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Abstract


Background:


Urothelial bladder cancer is a common disease that arises by at least two different molecular pathways. The biology of bladder cancer is incompletely understood, making the management of patients with this disease difficult. Recent evidence implicates a regulatory role for microRNA in cancer, suggesting the need to study these in more depth. In this thesis I will focus upon these RNAs to better understand their role in bladder cancer. Firstly, I hypothesise that altered microRNA expression contributes to bladder cancer carcinogenesis. 

Secondly, I will focus upon the use of microRNA in the diagnosis of bladder cancer. Urinary biomarkers are needed to improve the care and reduce the cost of managing bladder cancer. Current biomarkers struggle to identify both high and low-grade cancers due to differing molecular pathways. Therefore, my second hypothesis is that urinary microRNAs reflecting low and high-grade pathways could detect a broad spectrum of bladder cancers to overcome differences in genetic events seen within the disease.  

Thirdly, I will manipulate the expression of microRNA-1224-3p in urothelial cells and assess the phenotypical outcomes.  Current chemotherapeutic regimes in bladder cancer are limited with no gene-based agents in the near horizon.  My third hypothesis is that the manipulation of microRNA will alter urothelial cells in an anti-tumourigenic manner.


Materials and Methods:


To test the first hypothesis, I examined the expression of 322 microRNAs in 78 normal and malignant urothelial samples using real-time rtPCR. 

To test the second hypothesis, I investigated urinary samples from patients with bladder cancer (n=68) and age-matched controls (n=53) which included patients with a diagnosis of urosepsis (n=6). Fifteen microRNAs were quantified using real-time PCR from these urine samples.

To test the third hypothesis, I investigated the under- and over-expression of microRNA-1224-3p on urothelial cells and investigated the phenotypical responses of these cells to microRNA manipulation.


Results: 


Altered microRNA expression is common in bladder cancer, and changes occurs early in tumourogenesis. In normal urothelium from patients with bladder cancer, 11% of microRNA’s have altered expression when compared to disease-free controls. In bladder cancer microRNA alterations occur in a tumor phenotype-specific manner and can predict disease progression. High-grade UCC were characterized by microRNA up-regulation, including microRNA-21 that suppresses p53 function. In low-grade UCC there was down-regulation of many microRNA molecules including miR-99a/100 that regulate FGFR3 and FOXA1.

MicroRNA expression is stable within urinary samples despite adverse handling. MicroRNA had the ability to be detected in urine after they were stored at room temperature for 48 hours.  We detected differential expression of 10 microRNAs from patients with cancer and controls (miRs-15a/15b/24-1/27b/100/135b/203/212/328/1224-3p, ANOVA p<0.05). Individually, miR-1224-3p had the best individual performance with specificity, positive and negative predictive values and concordance of 83%, 83%, 75% and 77%, respectively. The combination of miRs-135b/15b/1224-3p detected bladder cancer with a high sensitivity (94.1%), sufficient specificity (51%) and was correct in 86% of patients (concordance).

Over-expression of microRNA-1224-3p on urothelial cells was shown to be of a reproducible manner.  Over-expression of microRNA-1224-3p resulted in a significant decrease of urothelial cell viability.




Conclusion:


This was one of the first studies to demonstrate that distinct microRNA alterations characterise bladder cancer in a grade-specific manner. These data reveal new insights into disease biology and have implications regarding tumor diagnosis, prognosis and therapy.

The use of the panel of urinary microRNAs-135b/15b/1224-3p in patients with haematuria would have identified 94% of bladder cancers, whilst reducing cystoscopy rates by 26%. However, 2 invasive cancers (3%) would have been missed.

Over-expression of microRNA-1224-3p leads to the inhibition of urothelial cell growth and viability.  With further studies, this finding could potentially be developed to create a chemotherapeutic agent for patients with bladder cancer.
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[bookmark: _Toc278904792]CHAPTER 1 - INTRODUCTION
[bookmark: _Toc278904793]1.1		Cancer – early history
The definition of cancer, by the National Cancer Institute, is of a disease in which abnormal cells divide without control and have the ability to invade other tissues.  

All cancers are initiated from genetic mutations or modifications within a cell’s blueprint – the DNA. In 2004 it was reported that 291 cancer genes were documented equating to just over 1% of all human genes1.  A decade later, the Sanger Institute (Cambridge, United Kingdom) now report 2, 472 gene mutations causally implicated in cancer. 

These genetic mutations create abnormal cells that exhibit the ability to avoid normal physiological constraints. This perpetuates the autonomous growth and spread of the cancer, which for patients manifests into the signs and symptoms associated with the disease and, if not controlled or cured, will ultimately lead to morbidity and mortality.

It is estimated that cancer is the cause of approximately 7.6 million deaths per year and is accountable for 13% of all deaths worldwide2

The word carcinos was a term given to a collection of cancers by Hippocrates (460BC-370BC).  This Greek word translates into the word “crab” as the solid tumours dissected by Hippocrates contained veins within the lesion that spread out like the legs of crabs.  Three hundred years later, the Roman physician Celsus (25BC – 50AD) translated this Greek word carcinos to the Latin equivalent, cancer.

The earliest description of cancer can be traced back to ancient Egyptian civilisation in 1600BC contained within the Edwin Smith Papyrus – the oldest surgical textbook in existence.  The text gave the description of the treatment of eight cases of tumours and ulcers of the breast.  This was achieved with cauterisation with an instrument termed a “fire drill”.  Interestingly the textbook described that for this disease “There is no treatment” and that cauterisation was performed as a palliative measure.

Histological specimens of cancer have been identified from a period earlier than this, with the evidence of malignant melanoma in the remains of Peruvian Inca’s skeleton dating back to 2400BC.

[bookmark: _Toc216431267][bookmark: _Toc216432352][bookmark: _Toc216433907][bookmark: _Toc216434024][bookmark: _Toc216438080]With regard to the cause of cancer, the first documented environmental link between cancer and its cause was a urological one described by Percivall Pott (1714-1788).  He correctly observed the association of the occupation of a chimney sweep to the high incidence of scrotal squamous cell carcinoma sighting soot as a carcinogen.
[bookmark: _Toc278904794]1.2		Hallmarks of cancer
The seminal paper by Hanahan and Weinberg in 2000, alongside their recent update, described the pathogenesis of cancer into 6 pertinent hallmarks applicable to all variations of this disease 3,4 (figure 1). These are:

I. Sustaining proliferative signalling – the ability of cancer cells growing independently without the requirement for external growth factors.  They acquire the ability to maintain chronic proliferation

II. Evading growth suppressors – cancer cells gain the ability to avoid and bypass the proliferation suppressor properties of numerous proteins.

III. Activating invasion and metastasis - the ability of cancer cells to spread to a site from is origin, whether this be from direct invasion, via blood or via the lymphatic system.

IV. Enabling replicative immortality – cancer cells develop the ability to avoid normal mechanisms which limit cell-proliferation – namely senescence and crisis. Immortalisation of rare variant cells which develop to form tumours have been attributed to these variant cells maintaining telomeric DNA lengths which subsequently gives them this immortal property.

V. Inducing angiogenesis – cancer cells like all living cells require a source of nutrients and oxygen molecules for their ability to survive and expand.  This sustenance is initially derived from diffusion however when the cancer cells reach a specific size they have the ability to create new blood vessels – angiogenesis – which facilitates their survival in a more independent and autonomous manner.
VI. Resisting cell-death- the ability of cancer cells to avoid programmed cell death.

[image: ]


[bookmark: _Toc132647157][bookmark: _Toc132647172][bookmark: _Toc132647520][bookmark: _Toc132648347][bookmark: _Toc145573721][bookmark: _Toc216261055][bookmark: _Toc216261257][bookmark: _Toc216431142][bookmark: _Toc216431196][bookmark: _Toc216431268][bookmark: _Toc216432353][bookmark: _Toc216433908][bookmark: _Toc216434025][bookmark: _Toc216438081]Figure 1:  Adapted figure demonstrating the hallmarks of cancer cell development as reported by Hanahan and Weinberg 4.
[bookmark: _Toc278904795]1.3		Bladder cancer
[bookmark: _Toc132647158][bookmark: _Toc132647173][bookmark: _Toc132647521][bookmark: _Toc132648348][bookmark: _Toc145573722][bookmark: _Toc216261056][bookmark: _Toc216261258][bookmark: _Toc216431143][bookmark: _Toc216431197][bookmark: _Toc216431269][bookmark: _Toc216432354][bookmark: _Toc216433909][bookmark: _Toc216434026][bookmark: _Toc216438082][bookmark: _Toc278904796]1.3.1		Anatomy of the bladder

The bladder is a pelvic organ that acts as a storage device for urine prior to it being expelled under autonomic control (figure 2).  A normal bladder has the capacity of approximately 400-500mls of urine. The bladder is located posteriorly to the pubic symphasis and should be viewed as a tetrahedral organ comprising of
· Superior surface- containing the apex/dome
· Two infereo-lateral surfaces
· Posterio-inferior surface – the base 

Appreciation of the adjacent structures, organs and surrounding potential spaces associated with the bladder is required when this organ is affected with cancer. These are all potential sites of invasion, metastatic spread and a detailed anatomical knowledge is crucial when administering treatment for the patients in the form of radical pelvic surgery.

In males, posterior to the bladder lie the seminal vesicles, vas deferens, ureters and the rectum.  In females the uterus and vagina separate the bladder from the rectum hence the potential for vesico-vaginal fistula formation in advancing bladder cancer.  The dome/superior surface of the bladder is covered by peritoneum. Anatomically this results the dome of the bladder to be in close proximity to gastro-intestinal organs including segments of the small intestine and the sigmoid colon.
In both males and females the urachus anchors the bladder to the anterior abdominal wall. This is a functionless remnant in which the lumen is obliterated during embryogenic development. The ureters enter the bladder posterio-inferiorly and are approximately 5cm apart.  The inter-ureteric ridge forms the proximal border of the trigon, an area of the bladder between this ridge and the bladder neck.


[image: ]
Figure 2.  Simplified anatomy of the bladder

Histologically the bladder can be separated into four layers (figure 3).  Knowledge of this is essential as the severity of invasion is a factor required when determining the oncological management of the bladder cancer.
The inner layer of the bladder is lined with mucosa consisting of urothelial cells that do not excrete any mucous nor contain any blood vessels.  This mucosa lies upon a layer consisting of areolar connective tissue termed the lamina propria that contains blood vessels, nervous tissue and glands.

The lamina propria lies upon a layer termed the muscularis or detrusor muscle which consists of smooth muscles cells arranged in spiral, longitudinal and circular bundles. Like all smooth muscle this is under the command of the parasympathetic nervous system, however for successful voiding of urine to occur it must also be timed and controlled with the sympathetic activity of the external sphincter which is composed of skeletal muscle.

The outer layer of the bladder is termed the adventia.  It is composed of connective tissue with exception of the dome of the bladder, which is covered in a serosal layer – the peritoneum.  The peritoneum is histologically composed of simple squamous epithelium.

Finally there is a layer of peri-vesical fat covering the bladder.
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Figure 3: Layers of the bladder wall in which the layer of invasion will be one of the factors required to create TNM staging of this cancer and the one of the primary factors dictating the oncological management of the patient.

An appreciation of the blood supply and lymphatic drainage is required these are potential routes of metastatic spread in bladder cancer.  The arterial supply is obtained from the superior and inferior vesical arteries both of which originate from the anterior branch of the internal iliac artery.  Additional supply also arises from the branches of the obturator and inferior gluteal arteries and in females the ureteric and vaginal arteries also contribute to the blood supply of the bladder.

The bladder is surrounded by a plexus of veins which terminally drain into the internal iliac veins thus providing venous drainage. Lymphatic drainage occurs
by drainage into the vesical, external iliac, internal iliac and common iliac lymph nodes.

[bookmark: _Toc216432355][bookmark: _Toc216433910][bookmark: _Toc216434027][bookmark: _Toc216438083][bookmark: _Toc278904797]1.3.2		Incidence and prevalence of bladder cancer
Cancer Research UK report bladder cancer is the 7th most prevalent cancer in the U.K.   Due to the male to female ratio of disease sufferers being 2:1 in the U.K it is the 4th most common cancer in men and the 11th most prevalent cancer in females.  These figures equated to 10,324 newly diagnosed cases of this disease in the year 2010 making the crude incidence for rate 24 cases per 100, 000 UK males and 9 per 100,000 UK females.  Within England there is a varying incidence of bladder cancer with Northern England and areas associated with heavy industry associated with a greater incidence of the disease (figure 4).

[image: ]

Figure 4:  Regional variations of the incidence of bladder cancer per 100, 000 of population within in England between 2008-2010.  Deeper shades of blue representing a higher incidence of bladder cancer. Taken with permission from the U.K National Cancer Intelligence Network. 

Within the US in 2010 it has been shown that 70,530 new cases of bladder cancer were diagnosed with 14,680 deaths attributed to the disease in that year5.

Globally, it has been estimated that 429, 793 cases of bladder cancer were diagnosed in 2012 making it the 8th on the incidence index of worldwide cancer diagnoses (www.globocan.iarc.fr accessed March 2014).  The estimated global 5-year in 2012 prevalence has been quoted at 1, 319, 749 ranking it the 7th in this parameter (www.globocan.iarc.fr accessed March 2014).  Estimated global mortality from bladder cancer in 2012 has been put at 123, 043 placing it in the top 10 causes of cancer deaths worldwide (www.globocan.iarc.fr accessed March 2014).  

[bookmark: _Toc216433911][bookmark: _Toc216434028][bookmark: _Toc216438084][bookmark: _Toc278904798]1.3.3		Signs and symptoms
Painless visible haematuria is the cardinal symptom of this disease and occurs in 85% of cases. Non-visible haematuria, detected on dipstick or microscopic analysis of urine, can also indicate the presence of bladder cancer, however this sign has an extremely low sensitivity due to the numerous other non-malignant causes of non-visible haematuria.

Pain can occur if the tumour has occluded the ureteric orifices of the bladder causing an obstruction to the drainage of urine from the kidney.  Furthermore obstruction of the renal system can result in renal impairment.

Recurrent urinary tract infections (UTI) or irritative symptoms suggesting UTI can occur in the presence of bladder cancer as the tumour provides a nidus for the colonisation of bacteria within the urothelium.

[bookmark: _Toc216433912][bookmark: _Toc216434029][bookmark: _Toc216438085]Pneumaturia is the presence of air bubbles in the urinary stream when voiding. This occurs when a bladder tumour invades into an adjacent portion of the gastro-intestinal tract and causing a fistula.

[bookmark: _Toc278904799]1.3.4		Risk factors and aetiology
[bookmark: _Toc216433913][bookmark: _Toc216434030][bookmark: _Toc216438086][bookmark: _Toc278904800]1.3.4.1		Age
[bookmark: _Toc216433914][bookmark: _Toc216434031][bookmark: _Toc216438087]Incidence of bladder cancer increases with age and the majority (80%) of it is discovered in those greater than 65 (figure 5).


[image: ]
Figure 5: Graph demonstrating the risk of bladder cancer increasing with age.  Taken with permission from CRUK http://info.cancerresearchuk.org/cancerstats/faqs 

[bookmark: _Toc278904801]1.3.4.2 	Tobacco smoke inhalation 
[bookmark: _Toc216433915][bookmark: _Toc216434032][bookmark: _Toc216438088]Cigarette smoking is the single most important combatable risk factor for this disease and is the likely carcinogenic exposure in 38% and 34% of bladder cancers in U.K males and females respectively6.  The type of tobacco smoked also has an influence on the risk factor.  Tobacco which has been processed via air curing (hung in ventilated rooms over 4 weeks) has a distinct black colour compared to flue cured (exposed to heat without smoke for a week) tobacco, which has a characteristic blonde colour.   Black tobacco has a higher content of aromatic amines and hence confers a greater risk of bladder cancer for the smokers of this type of cigarette7.

A linear trend between smoked pack-years and risk of developing bladder cancer has been established with smoking cessation leading to a reduction of this risk7.

With regards to environmental tobacco smoking, this risk factor has been shown to increase the risk of developing bladder cancer amongst life-long non-smokers8.  This risk increased with the number of cigarettes smoked by household members in the non-smoker residence in addition to numbers of hours the non-smokers was exposed to passive smoke from co-workers in their workplace8.  The overall risk (OR) of those who actively smoked versus those with no environmental tobacco smoke exposure was 3 (95% CI = 1.24-7.26)8.

[bookmark: _Toc278904802]1.3.4.3 	Occupational carcinogens 
Occupational exposure to aromatic amines (as dyes or in the rubber industry), heavy metals and polycyclic aromatic hydrocarbons (PAHs) are well-established carcinogens that increase the risk of bladder cancer. Workers exposed through tasks within the printing, rubber or textile industries, in the metal, electrical and steel industries or through aluminium manufacture have elevated risk for bladder cancer. The association between industries and bladder cancer was observed over 100 years ago. In 1895 by Rehn reported the high incidence of this disease in workers of a German aniline dye factory9.  Just over half a century later Case et al.10 reported in greater detail the association of bladder cancer in factory workers who were exposed to aromatic amines, particularly benzamine and a-and ß-naphthylamine.

PAH arise from combustion products, are used as metal working fluids, in coal tar products and hence their abundance across a wide range of industries.  It has been shown that PAH can be attributed to 4% of cases of bladder cancer within Europe11. The occupation of a painter has been shown to increase the individual’s risk of developing bladder cancer in their lifetime by 30%12.

On a local level, South Yorkshire has historically had a high level of industrial activity especially in relation to the steel industry.  The manufacturing process for this industry is known to require the use of the numerous chemicals known to be associated with bladder cancer.  Recently Noon et al.13 have highlighted the association of bladder cancer in those workers who utilised dye penetrants (DP) to identify the presence of cracks or fatigue in metals in the South Yorkshire area.  Alarmingly most of these patients who developed bladder cancer possessed the high-grade type.   
[bookmark: _Toc216433916][bookmark: _Toc216434033][bookmark: _Toc216438089]
[bookmark: _Toc278904803]1.3.4.4 	Familial trends
[bookmark: _Toc216433917][bookmark: _Toc216434034][bookmark: _Toc216438090]There is an increase in risk between two to six fold in developing bladder cancer in first-degree relatives of bladder cancer patients with the risk increasing in those sufferers diagnosed prior to the age of 4514.  However, bladder cancer does not appear a common tumour in any familial cancer syndrome, although rare cases are reported in a few cancer kindreds such as Lynch and Li-Fraumeni syndromes.

[bookmark: _Toc278904804]1.3.4.5		Schistosomiasis
Schistosomiasis is a parasitic infection contracted from infected fresh snails found in Northern and central Africa, and some Middle eastern countries.  The species that lay eggs within the urinary tract, S. haematobium, may predispose to squamous cell carcinoma (SCC) of the bladder and is the cause of the high incidence of squamous cell carcinoma of the bladder in these geographical areas. These tumours arise from the chronic inflammation in the urothelium from the parasitic infection. Egypt in particular has endemic rates of this particular parasite resulting in major public health issues.  Squamous cell carcinoma of the bladder due to Schistosomiasis accounts for a third of all carcinomas in the Egyptian male population, making it only second to breast cancers in female as a whole in terms of incidence within the country15.  

[bookmark: _Toc278904805]1.3.4.6		Recurrent urinary tract infections and prolonged irritation
SCC of the bladder may also occur secondary to other chronic irritants, such as bacterial infections, foreign bodies (catheters, bladder calculi) and chronic bladder outlet obstruction.

Chronic urinary tract infections (UTIs) are associated with a greater risk of the development of bladder cancer.  A recent case-controlled study – the largest of its kind- has demonstrated that regular cystitis is positively associated with bladder cancer16. Regular UTIs of the bladder was associated with an increased bladder cancer risk (men: OR (95% CI) 6.6 (4.2-11); women: 2.7 (2.0-3.5)), with stronger effects in muscle-invasive disease16.

Prolonged indwelling catheters, especially in spinal cord-injured patients is associated with the development of SCC of the bladder.  A 10% incidence of bladder SCC in patients with an indwelling catheter for ≥10 years has been recognised17. 
[bookmark: _Toc216433918][bookmark: _Toc216434035][bookmark: _Toc216438091]
[bookmark: _Toc278904806]1.3.4.7		Diabetic medication
Pioglitazone is an oral hypoglycaemic medication belonging to the thiazolidinedione class of drugs used to treat type II diabetic patients.

Use of this medication has been reported to double the risk of developing bladder cancer. Azoulay et al.18 utilised a cohort of 115,727 patients diagnosed with type II diabetic between 1998 to 2009 and were commenced on this medication.  In comparison to their control group, patients who were prescribed pioglitazone had an increased rate of bladder cancer with a risk ratio of 1.83 (955 CI of 1.10 to 3.05).  This rate further increased as the duration of therapy with this medication increased.

He et al.19 have recently published a meta-analysis on this issue utilising a cohort of 2, 596, 856 diabetic patients.  They stated that there was a significant increase in the incidence of bladder cancer of 84.5 versus 66.7 per 100, 000 when comparing those patients exposed to pioglitazone and those who have never used this medication respectively.  Again this group stated that there was a dose and duration related risk of bladder cancer when using this medication19.

[bookmark: _Toc278904807]1.3.4.8		Cyclophosphamide
Cyclophosphamide is an alkylating agent used as a chemotherapeutic agent in cancer and certain rheumatological conditions.  The use of this medication has been shown to increase the lifetime risk of patients developing numerous tumours with bladder cancer being the most commonest cancer related side-effect of this medication20.  In bladder cancer the single use of this medication has been shown to significantly increase tumour recurrence21.

[bookmark: _Toc278904808]1.3.4.9		Radiation
External beam radiotherapy  (ERBT) is a treatment modality for numerous solid organ cancers including bladder cancer.  However ERBT in itself has been established to be an iatrogenic cause of bladder cancer.  ERBT is commonly utilised in prostate cancer. It is estimated that approximately 1 in 70 men undergoing this form of therapy for their prostate cancer will develop a secondary cancer it they survive for 10 years with the bladder being the most common site22.   Similarly in gynaecological tumours such as uterine cancer, Kukreja et al. (article in press doi: 10.1111/bju.12543) have shown the use of ERBT to increase the risk ratio of the development of bladder cancer to 2.0 (95% CI 1.6-2.5) using a cohort of over 55, 000 with a mean follow-up of 15 years.  

[bookmark: _Toc278904809]1.3.5		Histology
[bookmark: _Toc216434036][bookmark: _Toc216438092][bookmark: _Toc278904810]1.3.5.1		Urothelial cell carcinoma
In the U.K approximately 90% of bladder cancer are the Urothelial Cell Carcinoma (UCC) in subtype. UCC arise from the inner epithelial lining of the bladder termed the urothelium (figure 3).  Urothelium also lines the renal pelvis, ureters and urethra.  Macroscopically UCC appear as papillary or solid lesions, arising in single or multiple loci. For the purposes of this thesis when bladder cancer is referred to it is exclusively in relation to the histological variant of UCC unless otherwise stated.  UCC was formerly termed transitional cell carcinoma (TCC) due to the ability of this cell to stretch and expand to accommodate urine.

[bookmark: _Toc278904811]1.3.5.2		Squamous cell carcinoma 
Squamous Cell Carcinoma (SCC) accounts for 2% of bladder cancers in the U.K. SCC is associated with chronic infection/inflammation that occurs with long-term catheterization, urinary calculi and in neuropathic patients who do not empty their bladder effectively.  The urothelial lining of the bladder undergoes metaplasia in response to chronic irritation to become squamous.  With further exposure to irritants or carcinogenic agents this squamous epithelium can transform into malignancy. SCC accounts for over 50% of bladder cancer histology in countries with Schistosomiasis parasite infecting their fresh water sources such as Egypt and other North African countries23.

[bookmark: _Toc278904812]1.3.5.3		Adenocarcinoma
This histological variant is rare and represents less than 1% of primary bladder cancers in the U.K. These tumours may arise within a urachal remnant (termed urachal adenocarcinoma) or on the bladder trigone (termed non-urachal). Adenocarcinoma of the bladder maybe a long-term complication of bladder exstrophy (a congenital anomaly where a portion of the bladder extrudes out of the anterior abdominal wall) and bowel implantation into the urinary tract such as a clam cystoplasty. The commonest adenocarcinoma of the bladder are metastatic secondary tumours from the prostate, rectum or breast.

