K) fused to GFP under the control of this 

new gene promoter. 

5. Inject newly generated plasmids into one cell stage offspring embryos from an 

Incross of tp53zdf1/zdf1 zebrafish and raise the zebrafish to adulthood, monitoring for 

the development of any abnormalities and histologically characterise any 

abnormalities that arise. 
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6.3. Results 
 

6.3.1. Identification of a New Urinary Tract Specific Promoter 
 

I searched for gene promoters that had previously been used to drive reporter gene 

expression in the zebrafish urinary tract. In the literature, there were 2 zebrafish gene 

promoters; Enpep (390) and cdh17 (391), reported to drive gene expression in the zebrafish 

pronephros/mesonephros. 

 

Three expression vectors were acquired from other research groups: 

 

• An expression vector was acquired from Dr Lowe, University Manchester, UK which 

contained approximately 2kb of the zebrafish enpep promoter sequence upstream 

of the GFP coding sequence (pT2KXIGdeltaIN- enpep: GFP).  

• An expression vector was acquired from Dr Freek Van Eeden, University of Sheffield, 

UK (Made by Dr Aylin Metzner) which contained approximately 2kb of the zebrafish 

enpep promoter sequence upstream of the Gal4 coding sequence (pDestTol2CG2-

enpep: Gal4). 

• An expression vector was acquired from Dr Iain Drummond, Mount Desert Island 

Biological Laboratory, USA which contained approximately 4kb of the zebrafish 

cdh17 promoter driving the Gal4 coding sequence (pDestTol2CG2-cdh17: Gal4) 

 

These plasmids were injected into one cell stage zebrafish embryos with tol2 transposase 

mRNA (into wild type zebrafish embryos for pT2KXIGdeltaIN-enpep: GFP and Tg(UAS: 

Kaede)s1999t zebrafish embryos for pDestTol2CG2-enpep: Gal4  and pDestTol2CG2-cdh17: 

Gal4 plasmids). The F0 offspring were evaluated with fluorescent microscopy for fluorescent 

protein expression to determine the spatial expression pattern associated with the 

promoters.  

 

Pre- day 5 post fertilisation, the Tg(enpep:Gal4); Tg(UAS: Kaede)s1999t zebrafish had 

expression throughout the pronephros but with significant off target expression in the 

muscle. There was also yolk fluorescence (Figure 62a). Pre- day 5 post fertilisation, the 
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Tg(enpep: GFP) zebrafish had expression throughout the pronephros but without the 

significant off target expression in the muscle. There was also yolk fluorescence (Figure 

62b). 

 

Pre- day 5 post fertilisation, the Tg(cdh17:Gal4); Tg(UAS: Kaede)s1999t offspring had 

expression throughout the pronephros but without the muscle expression. There was also 

yolk fluorescence (Figure 63). When comparing the pronephros expression pattern between 

the Tg(enpep:GFP) and the Tg(cdh17:Gal4); Tg(UAS: Kaede)s1999t zebrafish larvae, the 

expression in the Tg(cdh17:Gal4); Tg(UAS: Kaede)s1999t zebrafish larvae pronephros was 

more distal than the expression in Tg(enpep: GFP) larvae. 
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Expression of fluorescent proteins (Kaede and GFP) under the control of zebrafish 2kb enpep 
promoter at (a) day 3 and (b) day 5 post fertilisation. (a) Utilisation of Gal4/UAS system by injecting 
pDestTol2CG2-enpep: Gal4 plasmid into one cell stage Tg(UAS: Kaede) zebrafish. (b) Zebrafish 
enpep promoter directly driving GFP expression by injecting pT2KXIGdeltaIN-enpep: GFP  
plasmid into one cell stage wild type zebrafish. Fluorescent microscopy images above performed in 
GFP channel using Leica M205 FA fluorescent stereomicroscope (a) and Nikon Eclipse TE2000-U 
fluorescent microscope (b).  
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Figure 62. Zebrafish In Vivo Mosaic Expression Patterns of Zebrafish enpep Promoter 



 236 

 
 
 
 
 
 

Expression of fluorescent protein (Kaede) under the control of zebrafish 4kb cdh17 promoter at day 3 
post fertilisation. The Gal4/UAS system was utilised by injecting the pDestTol2CG2-cdh17: Gal4 
plasmid into one cell stage Tg(UAS: Kaede) zebrafish. Fluorescent microscopy images above 
performed in GFP channel using Leica M205 FA fluorescent stereomicroscope. 
 
 
The cdh17 promoter was therefore selected to make a stable zebrafish reporter line and for 

further fluorescent microscopy characterisation. Published expression patterns existed for a 

previous zebrafish cdh17 reporter line utilising a 2kb promoter fragment (391). However, 

this was before our report of the zebrafish urinary bladder and ureters and so I wanted to 

determine cdh17 was expressed in the zebrafish urinary bladder and ureters. In addition, no 

in-depth reports of expression patterns from the 4kb promoter fragment plasmid that was 

acquired for this experiment.  

 

Before making a zebrafish cdh17 reporter line, the zebrafish Cdh17 amino acid sequence 

was inputted into the online National Center for Biotechnology Information (NCBI) BLAST 

tool(233) to determine what the zebrafish Cdh17 protein sequence corresponds to in 

humans. It was found to be most similar to human CDH17. There were similarities between 

the two sequences except for a region near the N-terminus of the protein with extra amino 

acids in zebrafish that weren’t present in humans (Figure 64). 

 
 
 
 

Figure 63. Zebrafish In Vivo Mosaic Expression Pattern of Zebrafish cdh17 Promoter 
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Amino acid alignment performed using online National Center for Biotechnology Information (NCBI) 
BLAST tool (233). 
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Figure 64. Alignment of Zebrafish and Human CDH17 Amino Acid Sequences.  
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6.3.2. Generation of Tg(cdh17 Gal4); Tg(UAS: Kaede) Stable Line 
 

Due to the tissue specific expression in the Tg(cdh17 Gal4); Tg(UAS: Kaede)s1999t mosaic 

zebrafish larvae generated from single cell injection of plasmid, it was decided to set up a 

stable Tg(cdh17 Gal4); Tg(UAS: Kaede)s1999t zebrafish line for two reasons: Firstly, a stable 

line would enable an accurate determination of the expression pattern of the cdh17 

promoter at different ages. Secondly, a stable Tg(cdh17: Gal4) zebrafish line could be used 

for a future cancer model utilising the Gal4/UAS system (if the cancer model without the 

Gal4/UAS system does not result in sufficient expression for tumourigenesis). 