[bookmark: _Toc278904813]1.3.5.4		Undifferentiated carcinomas
This rare histology accounts for less than 1% of bladder carcinomas and demonstrates no mature epithelial elements.

[bookmark: _Toc278904814]1.3.6		Grading
[bookmark: _Toc145573728][bookmark: _Toc216261057][bookmark: _Toc216261259][bookmark: _Toc216431144][bookmark: _Toc216431198][bookmark: _Toc216431270][bookmark: _Toc216432356][bookmark: _Toc216433919][bookmark: _Toc216434037][bookmark: _Toc216438093][bookmark: _Toc278904815]1.3.6.1		1973 World Health Organisation (WHO) classification
This histological classification divides the disease into G1-G3 sub-groups.

G1 is well-differentiated malignant cells, which exhibit a low degree of cellular anaplasia.  They have a papillary architecture, fine chromatin, and relatively rare stigmata of nucleoli or mitoses.

G2 is when there are moderately differentiated malignant cells.  In general they have papillary architecture, granular chromatin, and a greater presence of nucleoli and mitoses.

G3 is the presence of poorly differentiated malignant cells and exhibit a severe degree of anaplasia. They are unlikely to possess papillary architecture, have coarse chromatin and an abundance of examples of nucleoli and mitoses. 
[bookmark: _Toc145573729]
[bookmark: _Toc216261058][bookmark: _Toc216261260][bookmark: _Toc216431145][bookmark: _Toc216431199][bookmark: _Toc216431271][bookmark: _Toc216432357][bookmark: _Toc216433920][bookmark: _Toc216434038][bookmark: _Toc216438094][bookmark: _Toc278904816]1.3.6.2		2004 World Health Organisation classification
The lack of reproducibility of the 1973 classification (especially grade 2 tumours), lead to the need for more robust criteria (table 1).  In essence, the limiting factor for the 1973 WHO classification was that the same lesion could be labelled as a different grade amongst a group of pathologist.  Furthermore the 2004 WHO classification system has the category of Papillary Urothelial Neoplasm of Low Malignant Potential (PUNLMP) which do not typically demonstrate cytological features of malignancy but have thickened urothelium compared with a papilloma. This category avoids labelling a patient with the diagnosis of cancer, which in itself has various implications and financial issues that may result from it 24.

In additional, the revised classification system of 2004 addressed the issues faced with the labelling of bladder cancer as grade 2 disease.  In the new scheme, most grade 2 diseases are defined as high-grade disease (figure 5). An exception exists for those grade 2 diseases in which their morphology borders that of grade 1 tumours which are termed as low-grade disease25.  


	
	Recurrence (5 yrs)
	Survival (5 yrs)

	Urothelial Papilloma
	0-8%
	100%


	PUNLMP
	27-47%
	93-100%


	Low-Grade Papillary Urothelial Carcinoma

	48-71%
	82-96%


	High-Grade Papillary Urothelial Carcinoma
	55-58%
	74-90%




Table 1: The 2004 WHO grading scheme for bladder cancer with associated 5 –year recurrence and survival rates for patients25.


[image: ]

Figure 6: Relationship between 1973 and 2004 World Health Organisation (WHO) classification system of bladder cancer grading.  Figure adapted from  Montironi et al. 25.

[bookmark: _Toc132647527][bookmark: _Toc132648354][bookmark: _Toc145573730][bookmark: _Toc216261059][bookmark: _Toc216261261][bookmark: _Toc216431146][bookmark: _Toc216431200][bookmark: _Toc216431272][bookmark: _Toc216432358][bookmark: _Toc216433921][bookmark: _Toc216434039][bookmark: _Toc216438095][bookmark: _Toc278904817]1.3.7		Staging
Staging is classified using the TNM (1997) system and requires physical examination, radiological imaging and a pathological specimen.  The T category describes the main tumour and the degree of invasion of the disease (table 2).

	T-stage

	Description


	Tx
	Main tumour unable to be assessed due to lack of information


	T0
	No evidence of a primary tumour


	Cis
	Carcinoma in-situ in which the flat cancer has yet to invade the basement membrane of the cell


	Ta
	Non-invasive papillary carcinoma

	
	

	T1
	Limited to the lamina propria


	T2a
	Superficial invasion of muscle limited to the inner half of this layer


	T2b
	Deep invasion of muscle extending to the outer half of this layer


	T3a
	Extends beyond bladder wall – microscopic


	T3b
	Extends beyond bladder wall – macroscopic


	T4a
	Invasion of neighbouring structures – prostate, uterus, vagina


	T4b
	Involvement of rectum, fixed to pelvic wall



Table 2: T-staging (1997) classification and description required for the staging of bladder cancer.

The N category highlights the spread of the bladder cancer in relation to the lymph nodes local to the bladder  (in the true-pelvis) and those along the common iliac artery both of which are termed the regional lymph nodes (table 3)

	N-Stage
	Description


	NX
	Regional lymph nodes unable to be assessed to due lack of 
information


	N0
	No regional lymph node spread


	N1
	The cancer has spread to a single lymph node in the true pelvis


	N2
	The cancer has spread to 2 or more lymph nodes in the true pelvis


	N3
	The cancer has spread to the lymph nodes along the common iliac artery



Table 3: N-staging (1997) of classification and description required for the staging of bladder cancer.

Spread to lymph nodes beyond the pelvis (distant nodes) is considered metastasis in the TNM classification (M-staging of the disease, table 4).  In bladder cancer the most common sites of distant spread are distant lymph nodes, the bones, the lungs and the liver.



	M-Stage
	Description

	M0
	No signs of distant spread

	M1
	The bladder cancer has spread to distant parts of the body


 
Table 4:  M-staging (1997) of classification and description required for the staging of bladder cancer.

[bookmark: _Toc132647529][bookmark: _Toc132648356][bookmark: _Toc145573732][bookmark: _Toc216261060][bookmark: _Toc216261262][bookmark: _Toc216431147][bookmark: _Toc216431201][bookmark: _Toc216431273][bookmark: _Toc216432359][bookmark: _Toc216433922][bookmark: _Toc216434040][bookmark: _Toc216438096][bookmark: _Toc278904818]1.3.8		Diagnostic tools
[bookmark: _Toc278904819]1.3.8.1		Urine cytology
At present, urine cytology is the gold standard non-invasive urinary test for bladder cancer.  It has a high specificity of up to 98% but a low sensitivity of 38% and is poor at detecting the low-grade bladder cancer which is the most common bladder cancer phenotype26,27.  The gold standard label is somewhat controversial due to the extremely low sensitivity highlighting both its unsuitability as a screening tool and the need for it to be replaced by a urinary test with a greater degree of sensitivity.

[bookmark: _Toc278904820]1.3.8.2		Flexible cystoscopy
This invasive surgical tool is the key method for diagnosis and subsequent life-long surveillance required for bladder cancer patients.  It involves the passage of a plastic fibre-optic flexible catheter via the urethra and into the bladder under local anaesthetic.  It enables the bladder wall to be visualised.  The negative aspects associated with this investigation are multifactorial.  It includes being an uncomfortable procedure for the patients with its associated morbidity resulting during and following the procedure.  Flexible cystoscopy is also an expensive tool to provide and requires a skilled clinician to perform with the assistance of nursing carers.  A biopsy specimen can be obtained from this instrument however the sample size and depth is limited compared to what can be achieved with a formal trans-urethral resection.

[bookmark: _Toc278904821]1.3.8.3		Transurethral resection of bladder tumour

This is an endoscopic surgical instrument in which a rigid metal resectoscope is inserted into the bladder via the urethra allowing resection and biopsy of the tumour to provide a definitive histological diagnosis. It requires a general/regional anaesthetic and has numerous potential surgical complications which include bleeding, infection, urethral stricture formation and rarely major abdomino-pelvic surgery if adjacent organs are damaged due to an iatrogenic perforation of the bladder. To date there is no satisfactory non-invasive tool which can accurately diagnose a new incident or the reoccurrence of bladder cancer.  Furthermore there is no means of predicting which low-grade tumours will develop into a high-grade disease in the future once a histological sample has been obtained from the patient.

[bookmark: _Toc132647531][bookmark: _Toc132648358][bookmark: _Toc145573734][bookmark: _Toc216261061][bookmark: _Toc216261263][bookmark: _Toc216431148][bookmark: _Toc216431202][bookmark: _Toc216431274][bookmark: _Toc216432360][bookmark: _Toc216433923][bookmark: _Toc216434041][bookmark: _Toc216438097]

[bookmark: _Toc278904822]1.3.9	Management of non-muscle invasive/low- grade bladder cancer
[bookmark: _Toc278904823]1.3.9.1		Transurethral resection of bladder tumour
The diagnostic role of this tool has been previously discussed however it can also be used therapeutically to resect non-muscle invasive (NMI) bladder cancer which is deemed adequate treatment for 70% of patients presenting with Ta/T1 disease.  

[bookmark: _Toc278904824]1.3.9.2		Adjuvant intravesical chemotherapy and BCG
Intravesical mitomycin C is utilised in G1-G2, Ta/T1 disease.  This agent is an antibiotic isolated from bacteria (Streptomycies species) and alkylates DNA, leading to DNA cross-linking that ultimately results in inhibition of DNA synthesis. A single dose of this drug is administered with in 24 hours post-op of TURBT and has shown to reduce the risk of reoccurrence in patients with Ta/T1 disease by 39% that compared to those undergoing TURBT alone28.  However there is limited evidence in existence with regards to this agent harbouring any positive impact on the prevention of up-staging to muscle-invasive disease or long-term survival.

Bacille Calmette Guerin (BCG) is an attenuated strain of Mycobacterium Bovis.  It may act by stimulating the up-regulation of cytokines such as IL-6 and IL-8 in the bladder wall immunologically. It is administered as a 6-week course and has demonstrated to significantly reduce the risk of disease progression in Ta/T1/CIS disease 29. In comparison to mitomycin C, BCG treatment has greater toxic effects such as irritative symptoms in all patients, low-grade fever and myalgia. Serious complications with intravesical BCG remains rare with life-threatening sepsis due to disseminated mycobacterial infection reported at 0.4%30.

The most recent meta-analysis for the use of intra-vesical chemotherapy for NMI bladder cancer has proposed the idea of using a single dose of chemotherapy within 24 hours of transurethral resection of low-grade tumours31. The group concluded that “intra-vesical BCG is superior to chemotherapy in terms of complete response and disease free survival but there is no evidence that one agent is superior to the other”. In another recent meta-analysis on this topic a conclusion was drawn that there is no statistically significant difference between BCG and mitomycin therapy with regards to disease progression and overall cancer-specific survival32.
[bookmark: _Toc132647532][bookmark: _Toc132648359][bookmark: _Toc145573735]
[bookmark: _Toc278904825]1.3.10		Management of muscle invasive/high-grade bladder cancer
[bookmark: _Toc278904826]1.3.10.1	Surgery
Radical cystectomy with urinary diversion/neo-bladder formation is the gold standard initial treatment for muscle invasive disease in high-grade disease failing to respond to conservative forms of treatment such as BCG therapy. This procedure will be a life-changing event for the patient and requires the expertise of several multi-disciplinary medical members of staff.  It is associated with major complications including bleeding, infection, thrombo-embolism, wound dehiscence, intestinal obstruction, adjacent organ damage and peri-operative death (1%).

[bookmark: _Toc278904827]1.3.10.2	Radical external beam radiotherapy (RT)
This is an option for muscle invasive disease where the patient is unfit/unwilling to undergo major surgery but still wish the chance to be cured.  The 5-year survival rates are significantly lower when compared to surgery but has the advantage of preserving your bladder and avoiding surgical complications.

[bookmark: _Toc278904828]1.3.10.3	Chemo-radiotherapy
Chemo-radiotherapy is the synchronous therapeutic delivery of radiation and chemotherapy.  Within a phase 3 clinical trial setting, this method of bladder cancer therapy has shown greater beneficial outcomes in those patients suffering from muscle-invasive bladder cancer in contrast to patients undergoing radiotherapy alone.  James et al.33 have reported that with the use of 360 patients, all with muscle-invasive bladder cancer, those who received chemotherapy in adjacent to radiotherapy had a superior loco-regional disease free survival of 67% in comparison to 54% of those patients receiving radiation alone.  Similarly, the longer-term data demonstrated a 5-year overall survival rate of 48% in the chemo-radiotherapy group in comparison 35% of those patients receiving radiation alone.  

[bookmark: _Toc278904829]1.3.11	Management of advanced and metastatic bladder cancer
Patient presenting with T3b/T4 disease or metastatic disease either as a new case or post cystectomy/RT can undergo chemotherapy.  Agents such as methotrexate, vinblastine, adriagain and cisplastin is used to prolong survival however it rarely leads to long-term disease free survival.  

[bookmark: _Toc132647533][bookmark: _Toc132648360][bookmark: _Toc145573736][bookmark: _Toc216261062][bookmark: _Toc216261264][bookmark: _Toc216431149][bookmark: _Toc216431203][bookmark: _Toc216431275][bookmark: _Toc216432361][bookmark: _Toc216433924][bookmark: _Toc216434042][bookmark: _Toc216438098][bookmark: _Toc278904830]1.3.12		Prognosis
With respect to prognosis, bladder cancer is the 8th most common cause of deaths attributed to cancer in the U.K which totalled 4,900 deaths in 2005.  The 5-year survival rate for this cancer is 58.2% and 50.2% for males and females respectively (Table 5).  Table 5 however is a simplified and global outlook on bladder cancer prognosis and encompasses the entire disease spectrum.  The figures are significantly lower and higher when differentiating between low-grade and high-grade disease respectively.  Similarly patient with muscle invasive disease have a significantly poorer prognosis with 5-year survival rates for both male and female patients being lower than 50%31 34.

Contemporary local data published by Noon et al.35 reported the prognostic data in  a cohort of 3281 patients diagnosed with bladder cancer between 1994 and 2009.  This study reported that 5-years after diagnosis, 40% of patients had died with 19% being attributed directly to the disease.  The 5-year bladder cancer mortality rate varied from 1 to 59% depending mainly on the type of tumour and age of patient.  It concluded that bladder cancer specific mortality is greatest amongst elderly patients with female patients harbouring high-risk tumours more likely to die from this disease in comparison to their male counterparts.  




	
	Relative Survival (%)

	
	
1 Year
	
5 Year
	
10 Year


	Sex
	2005-2009
	2005-2009
	2007*

	Male
	78.4
	58.2
	51.5

	Female
	68.2
	50.2
	42.4



Table 5: Age-standardised One-, Five- and Ten-Year Relative Survival Rates, Adults (Aged 15-99), England, 2005-2009 and England and Wales 2007 Taken from Cancer Research United Kingdom data. *= 10-year survival rates in which CRUK predicted for patients diagnosed in 2007.

[bookmark: _Toc278904831]1.3.13		The oncological conundrum
The behaviour of low-grade and high-grade bladder cancer posses very distinct characteristics.  Low-grade bladder cancer with its accompanying favourable prognostic outcomes accounts for 70-80% of urothelial cancer. It is believed to arise from simple hyperplasia of urothelium giving its papillary structure. This disease generally has an indolent pathway with 30% reoccurring as low-grade disease and requiring local excision in the form of a TURBT.  The recurrent aspect of this disease equates to the patient requiring life-long regular surveillance in the form of a flexible cystoscopy.

High-grade disease accounts for the other 20-30% of cases and has a more sinister behaviour pattern with poorer prognostic outcomes.  These tumours are thought to arise from de-novo or flat high-grade CIS lesions and in general patients did not have a prior history of low-grade disease.  

[bookmark: _Toc278904832]The oncological conundrum arises with the 10-20% of low-grade bladder cancer that progresses and later presents as high-grade disease.  The poorer prognosis with this high-grade disease is well established and subsequently it is managed with a more aggressive strategy.  Currently there is no reliable method of predicting which patients suffering from low-grade cancer will develop its aggressive counterpart and which ones will remain as a low-grade phenotype if reoccurrence occurs.  The ability to recognise those low-grade patients who progress to high-grade disease will allow them to have surveillance and treatment that is more tailored for those suffering from high-grade disease.

1.4		Epigenetics
Epigenetics is derived from the two Greek words epi- (outer) and genetikos (origins).  Cells within the body have an identical genetic sequence (DNA) which is consistent throughout all tissues types for that particular individual. Remarkably cells manage to maintain various phenotypes depending on location and functions despite them possessing the same set of genetic instructions.

The term epigenetics can be defined as heritable changes in gene expression that occur without a change in the DNA nucleotide sequence36.  An epigenetic system should be heritable, self-perpetuating and reversible37.  There are various methods which can functionally alter the genome without directly changing the sequence of the nucleotides in a DNA molecule which include

· Aberrant DNA methylation
· Histone modification
· Protein coding RNA
· Non-coding RNA
· Prions

[bookmark: _Toc278904833]1.4.1		Histone modification
The influence of histone modification potentially having a functional influence on the transcriptional behaviour of DNA was first reported nearly five-decades ago in 1964 by Allfrey et al.38.  This method of post-transcriptional epigenetic influence utilises the modification of the amino acids which make-up a histone protein.  The DNA molecule in each human cell if uncoiled is approximately 1.8m long and hence it is stored in a coiled manner around histone proteins that act as a scaffolding structure giving it a spherical shape (figure 4). This complex of the DNA and associated histone protein is termed chromatin.  Altering the shape and structure of histone proteins remodels the chromatin and changes the accessibility of transcription factors of the DNA that subsequently regulates the expression of that segment of the gene.  This modification of the histone molecule can be achieved in numerous ways including modification of the histone tail, methylation, demethylation, acetylation, deacetylation and phosphorylation39.

[image: ]

Figure 7: Fragment of DNA wrapped around histone proteins.  The tails of the histone protein is one method in which modification can of the histone molecule can be achieved and therefore altering the exposure of particular segments of genetic material 

With respect to bladder cancer, there is limited published work which has investigated the role of histone modification in this particular disease40. Research in this field has being primarily targeted for potential therapeutic roles in the form of exposing bladder cancer cell-lines to reversal agents with the aim of reversing these malignant histone modifications.  To-date histone deacetylase inhibitors are the most widely studied agents in this field of bladder cancer therapeutic science.  Ou et al.41 have demonstrated that with the use of the selective histone acetylation inhibitor Trichostatin A in a bladder cancer cell-line, a widespread significant decrease in global DNA methylation occurred.  This was in addition to global histone hypermethylation and demethylation of the E-cadherin gene.  
[bookmark: _Toc278904834]1.4.2		DNA methylation
DNA methylation is the most widely investigated epigenetic phenomenon in cancer studies42. It is achieved with the covalent addition of a methyl group to the 5 position of cytosine pyramidal ring within a CpG dinucleotide.  This does not lead to an alteration of the sequence of base pairing however it crucially results in the silencing of that particular segment of the genome.  

This reaction is driven by a family of enzymes – DNA methyltransferases (DNMTs) - of which there are three – DNMT1, DNMT3a and DNMT3b.  DNMT1 is a maintenance methyltransferase which identifies hemi-methylated DNA during the DNA replication process and it subsequently methylates newly generated CpG dinucleotides in which the alternative partner copy is already under the influence of methylation43.  This enzyme ensures the heritable nature of this epigenetic mechanism.  The remaining two methyltransferases - DNMT3 and DNMT3b  - despite having the capability of methylating hemi-methylated DNA, function mainly as a de novo methyltransferases to establish DNA methylation during embryogenesis44.

Methylation may lead to a pro-oncogenic state in two-ways. Firstly hypermethylation of CpG islands will block the transcription of genes by directly acting as a barrier to the binding of transcription factors.  The other method is achieved via an indirect manner, in which there is the recruitment of methyl-CpG binding proteins. This facilitates a cascade which recruits chromatin-remodelling proteins (histone deacylases and histone methyltransferases) ultimately leading to histone modification. In either pathway, the resultant silencing of the particular segment of the genome promotes oncogenic mechanisms including cell-cycle control, apoptosis, cell differentiation, DNA repair, cellular adhesion and migration.  Conversely, hypomethylation of CpG poor regions may activate oncogenes that were formerly inactive creating a pro-oncogenic environment.  

DNA methylation has been utilised to support the bladder cancer “field characterization theory”.  Wolff et at45 analysed 1,370 CpG loci in macroscopically normal looking urothelium from patients with or without a history of bladder cancer. They showed that 12% of all loci were hypermethylated in phenotypically normal urothelium from patients with bladder cancer when compared to the patient cohort who had no history of the disease. This study also demonstrated that there was a unique pattern of hypomethylation associated with non-invasive cancer and conversely there was a distinct global hypermethylation in invasive disease.  They postulated that the hypomethylation associated with non-invasive disease provided a theory into why these tumours fail to progress into an aggressive and invasive phenotype.

Catto et al.46 have demonstrated the significance of methylation in the oncogenic pathogenesis of bladder cancer.  With the use of 260 primary UCC specimens the study confirmed that there is an increased frequency of methylation in tumours that are invasive compared to NMI disease. It was demonstrated that early invasive disease that has yet to invade the muscle wall exhibited methylation patterns familiar to invasive disease, which had progressed and subsequently invaded into the muscle wall.  This suggested that this form of epigenetic change is one which occurs in the infancy of invasive disease as opposed to a later stage.  Within this cohort of patients, those who had tumours with a greater degree of methylation also possessed a poorer prognostic outlook.  This raises the possibility that aberrant methylation patterns can be utilised to predict the clinical behaviour of the disease.  

Dhawan et al. 47 with the use of over 200 urothelial samples investigated the predictive role hypermethylation harbours in patients suffering CIS of the bladder.  The study demonstrated that aberrant gene hypermethylation in specific loci (including E-cadherin and known tumour suppressors - RASSF1a, RARβ2, and p16) occurs more frequently in the invasive phenotype of the disease and disease that initially exhibited a non-invasive type prior to displaying a more aggressive phenotype.  In terms of prognosis, patients who had CIS with specific areas of hypermethylation had a poorer outlook compared to those patients with CIS tumour associated without methylation.

Yates et al.48 reported that promoter hypermethylation had the ability to predict those patients who would suffer from disease progression in bladder cancer.  In a 126 urothelial samples, they demonstrated methylation was significantly more common in malignant tissue compared to normal urothelium in 8 of the 17 loci investigated.  The methylation of five particular loci - RASSF1a, E-cadherin, TNFSR25, EDNRB, and APC – was associated with the progression to more advanced disease.  The study also concluded that the overall degree of methylation was a more accurate measurement compared to predict disease progression and death than compared to the actual stage of the disease in this particular cohort of patients.
A separate study, by the same author 49, investigated the predictive value of DNA methylation in eight known tumour suppressor genes in urine samples from bladder cancer patients.  They reported that in these urine samples the frequency and extent of methylation increases with age and malignancy. A marker panel of 3 particular genes - RASSF1a, E-cadherin and APC – had a sensitivity of 69%, specificity of 60% and diagnostic accuracy of 86%.

[bookmark: _Toc278904835]1.4.3		Non-coding RNA
The majority of the human genome is transcribed, however only a tiny proportion, approximately 2%, is translated into a functional protein50. This however does not equate to the non-coding genetic material to be labelled as functionless.  There are numerous types of these molecules, which are sub-grouped primarily according to their nucleotide length.  In the first instance these non-coding RNAs (ncRNA) are labelled as small (<200 nucleotides) or large (>200 nucleotides).  

Various types of small ncRNA exist again depending on their nucleotide length and include small nucleolar RNAs (snoRNAs), PIWI-interacting RNAs (piRNAs), small interfering RNAs (siRNAs) and microRNA.  Collectively they are implicated in transcriptional and post-transcriptional gene-silencing via specific base pairing of their intended targets.  This class of ncRNAs generally demonstrate a high degree of sequence conservation across species.