 

Following one cell stage microinjection of the pDestTol2CG2-cdh17: Gal4 plasmid into 

transgenic zebrafish line Tg(UAS: Kaede)s1999t, offspring were screened between days 3-

5pf for the presence of Kaede expression in the pronephros as well as the GFP expression in 

the heart to confirm successful integration of the plasmid resulting in good expression 

(Figure 65). The zebrafish with good expression were raised to adulthood and outcrossed to 

nacre wild type zebrafish. The next generation (F1 generation) were screened for GFP 

expression in the pronephros to confirm successful transmission of the cdh17:Gal4 

transgene sequence to the germline (Figure 65). This F1 generation was raised to adulthood 

and outcrossed again. The offspring were screened for GFP expression in the pronephros 

and in the heart to identify a founder with a single transgene insertion based on a 

Mendelian inheritance pattern (Figure 66). 
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(a) Schematic demonstrating creation of the F0 generation: Single cell injection of pDestTol2CG2-
cdh17: Gal4 plasmid with tol2 transposase mRNA into Tg(UAS: Kaede)s1999t zebrafish and 
screening for Kaede expression in pronephros and GFP expression in heart. (b) Subsequent 
outcrosses of F0 generation to wild type zebrafish to generate stable F1 generation and outcross of 
stable F1 generation to wild type to generate stable F2 generation for Tg(cdh17: Gal4)sh681;Tg(UAS: 
Kaede)s1999t  and Tg(cdh17:Gal4) sh681 zebrafish lines.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 65. Generation of Tg(cdh17: Gal4)sh681; Tg(UAS: Kaede)s1999t and Tg(cdh17: 
Gal4)shs681 Stable Transgenic Zebrafish Lines. 
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(a) Transmission of cdh17: Gal4 and UAS: Kaede transgenes from F0 to F1 generation. (b) 
Transmission of cdh17: Gal4 and UAS: Kaede transgenes from F1 to F2 generation. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 66. Identification of Founder with Single Transgene Insertion in Newly Generated Tg(cdh17: 
Gal4)sh681; Tg(UAS: Kaede)s1999t and Tg(cdh17: Gal4)shs681 Stable Transgenic Zebrafish Lines. 
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6.3.3. Characterisation of Kaede Expression Pattern in Tg(cdh17: Gal4)sh681; Tg(UAS: 
Kaede)s1999t From Larval To Adult Stages 
 

During the larval stages (4 days post fertilisation) of this zebrafish line, Kaede was expressed 

throughout the zebrafish pronephros (Tubules and ducts). There was no expression 

elsewhere visualised. At high magnification, the lumen of the pronephric duct was visualised 

and the cellular expression pattern was nuclear and membranous as expected. There was 

also a small amount of expression visualised in the gut. At 2 weeks, the expression pattern 

was similar (Figure 67).  

 

By 3 weeks, mesonephrogenesis had started and the expression was seen throughout the 

mesonephros down to the urethra. However, the expression was significantly weaker in the 

most distal urinary tract (Figure 67).  
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 (a-d) 4dpf, (e-f) 2 wpf and (g-h) 3wpf. Kaede expression is seen in the pronephros and subsequently 
the mesonephros. GFP expression also seen in the heart (cmlc:GFP sequence in pDestTol2CG2-
cdh17:Gal4 construct). Fluorescent microscopy images above performed in GFP channel using Leica 
M205 FA fluorescent stereomicroscope.  
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Figure 67. Fluorescence Microscopy of Stable Tg(cdh17: Gal4)sh681; UAS: Kaede)s1999t 
Transgenic Zebrafish Larvae at 4 days, 2 Weeks and 3 Weeks Post Fertilisation. 
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By 6 weeks, in dissected zebrafish, Kaede expression was evident throughout the kidney, in 

the mesonephric tubules, ducts and ureters along the dorsal abdominal wall of the 

zebrafish. However, expression was not seen in the urinary bladder (Figure 68). At 3 

months, no significant expression was seen in the urinary tract (data not shown). 

 

Imaged zebrafish have been dissected open (Ventral abdominal wall incised and gut, gonads and 
swim bladder removed exposing urinary tract). Ventral abdominal wall facing up. Imaging shows 
urinary tract on the inside of the dorsal abdominal wall. (a-b) GFP expression is seen in throughout 
urinary tract, (c) in head kidney, (d) in trunk kidney, (e) in tail kidney and (f) in tail kidney 
terminus/ureters. Fluorescent microscopy images above performed in GFP channel using Leica M205 
FA fluorescent stereomicroscope.  
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Figure 68. Fluorescence Microscopy of Stable Tg(cdh17: Gal4)sh681; UAS: Kaede)s1999t 
Transgenic Zebrafish Line at 6-Weeks Post Fertilisation. 
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6.3.4. Generation of Plasmids to Drive GFP-HRAS-G12V Expression Under Control of the 
cdh17 promoter. 
 

Having characterised the spatial reporter gene expression in the Tg(cdh17: Gal4)sh681; UAS: 

Kaede)s1999t zebrafish line, it was decided to generate plasmids to express oncogenes 

under the control of the cdh17 promoter. Although cdh17 expression was not present in 

juvenile urinary bladder region, it was expressed in the most distal urinary tract of larvae 

which is the site of the precursor to the urinary bladder. Furthermore, cdh17 expression was 

present in the mesonephric ducts which are structurally homologous to ureters. Therefore, 

it was determined that this promoter would still be suitable for a urothelial cancer model.   

 

Having previously shown (in Chapter 5. ) that the HRAS_G12V transgene can successfully 

generate tumours in the zebrafish, it was decided to make the following plasmids 

(compatible with tol2 mediated transgenesis) using previously described gateway cloning LR 

recombination reactions: 

 

• pDestTol2CG2-cdh17: GFP-HRAS_G12V   

• pDestTol2CG2-cdh17:GFP-CAAX).  

 

Briefly, this is a technique whereby three component plasmids are brought together in a 

recombination reaction with LR clonase II plus enzyme to produce expression vectors: a p5E 

plasmid, a pME plasmid and a p3E plasmid. The component plasmids I used were as follows: 

 

1. p5E-cdh17 promoter 

2. pME-GFP-HRAS_G12V or pME-GFP-CAAX  

3. p3E-polyadenylation tail 

 

The final plasmid maps were electronically constructed using SnapGene® software (from 

Dotmatics available at snapgene.com). Diagnostic digests were used to confirm correct 

recombination of the plasmids purified from the colonies picked (Figure 69). The final 

plasmid sequences were subsequently confirmed using whole plasmid sequencing 

(Plasmidsaurus, Oregon USA).  
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 (a) Schematic of Gateway LR reaction used to generate final expression vectors. (b) Plasmid maps 
for final expression vectors. (c) Diagnostic digest and gel electrophoresis to confirm correct 
recombination for expression vectors generated using LR reactions. Results shown for plasmids 
purified from 2 separate colonies grown on LB agar plates for each plasmid: (1) and (2).  
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CAAX expression vectors. 
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6.3.5. Generation of plasmids to drive oncogenic erbb2 and pik3ca expression under 
control of the zebrafish cdh17 promoter. 
 

Following an in silico search of the COSMIC catalogue(380) and TCGA bladder cancer 

mutation data(118), two other genes were selected as oncogenes to drive carcinogenesis in 

the urinary tract: erbb2 and pik3ca. For these, the most common mutations in human 

urothelial BC were identified from the COSMIC catalogue as: ERBB2 S310F and PIK3CA 

E545K. These are missense substitutions causing constitutive activation in humans.  

 

Zebrafish and human amino acid sequences were aligned for ERBB2 and PIK3CA proteins 

and there was significant homology for both. This also enabled the identification of the 

corresponding amino acid to be mutated in the zebrafish protein based on the amino acid 

alignments. Amino acid number 310 (Serine) in the human ERBB2 protein corresponded to 

amino acid 301 (Alanine) in zebrafish. Amino acid 545 (Glutamic acid) in the human PIK3CA 

protein also corresponded to amino acid 545 (Glutamic acid) in the zebrafish PIK3CA 

protein. The substitutions were performed in the sequences in SnapGene software® (from 

Dotmatics; available at snapgene.com) (A->F for ERBB2 and E->K for PIK3CA). The stop 

codon was subsequently removed, a Kozak sequence(392) was added in front of the start of 

the ATG open reading frame and the GFP sequence to create a C-terminal fusion (Figure 70) 

. The sequence was then synthesised within a pDonor 221 plasmid to create a middle entry 

construct compatible with gateway cloning technology (Thermofisher GeneArtTM). This 

plasmid was transformed, grown in LB broth and purified. LR reactions were subsequently 

performed using the pDestTol2CG2 backbone to create the following plasmids: 

pDestTol2CG2-cdh17: erbb2_A301F-GFP and pDestTol2CG2-cdh17: pik3ca_E545K-GFP 

(Figure 71). 
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Common mutations associated with human bladder cancer include: PIK3CA_E545K and 
ERBB2_S310F. Firstly, coding nucleotide sequences were retrieved from Ensembl and input into 
SnapGene® software (from Dotmatics; available at snapgene.com). Amino acid alignments of human 
and zebrafish proteins were generated using the online National Center for Biotechnology Information 
(NCBI) BLAST tool(233) and amino acid substitutions were performed in correctly aligned positions. 
(a) Human ERBB2 amino acid 310 (Ser or S) corresponds to zebrafish Erbb2 amino acid 301 (Ala or 
A) (Red dotted square). (b) . Human PIK3CA amino acid 545 (Glu or E) corresponds to zebrafish 
Pik3ca amino acid 545 (Glu or E) (Red dotted square). (c)  DNA components required to make middle 
entry gateway cloning plasmid compatible with C-terminal fusion to GFP in zebrafish. 
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Figure 70. Designing Zebrafish Middle Entry Plasmids Containing erbb2 and pik3ca Coding 
Sequences With Mutations Associated With Urothelial Bladder Cancer. 
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(a) Schematic of Gateway LR recombination reaction used to generate final expression vectors. (b) 
Plasmid maps for final expression vectors. (c) Diagnostic digest and gel electrophoresis to confirm 
correct recombination for final expression vectors generated using LR reactions. 
 

 

attL4 p5E-cdh17 promoter attR1

attL1 pME-erbb2-GFP attL2

attR2 p3E-polyA signal atL3

LR Clonase II plus enzyme

Tol2 ccdB/CmR attR3attR4 Tol2

Tol2 attB2attB1 Tol2p5E-cdh17 promoter p3E-PolyA signal attB3attB4

pDestTol2CG2

pME-erbb2-GFP

SAL1 and BAMH1 NOT1

cdh17: 
erbb2_ 
A301-
GFP

cdh17: 
pik3ca_ 
E545K 

GFP

pDestTol2CG2-
cdh17: erbb2_A301F-GFP

15, 534 bp

pDestTol2CG2-
cdh17: pik3ca_E545K-GFP

15, 534 bp

Size
(bp)

1kb 
ladder

Figure 71. Generating pDestTol2CG2-cdh17: erbb2_A301F-GFP and pDestTol2CG2-cdh17: 
pik3ca_E545K-GFP Plasmids  
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6.3.6. Testing Newly Generated Plasmids Designed to Drive Oncogenic HRAS, erbb2 and 
pik3ca Under the Control of the Zebrafish cdh17 Promoter 
 

All plasmids were injected into one cell stage wild type zebrafish embryos and the offspring  

evaluated for GFP expression in the pronephros (to confirm plasmids integration into the 

genome and that the plasmids express GFP. Fluorescence microscopy was performed on day 

3 post-fertilisation. Of these plasmids, pDestTol2CG2-cdh17: GFP-HRAS_G12V and 

pDestTol2CG2-cdh17: GFP-CAAX resulted in GFP positive heart marker expression and 

pronephros expression (Figure 72). The GFP expression for pDestTol2CG2-cdh17: GFP-

HRAS_G12V was considerably weaker than pDestTol2CG2-cdh17: GFP-CAAX  but it was 

present (Figure 72). 
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Schematic of technique (left column) and fluorescent microscopy (GFP channel, right column) shown 
for (a) pDestTol2CG2-cdh17: GFP-HRAS_G12V and (b) pDestTol2CG2-cdh17: GFP-CAAX. GFP 
positive heart (cmlc: GFP marker in pDestTol2CG2 backbone) seen in both transgenic lines. GFP 
expression in pronephros for cdh17: GFP-HRAS_G12V and cdh17: GFP-CAAX expression vectors 
Fluorescent microscopy images on the right side of figure performed using Leica M205 FA fluorescent 
stereomicroscope.  
  