Long ncRNAs have features opposing those of their smaller counterparts.  Generally they are less well conserved across species and utilise a different method for epigenetic action.  Long ncRNAs in-turn carry out their epigenetic roles by acting on chromatin where they function as a structure and scaffold to facilitate the functions for the various chromatin regulators previously mentioned.

[bookmark: _Toc278904836]1.4.4		Interaction of distinct epigenetic mechanisms
Despite each of the epigenetics mechanism having individual processes to drive a urothelial cell into an oncogenic state, the various unique mechanisms can interact together synergistically and not in a mutually exclusive manner.  DNA hypermethylation and histone modification (via deacetylase inhibition) can lead to a change in the expression profile of microRNA in a tumour suppressive manner which was reported by Saito et al.51.  In this study 17 out of 313 (5%) of assessed microRNAs were up-regulated by a minimum 3-fold when the T24 bladder cancer cell line was subjected to simultaneous treatment of DNA demethylation and histone modification inhibition.  They discovered that microRNA-127 in particular was up-regulated when the bladder cancer cell-line was subjected to this treatment.  MicroRNA-127 is known to potentially target the oncogene BCL6 and the expression of this oncogene was found to be down-regulated following treatment of the bladder-cancer cell-lines with demethylation and anti-histone modification agents.

[bookmark: _Toc278904837]1.5		Molecular pathology of UCC
Bladder cancer can be separated into 2 distinct groups – low and high-grade disease. These two subsets have distinct phenotypical and clinical behaviours, which are subsequently treated with different management strategies. This distinction is also seen on a microscopic level as low-grade and high-grade bladder cancer also display molecular behaviours that are unique from each other45.  Genetic studies have confirmed that the molecular pathology of both these types of bladder cancer are from different mutations involving proteins in unique pathways52.  This poses the question whether low-grade and high-grade bladder cancer should be considered as separate and independent oncological diseases that can potentially affect the bladder.

[bookmark: _Toc278904838]1.5.1		Low-grade bladder cancer

Low-grade UCC is NMI disease that has an indolent clinical phenotype in which the majority of cases can be managed with regular surveillance and non-radical endoscopic surgical resections. Genetic mutations associated with the occurrence of low-grade/NMI bladder cancer has been primarily linked with three pathways namely mutation of the tyrosine-kinase receptor fibroblast-growth factor receptor 3 (FGFR3) (55-65%), mutations in the oncogenes of the RAS family (10-15%)52 and the loss of chromosome 9.  The mutations of FGFR3 and RAS both ultimately lead to the activation of the mitogen-activated protein kinase pathway (MAPK).  This defect in the MAPK pathway leads to the uncontrolled and unmediated cell-growth - a hallmark of the development of cancer.

[bookmark: _Toc278904839]1.5.1.1		FGFR3

Fibroblast-growth factors (FGFs) are a group of 18 growth factors with roles in embryogenesis, development, wound healing and cell growth. Dysregulation in the form of amplification, mutation and translocation of FGFs have been implicated in a variety of oncological pathways and cancers including breast, gastric, endometrial and cervical53.  FGF are ligands to a variety of cell membrane receptors, such as FGFRs 1-4. These are trans-membrane glycoproteins with an extracellular domain, two to three immunoglobulin-like domains, a trans-membrane domain, and an intracellular split tyrosine-kinase domain54. The extracellular portion of this receptor binds to FGFs, activating a stepwise intracellular cascade with roles in mitogenesis and cell differentiation.  

The FGFRs appear important in bladder cancer, with mutation of FGFR3 being one of the commonest events in UCC. Whilst FGFR3 mutation is found most frequently in tumours with a low stage and grade, around half of invasive UCC have either FGFR3 mutation, amplification or gene fusion with other oncogenes55. Mutations of FGFR3 were first described in bladder cancer by Cappellen et al. 56 who assessed the levels of FGFR3 in 76 primary bladder cancer samples and 6 normal urothelial specimens.  This observation followed animal models revealing mice with mutant FGFR3 developed bladder and skin cancers. FGFR3 mutations mostly occur in a cluster in three particular hotspots within exons 7, 10 and 15 54. Van Rhijn et al.57 enhanced our understanding of the role of FGFR3 mutation and NMI bladder cancer with the analysis of 53 low-grade (pTa/G1-2) and 19 high-grade bladder cancer specimens. They demonstrated FGFR3 mutations were present in only the 64% of low-grade cancers (34 out of the 53) specimens.  The authors also reported that at the end of the 12-month follow up period, 28% of patients with wild-type group and 6% with mutant FGFR3 had developed tumour recurrence. They concluded that FGFR3 mutations exhibited with low-grade NMI bladder cancers were associated with a lower risk of disease reoccurrence.  This work has since been supported  by numerous studies54.

[bookmark: _Toc246525759][bookmark: _Toc278904840]1.5.1.2		Ras

The Ras (Rat sarcoma – as this was the first disease model that this particular protein was discovered with) family is a group of small GTPase proteins, whose activation controls pathways with oncological hallmarks such as actin cytoskeletal integrity, proliferation, differentiation, cell adhesion, apoptosis, and cell migration. This oncogene includes three subtypes; namely H-Ras, K-Ras and N-Ras. HRAS activation was first reported in UCC by Der et al.58, who found HRAS activation in the T24 bladder cancer cell-line. This study was followed up by numerous reports concluding that the activated RAS pathway is associated with low-grade bladder cancer. Knowles et al.59 analysed 152 bladder tumours and 14 bladder cancer cell lines representing various grades and stages of the disease.  They concluded that the frequency of HRAS mutation was present in 6% of all tumours and 11% in low-grade disease.  

The majority of studies analysing the RAS pathway with respect to bladder cancer have investigated the role of H-RAS and have given a range of 0-70% in the rate of mutation frequencies60. However the current agreement between the urological scientific community is that HRAS mutation in low-grade bladder cancer ranges from 10-20% and other two subtypes N-RAS and K-RAS requires further investigation60.  

Interestingly evidence showing the mutual exclusivity of H-RAS and FGFR3 mutations in low-grade bladder cancer has emerged.  Jebar et al.60 screened for genetic mutations in FGFR3 and three subtypes of the RAS genes in cohort of specimens which consisted of 98 bladder cancer samples, 29 urothelial cell-lines and 2 normal urothelial derived cell-lines.  This was the first study to screen for all three-subtypes of the RAS gene in bladder cancer samples.  Mutation of the FGFR3 gene was reported to be present for 55% of the tumour specimens and 10% of the tumour-cell line samples. RAS gene mutations were reported in 13% of the tumour specimens and cell-lines, with no overlap between FGFR3 and H-RAS. With respect to low-grade bladder cancer their study demonstrated the presence of the FGFR3 mutations in low-grade tumours to be 70%. Collectively 82% of the low-grade tumours had the mutations of either genes confirming the importance of these mutations with regards to driving urothelial cells in an low-grade oncogenic manner.

[bookmark: _Toc246525760][bookmark: _Toc278904841]1.5.2		High-grade bladder cancer

High-grade NMI disease progresses to muscle-invasion and/or metastatic disease in around 20-25% of cases. Indeed, it is believed that most invasive/metastatic tumours arise from flat CIS through the acquisition of a number of molecular alterations (as discussed in Hallmarks of Cancer4). Until recent multi layered genome wide sequencing efforts, most genetic studies suggested alterations of p53 and retinoblastoma proteins characterised these tumours45.  

[bookmark: _Toc246525761][bookmark: _Toc278904842]1.5.2.1		p53
Protein 53 (p53) is a tumour suppressor protein encoded by the TP53 gene located on chromosome 17p13. It has been given numerous accolades including being labelled as the “Guardian of the Genome” and “ The molecule of the year” by Science in 1993. This tumour suppressor has numerous functions preventing the formation of a malignant cell via apoptosis, genomic stability and inhibition of angiogenesis. It appears to have many functions, including an ability to hold a cell in the G1/S phase of the cell-cycle in response to DNA damage (thus allowing DBNA repair or programmed cell death to occur).

P53 is the gene whose abnormal function is most frequently reported in human cancer. p53 mutation has been known to occur in bladder cancer for over 20 years.  For example, Sidransky et al. 61 identified in 1991 that 61% of analysed bladder cancer samples had p53 mutation.  Following this study, the mutation of the p53 gene has been an established molecular hallmark differentiating the distinct pathways of high-grade from low-grade disease.  One of the earliest studies to report this was by Spruck et al. 62 who analysed 216 bladder cancer specimens representing various stages of the disease.  In this study only 3% of Ta disease demonstrated a mutation in the p53 gene where as this figure was 65% in CIS and 51% in muscle invasive disease. 

The presence of p53 mutation has been investigated as a prognostic biomarker to help predict the behaviour of bladder cancer. Numerous studies have shown that the presence of the mutation of the p53 gene in bladder cancer to be associated with a poorer outlook for the patient63 64.  One of the earliest and largest retrospective studies was conducted by Esrig et al.63 who studied the presence of p53 mutation in 243 specimens obtained from patients who had undergone a radical cystectomy.  Their study confirmed that a mutation in the p53 gene was primarily a feature of high-grade disease and was significantly associated with an increased risk of disease recurrence and a decrease in the overall survival of patients. This association of mutated p53 gene and prognosis was independent of tumour grade, pathological stage, and lymph-node status. Shariat et al.64 again concluded that the presence of the mutation of the p53 gene was associated significant increase of disease reoccurrence and a significant decrease in overall survival on patients who had undergone a radical cystectomy for pT1 bladder cancer.

These finding launched a randomised trial, which eventually failed to demonstrate a useful role for p53 as a stratification biomarker for chemotherapy. Stadler et al.65 reported their phase III clinical trial of randomly selected p53 mutation positive bladder cancer patients who were offered three cycles of adjuvant MVAC chemotherapy versus those patients who were negative for this mutation who were observed.  Their study concluded that they could not demonstrate any benefit of genetically selecting patients to undergo chemotherapy in relation to the presence of a p53 mutation.

[bookmark: _Toc246525762][bookmark: _Toc278904843]1.5.2.2		Retinoblastoma protein
The retinoblastoma protein (Rb) is a tumour suppressor protein encoded by the retinoblastoma gene 1 (Rb1) located on chromosome 13q14.  The mutation and dysfunction of this gene has been well established to lead to numerous epithelial cancers45.  Following DNA damage to a cell, Rb binds onto and inhibits transcription factors of the E2F family which decreases cell-proliferation45.  This anti-proliferation effect is achieved by not permitting the cell to enter the S-phase of the cell-cycle and ultimately preventing mutagenesis. 

Mutations of the Rb gene were first reported in bladder cancer in 1991 by Presti et al.66.  With the use of 34 bladder cancer specimens they stated that altered Rb expression was present across all grades and stages of bladder cancer. They did however conclude that this genetic event is rare in low-grade NMI cancers but instead more common in disease that was high-grade and invasive.  The following year Cordon-Cardo et al.67 examined the expression profile 48 bladder cancer samples collected from both cystectomy and transurethral resection specimens with respect to Rb mutation. They reported that 34% of muscle invasive bladder tumour possessed this mutation compared to only 10% of NMI low-grade disease.  They were also the first group to propose that the high-grade bladder cancer patients who possessed the Rb gene mutation within their tumour had decreased 5-year survival rate compared to patients who possessed the wild-type variation.   

With respect to high-grade bladder cancer it is accepted that over 50% of these tumours will contain mutations in the genes which encode for the tumour suppressor proteins p53, Rb or both52.

[bookmark: _Toc246525763][bookmark: _Toc278904844]1.5.3		Chromosomal change associated with bladder cancer
Chromosomal gains or losses were first reported to occur in UCC by Gibas et al.68 in 1984. These chromosomal changes reflect genetic instability which establishes an environment for accumulation of subsequent genetic defects to occur.   However their association with specific clinico-pathological features is yet to be fully understood69.

The deletion of part or all of chromosome 9 was one of the first alterations identified in bladder cancer, and occurs in over 50% of tumours, In particular, deletion of 9p21 appears a hallmark of both low and high grade of bladder cancers70.  One of the first studies to identify a significant frequency of the deletion of this chromosome was Knowles et al.71 who analysed 252 bladder cancers from all grades and stages. The authors reported loss of heterozygosity (LOH) was more common for 9p than 9q, and occurred in both low-and high-grade UCC. It is thought that deleted regions harbour tumour-suppressor genes therefore creating a pro-oncogenic environment.  With the case of chromosome 9p21, the cyclin-dependant kinase inhibitor 2A (CDKN2A) gene is located in this region. This tumour suppressor gene encodes for the CDK2NA protein and encodes for two alternatively spliced proteins INK4A and ARF.  INK4A is known to induce cell-cycle arrest via the Rb protein and similarly ARF is known to induce cell-cycle arrest via the p53 protein45.

A comprehensive list of all the genes affected within deleted loci has yet to be established or how they interact within particular biological pathways72. Furthermore, the exact cause of the LOH has yet to be established in the first instance. Is it an area of chromosomal fragility, does it reflect DNA hypomethylation or regional hypersensitivity to carcinogenic compounds? 

[bookmark: _Toc246525764][bookmark: _Toc278904845]1.5.4		Multi-focality: field change vs. intraluminal seeding.
One interesting clinical characteristic of urothelial cancer is multiplicity, multi-focality and frequent recurrences in organs lined by urothelium. It gives insight into the rationale behind the requirement of regular invasive surveillance.  Two opposing theories are proposed to explain UCC multi-focality73.  The first is a monoclonality hypothesis, proposing that multiple tumours are the product of a single genetically transformed cell. Intraepithelial migration of the tumour cells from its primary source or intraluminal seeding is then thought to lead to the development of further tumours.  The second hypothesis is termed “global field characterisation” (i.e. polyclonal tumour development), in which it is proposed that the entire urothelium is subjected to carcinogenic insults. This leads to independently acquired genetic alterations throughout the urothelium, resulting in the development of synchronous or metachronous unrelated tumours.  
Numerous studies have compared these hypothesise and conflicting data are published73.  Stoehr et al.74 analysed 160 macroscopically and histologically normal looking urothelial samples from 15 patients who underwent a cystectomy for bladder cancer.  Fifty control samples were obtained from patients with benign prostatic hyperplasia and or those requiring a cystectomy for invasive non-urothelial carcinoma.  They demonstrated that chromosomal deletions were not present in any of the control samples however 5 of the 15 bladder cancer patients harboured chromosomal deletions (9p/q or 8p) in histologically normal areas of their urothelium supporting the “global field characterization” theory.

[bookmark: _Toc246525765]Most authors identify that the majority of multi-focal urothelial cancers are monoclonal, arising from a single clone and spreading throughout the urothelium73.  This has been shown with urothelial tumours that are based a distance apart with upper and lower urinary tract tumours demonstrating identical mutations patterns75.  Identical deletions of chromosome 9 in intra-individual patients have been reported.  In addition to this, identical mutations of the p53 genes in multi-focal high-grade invasive cancer have been identified which is in keeping with the biological behaviour of this tumour suppressor.  p53 has been proposed to play a role in cell-cell adhesion and the loss of this function will perpetuate the spread of tumour cells75.
[bookmark: _Toc278904846][bookmark: _Toc246525766]1.6		MicroRNA
[bookmark: _Toc278904847]1.6.1		History of the discovery of microRNA
MicroRNAs are short single-stranded RNA molecules between 19-22 nucleotides in length76.  They modulate numerous cell functions through the manipulation of mRNA expression.  As this is achieved without synthesising a protein, microRNAs are classified as non-coding RNA molecules76.  MicroRNAs regulate protein expression by binding their 5’ end (which includes a targeting ‘seed’ sequence) to a complementary sequence within the 3’ untranslated region of a messenger RNA tail77. The microRNA/mRNA complex is incorporated within the RNA induced silencing complex (RISC) with an argonaute protein to either degrade or sequestrate (preventing protein synthesis) the mRNA. A small proportion of microRNAs have an up-regulatory effect on their target gene77.

MicroRNAs function as either tumour-suppressors or oncogenes, and have different function in depending upon cell type, cellular processes and current cellular requirement78 79. This is a remarkable variety of physiological processes that microRNAs are implicitly implicated in considering its relatively tiny genetic size.

The first documented microRNA was reported by Lee et al.80 who discovered a short non-coding gene in the nematode Caenarhabditis elegans. In this landmark study the authors identified “an usually small RNA molecule 22-nucleotides in length that may interact indirectly with relatively few cellular proteins – it may amongst the smallest functional RNAs so far identified”.  The microRNA they identified – termed lin-4 – was shown to be vital for controlling the normal post-embryonic development of this roundworm. They showed lin-4 negatively regulated the level of the LIN-14 protein.  This temporal decrease in LIN-14 protein was achieved by down-regulation of miR-lin-4 directly binding onto and deactivating the protein-coding gene for lin-14.  This occurred at the end of the first larval stage and initiated the maturation into the second larval stage of this roundworm.

In 2004 Calin et al.81 reported that microRNAs were involved in neoplastic cells and identified a distinct microRNA signature associated with B-cell chronic lymphocytic leukaemia. This study isolated RNA from 47 human tissue samples (41 associated with chronic lymphocytic leukaemia and 6 normal controls) and 245 human and mouse microRNAs were screened for using RT-PCR with a microarray chip. MicroRNA patterns emerged from this study that discriminated between malignant and normal tissues and tumour  behaviour. In chronic lymphocytic leukaemia, mutated IgVH is associated with a favourable prognosis for the patient. Prior studies had sown that deletion at 13q14.3 was associated with the presence of mutated IgVH genes82. MiR-16-1 was shown by Calin et al.81 to be expressed at low-levels in those disease-exhibiting deletions at 13q14 and this particular microRNA is located in this gene.  

[bookmark: _Toc246525768][bookmark: _Toc278904848]1.6.2		Biogenesis of microRNA
MicroRNA genes are located in isolation or in clusters, within protein coding gene introns or exons (70% for either), and in intergenic regions (30%) 42. The production of a mature microRNA requires multiple processes commencing in the nucleus of a cell.  Primary microRNAs (pri-miRs) are transcribed from a segment of DNA by the enzyme RNA polymerase II.  These pri-miRs are 100-1000s nucleotides in length.  Pri-miRs are then processed by Drosha (an RNase III enzyme) and DiGeorge Syndrome Critical 8 (DGCR8)83 protein into shorter (70-85 nucleotides) pre-cursor hairpins – pre-microRNAs (pre-miRs).  A single pri-miR can contain from one or many (up to 6) pre-miRs. Pre-miRs are exported into the cytoplasm by exportin 5, before cleaving by Dicer and another RNase III enzyme into produce a double-stranded duplex microRNA which is approximately 22 nucleotides in length84.  The final step is when the strand which contains the less stable hydrogen-bonding at its 5 end is made into the mature microRNA and is integrated with the RNA induced silencing complex (RISC) together with argonaute proteins whilst the other strand undergoes degradation85 86.

[bookmark: _Toc246525769][bookmark: _Toc278904849]1.6.3		Function of MicroRNA
MicroRNAs target mRNAs by recognition of complimentary base pairing and anneal to the mRNA, leading to either inhibition of protein production or direct degradation of the targeted mRNA molecules itself.  MicroRNAs bind onto the 3’ untranslated region of the mRNA or the opening reading frame of the target mRNA. Due to the relatively small length of microRNAs, each may target numerous complimentary mRNAs. Similarly, each mRNA can be targeted by numerous microRNAs87. MicroRNAs may act as either tumour suppressor or oncogenes88.  An increased expression of microRNA can down-regulate tumour suppressors and other genes associated with angiogenesis promotion and cell differentiation ultimately leading to the encouragement of cancer progression thus acting as an oncogene.  Conversely microRNAs can act as tumour suppressors genes by down-regulating proteins that have oncogenic roles.

MicroRNAs are critically involved in normal embryonic development88.  As stated previously, the endoribonuclease Dicer is a vital for the biogenesis of mature microRNAs.  When Dicer is knocked-out in mice in the embryological phase it has lethal consequences. The absence of Dicer in early embryonic development leads to the deletion of the pluripotent stem cell therefore establishing the importance microRNA in embryogenesis89.  When selected knockdown of Dicer is performed in an organ and tissue specific manner, it then effects the development of that organ/tissue in question in a detrimental manner.  MicroRNAs are vital in the morphogenesis of lungs, muscle, cardiovascular system and limbs 90-93.

[bookmark: _Toc246525770][bookmark: _Toc278904850]1.6.4		MicroRNA and Bladder Cancer
Until recently there been few data documenting the differential expression of microRNA in urological cancers, including bladder cancer94.  The uro-oncological community have advocated for this topic to be “intensively studied” in-keeping with other cancers as its potential to improve all aspects of future care exists from diagnosis to treatment of the disease94.

At the time of commencing this PhD, there was very limited knowledge of microRNAs with respect to bladder cancer. Gottardo et al.95 were the first group to publish differential expression for a cohort of microRNAs between malignant and normal bladder urothelium. The authors analysed 27 bladder specimens (25 from patients with UCC and 2 normal bladder mucosa specimens) for 245 human and mouse microRNAs.  They discovered 10 microRNAs  (microRNA-223/-26b/-221/-103-1/-185/-23b/-203/-17-5p/-23a and miR-205) differentially expressed between the bladder cancer tissue specimens and the normal mucosa.  All of these differentially expressed microRNAs were shown to be up-regulated in the cancer samples.  The study did investigate a link between microRNAs and the various grades of bladder cancer. Within the cohort of microRNAs utilised in their samples, no microRNAs were significantly associated with the various grades and stages of bladder cancer.  There was a non-significant trend for the expression of MicroRNA-26b to be inversely related to tumour stage.

[bookmark: _Toc278904851]1.7		Urinary biomarkers and the detection of bladder cancer

1.7.1		A History of Urinalysis

The human body produces around 1-2 litres of urine per day. The primary role of the kidneys (and urine) is to excrete waste products, toxins, unbalanced salts/ions and to remove excess fluid from circulating blood. The use of urine as a diagnostic tool for the detection of disease is an age-old practice.  Uroscopy utilises a patient’s urine sample for diagnostic purposes and it is a science that has been practiced for thousands of years.  Prior to the technology of microscopy, a physician would examine a patient’s urine sample using sight, smell and taste as a method to diagnose disease.  This practice was established and practiced by great ancient civilisations including the Egyptian, Roman, Byzantine, Babylonian, Arabian and Indian empires.  The variables examined within a urine sample were colour, cloudiness, smell, sedimentation, taste and presence of pus and blood. Urine was believed to have mystical properties and uromancy evolved from uroscopy.  This involved the reading of bubbles in a urine pot not only to assess an individual’s health status but also to predict their future. The ancient Greek physician Hippocrates was the first uroscopist who reported that the smell of a urine sample from a patient suffering from a febrile illness changed.

The method of utilising a urine sample to diagnose diabetes mellitus in historical times was done in which modern medical practice would seem very peculiar. Ancient texts from China and the Arab world reported the taste of sweet urine from patients who had signs and symptoms which would later be attributed to diabetes mellitus.  The English physician Thomas Willis in 1674 was the first in modern medical literature to document the taste of urine to disease and quoted urine from patients suffering from what we now know was diabetes as "wonderfully sweet as if it were imbued with honey or sugar."

The diagnosis of bladder cancer using urine in the modern medical practice has evolved from identifying cancer cells within a sample of urine (cytology), detecting minute volumes of blood in a voided sample to identifying protein based and genetic markers of the disease within the sample of urine.  


[bookmark: _Toc246525772][bookmark: _Toc278904852]1.7.2		Urine based detectors of bladder cancer
Current urine based bladder cancer diagnostic tests have a wide range of limitations. These range from a sub-optimal sensitivity and specificity to collection and storage issues of the urine sample itself. As such, there are currently no molecular biomarkers routinely utilised to diagnose bladder cancer. In addition, following a diagnosis of bladder cancer there are no satisfactory non-invasive tools for bladder surveillance. Finally there are no means of predicting which bladder cancers that initially presents as low-grade disease will progress into high-grade or invasive tumours from an analysis of the original low-grade specimen. Therefore, the development of a robust urinary biomarker to detect bladder cancer would considerably improve the care of affected patients and reduce the cost of managing bladder cancer considerably 96, 97.  

[bookmark: _Toc246525773][bookmark: _Toc278904853]1.7.2.1		Dipstick/Microscopic haematuria
Haematuria is the presence of red blood cell within a urine sample.  It can be separated into two groups: visible (previously known as “macroscopic”) and non-visible (previously known as “microscopic” or “dipstick”)98.  A sample of urine undergoing microscopy is labelled as haematuria by the presence of >3 red blood cells within a high-powered field. Urine dipstick detects the presence of haemoglobin or myoglobin in a urine sample.  The presence of heam catalyses the oxidation of orthotolidine by an organic peroxidase resulting in a blue coloured compound.  A urine dipstick is a bedside test for which the results can be obtained within a minute of dipping into a urine sample and has the ability to detect the presence of haemoglobin from 1-2 red blood cells.    

As haematuria is a cardinal symptom of bladder cancer, in current UK practice its presence requires urgent referral for investigation. The National Institute for Health and Clinical Excellence guidelines (www.nice.org.uk) have set the following criteria requiring an urgent referral to a urological department:
· a patient presenting with painless visible haematuria of any age
· a patient aged 40 years or older presenting with recurrent or persistent urinary tract infection associated with haematuria
· a patient aged 50 years or older are who are found to have unexplained microscopic haematuria
· an abdominal mass identified either clinically of radiologically that is thought to originate from the urological tract

The UK national target set by the Department of Health defines an “urgent referral” as one which requires the patient to be seen within 2-weeks.    Additionally the Department of Health have set targets to individual health-care trusts of 31 days to decide if the patient requires treatment for bladder cancer and a 62 day target to initiate first definitive treatment from when the urgent referral was made.

Khadra et al.99 evaluated a large cohort of patients undergoing investigations for haematuria. From 1,930 patients, the percentage discovered to have bladder cancer following investigation of visible haematuria was reported as 19.3%. This percentage increased to 21% when including the diagnosis of all urological cancers. The percentage of patients discovered to have bladder cancer following investigation of non-visible haematuria was reported as 4.8%.  Again this percentage is increased to 5.4% when including the diagnoses of all urological cancers.

The primary reason for such low figures is that haematuria is a sign of numerous other pathologies.  Haematuria can indicate/be a cause for,

· other urological cancers which include renal carcinoma, prostate cancer, ureteric cancer
· renal tract calculi
· infections of the urinary tract
· inflammation of the urinary tract
· trauma to the urinary tract
· renal cystic disease
· nephrological causes including IgA nephropathy and glomerulonephritis
· haematological conditions such as sickle-cell disease or trait and coagulopathies
[bookmark: _Toc246525774]
[bookmark: _Toc278904854]1.7.2.2		Urine cytology
Urine cytology is the microscopic examination of a freshly voided urine sample or one that is obtained following a cystoscopic washing of the bladder (barbotage). This urine sample will contain cells that are shed from the luminal layer of cells in the urinary-tract – i.e. urothelial cells.  These cells are then assessed to determine whether they are of a malignant or benign nature.  Exfoliated cells lying stagnant in urine that has been stored in the bladder for several hours as is the case for an early morning urine sample or one that has stored in for several hours prior to examination are degenerate.  Consequently they are not appropriate for cytological examination.

Urine cytology has an excellent specificity.  A meta-analysis using over 2,000 patients with bladder cancer from 20 different institutes reported a median specificity of 94% (range 85-100%)100.   However the major limitation of urine cytology is sensitivity. The same study reported a sensitivity of urine cytology with respect to bladder cancer to be 35% (range 13-75%) however this figure is increased to 60% for the diagnosis of high-grade bladder cancer and CIS.

High-grade bladder cancer and carcinoma in-situ will exfoliate cells that are very abnormal in microscopic appearance for which the pathologist will be able to report a high likelihood of the presence of a cancer. Disease that is low-grade in nature will also exfoliate cells into urine, however they have a phenotypical appearance that resembles a normal urothelial cell.  The issue arises of those cells that fall in the middle of the spectrum of abnormal and normal i.e. those that have features of abnormality but not to the extent its can be definitively labelled as a cancer.

Additionally, previous radiotherapy and cytotoxic drug treatment (such as cyclophosphamide and cyclosporine) and the presence urinary tract calculi are causes of a falsely positive urine cytology result.  

Due to these limitations, urine cytology is currently used as a diagnostic adjunct for bladder cancer.

[bookmark: _Toc246525775][bookmark: _Toc278904855]1.7.2.3		Nuclear-matrix protein-22
Nuclear-matrix protein 22 (NMP22) is a protein within urothelial cells that is involved in the control of chromatid regulation and cell separation. It is released into urine following apoptosis of urothelial cells. Initially it was only available as a quantitative enzyme-linked immunosorbernt assay (ELISA) which naturally required specialist hardware to perform.  With further development, a point of care assay has now been developed: NMP22 ® BladderChek ® - which has gained FDA approval for use with cystoscopy. This bedside test is a double monoclonal antibody test designed to detect this protein in a urine sample and provide a result within 30 minutes. NMP-22 was first reported to have diagnostic potential in bladder cancer in 1996 by Soloway et al.101. This group predicted the presence of recurrent bladder cancer following surgery in 71% of patients who tested positive for this protein within their urine sample.  In total, 86% of patients who were negative for the presence of NMP22 in their urine sample had no evidence of bladder cancer after 6 months follow-up.

A recent meta-analysis investigating the efficacy of NMP22 as a urinary biomarker with the ELISA technique for the diagnosis of bladder cancer using over 1000 patients from 14 different institutes reported the median sensitivity to be 69% (range 47-100%) and the median specificity to be 73% (range 55-98%) 100. The figure were similar when using BladderChek ® with the median sensitivity being 62% (range 50-86%) and specificity being 86% (77-87%).

Limitations to this urinary biomarker includes the wide range of sensitivities that has been quoted for this particular test.  Despite being FDA approval, current figures would not be acceptable to allow the use of NMP22 as an exclusive test for the diagnosis of bladder cancer but rather as an adjunct to aid the diagnosis of the disease.  Furthermore due to the nature of this test being a protein based one, a urine sample has to be tested within 2 hours of voiding, as the breakdown of protein due to proteases will be continuingly occurring.

[bookmark: _Toc246525776][bookmark: _Toc278904856]1.7.2.4		Bladder Tumour Antigen
The Bladder Tumour Antigen test (BTA stat ®) is a point-of-care test that utilises monoclonal antibodies against specific compliment factors in a urine sample of a patient with bladder cancer.  It detects human compliment factor-H (hCHF) and human compliment factor-H related protein (hCHFrp).  The role of these proteins is to regulate alternative pathways of complement activation thus preventing complement mediated damage to healthy cells102.  These proteins are released by the basement membranes of the bladder in response to bladder cancer103. The BAT stat ® has gained approval from the FDA to be used as an adjunctive tool to aid the diagnosis of bladder cancer.  Its median sensitivity has been reported as 58% (range 29-74%) and its median specificity as 73% (range 56-86%) from a meta-analysis using over 1000 patients from 14 different institutes100.  These relatively low figures can be explained as any insult and subsequent damage to the bladder urothelium such as trauma, sepsis and calculi does have the potential to cause a falsely positive result.

[bookmark: _Toc246525777][bookmark: _Toc278904857]1.7.2.5		Immunocyt
This urinary test combines the use of cytology and the discipline of immunocytofluorescence.  It involves the analysis of a collection of 3 monoclonal antibodies, which have ability to recognise various bladder tumour associated mucins.  It requires a relatively large volume of exfoliated cells to be present within the urine sample. A recent meta-analysis104 stated the sensitivity and specificity of this test from a cohort of 2,896 patients across eight-centres to be 84% and 75% respectively.  The numerous limitations of this test include the relatively high number of exfoliated cells required in a urine sample, a minimum of 2 hours to obtain a result from the test and the requirement of an experienced pathologist to perform the test.

[bookmark: _Toc246525778][bookmark: _Toc278904858]1.7.2.6		UroVysion
This is a multi-target fluorescence in situ hybridization (FISH) assay which detects aneuploidy in chromosomes 3, 7, 17 and the loss of 9p21 locus of the p16 tumour suppressor gene.  The probes that are contained within this test have the ability to bind to the complimentary DNA within the exfoliated cells and hence able to identify the location of the targeted chromosomes. The cut off for a positive test is not a consistent one and varies across institutions.  A recent meta-analysis104 stated that the sensitivity and specificity  from a cohort of 2,896 patients across twelve-centres to be 76% and 85% respectively.  

[bookmark: _Toc246525779][bookmark: _Toc278904859]1.7.2.7		DNA methylation in urine samples
The first study to utilise the potential of DNA methylation for the purposes of  the diagnosis of bladder cancer was undertaken by Chan et al.105 in 2002.  Their study involved two phases with the initial one demonstrating and confirming a distinct methylation pattern of in the 102 bladder cancer samples with a frequent methylation of RARbeta, DAPK, E-cadherin, and p16.  This pattern was however not associated with grading or staging of disease.  In the second part of the study, the analysis of 22 bladder cancer urinary sediments was performed.  This was to identify the presence of methylation of the 4 previously identified methylated gene promoters, and diagnosed bladder cancer with a sensitivity of 91% and specificity of 76%. The same cohort of patients underwent cytological assessment of their urine for bladder cancer where the sensitivity was 46% and specificity 100%.

Further studies have shown that using this method for bladder cancer detection resulted in a specificity figure that is more related to the ones associated with cytology.  Dulaimi et al.106 with the use of 45 bladder cancer patient urines reported a sensitivity of 87% and a specificity of 100%. No urine sample displayed a positive methylation status if the matching tumour did not also exhibit it. A more recent prospective multi-centred study utilised the urine samples of 83 patients suffering from bladder cancer107.  They reported that the presence of methylated in TWIST1 and NID2 was able to detect cancer with a sensitivity of 90% and specificity of 93%.  

Epigenetic biomarkers with regards to the diagnosis of bladder cancer have not undergone as extensive an investigation process that compared to the FDA approved urinary biomarker tests.  The weakness associated with these studies has been primarily due to a limited number of sample size utilised, the use of retrospectively collected urine samples and a low homogeneity of the study population in relation to their grade stage and grade.

[bookmark: _Toc246525780][bookmark: _Toc278904860]1.7.3		Why the need for a new biomarker?
The requirement for a new biomarker with regards to the diagnosis of bladder cancer is driven by three issues related to the disease, namely,
· patient factors
· health economics
· requirement for a screening tool

[bookmark: _Toc246525781][bookmark: _Toc278904861]1.7.3.1		Patient factors
As mentioned previously, the gold-standard for the diagnosis of bladder cancer involves the use of a flexible cystoscopy.  This invasive test, although performed with a local anaesthetic lubricant, is not without morbidity.  Painful micturition, urinary frequency and visible haematuria have been reported to occur for 50%, 37% and 19% of patients respectively following this procedure108.  The same study reported 10% of patients to experience other non-specific symptoms which they attributed to this procedure which included lower abdominal discomfort, malaise and lateral thigh paraesthesia108.  With regards to sepsis, 8% of patients will develop bacteruria after a flexible cystoscopy, urosepsis requiring antibiotic treatment for up to 2.7% of patients108 109.

The question of what is acceptable for patients with regards to the accuracy of a diagnostic test must be highlighted here. The only study to assess the acceptance rate for a urinary based test with regards to bladder cancer was undertaken by Yossepowitch et al.110.  In this study 75% of patients who were undergoing regular surveillance via cystoscopy for bladder cancer stated that a urinary test that possessed a sensitivity of at least 95% would be an acceptable substitute for them. The anxiety associated with the potential of overlooking of an established re-occurrence was the primary reason for this high level of sensitivity required.  A limitation highlighted by this study was that of patient assumption with regards to cystoscopy providing a diagnostic accuracy rate of 100%, which is known not to be the case.  

[bookmark: _Toc246525782][bookmark: _Toc278904862]1.7.3.2		Health economics
The relapsing natural history of bladder cancer and the frequency of signs and symptoms suggestive of the disease mean that patients undergo a regular, long-term flexible cystoscopies.  A flexible cystoscopy is am extremely labour-intensive procedure requiring numerous health-care workers within a clinical environment to perform the task.  In addition to this, flexible cystoscopy requires expensive hardware that requires sterilisation after every single use as well as regular costly maintenance and servicing.  Consequently this makes bladder cancer one of the most expensive malignancies to manage.  Estimates suggests the disease costs around $3.7 billion per annum in the US and the majority of this cost is spent on diagnosis and surveillance of the disease111.  The management of bladder cancer and its associated complications results in a major health-economic burden. This highlights the requirement for a more cost-effective diagnosis and surveillance tool that not only minimizes morbidity associated with detection and surveillance of the disease but also the potential of directing funding towards screening or research for the disease as an opportunity cost 111 112.

[bookmark: _Toc246525783][bookmark: _Toc278904863]1.7.3.3		Screening
With respect to bladder cancer there are currently no accepted screening tools that meet the World Health Organisation standards set out by Wilson and Jungner et al. 113.  All urine tests mentioned so far fail criteria no.5- “there should be a suitable test or examination” due to the inadequate sensitivity and specificity values.  Certainly urine would be an ideal screening tool for bladder cancer due to its non-invasive nature which adequately meets the criteria no.6- “the test should be acceptable to the population”. The gold-standard for the diagnosis of bladder cancer involves the use of a flexible cystoscope which as a stand-alone tool will not be able to used as a screening tool for bladder cancer as it would not meet criteria number 6 or criteria number 9- “the cost of case-finding (including diagnosis and treatment of patients diagnosed) should be economically balanced in relation to possible expenditure on medical care as a whole”.  

[bookmark: _Toc246525784]Hence the development of a urinary biomarker is not only required as a diagnostic and surveillance tool but also for a general screening tool for bladder cancer.  Ideally it would have a good sensitivity and specificity but also other desirable characteristic such as being robust enough to be used in an everyday clinical setting.  It would be required to identify disease that is both low-and high-grade and allow the use of a urine sample that is obtained from any time-point of the day.  In addition it should ideally be developed or have the potential to be developed as a point of care test.

[bookmark: _Toc278904864]1.8		Thesis Aims
The discussed issues related to the diagnosis, surveillance, management and prediction of prognosis for bladder cancer is one that has great potential for improvement.  At the time of commencement of my studies, evidence to identify any roles for changes in microRNA expression in bladder cancer was very limited.  Furthermore there was no evidence suggesting that microRNA could be an additional epigenetic tool supporting the theory that the high-grade and low-grade bladder cancers were unique diseases on a molecular level.

The role of developing a non-invasive tool for the diagnosis and screening of bladder cancer is one that has been intensively investigated in the scientific urological community.  To-date no satisfactory biomarker has reported where it could confidently replace the gold-standard tool in the form of a flexible cystoscopy.  Again at the time of commencement of my studies there were no reports in the methods of extracting of microRNA from a sample of urine and whether it could have the potential to be developed into a non-invasive biomarker for the fight against bladder cancer.

Finally, prior to embarking on this project there was no data on the functional roles of microRNA in bladder cancer.  This lead to the question of what phenotypical and molecular outcomes there will be when manipulating these genetic molecules in bladder urothelium and if there was a potential role of microRNA on a therapeutic level.

Therefore, the aims of my thesis are:

1. Identify which microRNAs are differentially expressed between normal bladder urothelium and urothelial carcinoma.

2. Identify microRNAs that are able to differentiate between low-and high-grade bladder cancer.

3. The ability to extract microRNA from urine samples from bladder cancer patients.

4. Utilise microRNAs in urine samples to diagnose bladder cancer.

5. Identifying the functional and phenotypical outcomes of manipulating microRNAs in bladder urothelium.


[bookmark: _Toc278904865]Chapter 2 – MATERIAL AND METHODS - GENERAL
[bookmark: _Toc278904866]2.1		General laboratory equipment and materials
[bookmark: _Toc278904867]2.1.1		 Laboratory equipment
37°C CO2 Incubator					Sanyo- Japan
Ice Machine						Scotsman Ice System – USA
MSE Centaur Benchtop Micro-Centrifuge 		Sanyo-Japan
Heating Block						Grant- UK
Rotamixer						Hook & Tucker –UK
Harrier Centrifuge					Sanyo –Japan
Cabinet Hood						Walker- UK
Haema-cytometer					Hawksley & Sons – UK
Haema-cytometer cover slips			Hawksley & Sons – UK
P2/10/20/200/1000 Pipettes			Gilson-USA
Vortex							Fischer Scientific-USA
Water Bath						Grant –UK
Magna Rack						Invitrogen-USA
Canon EOS 400D Digital Camera			Canon-Japan
Scale							Mettler Toledo-USA



[bookmark: _Toc278904868]2.1.2		Specialised laboratory equipment

Nanodrop Bioanalyzer				Agilent - UK

Heraeus 3S-R Centrifuge				Thermo Scientific – USA

Heraeus Custom TLDA card holder			Thermo Scientific – USA

Heraeus Custom TLDA card holder bucket	Thermo Scientific – USA

Microflucidic Card Sealer	Applied Biosystems (AB) – USA

7900HT real-time PCR machine			AB - USA	

TaqMan Array Microflucidic Thermal Cycling Block
							AB - USA
2100 Bioanalyser					Agilent- UK
-80°C Freezer 					Sanyo-Japan
PCR thermal cycler					Thermo-Scientific - USA
MTT plate reader					Thermo-Scientific - USA

[bookmark: _Toc278904869]2.1.3		Plastic and disposable equipment

Plastic Pipettes					Corning
Tips for Gilson P10/20/200/1000			Sarstedt
Filter Tips for Gilson P10/20/200/1000		Bioscience
Universal Tubes					Sarstedt - Germany
15ml Centrifuge Tubes				Sarstedt - Germany
50ml Centrifuge Tubes				Corning
PCR Tubes						AB Gene
T25/75 Cell Culture Flasks				Thermo-Scientific - USA
Cell Scrapers						Sarstedt - Germany
0.5/1.5/2.0ml Micro-centrifuge Tubes		Sarstedt - Germany
Scalpels						Swann Morton – UK
MicroAmpTM Optical 8-Tube Strip 0.2ml		AB-USA
MicroAmpTM Optical 8-Tube Cap Strip		AB-USA
96-well culture plate					Thermo-Scientific – USA
6-well culture plate					Sigma-Aldrich - USA	
	
[bookmark: _Toc278904870]2.1.4		Laboratory chemicals and reagents
Ethanol						Fisher Scientific - USA
Precept						Johnson & Johnson - UK
Foetal Calf Serum (FCS)				Perbio – Sweden 
Dulbecco’s Modified Eagle Medium (DMEM)	Sigma Aldrich – USA
Epidermal Growth Factor (EGF)			Invitrogen – UK
Bovine Pituitary Extract (BPE)			Invitrogen - UK
Kertinocyte Serum Free (KSF) Medium		Invitrogen – UK
Opti-MEM I Reduced Serum Media			Invitrogen - UK
Trypsin*						Invitrogen - UK
Versene*						VWR - USA
Diethylpyrocarbonate	
3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide (MTT)
							Sigma-Aldrich - USA
Trypan Blue Solution				Sigma-Aldrich - USA
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)
							Duchefa – Netherlands
DMSO (diethyl-sulfoxide)				Fischer Scientific - USA

*Trypsin was purchased as a 2.5% solution and was used at a working concentration of 0.025%.  Versene was constituted by dissolving 0.2g in 1L of PBS.  This solution was then autoclaved for 10 minutes and stored at 4°C with a working concentration of 0.02%

[bookmark: _Toc278904871]2.1.5		Commercially purchased kits and reagents 
mirVanaTM kit 						Ambion - USA
TaqMan® Microflucidic Low Density Array Card	 	AB – USA
(TLDA)
TaqMan® MicroRNA Reverse Transcription Kit		AB - USA
· 100 mM dNTP(with dTTP)
· MultiScribeTM Reverse Transcriptase 
50/U/ml
· 10X Reverse Transcription (RT) Buffer
· RNase Inhibitor 20 U/μL
· Nuclease Free Water
TaqMan® 2X Universal PCR Master Mix			AB - USA
TaqMan® Multiplex RT for Taqman MicroRNA Assays	AB - USA
· Human Multiplex RT pool 1 v1.0
· Human Multiplex RT pool 2 v1.0
· Human Multiplex RT pool 3 v1.0
· Human Multiplex RT pool 4 v1.0
· Human Multiplex RT pool 5 v1.0
· Human Multiplex RT pool 6 v1.0
· Human Multiplex RT pool 7 v1.0
· Human Multiplex RT pool 8 v1.0
MegaplexTM RT Primers Pool A				AB - USA
TaqMan® MicroRNA Reverse Transcription Kit		AB - USA
· MegaplexTM RT Primers (10X)
· dNTP with dTTP (100 MM)
· MultiscribeTM Reverse Transcriptase (50U/μL)
· 10X RT Buffer
· MgCl2 (25mM)
· RNase Inhibitors (20U/μL)
· Nuclease Free Water
MegaplexTM PreAmp Primers (10X)			AB - USA
TaqMan® MicroRNA Assay (RT and Real Time)		AB - USA
· hsa-mir-15a
· hsa-mir-15b
· hsa-mir-21
· hsa-mir-23b
· hsa-mir-24-1
· hsa-mir-27b
· hsa-mir-100
· hsa-mir-133b
· hsa-mir-135b
· hsa-mir-183
· hsa-mir-203
· hsa-mir-211
· hsa-mir-328
· hsa-mir-1224-3p
· RNU 44
· RNU 48
· RNU 6B
Lipofectamine® RNA iMAX				Life Technologies – UK
siPORT™ NeoFX™					Life Technologies – UK
TaqMan® Pri-miRNA-1224	-3p			Life Technologies - UK
Anti-miR™ miRNA-1224-3p Inhibitor		Life Technologies – UK
Scrambled sequence					Life Technologies – UK

[bookmark: _Toc278904872]2.1.6		Cell lines

	Cell - line
	Culture conditions
	Brief description

	EJ114*
	DMEM + 10% FCS
	High-grade bladder cancer

	RT122115*
	DMEM + 10% FCS
	Low-grade bladder cancer

	NHU**
	KSF+ECF+BPE
	Normal urothelium



Table 6: Table of all cell-lines used in this study with the appropriate culture conditions. * The bladder cancer cell lines represent the various tumor groups (RT112 and EJ) and were purchased from the American Type Culture Collection.  **Non-immortalised Normal Human Urothelial Cells (NHU) were derived from histologically confirmed normal urothelium obtained from patients without a history of bladder cancer using standard methods116.  These patients were undergoing benign urological surgery in the Royal Hallamshire Hospital, Sheffield, UK.

[bookmark: _Toc278904873]2.1.7		Purified water
Water was purified through a reverse osmosis unit to produce de-ionised water with a resistance of 10MΩ. The water was sterilised by autoclaving for 15 minutes at 15psi.  All references to water within this thesis should be assumed to be de-ionised.

[bookmark: _Toc278904874]2.1.8		Glassware
All glassware was washed once with detergent before being rinsed several times with water and finally washed with de-ionised water.  The glassware was then dried in a hot air-oven at 80°C.	
			
[bookmark: _Toc278904875]2.2		General Methods
[bookmark: _Toc278904876]2.2.1		Ethics 

Informed consent was obtained from each patient prior to obtaining all biological samples.  Institutional ethics committee approval gained before commencing all aspects of this study by the NHS National Research Ethics Service – South Sheffield Local Research Ethics Committee – Reference SSREC 00/083 (appendix 1).


[bookmark: _Toc278904877]2.2.2		Maintenance/Extraction of cell-lines
All cell-lines were incubated at 37°C and 5% CO2. Cell-lines were grown in monolayer and passaged once they reached 80-90%  confluence.  Passaging was undertaken by discarding the media and rinsing the monolayer with PBS to remove traces of serum and other proteins that can inhibit the action of trypsin.  Cell harvest was achieved by the addition of 2ml of a trypsin/versene mixture (1:1) which was at a temperature of 37°C.  This was then incubated at 37°C for 5 minutes.  Once the detachment of cells was achieved, they were re-suspended by gentle pipetting into 10ml of the appropriate medium and re-distributed into fresh T75 culture flasks containing the appropriate media (2.5ml re-suspended cells per T75 flask).  Alternatively the cells were washed with PBS after which they underwent RNA extraction. 