 

 

 

 

 

 

 

Figure 72. One Cell Stage Zebrafish Microinjection of Newly Constructed cdh17: GFP-
HRAS_G12V and cdh17: GFP-CAAX Expression Vectors and Subsequent Fluorescence 
Microscopy. 
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However, although pDestTol2CG2-cdh17: erbb2_A301F-GFP and pDestTol2CG2-cdh17: 

pik3ca_E545K-GFP resulted in good GFP heart marker expression, there was no GFP 

expression in the pronephros (Figure 73).  

 

 

Schematic of technique (left column) and fluorescent microscopy (GFP channel, right column) shown 
for (a) pDestTol2CG2-cdh17: erbb2_A301F-GFP and (b) pDestTol2CG2-cdh17: pik3ca_E545K-GFP. 
GFP positive heart (cmlc: GFP marker in pDestTol2CG2 backbone) seen in both transgenic lines. No 
GFP expression seen in pronephros for cdh17: erbb2_A301F-GFP and cdh17: pik3ca_E545K-GFP 
expression vectors. Fluorescent microscopy images on the right side of figure performed using Leica 
M205 FA fluorescent stereomicroscope.  
 

 

 

 

 

 

Figure 73. One Cell Stage Zebrafish Microinjection of Newly Constructed cdh17: erbb2_A301F-
GFP  and cdh17: pik3ca_E545K-GFP Expression Vectors and Subsequent Fluorescence 
Microscopy 
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6.3.7. Design of urinary tract cancer model utilising cdh17 promoter/driver 
 

The two newly generated plasmids that I had demonstrated to be functioning 

(pDestTol2CG2-cdh17: GFP-HRAS_G12V and pDestTol2CG2-cdh17: GFP-CAAX) were injected 

at the one cell stage into an in-cross of tp53zdf1/zdf1, Et(gSAIzGFFD)875b zebrafish. The reason 

for using zebrafish homozygous for the zdf1 tp53 mutation that also had the 

Et(gSAIzGFFD)875b enhancer trap transgene in its genetic background was that this line was 

maintained from the zebrafish urinary tract cancer model from Chapter 5. of this thesis. I 

determined that the ‘Et(gSAIzGFFD)875b’ transgene in the background would be unlikely to 

have any unwanted effects on this experiment and the background would be present both 

in test and control groups. Furthermore, the GFF transgene would not affect the expression 

of the HRAS_G12V because I was not using plasmids with a UAS sequence. 

 

The F0 generation were screened at days 3-5pf for mosaic expression in the pronephros. 

The mosaic expression was throughout the pronephros. F0 generation zebrafish with the 

strongest expression patterns were raised (Figure 74).  
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Figure 74. Schematic of New Zebrafish Urinary Tract Cancer Model Utilising Zebrafish cdh17 
Gene Promoter. 
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6.3.8. Mosaic expression of GFP-HRAS_G12V and GFP-CAAX in the Distal Mesonephros 
Under the Control of the Zebrafish cdh17 Promoter at 3 Weeks Post Fertilisation 
 

To confirm ongoing mosaic expression during the juvenile stages, F0 zebrafish at 3 weeks 

old were imaged under anaesthetic (and subsequently culled) and reporter gene expression 

was evidence throughout the mesonephros (Figure 75).  

 

All zebrafish are homozygous for tp53zdf1/zdF1 mutation. Zebrafish shown are 3 weeks post-fertilisation. 
GFP expression seen in distal mesonephros (White arrow). Fluorescent microscopy above performed 
using Leica M205 FA fluorescent stereomicroscope.  
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Figure 75. Mosaic Expression of GFP-HRAS_G12V and GFP-CAAX in Distal Mesonephros Under 
the Control of the cdh17 Gene Promoter. 
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6.3.9. Identification of Zebrafish Abnormalities in New Urinary Tract Cancer Model  
 

Zebrafish were monitored daily for the development of macroscopic tumours or any 

abnormal phenotype or signs of distress. Abnormal phenotypes that were identified 

included: abdominal swelling, cardiac oedema, swimming difficulties, general poor condition 

(Figure 76).  

  

15 zebrafish in total were culled due to abnormalities. 42.4% (14/33) tp53zdf1/zdf1 and GFP-
HRAS_G12V zebrafish and 1.5% (1/68) tp53zdf1/zdf1 and GFP-CAAX zebrafish were culled due to 
abnormalities between 2 weeks and 3 months. 
 
 

 

 

 

 

 

 

 

 

 

Figure 76. Macroscopic Phenotypes in tp53zdf1/zdf1, Tg(cdh17: GFP-HRAS_G12V) and tp53zdf1/zdf1, 
Tg(cdh17: GFP-CAAX) Zebrafish Between 2 Weeks and 3 Months. 
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6.3.10. Histological Analysis of Zebrafish With Macroscopic Abnormalities in Cancer Model 
Utilising cdh17 Promoter 
 

All zebrafish with macroscopic abnormalities were processed histologically. Wax embedded 

specimens were sectioned so that the urinary tract was visible. These sections were stained 

for H&E and were analysed with a histopathologist to look for the presence of any cancers.  

Areas of the zebrafish that were analysed included the components of the zebrafish kidney 

(head kidney, trunk, tail and urinary bladder [if present in the section]) and gastrointestinal 

tract. No cancers were visualised in any of the 15 zebrafish that were culled due to visual 

abnormalities. Representative H&E stained histological slides are shown below of 

tp53zdf1/zdf1, Tg(cdh17: GFP- HRAS_G12V) zebrafish that were culled due to heart swelling at 

4 weeks old (Figure 77), heart swelling at 6 weeks old (Figure 78), abdominal swelling at 6 

weeks old (Figure 79) and abdominal swelling at 2 months old (Figure 80).  