[bookmark: _Toc278904878]2.2.3		Collection of urothelial tissue
All collected urothelial tissue was immediately frozen in liquid nitrogen and histological confirmation obtained prior to use.  Storage of all urothelial tissue was undertaken in the -80°C freezer prior to use.

[bookmark: _Toc278904879]2.2.4		Patient treatment/stratification
Patients were treated according to tumor stage and grade following endoscopic resection117. Adjuvant intra-vesical chemotherapy was used for low-grade and maintenance intra-vesical BCG for high-grade NMI tumours. Patients underwent surveillance stratified by their disease. Radical cystectomy with pelvic lymphadenectomy was used for invasive or BCG-refractory high-grade NMI tumours117 118.

[bookmark: _Toc278904880]2.2.5	Urinary/Urothelial RNA extraction: mirVanaTM extraction protocol
[bookmark: _Toc278904881]2.2.5.1		Cell disruption 

Cell lysis and tissue disruption was achieved with the addition of 600L of lysis-binding solution (supplied by kit manufacturer) to the pellet of cells/urine/urothelial tissue.  This solution containing the biological specimen was then vortexed vigorously for 30 seconds producing a homogenate lysate.

Sixty-L of miRNA homogenate additive (supplied by kit manufacturer) was added to the homogenate lysate and then vortexed for 10 seconds followed by incubation on ice for 10 minutes.  After this incubation period, 600L of acid-phenol: chloroform  (supplied by kit manufacturer) was added to the lysate and vortexed for 30 seconds.  This mixture was then centrifuged for 5mins at 10, 000g at room temperature which resulted in separation of the aqueous and organic phases.  The aqueous (upper) phase was then transferred to a new tube whilst the lower phase was discarded.

One-third volume of 100% ethanol was added to the recovered aqueous phase and this total volume was passed through a fibre-glass (supplied by kit manufacturer) filter cartridge via 15 seconds of centrifugation at 10, 000g. The filtrate was collected as this contained the small RNA molecules whereas the filter cartridge contained the small RNA molecules and each was processed separately.

[bookmark: _Toc278904882]2.2.5.2		Enrichment for small RNAs/ Collection of small RNAs – filtrate

Two-third volume of absolute ethanol was added to the volume of collected filtrate.  This total volume was then added to a new fibre-glass filter cartridge and centrifuged for 15 seconds at 10,000 g upon which the filtrate is discarded.

The filter cartridge is then subjected to three washes using Wash Solution 1 and 2 (supplied by kit manufacturer) in which the flow-through is discarded on each occasion. Firstly, 700L of wash solution 1 is added into the filter cartridge and centrifuged for 15 seconds at 10, 000g.  This followed by the addition of 500L of Wash Solution 2 after which the filter cartridge is subjected to centrifugation for 15 seconds at 10, 000g.  The wash with Wash Solution 2 is repeated and then the filter cartridge is subjected to centrifugation for 60 seconds at 10, 000g to remove residual fluid.

Finally 100L of Elution Solution (supplied by kit manufacturer) which was pre-heated to 95C is added into the filter cartridge and centrifuged at 13, 000 g for 30 seconds.  The elute now contains enriched small RNAs.

[bookmark: _Toc278904883]2.2.5.3		Collection of large RNAs

The original filter cartridge is subjected to three washes using Wash Solution 1 and 2 (supplied by kit manufacturer) in which the flow-through is discarded on each occasion. Firstly, 700L of wash solution 1 is added into the filter cartridge and centrifuged for 15 seconds at 10, 000g.  This followed by the addition of  500L of Wash Solution 2 after which the filter cartridge is subjected to centrifugation for 15 seconds at 10, 000g.  The wash with Wash Solution 2 is repeated and then the filter cartridge is subjected to centrifugation for 60 seconds at 10, 000g to remove residual fluid.

Finally 100L of elution solution  (supplied by kit manufacturer) which was pre-heated to 95C is added into the filter cartridge and centrifuged at 13, 000 g for 30 seconds.  The elute now contains the RNA fraction that is depleted of small RNAs.

[bookmark: _Toc278904884]2.2.6	Urine collection

All urinary samples were obtained from patients and control persons obtained at various sources within the Royal Hallamshire Hospital, Sheffield, United Kingdom. These included patients from outpatient haematuria clinics, planned elective admissions for urological procedures and acute admission of patients in the urological ward.

On collection of the freshly voided urine, immediate centrifugation at 3,392g for ten minutes was undertaken.  Following this, the supernatant was removed and the cell pellet washed twice in PBS before freezing at -80oC until use.  MicroRNA extraction from the washed cell pellet was performed as highlighted in chapter 2.2.5.

Initially, comparison of RNA yield was achieved using matched samples collected into an empty container or one containing 100% volume of the RNase inhibitor, namely diethylpyrocarbonate (DEPC). Fifty consecutive urine samples were collected to determine the value of the stabilising agent DEPC.  The dilution with this carcinogenic and toxic agent was done in a ratio of 1:1 using standard universal precautions including the utilisation of a fume cupboard.

To determine microRNA stability in urine, we split 25 samples into three fractions (50mls for each) and separately extracted RNA in the form of two reference genes (RNU48 and RNU44) and three microRNAs (15b/135b/1224-3p) from an immediately processed sample, following 3 cycles of freeze-thawing (-80oC to room temperature) and following storage at room temperature for 48 hours.

[bookmark: _Toc278904885]Chapter 3 – MICRORNA EXPRESSION IN UROTHELIAL TISSUES

Evidence to identify any roles for changes in microRNA expression in bladder cancer was very limited at the time of commencement of this study. Furthermore there was no evidence suggesting that microRNA could be an additional epigenetic tool supporting the theory that the high-grade and low-grade bladder cancers were unique diseases on a molecular level.  This chapter will test the hypothesis that microRNA have the ability to differentiate between normal and bladder cancer urothelium. The aims of this chapter are: 

1. Identify which microRNAs are differentially expressed between normal bladder urothelium and urothelial carcinoma.

2. Identify microRNAs that are able to differentiate between low-and high-grade bladder cancer.

[bookmark: _Toc278904886]3.1		Methods
[bookmark: _Toc278904887]3.1.1		Patients, samples and cell-lines
Seventy-two urothelial samples and 6 cell lines were examined for this experiment. Tumours were classified using the 2004 WHO/ISUP criteria and selected from three cancer groups: 
i). Low-grade non-muscle invasive (NMI), 
ii). High-grade NMI and 
iii). Invasive bladder cancer. 

Twenty normal urothelial samples were obtained from 
i). 10 patients with synchronous bladder cancer (NU (Cases) taken distant to any tumor) and 
ii). 10 disease-free controls undergoing prostate or urinary tract calculi surgery (NU (Controls)). None of these patients had a history of bladder cancer.  This was undertaken to due to accommodate potential the “global field characterization” theory that may be present with microRNA expression in bladder cancer.

Three bladder cancer cell-lines, representing the disease spectrum were utilized:
i). RT4,
ii) RT112 
iii) EJ/T24
[bookmark: _Toc278904888]3.1.2		MicroRNA extraction
For all samples, ten 10M sections were micro-dissected to obtain >90% pure cell populations (Professor Catto- University of Sheffield, U.K).  Enriched small and total RNA were extracted using the mirVanaTM kit according to manufacturer’s protocol (chapter 2 – Urinary/Urothelial RNA extraction - mirVanaTM Extraction Protocol). RNA concentrations were measured using a 2100 Bioanalyzer.

[bookmark: _Toc278904889]3.1.3		MicroRNA expression profiling
The expression of 354 mature microRNAs and 3 small nucleolar RNA molecules (RNU 44, RNU 48 and RNU 6B) was determined using real time PCR with pre-printed TaqMan® Microfluidic Low Density Array Card 119. 

[bookmark: _Toc278904890]3.1.3.1		cDNA synthesis
Initially, with the use of the TaqMan® MicroRNA Reverse Transcription Kit, reverse transcription using stem loop primers was performed.  Each urothelial sample required 8 RT reactions prepared by the addition of 2L of RNA (10-100ng), 2L MultiScribeTM Reverse Transcriptase 50/U/ml, 1L 10X Reverse Transcription (RT) Buffer, 0.125L RNase Inhibitor 20 U/L, 3.675L nuclease-free water and 0.2L 100 mM dNTP(with dTTP).  

For the individual 8 reactions, 1μL of corresponding Human Multiplex RT pools 1-8 v1.0 was added to make a total volume for each reaction at 10μL (each pool containing ingredients and primers for 48 mature microRNAs). This mixture was then gently mixed and centrifuged for 1 minute at 1000Xg and incubated on ice for 5 minutes prior to undergoing the following regime in the thermal cycler (table 7).


	Step Type
	Time (mins)
	Temperature (°C)

	Hold
	30
	16

	Hold
	30
	42

	Hold
	5
	85

	Hold
	∞
	4



Table 7: Thermal cycler protocol for TLDA multiplex RT reaction

[bookmark: _Toc278904891]3.1.3.2		Real-Time PCR
Each RT reaction was then diluted 62.5 fold in nuclease free water. From each diluted assay 50μl was mixed equally with TaqMan® 2X Universal PCR Master Mix and loaded separately into the eight reservoirs of the TLDA microfluidic card.  The TLDA microfluidic then underwent careful centrifugation with the Heraeus 3S-R Centrifuge (2mins at 331g) after which it was sealed using the Microflucidic Card Sealer and the reservoir removed.  The loaded was analyzed on an ABI 7900HT real time PCR system using the recommended PCR conditions.

Each microfluidic card contained MGB-labeled probes specific to 354 mature microRNAs, 11 duplicate assays, 2 empty wells and 17 replicates of 3 endogenous small nucleolar RNA molecules for relative quantification (RNU6B, RNU44 and RNU48). MicroRNA concentrations were calculated from the cycle number that each reaction crossed an arbitrarily threshold (Ct=0.2). The amplification plots were checked manually (SDS 2.2.1, Applied Biosystems, UK) to confirm the Ct value corresponded with the midpoint of logarithmic amplification. To test the reproducibility of this real time quantification, we analyzed each cell line and 10 tissues samples in duplicate.

[bookmark: _Toc278904892]3.1.4		Statistical methods

Relative microRNA concentrations were calculated with respect to the median of the 3 reference RNA molecules – RNU 6B, RNU 44 and RNU 48 - (∆Ct = Ct microRNA – Ct median control). The median was chosen after analysis revealed variation in concentrations between samples. Expression fold changes were computed using 2-∆∆Ct calculations120. Median data centering was performed prior to analysis with Significance of Analysis of Microarray software121 and BRB-ArrayTools  (Vsn. 3.7) developed by Dr. Richard Simon and BRB-ArrayTools Development Team. Class specific microRNA signatures were established using Prediction of Microarray software122. MicroRNA expression and tumor outcome were investigated using the Log rank test and plotted by the Kaplan-Meier method within SPSS (Vsn. 14.0 SPSS Inc.). 

Tumor progression was defined as the presence of pathological, radiological or clinical evidence of an increase in tumor stage and measured from the time of surgery to the time of proven event. Changes in microRNA expression and statistical significance were illustrated using Volcano plots. Significant expression difference was defined as both a p<0.05 and a false discovery rate of <0.05. 


[bookmark: _Toc278904893]3.2		Results
[bookmark: _Toc278904894]3.2.1		Patient demographics

In total 72 urothelial samples from patients were utilised.  Fifty-two urothelial tissue samples were from patients with bladder cancer, 10 samples were from macroscopically normal looking urothelial tissue from patient with bladder cancer and a further 10 urothelial samples were from patients with no history of bladder cancer (table 8).

The bladder cancer samples from patients had a male to female ratio of 3.3:1  (40 versus 12 respectively) and an age range of 46-90 years old.  The grade of disease for this cohort of patients was from a wide and balanced spectrum of disease with 42.3% % (n=22) with low-grade non-muscle invasive (NMI) disease, 23.1% (n=12) with high-grade NMI disease and 34.6% (n=18) with invasive disease.  The breakdown of the histological staging of disease from these samples were are follows: 48.1% (n=25) of patients had pTa disease, 3.8% (n=2) had pTis disease, 13.5% (n=7) had pT1 disease and 34.6% (n=18) patients had pT2-4 disease. 

With regards to the 20 normal urothelial samples, the male to female ratio was 9:1 (18 versus 2) with the same age range as the bladder cancer samples of 46-90.  The 10 samples that were from patients who had no history of bladder cancer were obtained from patients who underwent trans-urethral resection of prostate (n=4) and radical prostatectomy (n=6).  The 10 macroscopically normal looking samples that were collected from patients with bladder cancer were obtained from patients that either underwent a radical cystectomy (n=7) or a trans-urethral resection of bladder tumour (n=3).

Overall follow-up of bladder cancer patients incorporating all grades of disease ranged from 2-93 months.  This represented a mean follow up of 43.4, 57 and 23.5 months for low-grade NMI, high-grade NMI and invasive disease respectively.  



	
	Bladder cancer
	Normal urothelium

	
	Low-grade NMI
	High-grade NMI
	Invasive
	Non-Cancer 
	Cancer history

	Total
	22
	12
	18
	10
	10

	Gender
     Male
     Female
	
14
8
	
12
0
	
14
4
	
10
0
	
8
2

	Age
     Mean
     Range
	
75
56-83
	
71.9
55-81
	
71.4
46-90
	
67
54-81
	
66.4
46-90

	Source
     TURP
     RP
     TURBT
     RC
	
	
	
	
4
6
	


3
7

	Grade
     1
     2
     3
	
11
11
0
	
0
0
12
	
0
1
17
	
	
1
4
5

	Stage
     pTa
     pTis
     pT1
     pT2-4
	
22
0
0
0
	
3
2
7
0
	
0
0
0
18
	
	
2


8

	Smoker
     Current
     Ex
     Never
	
5
13
4
	
1
10
1
	
3
12
3
	
	

	Recurrence
     Yes
     No
	
14
8
	
8
4
	
5
13
	
	

	Progression
     Yes
     No
	
4
18
	
3
9
	
11
7
	
	

	Follow-up
     Mean
     Range
	
43.4
4-93
	
57
15-93
	
23.5
2-84
	
	



Table 8:  Patients analysed in this study.  Ex smoking status = stopping >1 year before tumour.  TURP/BT = trans-urethral resection of prostate/bladder tumour, RP=radical prostatectomy, RC= radical cystectomy
[bookmark: _Toc278904895]3.2.2		Reproducibility of methodology

The 13 urothelial samples that underwent duplicate microRNA analysis to assess the reproducibility of the TLDA microfluidic cards demonstrated that the methodology was of a robust nature with a median reproducibility of 0.934. Following microRNA quantification in these 13 samples, it was shown 32 out of the 354 were present at a frequency of  <20% in all samples and therefore removed from further analysis leaving 333 microRNAs.  Eleven of the remaining 333 microRNA were duplicated in the TLDA microfluidic card and showed a reproducibility (r=0.71-0.96 p<0.001) and hence removed from the cohort of microRNAs to be analysed leaving a final figure of 322 microRNAs.

[bookmark: _Toc278904896]3.2.3		MicroRNA expression between set of normal urothelium

We compared 322 microRNAs in 10 normal urothelium samples from patients who had no history of bladder cancer and 10 macroscopically normal urothelium from those with a history of bladder cancer.  Thirty-six microRNAs (11.2%) had exhibited a significant differential expression (p-value <0.05) between these two groups of urothelium (table 8).  All 36 of these differentially expressed microRNA were up-regulated in the macroscopically normal appearing urothelium from patients with a history of bladder cancer.  

Fold changes of the microRNA between these two groups ranged from 7.5 to 416.99.  If an arbitrary figure of  ≥80% presence of that particular differentially expressed microRNA is set, then for the normal urothelium with no history of bladder cancer, 31 out of 36 microRNAs (86.1%) meet this requirement.  For the urothelium with a history of bladder cancer this was the case for 33 out of 36 (91.7%) differentially expressed microRNAs.  

Two microRNAs were exclusively detected in the samples with a history of bladder cancer both of which had a low presence – microRNA-412 (50%) and microRNA-551a (30%).  For the normal urothelium with no history of bladder cancer three microRNAs were exclusively present in comparison to the other normal group, all of which again had a low presence – microRNA-569 (50%), microRNA-633 (40%) and microRNA-507 (30%).

There was clustering of differential expression according to RNA family e.g. let-7a/b/c/d.  Clustering also occurred in chromosomal locations e.g. 9q22.32 (let7a/d) 14q32.31 (microRNAs-376a/ -487b/ -382/ -412) and 19q13.41 (microRNAs-520a/b/c/d/e/518a/519e).

When performing an unsupervised hierarchical clustering, it revealed two branches which corresponded to the two unique sub-sets of normal urothelium (figure 5).


	

	
	Normal
	UCC
	UCC
	

	MiR
	Chr
	Pres
	Mean CT
	Pres
	Mean CT
	Fold Change
	P-value

	miR-142-5p
	17
	100%
	5.57
	100%
	0.48
	33.96
	0.004

	Let-7b
	22
	100%
	2.97
	100%
	-2.57
	46.59
	0.007

	miR-601
	9
	90%
	14.57
	100%
	8.26
	79.44
	0.008

	miR-21
	17
	100%
	2.45
	100%
	-2.70
	35.45
	0.009

	miR-649
	22
	90%
	18.59
	90%
	9.89
	416.99
	0.010

	Let-7e
	19
	100%
	9.75
	100%
	3.87
	59.15
	0.011

	miR-345
	14
	100%
	6.36
	100%
	1.63
	26.62
	0.011

	miR-34a
	1
	100%
	8.18
	100%
	3.51
	25.51
	0.013

	miR-34c
	11
	70%
	12.52
	100%
	8.32
	18.37
	0.016

	miR-376a
	14
	90%
	12.33
	90%
	7.80
	23.10
	0.016

	miR-92
	13
	100%
	3.24
	100%
	-1.99
	37.37
	0.017

	miR-17-3p
	13
	100%
	10.07
	100%
	5.90
	18.00
	0.018

	miR-Let-7g
	3
	100%
	3.32
	100%
	1.49
	28.15
	0.020

	miR-181b
	1
	100%
	4.28
	100%
	0.37
	15.06
	0.022

	miR-378
	5
	80%
	7.30
	100%
	3.25
	16.53
	0.026

	Let-7d
	9
	100%
	7.36
	100%
	2.97
	20.92
	0.026

	miR-30e-5p
	1
	100%
	4.30
	100%
	0.18
	17.37
	0.027

	miR-492
	12
	50%
	11.02
	70%
	6.74
	19.39
	0.029

	Let-7a
	9
	100%
	4.67
	100%
	0.46
	18.43
	0.032

	miR-639
	19
	80%
	13.29
	80%
	8.50
	27.80
	0.033

	miR-412
	14
	50%
	15.21
	0%
	
	
	0.033

	miR-93
	7
	100%
	2.38
	100%
	-1.58
	15.63
	0.036

	Let-7c
	21
	100%
	3.92
	100%
	-0.43
	20.35
	0.036

	miR-579
	5
	40%
	13.22
	60%
	9.35
	14.66
	0.037

	miR-181d
	19
	100%
	5.28
	100%
	1.74
	11.60
	0.038

	miR-199a
	19
	100%
	7.04
	100%
	3.08
	15.57
	0.041

	miR-15a
	13
	100%
	5.98
	100%
	2.05
	15.21
	0.042

	miR-221
	X
	100%
	4.52
	100%
	0.62
	14.86
	0.043

	miR-107
	10
	90%
	10.39
	90%
	7.48
	7.50
	0.045

	miR-141
	12
	100%
	3.25
	100%
	-.059
	14.35
	0.045

	miR-382
	14
	100%
	7.85
	100%
	4.37
	11.16
	0.046

	miR-551a
	1
	30%
	14.83
	0%
	
	
	0.047

	miR-452
	X
	100%
	7.49
	100%
	3.75
	13.41
	0.048

	miR-449b
	5
	100%
	12.17
	100%
	8.13
	16.51
	0.048

	miR-487b
	14
	100%
	7.61
	100%
	4.30
	9.89
	0.048

	miR-10a
	17
	100%
	5.66
	100%
	1.58
	16.92
	0.050



Table 9: Thirty-six microRNAs which were differentially expressed when comparing normal urothelium taken from a patient with no history of bladder in comparison to macroscopically normal appearing urothelium from a patient with bladder cancer.    In two cases (mir-412 and -551a) the target microRNA was not detected in normal urothelium from non-UCC cases, thus preventing quantative analysis.  The mean CT and the fold change in the urothelium of bladder cancer patients with respect to that from non-bladder cancer patients is also shown.


[bookmark: _Toc278904897]3.2.4		MicroRNA expression between normal and malignant urothelium

The expression profile of the 322 microRNAs was compared between disease-free normal urothelium and malignant urothelium (figure 8 - cluster diagram).  Quantative analysis revealed that 16 microRNAs were significantly differentially expressed between the malignant and disease-free normal urothelium (p=<0.05) (table 10).  Thirteen of these microRNAs were up-regulated in cancer (microRNAs-649, -135b, -520b, -601, -646, -639, -21, -644, -93, -15a,-520d, -549 and -449b) and 3 were down-regulated (microRNAs-133b, -204 and 380-5p).  

Out of the 13 up-regulated microRNAs in the bladder cancer urothelial specimens, 7 (53.8%) of them were also aberrantly expressed in the macroscopically normal specimens with a history of bladder cancer suggesting early alteration in the disease pathway.

Fold changes for the 13 up-regulated microRNAs ranged from 0-759 fold.  The fold changes for the 3 down-regulated microRNAs were of a low level and ranged from 0.01-0.04.



[image: ]
Figure 8: MicroRNA expression in normal and malignant urothelium.  Centroid hierarchical clustering was performed after selecting microRNAs with >90% expression frequency and mean centring using city block similarity in Cluster 3.0.  First dendrogram row, subsequent progression (black box, progression; white box no progression.  Boxes outline microRNAs with similar expression profiles. Taken from Catto et al.123 with permission.


	
	Norm Uro ∆Ct
	UCC ∆Ct
	

	MiR
	Ch
	Pres
(%)
	Mean
	St Dev
	Pres
(%)
	Mean
	St Dev
	Fold change
	p-value

	miR-649
	22
	90
	18.59
	4.11
	90
	12.03
	2.93
	94.00
	0.0019

	miR-135b
	1
	100
	7.45
	1.53
	98
	3.18
	2.42
	19.41
	0.0037

	miR-133b
	6
	100
	0.59
	1.93
	98
	5.41
	3.05
	0.04
	0.0041

	miR-520b
	19
	20
	15.00
	4.94
	77
	11.64
	3.94
	10.28
	0.0056

	miR-204
	9
	100
	4.42
	1.85
	92
	9.20
	3.40
	0.04
	0.0063

	miR-601
	9
	90
	14.57
	3.51
	94
	9.20
	2.79
	24.98
	0.0091

	miR-646
	20
	70
	14.58
	3.39
	94
	10.04
	2.89
	23.24
	0.0160

	miR-639
	19
	80
	13.29
	2.63
	90
	8.82
	3.16
	22.18
	0.0225

	miR-380-5p
	14
	70
	4.41
	4.69
	75
	10.50
	4.34
	0.01
	0.0285

	miR-21
	17
	100
	2.45
	1.56
	100
	-0.97
	2.80
	10.71
	0.0296

	miR-644
	20
	70
	17.57
	3.63
	92
	12.66
	4.05
	30.18
	0.0305

	miR-93
	7
	100
	2.38
	2.05
	100
	-0.45
	1.90
	7.15
	0.0308

	miR-15a
	13
	100
	5.98
	1.80
	96
	2.89
	2.39
	8.50
	0.0354

	miR-520d
	19
	30
	21.04
	1.02
	75
	11.47
	4.58
	758.94
	0.0394

	miR-549
	15
	0
	
	
	56
	14.43
	3.49
	0.00
	0.0427

	miR-449b
	5
	100
	12.17
	2.24
	90
	9.11
	2.69
	8.36
	0.0439




Table 10: Sixteen microRNAs have differential expression (p<0.05) in normal and malignant urothelium when compared against each other.  ∆Ct mean and SD values are shown together with fold change expression associated with carcinogenesis calculated with the equation 2-∆∆Ct. (Ch= chromosome, Pres= Presence). Taken from Catto et al.123 with permission.