 

In zebrafish that were culled due to heart swelling there were no overt histological 

abnormalities in the abdominal organs analysed (Figures 77 and 78). In zebrafish that were 

culled due to abdominal swelling, histological analysis either revealed distended bowels 

(Figures 79 and 80) or a large number of eggs (Figure 80), but no evidence of cancers.  
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(a) Whole zebrafish photograph shown for comparison (heart swelling in red dotted square).  No 
evidence of cancer seen in (b) whole zebrafish, (c) Head kidney, (d) trunk kidney, (e) tail kidney and 
distal urinary tract or (f) gut. (g) Section of swollen heart shown. 
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Figure 77. H&E-Stained Sections of Approximately 4-Week Post Fertilisation tp53zdf1/zdf1, 
Tg(cdh17: GFP- HRAS_G12V) Zebrafish Culled Due To Heart Swelling. 
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(a) Whole zebrafish photograph shown for comparison (heart swelling in red dotted square). No 
evidence of cancer seen in (b) whole zebrafish, (c) Head kidney, (d) trunk kidney, (e) tail kidney and 
distal urinary tract, (f) gut or (g) liver. (h) Section of swollen heart shown. 
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Figure 78. H&E-Stained Sections of Approximately 6-Week Post Fertilisation tp53zdf1/zdf1, 
Tg(cdh17: GFP- HRAS_G12V) Zebrafish Culled Due To Heart Swelling. 
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(a) Whole zebrafish photograph shown for comparison (abdominal swelling in red dotted square). No 
evidence of cancer seen in (b) whole zebrafish, (c) Head kidney, (d) trunk kidney, (e) tail kidney or (f) 
Gut. 
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Figure 79. H&E-Stained Sections of Approximately 6-Week Post Fertilisation tp53zdf1/zdf1, 
Tg(cdh17: GFP- HRAS_G12V) Zebrafish Culled Due To Abdominal Swelling. 
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(a) Whole zebrafish photograph shown for comparison (abdominal swelling in red dotted square). No 
evidence of cancer seen in (b) whole zebrafish, (c) Head kidney, (d) trunk kidney, (e) tail kidney, (f) 
urinary bladder, (g) gut or (h) ovaries. 
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Figure 80. H&E-Stained Sections of Approximately 2-month-old tp53zdf1/zdf1, Tg(cdh17: GFP- 
HRAS_G12V) Zebrafish Culled Due To Abdominal Swelling. 
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6.4. Discussion 
 

This chapter has provided some important findings. Firstly, it provides an up-to-date 

characterisation of the zebrafish cdh17 promoter expression pattern throughout the life 

course of the zebrafish. Secondly, this study has shown that driving HRAS_G12V under the 

control of the zebrafish cdh17 promoter, both with and without global tp53 mutation does 

not lead to cancer up to 3 months of age in these zebrafish. 

 

The cdh17 promoter in our study drove reporter gene expression throughout the zebrafish 

pronephros during the larval stages. At 3-weeks post fertilisation, the reporter expression 

was throughout the urinary tract. An important finding is that between 3 weeks post 

fertilisation and 6 weeks post fertilisation, the reporter gene expression diminished in the 

most distal parts of the urinary tract. By 6 weeks post fertilisation, the reporter expression 

was visible in both mesonephric ducts, but not distal to the fusion of the mesonephric ducts 

where the urinary bladder would be located. This is the first time this has been described in 

the literature. A previous study using a 2.3kb cdh17 promoter fragment previously reported 

gene expression throughout the urinary tract at 1 month and 6 months old i.e. down to the 

cloaca (391). However, this was not our experience. It is important to note that due to our 

previous identification and characterisation of the zebrafish urinary bladder, I was 

specifically interested in expression in this structure and focussed specifically on this. It is 

likely that previous groups didn’t focus specifically on expression in the urinary bladder and 

so this region may have been overlooked. A similar expression pattern was seen with the 

Et(gSAIzGFFD)875b; Tg(UAS: GFP) enhancer trap zebrafish line. However, the 

Tg(mpx:GFP)i114 zebrafish line demonstrated reporter gene expression in the distal 

pronephros/mesonephros at 3 weeks post fertilisation and this reporter gene expression 

persisted in the mesonephric ducts and the urinary bladder to adulthood. Further work is 

needed to characterise the embryology of the zebrafish distal urinary tract to determine the 

origin of the zebrafish mesonephric ducts and urinary bladder.  

 

One of the potential reasons for the lack of cancers in these zebrafish by 3 months is that 

the method used the cdh17 promoter without utilising the Gal4/UAS amplification system. 

The Gal4/UAS system has previously been reported to potentiate and amplify transgene 
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expression (393). It may be the case that to drive cancers in the pronephros/mesonephros, 

the GAL4/UAS system is required to increase the expression of oncogenes beyond the levels 

of an endogenous gene promoter. The cancer experiment was halted at 3 months as this 

study sought to determine if this zebrafish model could serve as a useful high-throughput 

cancer model with a fast turnaround time. It is possible that cancers could have developed 

after 3 months, although we saw no Kaede urinary tract expression after 3 months in the 

stable Tg(cdh17: Gal4) sh681; Tg(UAS: Kaede) s1999t transgenic line.  

 

Whilst it was planned to evaluate the phenotype with oncogenic erbb2 and pik3ca 

expression in the zebrafish pronephros/mesonephros, the plasmids containing C-terminal 

fusions between the oncogene and GFP did not result in any reporter gene expression in the 

pronephros. This is most likely related to the linker sequence used. The C-terminal fusion 

that was created between erbb2 and pik3ca coding sequences and GFP was the att site 

which was 24 bp long which would result in a protein with 8 amino acids (Asp, Pro, Ala, Phe, 

Leu, Tyr, Lys, Val). It is possible that this linker sequence was not long enough and therefore 

the 3D tertiary structure of the Erbb2-GFP and Pik3ca-GFP fusion proteins that were 

translated did not fold properly. Use of in-silico proteomic tools that analyse the 3D tertiary 

protein structure based on an inputted amino acid sequence may help to predict the 

likelihood that the final fusion protein will fold properly. Furthermore, changing the linker 

sequence to a longer flexible linker or to a self-cleaving peptide such as T2A may resolve this 

issue in the future.  

 

6.5. Conclusions 
 

The zebrafish cdh17 promoter can drive expression of transgenes in the pronephros and 

mesonephros throughout the larval and juvenile stages but not the adult urinary bladder 

from 6 weeks post fertilisation. Expression of HRAS_G12V under the control of the zebrafish 

cdh17 promoter on a background of a tp53 DNA binding domain mutation does not lead to 

cancer in the examined window. In future, increased expression of HRAS_G12V using, for 

example, the Gal4/UAS system, may drive cancer formation.  
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Chapter 7.  Overall Discussion and Future Work 
 

7.1. Overall Discussion 
 

Urinary tract cancers are a significant global health problem (56, 57, 367). Urothelial cancers 

and renal cell carcinoma are the commonest urinary tract cancers (excluding prostate 

cancer) and are a source of significant morbidity and mortality.  