[bookmark: _Toc278904898]3.2.5		Genes targeted by aberrantly expressed microRNA

With the program TargetScan, inputting of the 16 differentially expressed microRNAs in the bladder cancer samples was undertaken. This generated a list of potential target genes for the differentially expressed microRNAs.  Selection of the top one-third of this fraction was undertaken as this has been shown to be most associated with altered protein expression124. From the 1,095 predicted genes, 276 were targeted by more than one differentially expressed microRNA including PLAG1 by 8 (50%) differentially expressed microRNAs and E2F7 and DMTF1 by 5 (31.3%) of the differentially expressed microRNAs. 

[bookmark: _Toc278904899]3.2.6		Expression of microRNA between tumour phenotypes

Comparison of the three tumour groups with disease-free normal urothelium revealed global and specific differential microRNA expression.  In general, there was a down-regulation of microRNAs in the low-grade samples that occurred in 18 out of the 25 (72%) differentially expressed microRNAs (figure 9).  With regards to the high-grade tumours there was a general up-regulation of the differentially expressed microRNAs for 28 out of the 30 (93.3%) and for invasive tumours there was again a general up-regulation of differentially expressed microRNA for all 20 (100%) of them.

When analysing common aberrantly expressed microRNAs between low-grade tumours and high-grade/invasive tumours cohorts, there was relatively little overlap.  Only 4 out of 59 (6.8%) microRNAs were simultaneously aberrantly expressed between the low-grade and high-grade/invasive specimens.  In contrast 12 out of 38 (31.6%) microRNAs had a commonly shared aberrantly expressed microRNA when comparing the high-grade and invasive tumour groups.  

The magnitude of differential microRNA expression varied when comparing the three different tumour groups.  Average fold change for the low-grade group was 4.32, for the high-grade non-muscle invasive group this was 28.24 and for the invasive group the average fold changes was the highest at 50.18 (ANOVA p=0.006)

When the three groups were compared with each other, the low-grade tumours were distinct from the high-grade non-muscle invasive (n=9 microRNAs differentially expressed) and invasive cohorts (n= 45 microRNAs differentially expressed).  There were no significant differences in expression between the high-grade non-muscle invasive and invasive cohorts. 

A specific signature for each tumour group by selecting those microRNAs that were differentially expressed when compared with both normal urothelium and one or more of the other two tumour groups existed (table 11).  As many microRNAs were shared between the high-grade non-muscle invasive and invasive tumour groups, it was decided to merge these to create a single signature.  Four microRNAs were also identified which exhibited an aberrant expression in bladder cancer regardless of the tumour phenotype it possessed (microRNAs-130b/182/34a/449b).  

[image: ] 



Figure 9:  MicroRNA expression in low- and high-grade bladder cancer.  (a) changes in expression (log scale) and statistical significance  of low-grade NMI when compared with normal urothelium from non-bladder cancer cases reveals both up-regulation and down-regulation of numerous microRNAs. (b) for high-grade NMI and invasive tumours there is a general up-regulation of microRNA expression.  Although changes in some microRNAs are shared between the tumour phenotypes (e.g. microRNA-133b and -204), others seem specific (e.g. microRNA-21 for high-grade disease and microRNAs 100/99a for low-grade disease).  Expression is relative to the median of three RNA reference molecules and linear median is centred. NMI = Non muscle-invasive. Taken from Catto et al.123 with permission.


	Bladder Cancer
	Low-grade NMI
	High-grade NMI
	Invasive
	High-grade/invasive UCC

	miR-130b
	miR-125b
	miR-512-3p
	miR-639
	miR-9

	miR-182
	miR-1
	miR-9
	miR-566
	miR-21

	miR-34a
	miR152
	
	miR-503
	miR-512-3p

	miR-449b
	miR-100
	
	
	miR-517c

	
	miR-214
	
	
	miR-503

	
	miR-99a
	
	
	miR-566

	
	miR-411
	
	
	miR-639

	
	miR-376a
	
	
	miR-644

	
	
	
	
	miR-649



Table 11:  Signature panels of microRNAs for bladder cancer as whole and the various different types of disease. NMI = non-muscle invasive. Taken from Catto et al.123 with permission.


[bookmark: _Toc278904900]3.2.7	Absolute microRNA expression between normal and malignant urothelium

When comparing malignant urothelium from that of disease free normal urothelium, 12 microRNAs were expressed only in malignant tissues.  Five to 7 of these microRNAs had the ability to detect bladder cancer with a sensitivity of 90% to 100% and a specificity of 80% to 100% suggesting roles as a biomarker (figure 10).  

[image: Macintosh HD:Users:sifal:Desktop:Screen Shot 2013-10-20 at 17.28.16.png]
Figure 10: Absolute expression of these microRNAs allow the distinction of malignant and normal urothelium.  FN = false negative, FP = false positive, Sens = sensitivity, Spec = specificity. Taken from Catto et al.123 with permission.

[bookmark: _Toc278904901]3.2.8		MicroRNA expression and tumour progression
An analysis of disease progression was undertaken for all 53 patient specimens of bladder cancer that underwent microRNA evaluation using a follow-up period of 100 months in relation to particular microRNA expression.  MicroRNAs -99a/100 and -21/373 have been shown to characterise low-grade and high-grade disease respectively in this study (figure 11).  Therefore it was expected that their expression would also be linked to tumour behaviour.  For each of microRNA there was a significant change in tumour progression rate according to their expression, in a manner similar to their associated genetic traits.  It revealed that dichotomous aberrant expression of microRNAs-21/-373-100/-99a was significantly associated with progression status of the disease.  Up-regulation of microRNA-21 and-373 was significantly associated (p=0.02) with a decrease in progression free survival (as with p53 mutation) where as down-regulation of microRNA-100 and -99a was significantly associated with an improvement (analogous to FGFR3 mutation) of progression free survival (p=0.004 and 0.02 respectively).
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Figure 11: Progression analysis in all 52 patient bladder cancer samples revealed that aberrant expression of certain microRNAs (-21/-99a/-100) was significantly associated to progression of disease either in a negative  or positive manner (Kaplan-Meier method and tested using log-rank analysis). Taken from Catto et al.123 with permission.

[bookmark: _Toc278904902]3.2.9		Phenotype-specific microRNA targets – high-grade disease
MicroRNA up-regulation was a feature of the high-grade disease and microRNAs-21 and -373 were among those that exhibited the most prominence.  MicroRNA-21 has been shown to negatively regulate the p53 tumour suppressor pathway leading to a loss of cellular control.  MicroRNA-373 is known to regulate pro-metastatic pathways possibly through LAT2 suppression.

[bookmark: _Toc278904903]3.2.10		Phenotype-specific microRNA targets – low-grade disease
Low-grade tumours were characterised by a general down-regulation of microRNAs.  Of the 16 microRNAs that were significantly down-regulated in this disease phenotype, 7 are predicted to target FGFR3 (microRNAs-99a/ -100/ -214/ -145/ -30a/ -125b/ -507) and one is the only highly conserved microRNA to target H-Ras (microRNA-218).

Work done alongside this chapter was undertaken by Helen Bryant and  published jointly with the data so far stated123.  Focus was undertaken with miRs-99a/100 as they target a highly conserved 8mer region within the FGFR3 UTR and their expression was inversely correlated with FGFR3 mRNA (r = −0.48 and −0.52, respectively; P < 0.0004; figure 12). To investigate whether FGFR3 is a target of miRs-99a/100, manipulation of their expression in NHU cells was performed. These cells (representing normal urothelium – chapter 2.1.6) , had a 200-fold higher miR99a/100 expression than RT4 cells and a low FGFR3 expression.  Following transfection with anti-microRNAs, a 70% to 80% reduction in miR expression resulted in an average 3-fold (miR-99a) and 6-fold (miR-100) upregulation of FGFR3 protein (figure 12). Direct targeting of the 3′ UTR region of the FGFR3 gene was confirmed by a luciferase reporter assay (figure 12). Transfection of NHU cells with anti-miRs to 99a/100 and a plasmid containing Luciferase and a partial FGFR3 3′UTR resulted in a 2-fold (miR-99a) and 3.4-fold (miR-100) increase in Luciferase expression, when compared with cells transfected with a scrambled UTR sequence. To investigate the reverse relationship, matching NHU-TERT cell lines with and without the S249C FGFR3 mutation was produced. In each cell line regardless of FGF exposure, confluence or passage number the expression of both miRs was unchanged by the presence of the mutation (figure 12), suggesting the epigenetic event is upstream of the gene mutation.
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Figure 12: Analyses of miR 99a/100 in UCC – work done by Helen Bryant123 and figures taken from Catto et al.123 with permission. A, expression of miRs 100/99a and FGFR3 are inversely correlated (DCt values shown). B, 70% to 80% miR-99a/100 knockdown induced by anti-miRs in NHU cells transcribed with Luciferase and the 3′UTR of FGFR3 was associated with increased Luciferase expression when compared with NHU cells transfected with a scrambled UTR sequence. C, up-regulation of FGFR3 protein expression was found in NHU cells transfected with anti-microRNAs to 99a/100 when compared with negative controls (scrambled anti-microRNA sequence; Western blot images [FGFR3 is top band (splice variant seen below)] and photometric relative quantification standardized for β-actin and measured using ImageJ). D, the presence of the activating S249C FGFR3 mutation does not alter miR-99a/100 expression (relative microRNA and mRNA quantification). 

[bookmark: _Toc278904904]3.2.11		MicroRNA expression and disease progression  
If miRs-99a/100 and 21/373 characterize low-grade and high-grade UCC, one would expect their expression to be associated with tumour behaviour. For each microRNA there was a significant change in tumor progression rate according to their expression, in a manner similar to their associated genetic traits (Logrank p<0.05), (figure 11). MiRs-99a/100 down-regulation was associated with a better outcome (analogous to FGFR3 mutation), whilst miRs-21/373 up-regulation was associated with a worse outcome (as with p53 mutation), when compared to contrasting tumors. Multivariate analysis revealed that miR-99a/100 expression was associated with progression when analysed together with tumor stage, grade and miR-21 expression (Cox MVA p=0.03 and p=0.006, respectively).



[bookmark: _Toc278904905]3.3		Discussion 

It can be confidently concluded that this particular study was the first to comprehensively identify aberrantly expressed microRNAs in all stage of bladder cancer from pre-malignant to highly invasive tumours123.  

Moreover this project has demonstrated shown that altered microRNA expression occurs commonly in bladder cancer, in a phenotype-specific manner and targets key pathways considered “hallmarks” of the disease.

[bookmark: _Toc278904906]3.3.1	Bladder cancer and microRNA: what was known prior to this study?
Prior to this study being undertaken there was minimal insight into microRNAs associated with bladder cancer.  As stated previously the only group to report on this topic prior to the publication of this study was by Gottardo et al.95.  In short their group discovered that micro-RNAs-223, -26b, -221, -103-1, -185, -23b, -203, -17-5p, -23a, and -205 were significantly up-regulated in bladder cancers (p < 0.05) in comparison to normal bladder mucosa.  

Gottardo et al.95 utilised a minimal cohort of bladder cancer samples using only 25 urothelial carcinoma specimens.  This was a very limited subset of specimens with the added issue of 20% of their samples not having a recorded TNM staging in addition to no bladder cancer cell-lines being used.   Criticisms regarding their control samples is the very limited number (n=2) that were used to compare to their cancer specimens.  It was not made clear where these 2 samples were obtained from and whether it was from a truly benign patient or tissue obtained adjacent to macroscopically normal looking urothelium from a bladder cancer patient.  Data on the demographics of the patient cohort was sparse with no male: female ratio, age or smoking status being reported.

Interestingly they reported that there was no down-regulation of microRNA in malignant tissue from either the kidney or the bladder.  This is not in keeping with reports from similar of similar nature where an extensive set of candidate microRNAs (245 microRNAs) was utilised.  

[bookmark: _Toc278904907]3.3.2		Global field characterization – support for this theory

The initial finding of this section of work was that pro-tumourogenic microRNA  alterations occur prior to the histologic onset of malignancy.  In essence microRNA changes occur throughout out the urothelium of bladder prior to the macroscopic and histological transformation of urothelium into a malignant form.  This work provides further evidence in support of the “global field characterisation” theory explaining the recurrent nature of this cancer.  Furthermore it supports the observations of promoter hypermethylation and genetic instability47 125.

These particular findings could be translated to numerous future potential clinical and therapeutic goals with further development.  Currently there are limited intravesical chemotherapeutic agents with regards to the management of bladder cancer.  Creating an agent that would reverse the global urothelial microRNA profiling of a patient with bladder cancer to that of a microRNA profile of a benign patient, could potentially limit the reoccurrence rate or decrease the incidence of transition of low-grade tumours into a more aggressive high-grade phenotype.

The expression molecules for which are known to be important for microRNA processing were analysed in all urothelial samples from this project123.  The expression of each varied significantly between tissue type (ANOVA p-value <0.05) but not between the tumour phenotypes.  For Dicer, Drosha and Exportin 5, there was an up-regulation in the macroscopically normal urothelium obtained from bladder cancer cases that was reversed once malignancy appeared.  The largest changes were for Dicer and Drosha (7.4- and 6.1-fold up-regulation, P = 0.00006 and 0.00001, respectively), whose expression was closely correlated (Pearson's correlation = 0.79, P = 7 × 10−19). For DGCR8 the opposite was seen, with an initial down-regulation followed by up-regulation in the tumours. Concentrations of this mRNA were almost identical in each tissue (Pearson's correlation = 0.48, P = 3 × 10−6). When expression of these molecules was compared with that of the 322 microRNAs, several associations were seen. Dicer is targeted by several microRNAs and expression of microRNA-130b (r = −0.28, P = 0.02) and let-7g (r = −0.25, P = 0.05) were inversely correlated with Dicer expression.

Almost half of our tumour-associated microRNAs were up-regulated in the normal urothelium from patients with the disease, and this was associated with increased Dicer, Drosha, and Exportin 5 expression. Supporting Catto et al.123 observation Dicer overexpression in premalignant lesions of the prostate and lung, and reduced Dicer and Drosha expression in ovarian cancer are reported126-128. Expression of the microRNA machinery was not associated with specific microRNAs, suggesting a global microRNA up-regulation rather than the selection of tumor-specific species.

[bookmark: _Toc278904908]3.3.3		In-depth analysis of the 16 differentially expressed microRNAs
The analysis of all bladder cancer cases lead to the discovery of 16 aberrantly expressed microRNAs.  This included some generic to carcinogenesis including microRNA-21 and microRNA 133b.  Here we look at further depth into each of these 16 aberrantly expressed microRNA in relation to supporting evidence with other solid organ cancers and in addition to relating them to more contemporary data on bladder cancer pathophysiology.  

[bookmark: _Toc278904909]3.3.3.1		MicroRNA-21
MicroRNA-21 was shown to be up-regulated in bladder cancer specimens within the cohort of samples analysed in this particular study.  The association of microRNA-21 with bladder cancer is in-keeping with most other human cancers which also appear to be linked with this microRNA including a strong associations with colorectal, pancreatic, breast, gastric, prostate and lung cancers 129+130 .  Wang et al.130 recently reported that this microRNA was universally associated with five human solid organ tumours where its increased expression in cancer was not correlated with gender, age, clinical stage, and lymph node metastasis status.


MicroRNA-21 has been accepted to act as an oncomir which targets numerous tumour suppressor genes to create a pro-tumourogenic environment.  The most established targeted pathways of microRNA-21 in cancer science involves suppression of the tumour suppressor genes PTEN, TPM1 and PDCD4 which creates and environment leading to the promotion of tumour growth, invasion and metastases131, 132.

PTEN (Phosphatase and tensin homolog) is a well established tumour suppressor gene.  Its protein products regulate the cell-cycle and limits the rate at which cells can grow and divide.  Its direct implication with the oncomir microRNA-21 has been demonstrated in numerous occasions and at a relatively early timeframe in microRNA science132.  As early as 2007 Meng et al.132 reported that microRNA-21 was overexpressed in hepatocellular carcinoma (HCC).  Within the same report, subsequent inhibition of this microRNA in HCC cell-lines revealed an increase in the expression of PTEN which phenotypically lead to a decrease in tumor cell proliferation, migration, and invasion. The reverse was demonstrated when normal human hepatocytes were transfected with a microRNA-21 pre-cursor showing an increase in cell migration.  Downstream mediators of PTEN - adhesion kinase phosphorylation and expression of matrix metalloproteases 2 and 9 – was shown to be altered with the manipulation of the oncomir microRNA-21.

Tropomyosins (TPM) are widely distributed in all cell types associated with actin such that they serve as actin-binding proteins and stabilise microfilaments133.  TPM genes including TPM1 have been shown to belong to a class of tumour suppressor genes, suppression of which demonstrating neoplastic outcomes134.  Again TPM has been shown to be under the influence of the oncomir microRNA-21.  Zhu et al.131 have demonstrated that cloning of the 3′-UTR of TPM1 into a luciferase reporter and subsequent exposure to an anti-microRNA-21 lead to an up-regulation of luciferase activity. Furthermore, abolition of the microRNA-21 binding site eliminated the effect of microRNA-21 on the luciferase activity, implying that this microRNA binding site is critical. 

Programmed cell death protein 4 (PDCD4) is a relatively novel tumour suppressor protein encoded by the PDCD4 gene.  It inhibits TPA-induced neoplastic transformation135, tumour promotion and progression136.  

Asangani et al.137 were the first to report that microRNA-21 post-transcriptionally down-regulates this tumour suppressor gene and in turn stimulates invasion, intravasation and metastases in colorectal cancer.  This comprehensive study, initially demonstrated with bioinformatics platforms that microRNA-21 within the 3-UTR of the PDCD4 gene has a 100% match target-sequence.  The expression levels of microRNA-21 and PDCD4 were then correlated in 10-different colorectal cell-lines from a wide-spectrum of disease all showing a significant inverse correlation.  This inverse correlation was further confirmed with the use of human tissue samples from a cohort of 22 patients.  Colorectal cell-lines which were transfected with anti-microRNA-21 showed a significant down-regulation in invasion by 50% and the cell-line treated with pre-microRNA-21 demonstrated a significant increase in invasiveness.  Interestingly this group also demonstrated that the up-regulation of microRNA-21 not only equated to a down-regulation of PDCD4 but also of the PTEN tumour suppressor gene.   Finally the group demonstrated that the administration of anti-microRNA-21 treatment to a chicken-embryo-metastases assay lead to an attenuation of the intravasation and metastatic capacity of the cancer.   

Despite the vast evidence of microRNA-21 being implicated in the development and progression of numerous solid organ cancers there has been limited reports on its role in bladder cancer using functional studies and phenotypic outcomes.  Since the publication of the results from this thesis only one group have reported on this topic with regards to bladder cancer138.  

Toa et al.138 confirmed up-regulated expression of microRNA-21 in bladder cancer samples obtained from radical cystectomies.  Naturally the grade of these tumours were predominantly of a high nature due to the nature of the type of surgery performed.  The same cohort of human tissue samples showed a significant down-regulation of the tumour suppressor PTEN and a correlation analysis showed a moderate negative correlation between expression of microRNA-21 and PTEN (r=-86, p=0.01).  The up-regulation and down-regulation of microRNA-21 was performed on the bladder cancer cell-line T24 which successfully demonstrated phenotypical changes.  This occurred in the form of a significant up-regulation of cell proliferation at 72-hours and 96-hours after pre-microRNA-21 transfections and a suspension of cell cycle growth 48hours after the transfection of an anti-microRNA-21 on the cell-lines.  

Doxorubicin is a commonly used chemotherapeutic agents in bladder cancer with it’s anti-tumourogenic properties occurring by intercalating DNA fragments.  In the same study Tao et al.138 assessed whether the manipulation of microRNA-21 would alter the sensitivity this drug possess with regards to bladder cancer.  Overexpression of microRNA-21 promoted an increase in chemo-resistance on T24 bladder cancer cell lines with the opposite effect of chemo-sensitisation of cells when manipulated with an anti-microRNA-21 (p=<0.05 in both groups).  Finally, following the administration of doxorubicin and the use of flow-cytometry, the group showed that overexpression of microRNA-21  significantly decreased cell-death by 50% whilst down-regulation of microRNA-21 significantly increased cell-death (p=<0.01 in both groups).  

Again the use of the manipulation of microRNA-21 to induce chemo-sensitivity on cancer cells is one that is not exclusive to bladder cancer.   It has also been reported in numerous cancers including gastro-intestinal, pancreatic and ovarian, all of which again have been directly implicated with the tumour suppressor PTEN and PDCD4 139,140, 141.


Cisplatin containing combination chemotherapy with gemcitabine or MVAC (methotrexate, vinblastine, Adriamycin and cisplatin) is the standard UK treatment of advanced and metastatic bladder cancer in those medically fit enough to tolerate the side-effects.  Median survival in these patients has been reported to be 14 months with overall long-term disease-free survival to be reported in 15% of patients (20.9% with lymph-node only disease and only 6.8% with visceral metastases)142.  Of note, untreated metastatic bladder cancer is associated with a median survival time of between 3-6months142.

Side effects of this highly cytotoxic drug cisplatin include nephrotoxicity, neurotoxicity, ototoxicity, myelotoxicity, nausea and vomiting.  The high frequency and incidence of side-effects experienced by this medication further highlights the potential additional morbidity a bladder cancer sufferer may experience for a chemotherapeutic agents which can be described to have a moderate outcomes at best.  Ideally by increasing the sensitivity of this chemotherapeutic agent, it would in turn then add a greater gravitas for its increased use in advanced bladder cancer.

The mechanisms of cisplatin resistance appear to be multifactorial.  It includes changes in drug transport which in turn decreases the accumulation of the drug and increases drug detoxification, alterations in DNA repair and damage and/or changes in the pathways of apoptotic cell death.  A comprehensive mechanism leading to a resistance to cisplatin is yet to be fully elucidated however there is an increasing body of evidence that microRNAs play a role in this143. 

Regarding microRNA-21 and chemo-sensitivity, one such contemporary study by Wang et al.139 investigated the resistance with cisplatin on gastric cancers.  This group demonstrated microRNA-21 to be up-regulated in cisplatin resistant gastric cancer cell-lines in comparison to its parental cell-line.  The up-regulation of microRNA-21 in the gastric cancer cell-line lead to a significant decrease in the anti-proliferative effects and apoptosis induced by cisplatin, whilst the knockdown of microRNA-21 drastically increased anti-proliferative effects and apoptosis induced by this drug.  Again one of the mechanism identified by this group was a down-regulation of the tumour-suppressor gene PTEN which occurred with the up-regulation of microRNA-21.  This again confirms PTEN as one of the three primary modulators of the carcinogenic action on cancer which is influenced by microRNA-21. 

[bookmark: _Toc278904910]3.3.3.2		MicroRNA-133b
MicroRNA-133b which was shown to be differentially expressed in bladder cancer in this cohort of urothelium has also been identified to be implicated in numerous other tumours including colorectal, gastric, oesophageal and prostate cancers 144-145.  


This particular study demonstrated microRNA-133b to be down-regulated in bladder cancer tissue (both high- and low-grade) and these findings has been confirmed in similar studies reported following the publication of our findings 146, 147. 

Ichimi et al.146 initially analysed the expression of 157 microRNAs in a limited number of specimens which included 14 bladder cancers, 3 bladder cancer cell-lines and 5 normal bladder urothelial specimens.  This lead to the discovery of 27 differentially expressed microRNAs including the down-regulation of microRNA-133b.  The study then assessed a subset of 7 down-regulated microRNAs including microRNA-133b in 104 bladder cancer tissue specimens and 35 normal bladder urothelium which again confirmed the down-regulation of this microRNA in a significant manner.  Limitations of their study included the limited use of low-grade G1 disease.  In their original screening experiment no samples out of the 14 bladder cancer specimens were histologically deemed to be of a low-grade nature.  In the later experiment utilising 104 specimens only 6% (n=6) were of G1 grade.  Additionally it was not clear where the normal bladder epithelium was obtained from with regards to either from macroscopically normal looking tissue from a bladder cancer patients or that from patients with no history of bladder cancer.  