 

Our systematic review of BC provides a contemporary update of the epidemiology, 

incidence, prevalence and mortality of bladder cancer. One of the most striking findings 

from this systematic review is that global age standardised rates for BC incidence have not 

changed significantly from 1990 to 2019, but there has been a significant shift in incidence 

and mortality in specific world regions. For example, there have been significant increased 

incidences noted in East Asia, North Africa, Middle East and Central Europe. Furthermore, 

the greatest percentage increases in BC incidence over the next 20 years is predicted to be 

in Africa, Latin America, Caribbean, Asia and Oceania. This is likely to be related, in part, to 

the rapid industrialisation taking place in these areas. In addition to the well-established risk 

factors of smoking and occupational exposures, the review highlighted the evidence for 

opium consumption and firefighting. Furthermore, the systematic review reported new 

correlative evidence for specific dietary factors, gene-external risk factor interactions, pelvic 

radiotherapy, and diesel exhaust emission exposure. These findings are important because 

they can potentially inform prevention strategies to reduce cancer incidence in the future. 

Identification of groups at high risk of getting bladder cancer can also potentially help with 

targeted screening. There is ongoing work in the literature to determine the efficacy of 

screening high risk populations for bladder cancer (394).  

 

Animal models are an important resource for deepening understanding of the mechanistic 

pathways involved in cancer initiation and progression. High-throughput in-vivo transgenic 

models for urinary tract cancers are lacking. Zebrafish models have been an attractive 

model for cancer due to their advantages with regards to the potential for high throughput 

experimental methods, ease of genetic manipulation and high-quality in vivo imaging at 

younger ages (209). Our work on the characterisation of the zebrafish urinary tract 
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represents the first in-depth characterisation of the excretory urinary tract in zebrafish. We 

demonstrated the anatomy of the zebrafish urinary collecting system including the 

mesonephric ducts (homologous to ureters), urinary bladder and urethra both histologically 

level and using fluorescent microscopy. We demonstrate the anatomy of the zebrafish 

kidneys along the dorsal abdominal wall with two major mesonephric ducts running either 

side of the midline. The two mesonephric ducts merge caudally into a single saccular shape 

urinary bladder which leads to the urethra situated posterior to the gut. The zebrafish 

urinary collecting system expresses several proteins that are also expressed in the human 

urinary collecting system suggesting homology. The zebrafish urinary bladder has a collagen 

rich lamina propria-like structure underlying the epithelium and also has a thin muscle layer 

mirroring the human urinary bladder wall structure. The zebrafish pelvic floor also shares 

similarities with its human counterpart. Following the zebrafish urinary bladder inferiorly 

leads to a distinct urethra that is separate from the rectum but receives drainage from the 

testis via an epididymis-like structure.  

 

However, there are differences between the zebrafish and human excretory urinary tracts. 

In contrast to human ureters, zebrafish mesonephric ducts don’t have an underlying muscle 

layer. Furthermore, the zebrafish urinary bladder epithelium has only one to two cell layers 

which is different to the multicellular urothelium. A urinary bladder has been described in 

other teleost fish species and has been described as a thin-walled organ (395) which 

matches our findings. These differences in structure between zebrafish and human are likely 

to be related to differing physiological demands and differing environments. 

 

The purpose of the zebrafish urinary bladder is unclear. In humans, the human urinary 

bladder is a compliant waterproof reservoir that stores urine at low pressures until it is 

socially convenient to pass urine (5). Work from a collaborator (Dr Duncan Morhardt (366)) 

demonstrated intermittent filling and emptying of the zebrafish urinary bladder. It has been 

postulated in other fish species that intermittent micturition may confer a survival 

advantage in an environment where olfactory signals are important (395). However, this 

theory suggests an element of voluntary control over micturition. As zebrafish do not have a 

cerebral cortex structure, their intermittent voiding may be reflex in nature and not subject 

to voluntary control. Further work is needed to establish this mechanism. Another potential 
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function of the zebrafish urinary bladder is osmoregulation. Previous work in other 

freshwater teleost species (freshwater rainbow trout) has reported sodium and chloride 

reabsorption take place in the urinary bladder (28, 396).  

 

Our work on developing a zebrafish model of urinary tract cancer utilised several elements: 

the Et(gSAIzGFFD)875b enhancer trap line, zebrafish tp53 mutation, HRASG12V 

overexpression in the tissues that the GFF transgene are expressed (which include the 

urinary tract) in and use of the Gal4/UAS system. We demonstrated invasive cancers in the 

abdominal cavity. These cancers are likely to predominantly arise from the epithelial cells in 

the urinary tract based on the anatomical location and immunohistochemistry for AE1/AE3. 

However, it has proven difficult in this project to determine the specific epithelial tissues 

that they arise from with histological morphology analysis and immunohistochemistry 

alone. The enhancer trap line that was used is expressed throughout the pronephros, 

mesonephros and gut and zebrafish in the experiment were raised on the basis of mosaic 

expression in the distal pronephros as a minimum but they often had expression more 

proximally and in the gut. Furthermore, the reporter gene expression in the zebrafish 

Et(gSAIzGFFD)875b enhancer trap line did not continue to the adult stage nor was the 

reporter gene expression present in the adult saccular and expansile urinary bladder.  

Although it is logical that the most distal aspects of the pronephros give rise to the 

mesonephric ducts (homologous to ureters) and urinary bladder, and the more proximal 

aspects of the pronephros and mesonephros give rise to the renal tubules and ducts, this 

not known for sure. Despite this, this study demonstrated as a proof of principle that it is 

possible to induce cancers in the F0 generation through mosaic expression of HRASG12V 

under the control of an enhancer trap zebrafish line with expression in the urinary tract. 

Whilst various other groups have used a stable line approach to generating cancers in other 

models, the mosaic F0 generation model more closely recapitulates the cancer process in 

adults which often results from mutations in somatic cells.  