With the use of 166 bladder cancer specimens (86 non-muscle invasive (NMIBC) and 80 muscle invasive cancers (MIBC)) and 11 normal bladder epithelium Pignot et al.147 assessed the expression level of 804 microRNAs.  Two-hundred and twelve microRNAs were found to be deregulated (94 up-regulated and 118 down-regulated) in the both the NMIBC and MIBC specimens in comparison to normal urothelium.  Interestingly, microRNA133b was shown to be amongst the top 5 most down-regulated microRNAs. 

The second phase of their study went on to assess 15 microRNAs including microRNA-133b in an independent set of 152 bladder cancer specimens.  This again confirmed microRNA-133b to be significantly down-regulated in bladder cancer.   Finally Pignot et al.147 identified a panel of three microRNAs- 9, -183 and-200b related to the aggressiveness of the disease and their presence to be associated with both recurrence free and overall survival in MIBC.  

The receptor tyrosine kinase c-MET (MET) is involved in the initiation and progression of tumours148.  This has shown to be directly targeted by the tumour-suppressor microRNA-133b in colorectal cancer where it has been shown to regulate tumour cell proliferation and apoptosis by directly targeting MET144.  In addition, microRNA-133b has been shown to be exhibit it’s anti-tumourigenic activities by targeting epidermal growth factor receptor (EGFR) and thus regulated the motility of cancer cells in both prostate and small-cell lung cancer149,150.

A recent article published by Zhou et al.151 has investigated the anti-tumourogenic properties microRNA-133b exhibits when its is up-regulated in bladder cancer cell-lines.  Both microRNA-133a and -133b were transfected in to the high-grade bladder cancer cell lines T24 and EJ and found to inhibit cell proliferation, migration and invasion.  Furthermore the study provided evidence that the anti-tumourogenic nature of microRNA-133b may be mediated by targeting epidermal growth factor receptor in bladder cancer.  Similar findings were also reported by Tao et al.149 who reported that an up-regulation of microRNA-133b in prostate cancer leads to an inhibition of cell proliferation, migration and invasion and again with EGFR being a target of the anti-tumourogenic outcomes.

To-date there are no reported studies on the anti-tumourogenic properties of microRNA-133b on an in-vivo platform for any solid organ cancer cancers.    

Interestingly the majority of studies investigating microRNA-133b have reported its close association to the regulation of muscles fibres including smooth, skeletal and cardiac muscle.  A decrease in the expression microRNA-133 has been shown to lead to the growth and hypertrophy of muscle cells including smooth muscle152,153.  This leads to the question whether the muscle invasion that is seen with high-grade bladder is facilitated with the down-regulation of microRNA-133b which has been successfully shown to create an environment which facilitates the growth of smooth muscle.  

[bookmark: _Toc278904911]3.3.3.3		MicroRNA-204

MicroRNA-204 was shown to be down-regulated in bladder cancer tissue compared to normal urothelium in the cohort of urothelial cells studied in this project.  This microRNA is located on chromosome 9q21.11 within an intron of TRPM3, a gene down-regulated in bladder cancer154,155.  In addition to bladder cancer this microRNA has been shown to be down-regulated in other tumours including gastric, head and neck and endometrial tumours156-157.

The down-regulation of this microRNA in bladder cancer was again confirmed by the previously mentioned study by Pignot et al.147.  Like microRNA-133b, microRNA-204 was shown to be one of the top 5 strongly under-expressed microRNA in their study and again this microRNA was shown to be down-regulated in their second set of independent and well characterized bladder cancer specimens.  

Yoshino et al.158 also confirmed the findings of this study in which they reported the down-regulation of microRNA-204 from a cohort of 23 bladder cancer specimens and 2 bladder cancer cell lines, BOY (self-established high-grade bladder cancer cell-line) and T24 (high-grade) in a highly significant manner (p=<0.0001).

A recent article has suggested that the anti-tumourogenic properties of microRNA-204 can be due to the targeting of Bcl-2 expression159.  Bcl-2 protein is an established anti-apoptotic whose overexpression has been established to lead to a pro-tumourogenic environment160.  Sacconi et al.159  reported the down-regulation of microRNA-204 in gastric cancer.  Successful down-regulation of miR-204 in gastric cancer specimens correlated with increased staining for Bcl-2 protein suggesting that the aberrant expression of this anti-apoptotic protein is closely linked to microRNA-204.   Conversely, overexpression of microRNA-204 resulted in a statistically significant reduced ability of gastric cancer cells to form colonies in addition to gastric cancer cells migrating less efficiently in wound healing assays.  

To-date no functional work with the microRNA-204 manipulation has been reported with regards to bladder cancer.

[bookmark: _Toc278904912]3.3.3.4		MicroRNA-135b
MicroRNA-135b was shown to be up-regulated in bladder cancer tissue compared to normal urothelium in this cohort of samples. To date no such study has confirmed this finding with regards to bladder cancer however it has been associated with an up-regulated in numerous other cancers including pancreatic, prostate and in particular colorectal cancer where the majority of its oncogenic reporting has occurred161-162.

A recent study by Xu et al.162 identified this microRNA alongside microRNA-21 (and established oncomir in bladder cancer) to be up-regulated and associated with metastatic disease in colorectal cancer.  

Lin et at163 have recently shown that microRNA-135b to be up-regulated in highly invasive non-small lung cancer. The over-Expression of microRNA-135b was shown to promote cancer cell invasive and migratory abilities in-vitro in addition to the promotion of cancer metastasis in an in-vivo mouse model.  Conversely the inhibition of miR-135b suppressed cancer cell invasion, orthotopic lung tumour growth and metastasis in the mouse model.  The study demonstrated that oncogenic properties of microRNA-135b was mediated by directly targeting LTZS1 (leucine zipper, putative tumor suppressor 1).  

LTZS1 is a tumour suppressor gene which maps to chromosome 8p22 and has been closely linked to high-grade bladder cancer164.  LTZS1 has been shown to act as a regulator of cell growth as well as an inhibitor of tumourogenesis165.  The analysis of the LTZS1 protein in 60 primary bladder cancer specimens and 5 bladder cancer cell lines revealed that it was absent in 4 out the 5 cell-lines and the majority of the bladder cancer specimens164.  Within the same study the restoration of the LTZS1 protein in a bladder tumour cell line inhibited growth, altered cell cycle progression and suppressed tumourogenicity in nude mice suggesting a key-role in the development of bladder cancer. 

As mentioned previously cisplatin and radiotherapy are common chemo/radiological agents used therapeutically against bladder cancer.  Ko et al.166 have demonstrated that in oesophageal cancer, patients with high-levels of microRNA-135b expression in post-cisplatin and radiotherapy treatment specimens had significantly shorter median disease-free survival than did those with low levels (11.5 versus 5.1 months; p=0.04).

[bookmark: _Toc278904913]3.3.3.5		MicroRNA-520b
MicroRNA-520b was found to be up-regulated in bladder cancer specimens within the cohort of samples used in this study.  To date no other study has reported this finding in specific relation to bladder cancer however its differential expression and function has been linked with other tumours including breast and hepatocellular cancer167,168.

All such studies have demonstrated that the expression of microRNA-520b to be down-regulated in the cancer samples which is in contrast to this particular study.  This could be explained due to the relatively low prevalence of identifying this particular microRNA within this cohort of benign samples as this figure was only 20% in comparison to bladder cancer samples for which there was a 77% prevalence.  

Cui et al.167 originally demonstrated that microRNA-520b was down-regulated in breast cancer tissue.  A follow on study by the same group went on to investigate the phenotypic response breast cancer cell-lines would demonstrate when this particular microRNA was manipulated169.  Over-expression of microRNA-520b was shown to suppress the migration of breast cancer cells with high metastatic potential (LM-MCF-7 and MDA-MB-231).  Inhibition of microRNA-520b also lead to the enhancement of the migration of breast cancer cells which possessed a low metastatic capacity (MCF-7).  Like our study the cell viability was assessed with an MTT assay in which the expression of microRNA-520b inhibited the growth of LM-MCF-7 and MDA-MB-231 cells. Conversely, anti-microRNA-520b had the ability to increase the growth of MCF-7 cells indicating that microRNA-520b can inhibit cell growth.  

Similarly Zhang et al.168 reported the inhibition of hepatocellular cancer cells in an in-vivo mouse model with the up-regulation of microRNA-520b with suggested targets of the microRNA being MEKK2 and cyclin D1.  As mentioned previously the Rb tumour suppressor gene is a well established  tumour-suppressor in which it’s mutation/loss can is associated and lead to the development of  high-grade bladder cancer.  Cyclin D1 - which has been suggested to be under the influence of microRNA-520b  - has the ability to binds to and activate cyclin-dependent kinases (CDK4 and CDK6) and in turn lead to the phosphorylation of Rb, resulting in its dissociation from the transcription factors, which then activate genes required for progression of the cell-cycle into the S-phase170.

[bookmark: _Toc278904914]3.3.3.6		MicroRNA-649
MicroRNA-649 was shown to be up-regulated in this cohort of bladder cancer specimens.  There has been very limited data with regards to the investigation of this microRNA with no such studies in cancer science reporting positive findings. Similarly there have been no reports documenting the function or presence of this microRNA in non-cancer science either.

To-date the only study to report this microRNA was by Scheffer et al.171.  This group assessed the level of these circulating microRNAs in serum samples of bladder cancer patients.  The selection of microRNAs were of those already established to be up-regulated in urothelial carcinoma.  Indeed the selection of microRNA-649 in their cohort of 22 microRNAs was a decision directly based from the results of this study.  The group discovered that microRNA-649 was not differentially expressed in the serum samples of bladder cancer patients.  

[bookmark: _Toc278904915]3.3.3.7		MicroRNA-601
MicroRNA-601 was found to be up-regulated in bladder cancer specimens within this cohort.  Similar findings have been reported in numerous other tumours including gastric, oesphageal and colorectal cancers172,173. The most recent of such study conducted by Yang et al.173 reported that microRNA-601 is up-regulated in tissue specimens harbouring oesphageal squamous cell  carcinoma in addition to its presence in normal tissue  equating to an increased life-time risk of the development of this cancer.  

[bookmark: _Toc278904916]3.3.3.8		MicroRNA-646
MicroRNA-646 was found to be up-regulated in bladder cancer specimens within in this cohort of samples.  Since the publication of the finding in this report only one further study has implicated this microRNA in the development of cancer in the form of familial and early onset colorectal cancer174.

[bookmark: _Toc278904917]3.3.3.9		MicroRNA-639
MicroRNA-639 was found to be up-regulated in bladder cancer specimens within this cohort of samples.  This microRNA been only reported twice since the publication of the data in this thesis171, 175.

MicroRNA-639 was shown to be significantly up-regulated in serum samples of bladder cancer patients in comparison to controls in a marker identification cohort of samples which incorporated 21 bladder cancer patient serum samples and 10 controls171.  This difference in expression level however was not replicated in the independent validation cohort of samples which consisted of 127 bladder cancer patient serum samples and 105 control serum samples.  

The second study by Ragusma et al.175 identified that microRNA-649 was particularly abundant in the vitreous humour of patients with choroidal melanomas but was down-regulated or absent in the control samples (control samples were deemed to be the serum of healthy individuals).  

[bookmark: _Toc278904918]3.3.3.10	MicroRNA-380-5p
MicroRNA-380-5p was found to be up-regulated in the bladder cancer specimens in this cohort of samples.  Do date only one article has reported on this microRNA in relation cancer science with it’s finding which can be directly applied to the established genetic and molecular pathophysiological development of bladder cancer176.

Swarbrick et al.176 have shown that microRNA-380-5p represses the expression of the tumour suppressor p53 in a neuroblastoma model.  They have shown that microRNA-380-5p represses p53 via a conserved sequence in the p53 3' untranslated region.  Within these cancer cells the over-expression of microRNA-380-5p resulted in the synergistic activation of the oncogene HRAS to block oncogene-induced senescence and promote the formation of cancer cells.  Conversely, the down-regulation of microRNA-380-5p in embryonic stem or neuroblastoma cells resulted in induction of p53 and subsequent extensive apoptotic cell death.  This resulted of the study were further enhanced with the delivery of a microRNA-380-5- agonist resulting in the reduction of tumour size within an in-vivo orthotopic neuroblastoma mouse model.

[bookmark: _Toc278904919]3.3.3.11	MicroRNA-644
MicroRNA-644 was found to be up-regulated in the bladder cancer specimens in this cohort of samples.  This microRNA has been shown to be associated to and thought to control the expression of the APP (amyloid precursor protein) - a protein which has been classically linked to the development of Alzheimer’s disease177.  

Recent evidence has implicated the dysregulation of this protein to the development of tumours such as ovarian cancer with microRNAs promoting the proliferation and invasion by targeting APP178.  

[bookmark: _Toc278904920]3.3.3.12	MicroRNA-93
MicroRNA-93 was found to be down-regulated in bladder cancer specimens from this cohort of samples.  This up-regulation of has been reported by numerous other tumours including breast, oesophageal and gastric cancers179,180+181.

It appears that one mechanism microRNA-93 confers it’s tumourogenic properties is the promotion of angiogenesis.  Fang et al.182, 183 have shown in two separate reports the angiogenic actions microRNA-93 displays.  Their initial study utilised human primary glioblastoma cells in which the microRNA-93 expressing cells induced blood vessel formation allowing blood vessels to extend to tumour tissues in high densities182.  They discovered that microRNA-93 mediated angiogenesis in-turn contributed to and increased cell survival and the promotion of tumour growth.  

A follow on study by the same group reported that microRNA-93 is up-regulated in breast cancer183.  Over-expression of microRNA-93 in a breast cancer tissue was reported to contain a greater quantity of blood vessels in comparison to the control group.  The tumour cells in which microRNA-93 was up-regulated displayed a greater activity of adhesion within endothelial cells and had a greater ability to form tube-like structures with the endothelial cells.  Furthermore the expression of microRNA-93 was shown to promote metastatic disease within a mouse-model.  A candidate target for microRNA-93 was further assessed in which the tumour suppressor LATS2 was shown to be a target.  

[bookmark: _Toc278904921]3.3.3.13	MicroRNA-15a
MicroRNA-15a was found to be up-regulated in bladder cancer specimens from this cohort of samples.  MicroRNA-15a alongside microRNA-16-1 were the first genes of this class to be identified as being implicated in mammalian carcinogenesis in which they were found to be frequently detected and/or down-regulated in chronic lymphocytic leukaemia184.     

This study has shown microRNA-15a to be up-regulated bladder cancer specimens which is not in keeping with the majority of other reports related to it which all suggest that it is a tumour suppressor microRNA.  This microRNA has been shown to be down-regulated in numerous tumours including in prostate, pituitary and colorectal cancers185,186,179.  Interestingly this microRNA was present in 100% of all normal urothelial samples and 96% of all bladder cancer samples both at very high-levels as demonstrated by the relatively low mean delta CT values.  Despite microRNA-15a showing an up-regulation in the bladder cancer group, the possibility of epigenetic silencing of this microRNA in this cohort of samples maybe lead to a relative functional down-regulation of microRNA-15a in bladder cancer tissue. 

[bookmark: _Toc278904922]3.3.3.14	MicroRNA-520d
MicroRNA-520d was found to be up-regulated in this cohort of bladder cancer specimens.  It demonstrated the greatest fold change of the all the differentially expressed microRNAs with a figure of 758.94.  The only other study to associate this microRNA with cancer was by Lowery et al.187 who reported that the presence of microRNA-520d was significantly associated with HER2 receptor positive early-onset breast cancer.  

MicroRNA-520d has also been linked to chronic inflammatory conditions where is has been shown to be expressed in an up-regulated manner188.  

[bookmark: _Toc278904923]3.3.3.15	MicroRNA-549
Within this cohort of samples microRNA-549 was not discovered in any of the normal tissues and found to be present in 56% of the bladder cancer specimens placing it in the up-regulated microRNA group. Only one other study has reported this microRNA in addition to this study189.  This study conducted by Hamsfjord et al.189 reported 16 microRNAs which were dysregulated in colorectal cancer tissue sourced from patients samples.  

The mean delta CT for this microRNA in bladder cancer specimens was the highest figure indicating that it was expressed at a relatively low level.  Hence when investigating this particular microRNA the threshold CT levels may need to be adjusted to allow it’s detection which may explain the relatively little reporting of it in current literature.  As this microRNA that was not present in any of the normal samples, it’s potential as a diagnostic tool is one that should be considered and included in further studies.  

[bookmark: _Toc278904924]3.3.3.16	MicroRNA-449b
MicroRNA-449b was found to be up-regulated in this cohort of bladder cancer specimens.  Functionally microRNA-449b has been shown to appear as a tumour-suppressor gene by numerous independent studies. Within colorectal cancer cell-lines, the transfection of pre-microRNA-449b has shown to down-regulate the expression of CCND1 and E2F3 expression which ultimately resulted in the reduction of the proliferative ability of these cells190, 191 . 

Similarly microRNA-449b has been demonstrated to be direct transcriptional targets of E2F1, with the tumor suppressor function of this microRNA via the regulation Rb/E2F1 activity191.  Within this study the authors suggested that escape from this regulation through an aberrant epigenetic event related to  microRNA-449b contributes to E2F1 deregulation and unrestricted proliferation in human cancer. 

[bookmark: _Toc278904925]3.3.4	MicroRNAs and bladder cancer – an opportunity to individualise patient care
In cancer science each microRNA may either have a pro-malignant or anti-malignant property. This appears to be generic to all cells or specific to tissue types.  MicroRNA-21 is an example of a promalignant RNA that appears generic to many cancers. Its up-regulation has been observed in most urological malignancies although the key targets may differ in each tissue192.

The prognostic properties of microRNA-21 in bladder cancer have been confirmed in numerous studies following the findings in this project.  Dip et al.193 recently published work supporting numerous aspects with regards to the finding of this study.  Initially they assessed the expression profiles of 14 microRNAs between patient samples composing of 30 from those with low-grade, non-invasive (pTA) disease, 30 samples of high-grade, invasive disease (pT2-3) and 5 samples of normal bladder urothelium obtained from men undergoing surgery for benign prostatic hyperplasia.  The results of their study confirmed the down-regulation of microRNA-100 in low-grade tumour specimens which was the case in 100% of this sub-set of samples from our study (p<0.001).  Similarly their findings with regards to high-grade disease matched our study with a significant over-expression of microRNA-21 within these samples (p<0.001).  Within their cohort of low-grade sample, those with an over-expression of microRNA-21 demonstrated a shorter disease-free survival period.

These results confirm others suggesting that microRNA based therapies have real potential as anticancer therapies. RNA based therapies are particularly appealing, given the multiple targets for each microRNA as many microRNAs exhibit altered expression in bladder cancer.  MicroRNA based targeting, therefore, offers individualised treatment for each tumour within each patient, giving a realistic potential for the be-spoke management of patients.  

One such targeting could be the identification of the presence of microRNAs which have been shown to have a poorer long-term outcome for patients in this study – microRNAs-21 and -373.  Patients harbouring these microRNA in an up-regulated manner could be offered more aggressive therapy and placed under closer surveillance.  Currently bladder cancer treatment is dictated by the grade and stage of disease.   The addition of genetic profiling of disease with the use of microRNA gives us the opportunity to avoid the over-simplified treatment of patients according to the relatively small number of sub-groups which is dependent on whether the disease is high-or low-grade in combination of with T-staging of the disease.  

Recently the value of BCG therapy has been shown to be associated with variation of microRNA profiles of patients with bladder cancer194.  Within this study microRNA profiling was shown to influence the clinical outcomes of patients with non-muscle invasive bladder cancer undergoing intravesical BCG therapy194. This again in the future has the potential to be utilised to provide patients a more bespoke approach prior to making the decision of commencing BCG therapy over radical surgery.  

[bookmark: _Toc278904926]3.3.5		Study limitations and areas of improvement
At the time of publication of this study the number of samples utilised was far superior to it’s counterparts95.  However like all such similar studies the next process would be a validation of the findings of differentially expressed microRNAs from large cohort of samples which ideally would be from a heterogeneous population throughout various centres within the UK.  All samples from this particular study were obtained from South Yorkshire which historically has a higher industrial linked bladder cancer cases in comparison to the U.K population as a whole. 

The majority of patients from this study have undergone chemotherapeutic manipulation of their urothelium either in the form of intravesical mitomycin or BCG at some point of their treatment strategy.  This may have potentially contributed to the altered genetic profiling of urothelium however.  To overcome this would require the analysis of new diagnosed tumours only.   This could compromise patient care in circumstances where sample volume is small and is the entire sample is required to be sent for pathological assessment for histological grading and staging of the disease.

This particular study assessed the microRNA profile using TLDA cards which were preloaded with only 356 human microRNAs. The latest mir-Base library lists 2,555 unique human microRNAs in their extensive database (www.mirbase.org  accessed May 2014).


[bookmark: _Toc278904927]CHAPTER 4 – URINARY MICRORNA
Current urine based bladder cancer diagnostic tests have a wide range of limitations. As such, there are currently no molecular biomarkers routinely utilised to diagnose bladder cancer. Chapter three has successfully shown that microRNA is differentially expressed between urothelium from normal and bladder cancer patients.  This chapter will test the hypothesis that urinary microRNA have the ability to diagnose bladder cancer in patients. The aims of this chapter are: 

1. The ability to extract microRNA from urine samples from bladder cancer patients.
2. The assess the ability of microRNA extraction from urine samples undergoing a variety of handling protocols
3. Utilise microRNAs in urine samples to diagnose bladder cancer.

[bookmark: _Toc278904928]4.1		Methods
[bookmark: _Toc278904929]4.1.1	Inclusion and exclusion criterias
Urinary samples were obtained from patients and control persons obtained at various sources within the Royal Hallamshire Hospital, Sheffield, United Kingdom. These included patients from outpatient haematuria clinics, planned elective admissions for urological procedures and acute admission of patients in the urological ward.

Exclusion criteria were kept to a minimum, in view of properties required to develop a robust clinical biomarker (table 12).  Exclusion criteria included those patients who were known to have a diagnosis or a previous diagnosis of renal cancer, patients who were unable to provide a sample which were able to be collected within one-hour of voiding, patients who drained urine from a in-dwelling urethral or suprapubic catheter and patients who were unable to provide at least 100mls of urine. The reason for exclusion of catheter-urine was a technical one. The drainage of urine from attached catheter bags is dependent upon numerous factors including the volume contained in the bag and on healthcare staff duties. The timing of collection from catheter specimens would therefore have imposed a greater clinical burden on the ward staff. The reason for exclusion of urinary samples that could not be accurately determined to be voided within the hour, was to avoid potential degradation of RNA fragments. 

Inclusion criteria were for consenting patients, aged over the age 16 years, able to understand the implications of the study, the collection of urine from any particular point of the day, and having none of the exclusion criteria. 

All diethylpyrocarbonate (DEPC) additive and benign urine samples were collected by myself, personally.  All cancer urine samples were collected either personally or by a member of the University of Sheffield Academic Urology Unit (Leila Ayandi), who was familiar with inclusion and exclusion criteria, therefore limiting collection errors.



	Inclusion Criteria
	Exclusion Criteria

	>16 years of age
	
Diagnosis or previous diagnosis or renal cancer

	Urine samples from any time-point of the day
	Catheter specimens

	Male and female
	Not able to provide samples which could be collected <1hr of voiding



Table 12: Inclusion and exclusion criteria for the collection of urine samples.  Exclusion criteria were kept to a minimum and a broad range of inclusion criteria were employed in the view of long-term applicability of utilising urinary microRNA as a diagnostic or screening tool.

[bookmark: _Toc278904930]4.1.2		Diethylpyrocarbonate protocol
Initially, comparison of RNA yield was achieved using matched samples collected into an empty container or one containing 100% volume of the RNase inhibitor, namely diethylpyrocarbonate (DEPC). Fifty consecutive urine samples were collected to determine the value of the stabilising agent DEPC.  The dilution with this carcinogenic and toxic agent was done in a ratio of 1:1 using standard universal precautions including the utilisation of a fume cupboard.