 

The attempt at optimisation of the cancer model shown in Chapter 6.  led to a number of 

important insights. Firstly, it involved a direct comparison of the in-vivo expression of two 

different zebrafish promoter fragments and a further characterisation of a 4kb cdh17 

promoter fragment during the larval, juvenile and adult stages. Whilst there is a published 
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characterisation of the expression pattern of a 2.3kb cdh17 promoter during the larval and 

juvenile stages (391), I decided that further characterisation was required for this 4kb cdh17 

promoter fragment with an emphasis on characterising the expression pattern in the 

excretory elements such as the urinary bladder and urethra. This is because these structures 

were likely to have been previously overlooked as they were not known about. We show 

that driving HRASG12V in the distal urinary tract under the control of the cdh17 promoter 

with a global tp53 mutation in the background leads to macroscopic phenotypes including 

cardiac swelling and abdominal swelling due to bowel distension, but no cancers in the 

abdominal cavity. This suggests that there may be a physiological effect of the HRAS_G12V 

expression in the urinary tract (combined with tp53 DNA binding domain mutation) causing 

possible oedema/congestive cardiac failure/reduced gut transit. This possibility would 

require further experimental testing to confirm a link between the genomic alterations and 

the non-malignant observations. The Gal4/UAS system is likely to be important for cancer 

generation in these tissues in the zebrafish, as the same genomic alterations driven in 

similar tissues resulted in cancers when the Gal4/UAS system was used in Chapter 5.  

 

7.2. Future Work 
 

Having an in depth understanding of the embryology of the zebrafish excretory urinary tract 

is key for any future cancer model. One of the difficulties with a zebrafish urinary tract 

cancer model is expressing genes in the zebrafish larval pronephros and using their 

expression in the larval pronephros as a basis for where these genes will be expressed in the 

adults. An early assumption made in this project was that if genes are expressed in the distal 

pronephros early on then they will be expressed in the mesonephric ducts and urinary 

bladder as adults i.e. the distal pronephros is a precursor to the mesonephric ducts and 

adult urinary bladder. However, whilst this is true for the TgBAC(mpx: GFP) i114 zebrafish 

line, this is not true for the cdh17 reporter line or the Et(gSAIzGFFD)875b enhancer trap line. 

This could either be because when the urinary bladder becomes more expansile and 

saccular in nature, it stops expressing cdh17 or the enhancer trap regulatory genes. Or it 

could be because the urinary bladder actually doesn’t exist pre-3 weeks old and the urinary 

bladder develops after 3 weeks post fertilisation, either from the mesonephric duct or from 

the cloaca as occurs in humans. If this was the case, then the most distal segments of 
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zebrafish the urinary tract before 3 weeks post fertilisation would be mesonephric ducts.  

The urinary bladder in other teleost fish species has been described as a morphological 

extension of the kidney originating from the mesonephric duct and has been used as a 

model of renal tubular function in other fish species (29). However, there is no evidence in 

the literature to support this mesonephric duct origin urinary bladder in teleost fish.  

 

It is known that in humans the urinary bladder predominantly arises from the anterior 

urogenital sinus (endodermal in origin) and the ureters arise from the ureteric bud that 

comes from the mesonephric duct (mesodermal in origin) and ascends up to fuse to the 

metanephric kidney (6). A key difference between the zebrafish urinary tract embryology 

and human counterpart is that the zebrafish have been reported not to develop a 

metanephros (23). Therefore, the epithelial-to-mesenchymal interactions and embryological 

processes that occur in the human urinary tract (the ureteric bud arises from the 

mesonephric duct and ascends and fuses to the metanephric tissue as well as the distal 

ureter and mesonephric migrating to form bladder trigone (6)) are likely to be different in 

zebrafish.  

 

Potential ways in which the zebrafish distal urinary tract embryology can be explored is 

using a spatial transcriptomics. This could help to characterise the gene expression patterns 

in specific regions of the larval urinary tract in order to determine the larval urinary tract 

structures that give rise to the urinary bladder, mesonephric ducts and kidney. Another 

method to further characterise the embryological processes occurring in the zebrafish 

urinary tract is using fluorescent microscopy of a zebrafish reporter line that labels the 

zebrafish urinary bladder specifically. The Tg(mpx: GFP) i114 urinary tract morphology 

experiments in this thesis provided important insights into the morphological development 

of the excretory urinary tract structures and supported a zebrafish urinary bladder structure 

that embryological arose from the distal pronephros. However, this study didn’t explain 

whether the zebrafish urinary bladder arose and grew from the distal pronephros or if the 

distal pronephros is a precursor to the mesonephric ducts and urinary bladder. Having a 

stronger grasp of these embryological processes in the zebrafish urinary tract will be key to 

the optimisation of any transgenic zebrafish urinary tract cancer model to ensure that any 
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oncogenes of interest being expressed in zebrafish larval tissues are in fact being expressed 

in the desired specific adult tissues.  

 

The experiments in this thesis to characterise the larval, juvenile and adult reporter 

expression patterns in the cdh17 promoter reporter line and the Et(gSAIzGFFD)875b 

reporter line both demonstrated a similar pattern of urinary tract expression. They both 

demonstrated expression in the most distal most pronephros segments but then during the 

juvenile stages, the expression diminished in the most distal segments. Therefore, a model 

of adult bladder cancer will need to use a promoter or enhancer with transgene expression 

in the larval pronephros but continues to express specifically in the adult urinary bladder. 

Apart from the Tg(mpx:GFP) i114 zebrafish line which we found to have reporter gene 

expression in the zebrafish urinary bladder in addition to neutrophils, there are no known 

reporter lines for the zebrafish urinary bladder. Transgenic mouse models of bladder cancer 

have previously used the mouse uroplakin-2 gene promoter which is highly specific for the 

urinary bladder. The Immunohistochemistry experiments in Chapter 4. demonstrate 

uroplakin-1a and 2- expression in the zebrafish ureters and urinary bladder suggesting this 

may be an effective regulatory element to use to drive genes of interest in the zebrafish 

adult urinary bladder. Utilising these regulatory elements from the zebrafish uroplakin 1-a 

or uroplakin-2 genes will involve cloning up to 10kb of the nucleotide sequence upstream of 

the ATG translation start site into a plasmid and placing, downstream of this, the nucleotide 

sequence for transcriptional activator Gal4 or GFP to see if a stable line can be established. 

A new method that is reported to bypass some of the difficulties associated with estimating 

the regulatory elements of a gene is CRISPR/Cas 9 mediated ‘knock in’ whereby a reporter 

or transcriptional activator sequence can be ‘knocked in’ just upstream of the ATG 

translation start site using CRISPR/Cas9 technology (397). This means that one is not 

constrained by the maximum nucleotide sequence size possible to place into a plasmid or 

inherent issues of transgenesis efficiency with BAC transgenesis.  

 

If a uroplakin-1a or uroplakin-2 reporter line does not result in expression in in the adult 

urinary bladder, then further work is required to identify other genes that are expressed in 

the zebrafish urinary bladder and ureters and to identify regulatory sequences from these. It 

is important that the gene chosen is as specific to the urothelium as possible for a urothelial 
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cancer model. One potential issue with developing a tissue specific reporter line for the 

zebrafish urinary epithelium to label the ureters and the urinary bladder is the uroplakin 

genes may not actually be tissue specific for the urinary epithelium in zebrafish. If this is 

shown to be the case, then a full transcriptomic profile of the zebrafish urinary bladder and 

mesonephric ducts/ureters will be needed to identify potential candidate genes that are 

expressed in the zebrafish urinary bladder.  With this data, one can then develop reporter 

lines for these candidate genes and identify candidates with the best tissue specificity.  I 

have optimised a technique (data not shown in thesis) to extract good quality RNA from 3-4 

pooled freshly dissected zebrafish urinary bladders and so this technique can be used to 

generate RNA sequencing data for the zebrafish urinary bladder. 

 

With regards to the cancers that I generated in Chapter 5. of this thesis, a future experiment 

that would help to characterise the nature of these cancers and provide definitive evidence 

that they were ‘urothelial’ in origin or ‘mesonephric duct/ureter’ in origin or ‘renal tubule’ in 

origin would involve evaluation of the gene expression patterns within the tumours. There 

are several methods to potentially extract RNA from these zebrafish tumours and perform 

transcriptomic profiling. Methods that can be used to perform transcriptomic profiling of 

the tumours include a) laser capture microdissection from FFPE tissue sections or b) laser 

capture microdissection of snap frozen cryosections with subsequent microarray or RNA 

sequencing analysis (398). An alternative approach is c) spatial transcriptomic analysis using 

snap-frozen and cryo-sectioned tissue (399). There are pros and cons to these methods. 

RNA extracted from FFPE tissue is often fragmented but it is generally good enough for 

microarray but not RNA sequencing. RNA extracted from snap frozen tissue is less degraded 

than RNA from FFPE tissue and so RNA sequencing is an option, but this method requires 

more skills with respect to snap freezing and cryosectioning. Spatial transcriptomic methods 

are excellent for performing in depth analysis of gene expression profiles In different 

regions of the tumour, but the use of this technology is hindered by its significant cost.  

 

A marker of poor prognosis in bladder cancer in clinical practice is Ki-67 

immunohistochemistry staining. Ki-67 is a nuclear protein expressed in the G1, S, G2 and M 

phases of the cell cycle but not detectable in the G0 or early G1 phase. It is thus a marker of 

cell proliferation (400). Zebrafish do not possess the Ki-67 protein. However, zebrafish do 
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possess proliferating circulating nuclear antigen (PCNA) which is another protein which can 

be used as a marker of proliferation. PCNA is a nuclear protein which plays a role in DNA 

synthesis and repair. This marker has been used successfully in zebrafish previously (401). 

Future work could use PCNA on the zebrafish cancers to determine their aggressiveness. 

 

The logical next step in the optimisation of the cdh17 cancer model is to attempt the cancer 

model utilising the Gal4/UAS system. The Gal4/UAS system is reported to increase 

transgene expression beyond the expression that can occur under the control of a native 

promoter (393).  As cdh17 is not expressed in the adult urinary bladder this may be a larval 

model of urinary bladder cancer at around 3 weeks post fertilisation or an adult model of 

upper tract urothelial cancer or an adult model of renal cell carcinoma. This experiment 

would require crossing the tp53 zdf1 mutation into our newly generated zebrafish Tg(cdh17: 

Gal4) sh681 line to generate a tp53zdf1/zdf1, Tg(cdh17: Gal4) sh681 zebrafish line and then 

injecting pDestTol2CG2- UAS:GFP-HRAS_G12V and pDestTol2CG2- UAS:GFP-CAAX plasmids 

into embryos from an Incross of this line. Immunohistochemistry and transcriptomic 

profiling will then be required to determine the specific cancer subtype that has been 

generated.  

 

The cancer models in this thesis utilised two genomic alterations: the HRAS_G12V transgene 

and tp53 M214K mutation. One of the commonest genomic alterations in human bladder 

cancer is mutation in the receptor tyrosine kinase FGFR3 leading to constitutive activation 

(118, 120). Overexpression of zebrafish fgfr3 in the zebrafish pronephros was attempted in 

the zebrafish in this project by injecting a previously published plasmid 

(pCM326[pDestTol2CG2,crya:Venus]-UAS: fgfr3-2AEGFP) (229) into one cell stage 

Et(gSAIzGFFD)875b zebrafish embryos. Although, there was evidence of the Venus 

fluorescent protein expression in the eye (demonstrating integration and functioning of 

crya: Venus component of the plasmid), there was no evidence of GFP expression in the 

pronephros (Data not shown). It was therefore determined, due to the absence of GFP 

expression in the pronephros, that use of this plasmid would not be suitable for use in a 

cancer model. One possible explanation for the absence of GFP expression in the 

pronephros could be related to issues related to the use of the 2A self-cleaving peptide such 

as incomplete cleavage (402). However, it is important that future zebrafish urinary tract 
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cancer models attempt to overexpress mutant fgfr3 to recapitulate common forms of 

human bladder cancer. A method that could be tried in the future is to assemble a plasmid 

containing a mutant fgfr3 DNA sequence fused to a reporter gene sequence with different 

linker sequences in between. 

 

7.3. Conclusions 
 

Urinary tract cancers are common and are associated with significant morbidity and 

mortality. Large scale sequencing data sets are revealing new genomic alterations 

associated with these cancers. High throughput transgenic animal models of urinary tract 

cancers are needed to mechanistically test the roles and functions of these genomic 

alterations. The zebrafish excretory urinary tract shares several similarities with its human 

counterpart supporting its use as a model of urinary tract diseases. A transgenic zebrafish 

model of urinary tract cancer whereby an oncogene associated with human bladder cancer, 

HRAS_G12V, is overexpressed in the zebrafish urinary tract both with and without a 

zebrafish global tp53 DNA binding domain mutation, can lead to invasive abdominal cancers 

in up to 6 weeks. However, this model requires further validation. Further work is needed to 

characterise the zebrafish cancers generated from this model and determine their 

homology to human urinary tract cancers.  Furthermore, further work in needed in the 

future to further understand the functional segmentation pattern and embryological origin 

of the zebrafish excretory urinary tract in order to improve expression of genes of interest 

to specific regions of the adult zebrafish urinary tract.  
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