These samples were obtained from the outpatient and in-patient urology departments to determine the value of addition of this agent with regards to the yield of RNA following extraction without a clinical diagnosis in mind.  The collection of these urine samples underwent the standard extraction protocol used in all urine samples utilised in this project (see below).  Following RNA extraction in this set of urines the RNA yield was analysed and measured using a 2100 Bioanalyzer. 

[bookmark: _Toc278904931]4.1.3		Patients and Samples
One hundred and twenty-one freshly-voided urine samples were obtained from patients.  These included n=68 patients with current bladder cancer (all histologically confirmed to be urothelial carcinoma), and n=53 age-matched controls without a history of bladder cancer. Controls included those requiring cystoscopy for symptoms suggestive of bladder cancer (e.g. haematuria), those undergoing treatment of benign urinary conditions and patients without urinary pathology. All with urinary symptoms, uropathology or haematuria underwent cystoscopy (50/53, 94%) to confirm the absence of bladder cancer using the current gold-standard method. 

From each patient, 100-150mls of urine was collected prior to instrumentation or bladder tumor removal. Tumors were classified using the 1973 WHO criteria by a specialist uropathologist (Dr John Goepel) in the pathology department, Royal Hallamshire Hospital, Sheffield, UK.

[bookmark: _Toc278904932]4.1.4		Urine Processing
On collection of the freshly voided urine, immediate centrifugation at 3,392g for ten minutes was undertaken.  Following this, the supernatant was removed and the cell pellet washed twice in PBS before freezing at -80oC until use.

To determine microRNA stability in urine, we split 25 samples into three fractions (50mls for each) and separately extracted RNA in the form of two reference genes (RNU48 and RNU44) and three microRNAs (15b/135b/1224-3p) from an immediately processed sample, following 3 cycles of freeze-thawing (-80oC to room temperature) and following storage at room temperature for 48 hours.

[bookmark: _Toc278904933]4.1.5		RNA extraction
RNA was extracted from cell pellets using the mirVanaTM kit according to the manufacturer’s protocol (chapter 2 – Urinary/Urothelial RNA extraction - mirVanaTM Extraction Protocol) and measured using a 2100 Bioanalyzer.  The organic extraction resulted in separate yields of purified small RNA and larger RNA.  

[bookmark: _Toc278904934]4.1.6		MicroRNA detection
The expression of 15 microRNAs was measured using real-time polymerase-chain reaction (PCR). We selected 15 microRNAs for those: 
(i). with differential expression in malignant and normal urothelium, 
(ii). A mixture of those with up and down-regulation in bladder cancer, 
(iii). microRNAs representative of all UCC (miR-135b), of high-grade UCC (miR-21) and of low-grade UCC (miRs-100/133b), 
(iv). microRNAs subject to epigenetic regulation (miRs-212/328/1224-3p) and 
(v) located in an epigenetic hotspot on chromosome 9 (miRs-23b/24-1/27b), a chromosome commonly deleted in UCC 195. 

There was also inclusion of RNAs with low and high cellular expression to estimate the necessary abundance for analytical reliability. 

Quantitation was determined relative to two snoRNA’s (RNU44 and RNU48).

[bookmark: _Toc278904935]4.1.6.1		cDNA synthesis
For each urine sample cDNA synthesis was performed using 3μL (1-350ng) extracted RNA, 0.8 μL TaqMan® MicroRNA RT, 0.2μL 100 mM dNTP (with dTTP), 1.5μL Multiscribe Reverse Transcriptase (50U/μL), 0.8μL 10X RT buffer, 0.9μL MgCl2, 0.1μL RNase inhibitor, 0.2μL nuclease-free water.  This mixture was then inverted six times to allow it to mix after which is was spun for 30 seconds at 1000g.   The mixture was then incubated on ice for 5 minutes.  

The total reaction volume for each sample is now 7.5μL.  To create the cDNA it was subjected to 16oC for 30mins, 42oC for 30mins and 85oC for 5mins and then held at 4oC (table 13).




	
	Time (mins)
	Temperature (°C)

	

	
30
	
16

	
	30
	42

	
	5
	85


	
	hold
	4



Table 13: cDNA synthesis thermal cycling protocol – urinary microRNA

[bookmark: _Toc278904936]4.1.6.2		Pre-amplification
A nested PCR approach was utilised to determine cDNA concentration, as the starting RNA concentration was low. Pre-amplification of specific reversed transcribed DNA was done in order to increase the quantity of the desired cDNA for gene expression analysis.  This was achieved by creating a mixture using 2.5μL of the reversed transcribed cDNA, 12.5μL of a commercially mixed buffer, polymerase and dNTPs (TaqMan PreAmp Master Mix (2X) Applied Biosystems), 2.5μL and nested primers (MegaPlex PreAmp Primers (10X) Applied Biosystems) and 7.5μL of nuclease-free water.  This mixture was then inverted six times to allow it to mix after which is was spun for 30 seconds at 1000g.   The mixture was then incubated on ice for 5 minutes.  

The total reaction volume for each sample is now 25μL.  This reaction was heated to 95oC for 10 minutes, 55oC for 2 minutes, 72oC for 2 minutes followed by 12 cycles of 95oC for 15 second, 60oC for 15 seconds after which it was finally heated to 99.9oC for 10 minutes (table 14).

	Step
	Time
	Temperature (°C)

	12 Cycles

	10mins
	95

	
	2mins
	55

	
	2mins

	72

	
	15s
	95

	
	15s
	60

	
	
10mins
	
99.9



Table 14: Pre-amplification thermal cycling protocol – urinary microRNA

[bookmark: _Toc278904937]4.1.6.2		Real-Time PCR
Following the RT and pre-amplification step real-time PCR was performed for each urine sample in relation to each of the 15 microRNAs/reference genes. 

For each sample undergoing Real-Time PCR required using 5L Taqman Mastermix,  0.5l Taqman Real-time specific primer, 1.33l of pre-amplified cDNA and 3.17l of nuclease-free water.  The total reaction volume for each sample is now 10L. 

This reaction was analyzed using an ABI 7900HT real-time PCR system by initially heating for 95 oC for 15 minutes followed by 40 cycles of 95 oC for 15 seconds and 60 oC for 1 minute (table 15).  Amplification plots were checked manually using detection software (SDS Vsn. 2.2.1, Applied Biosystems) to confirm the Ct value corresponded with the midpoint of logarithmic amplification.


	Step
	Time
	Temperature (oC)

	
	15mins
	95


	40 Cycles

	
15s
	
95

	
	1min
	90



Table 15: Real-Time PCR thermal cycling protocol – urinary microRNA

[bookmark: _Toc278904938]4.1.7		Statistical methods
Relative microRNA concentrations were calculated with respect to reference snoRNAs (∆Ct = Ct microRNA – Ct reference) and inter-class fold changes computed using the 2-∆∆Ct function120. Comparisons were performed using Chi squared and T tests or ANOVA tests, as appropriate. Concordance with diagnosis was calculated as described by Harrell196. Unsupervised hierarchical clustering was performed using ∆Ct values in Cluster 3.0 and visualized in Tree view (Eisen Lab, www.rana.lbl.gov).


[bookmark: _Toc278904939]4.2		Results
[bookmark: _Toc278904940]4.2.1		Optimisation of urinary microRNA extraction
[bookmark: _Toc278904941]4.2.1.1		Selection of the reference molecule
Initially it was required to determine the optimal reference gene to be utilised for the interpretation of urinary microRNA experiments. Comparison of the expression profile of the two snoRNAs – RNU 44 and RNU 48 in all urine samples was undertaken.  RNU 48 is was present in 100% of urine samples (n=121) in comparison to RNU 44 which was present in 94% of urine samples (n=114).  RNU 48 produced a stronger Ct value with a lower variable expression with its average Ct value being 20.8 and a standard deviation of +/- 4.3.  In comparison, RNU 44 had a weaker expression with the average Ct value being several cycles later at 28.7 and a more variable expression resulting a standard deviation of +/-6.45. 

Due to this it was decided that the sole use of RNU 48 would be utilised as the reference molecule for this particular experiment as it appeared to have a more stable and consistent expression profile. 

[bookmark: _Toc278904942]4.2.1.2		Addition of the stabilising agent DEPC
The 50 consecutive urine samples collected for the assessment of the value of the addition of an RNA stabilising agent (DEPC)  demonstrated that this step would not have resulted in an increase in RNA yield (figure 13).  The fraction of urine that had the addition of DEPC had an average RNA concentration of 45ng/l compared to the samples that underwent extraction without the use of a stabilising agent -185ng/μl.  Taking into account the 1:1 dilution of the DEPC containing samples, the concentration of this group can be adjusted to 90ng/μl in real-terms which still equates to a 52.8% decrease in the yield in comparison to urines that contained no additives prior to RNA extraction.  These results lead to the decision that there will no further use of a stabilising agent for the collection and storage of urine samples.


 RNA concentration (ng/μl) 


Figure 13: The average concentration of RNA in ng/μl in urine that had the addition/no addition of the RNA stabilising agent DEPC and the adjusted average RNA concentration of the DEPC cohort due to its 1:1 dilution with the urine sample.  There was no value with regards to RNA yield when adding DEPC to collected urine samples.

[bookmark: _Toc278904943]4.2.1.3	Pre-extraction storage and handling
Twenty-five freshly voided urinary samples were initially subjected to three various storage and handling protocols to determine the optimum method of microRNA extraction and level of robustness.  These 25 urine samples were fractionated into the three following groups prior to microRNA extraction.

· Immediate microRNA extraction
· Storage for 48 hours in room temperature
· Three-cycles of freeze-thawing (-80°C)

Various factors were measured in this group of fractionated urine samples.  Initially the concentration of RNA for all 25 extracted samples with the various handling protocols were measured with the nanodrop bioanalyser in ng/l.  Freeze-thawing the urine yielded the highest concentration with a mean concentration of 66.7ng/l and a large standard deviation of +/-440.6.  The figures for the cohort of urine samples undergoing immediate extraction were 50ng/μl with a standard deviation of +/- 152.4 and for those that underwent 48-hours of storage the average concentration was 22.5 ng/l with a standard deviation of +/- 317.3.  This only reached a statistical significance when comparing the set of urines that underwent freeze-thawing compared to those in which the microRNA was immediately extracted (table 16).   An important consideration of nanodrop analysis is the limitations of this technology which includes a drop in reading accuracy of samples below 20ng/l and potential DNA contamination.

With respect to the Ct values of RNU 48 and the fractionated urine, the strongest figure was obtained from the cohort of urines that were immediately processed which demonstrated an average Ct=23.6 (standard deviation = +/-4.4).  For the urines that were stored in room temperature for 48-hours prior to microRNA extraction the average Ct=25.03 (Standard deviation = +/-5.61) and those that were freeze-thawed had the weakest Ct value of 29.62 (standard deviation = +/- 4.98) 

The analysis of the microRNAs-1224-3p/-135b/-15b and RNU 44 were undertaking in 20 of the urine samples for each of the pre-extraction storage protocols (table 17).

RNU 48 was present in 100% (75/75) of all fractionated urine samples analysed where as RNU 44 was present in 85% (51/60) of samples.  Furthermore in each of the storage protocols the average Ct value was stronger for RNU 48 compared to RNU 44.  These results further confirmed the suitability in the decision of utilising RNU 48 as the sole reference molecule for the second phase of the urinary microRNA experiment.

With respect to the three specific microRNAs that were analysed in the fractionated urine samples, all microRNAs had the ability to be detected in urine samples following 48-hours storage in room temperature. Freeze-thawing the urine had the greatest detrimental effect on the presence/absence of the three individual microRNAs that were investigated with the various storage protocols. MicroRNA could be detected in 96.7% (58/60) of the samples that were immediately processed.  This figure was 91.6% (55/60) for the samples that underwent 48hr storage in room temperature and 70% (42/60) for the freeze-thawed fraction.  
 
Freeze-thawing a sample had the greatest negative effect on the strength of the Ct value. When comparing urine samples that underwent immediate extraction and those that underwent freeze thawing, 2 out of the 3 microRNAs had a significant increase in the CT value (microRNA-15b (p-value = <0.001) and microRNA-135b (p-value=0.001) when undergoing freeze-thawing.  With regards to the comparison of the outcome of Ct values of microRNAs between the immediate-extraction and the 48-hour room-temp storage group, 2 out of 3 microRNAs had no significant change in the Ct value (microRNA-1224-3p (p=0.14), micorRNA-135b (p=0.06), microRNA-15b (p=0.002)).


	
	Immediate Extraction
	3 X Freeze Thaw
	48hrs Room Temperature

	
	Conc
	Ct RNU 48
	Conc
	Ct RNU 48
	Conc
	Ct RNU 48

	Immediate Extraction
	N/A
	N/A
	P=0.009
	P=<0.001
	P=0.1
	P=0.6

	3x Freeze
Thaw
	P=0.009
	P=<0.001
	N/A
	N/A
	P=0.04
	P=<0.001

	48hrs Room Temperature
	P=0.6
	P=<0.001
	P=0.04
	P=<0.001
	N/A
	N/A



Table 16: Table demonstrating the p-values when comparing the various protocols against each other with respect the concentration of RNA yield (ng/μl)  and the Ct value of the marker gene RNU 48.


	
	Immediate Extraction
	3 X Freeze Thaw
	48hrs Room Temperature

	
	Avg
	Mean
	St Dev
	Avg
	Mean
	St Dev
	Avg
	Mean
	St Dev

	Conc (ng/μl)
	95.4
	50
	152.4
	329.6
	66.7
	440.6
	119.4
	34.8
	283.2

	CT –RNU 48
	23.6
	23.6
	4.4
	29.6
	31.6
	4.9
	25
	25.9
	5.6

	CT-RNU 44
	28.2
	27
	4.4
	37.2
	37.6
	4.3
	29.8
	29.6
	3.4

	CT –mir-1224
	28.2
	27
	4.4
	35.4
	35.1
	1.8
	36
	35.9
	2.5

	CT – mir-135b
	35.2
	34.5
	2.7
	34.2
	33.2
	3.2
	30.2
	29.9
	2.4

	CT- mir-15b
	29.4
	28.6
	2.7
	32
	33.1
	3.7
	28
	28.6
	5.9



Table 17: The average, mean and the standard deviation in RNA concentrations and the CT-value of RNU 44, RNU 48, microRNAs- 1224-3p/-135b/ and -15b in the 25 urinary samples that underwent the 3-pre-extraction storage and handling protocols.  Overall freeze-thawing had the greatest detrimental effect with regards to the detection of microRNA in urine samples.
[bookmark: _Toc278904944]4.2.2		Urinary microRNA
[bookmark: _Toc278904945]4.2.2.1		Patient demographics
In total 121 urines samples were collected.  Sixty-eight urine samples were from patients with bladder cancer and 53 from benign controls (Table 18).  

The urine samples from bladder cancer patients had a male to female ratio of 3.5:1  (53 versus 15 respectively) with a median age of 72 years and a range of 38-87.  The grade of disease for this cohort of patients was obtained from a wide and balanced spectrum with 22.1% (n=15) with G1 disease, 30.9% (n=21) with G2 disease and 47.1% (n=32) with G3 disease.  With regards to histological stage of disease, 48.5% (n=33) of patients had pTa disease, 5.9% had pTis (n=4) disease, 5.9% had pT1 (n=4) disease and 39.7% (n=27) pT2-4 disease.  

The urine sample from benign controls had a male to female ration of 2:1 (35 versus 18 respectively) with a median age of 62 and a range of 17-83.  With respect to diagnoses of these patients, 50.9% (n=27) had a diagnosis of a benign outcome from a haematuria clinic in which every patient underwent a flexible cystoscopy, 18.9% (n=10) had a diagnosis of stone disease, 11.3% (n=6) had a histological diagnosis of benign prostatic hypertrophy for which they underwent a trans-urethral resection of prostate, 11.3% (n=6) had a diagnosis of urosepsis and the remaining 6% (n=3) of patients had various other benign diagnosis of disease.

[bookmark: _Toc278904946]4.2.2.2		Urinary microRNA –frequency detected and average delta CT
All 15 screened microRNAs had the ability to be detected in urine samples with varying frequencies ranging from 9.4%- 100% in the benign group and 10.3%-95.6% in the bladder cancer group (table 19).  

The best performing microRNA with respect to the frequency detected in the benign and bladder cancer urine group was mir-27a (table 19).  The worst performing microRNA in terms of frequency detected in both the benign and bladder cancer group was mir-133b (table 19).

The microRNA which exhibited strongest relative expression and hence concentration (lowest average ΔCT) in both the benign and bladder cancer urines groups was miR-203 (table 19).  MiR-133b was again the worst performing microRNA in both the benign and bladder cancer cohorts of urine in relation the concentration of its presence (table 19).


	 
	 
	Controls
	UCC Cases

	 
	 
	n
	%
	n
	%

	Gender
	Male
	35
	66%
	53
	78%

	
	Female
	18
	34%
	15
	22%

	Age
	Median
	62
	
	72
	

	
	Average
	58
	
	71
	

	
	Range
	17-83
	
	38-87
	

	Haematuria
	
	28
	53%
	
	

	Urolithiasis
	
	10
	19%
	
	

	Urinary Infection
	
	6
	11%
	
	

	BPH (TURP)
	
	6
	11%
	
	

	Other*
	
	3
	6%
	
	

	Differentiation
	Grade 1
	
	
	15
	22%

	
	Grade 2
	
	
	21
	31%

	
	Grade 3
	
	
	32
	47%

	Stage
	pTa
	
	
	33
	49%

	
	pTis
	
	
	4
	6%

	
	pT1
	
	
	4
	6%

	
	pT2-4
	
	
	27
	40%

	Total
	 
	53
	 
	68
	 

	




Table 18: Demographics for the patient urinary samples undergoing microRNA extraction. Of note, all with urinary symptoms, uropathology or haematuria underwent cystoscopy (50/53, 94%) to confirm the absence of bladder cancer. * Various controls including circumcision (1), pulmonary embolus (1), appendicitis (1) all of whom displayed no clinical reason to undergo cystoscopic evaluation of their bladder.


The top three microRNA in relation to the combination of frequency detected and the level of expression is mir-203, mir27b and mir-15b respectively (table 19).  

There was an observational association the between the relative expression of an individual microRNA and the frequency that particular microRNA could be detected in the urine samples of both the benign and bladder cancer groups.  In general the microRNAs with low concentration were less frequently detected than those with high expression values (table 19).  

With regards to the frequency of detection, 14 out of the 15 microRNAs were detected more frequently in samples of urine that were from the benign group compared to the bladder cancer group – all except microRNA-135b.  This difference reached a statistical significance in 9 microRNAs- 15a/-15b/-24-1/-27-b/-100/-203/-212/-328/-1224-3p (Chi Sq p<0.03) (table 20).  The increased frequency of expression of the mir-135b in the bladder cancer group was not of a statistically significant nature (Chi Sq p=0.28).

Expression of urinary microRNA in the benign group of urines from the highest (microRNA-203) to the lowest (microRNA-133B) varied by 20 million fold (ΔΔCT = -25.58).  For the bladder cancer group this figure was 58 million fold (ΔΔCT = -24.03). When combining both benign and bladder cancer urines the variation in fold change is 30 million (ΔΔCT = -24.81).

If a figure for the reliable detection of microRNA within a urine sample was set at a 80%, then the fold change seen in microRNA is nearly 9000 (microRNA-203 to microRNA 100, ΔΔCT = -13.1 with fold change equalling to 8964). 

With regards to the fold changes of microRNA expression with bladder cancer urine in comparison to benign urine samples, microRNA-328 had the greatest performance with a fold change 33.82.  This value was lowest with microRNA-100 with a fold change of 0.01.
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	MiR Detected
	Chi sq
p-value
	Expression (∆Ct)
	Fold Change
with UCC
	ANOVA P Value
	Concordance for UCC
	Sen
	Spec
	PPV
	NPV

	
	n
	%
	
	Average
	St.Dev
	
	
	
	
	
	
	

	MiR-15a
	Benign
	50
	94.3%
	
0.03*
	6.35
	4.14
	
0.05
	
<0.001*
	
0.59
	
51.7%
	
72.0%
	
68.2%
	
56.3%

	
	UCC
	58
	85.3%
	
	10.7
	7.23
	
	
	
	
	
	
	

	MiR-15b
	Benign
	48
	90.6%
	
0.4
	3.29
	3.36
	
0.03
	
<0.001*
	
0.71
	
67.8%
	
81.3%
	
81.6%
	
67.2%

	
	UCC
	59
	86.8%
	
	8.21
	5.8
	
	
	
	
	
	
	

	MiR-21
	Benign
	48
	90.6%
	
0.26
	5.25
	7.29
	
0.56
	
0.5
	
0.51
	
46.6%
	
56.3%
	
56.3%
	
46.6%

	
	UCC
	58
	85.3%
	
	6.08
	6.58
	
	
	
	
	
	
	

	MiR-23b
	Benign
	41
	77.4%
	
<0.001*
	15.42
	5.12
	
0.19
	
0.097
	
0.62
	
57.1%
	
65.9%
	
46.2%
	
75.0%

	
	UCC
	21
	30.9%
	
	17.85
	5.84
	
	
	
	
	
	
	

	MiR-24-1
	Benign
	41
	77.4%
	
<0.001*
	19.12
	5.35
	
0.18
	
0.05*
	
0.64
	
60.0%
	
58.5%
	
63.8%
	
54.5%

	
	UCC
	51
	75.0%
	
	21.1
	4.05
	
	
	
	
	
	
	

	MiR-27b
	Benign
	53
	100%
	
<0.001*
	3.33
	2.76
	
0.06
	
<0.001*
	
0.67
	
60.3%
	
81.1%
	
79.2%
	
63.2%

	
	UCC
	65
	95.6%
	
	7.39
	3.76
	
	
	
	
	
	
	

	MiR-100
	Benign
	47
	88.7%
	
0.01*
	8.96
	5.83
	
0.01
	
<0.001*
	
0.7
	
60.4%
	
78.7%
	
74.4%
	
66.1%

	
	UCC
	48
	70.6%
	
	15.81
	8.97
	
	
	
	
	
	
	

	MiR-133b
	Benign
	5
	9.4%
	
0.87
	23.9
	7.65
	
0.8
	
0.9
	
0.73
	
85.7%
	
60.0%
	
75.0%
	
75.0%

	
	UCC
	7
	10.3%
	
	24.22
	6.82
	
	
	
	
	
	
	

	MiR-135b
	Benign
	43
	81.1%
	
0.28
	13.64
	5.27
	
33.82
	
<0.001*
	
0.8
	
71.2%
	
74.4%
	
79.2%
	
65.3%

	
	UCC
	59
	86.8%
	
	8.56
	4.3
	
	
	
	
	
	
	

	MiR-183
	Benign
	32
	60.4%
	
<0.001*
	21.36
	6.1
	
0.7
	
0.8
	
0.51
	
52.6%
	
50.0%
	
38.5%
	
64.0%

	
	UCC
	19
	27.9%
	
	21.87
	6.96
	
	
	
	
	
	
	

	MiR-203
	Benign
	50
	94.3%
	
0.21
	-1.68
	2.57
	
0.27
	
0.01*
	
0.66
	
66.1%
	
66.0%
	
70.7%
	
61.1%

	
	UCC
	62
	91.2%
	
	0.19
	4.56
	
	
	
	
	
	
	

	MiR-211
	Benign
	48
	90.6%
	
<0.001*
	17.5
	7.59
	
4.59
	
0.3
	
0.59
	
46.4%
	
41.7%
	
31.7%
	
57.1%

	
	UCC
	28
	41.2%
	
	15.3
	10.86
	
	
	
	
	
	
	

	MiR-212
	Benign
	50
	94.3%
	
0.57
	12.37
	5.76
	
0.16
	
0.012*
	
0.59
	
54.2%
	
64.0%
	
64.0%
	
54.2%

	
	UCC
	62
	91.2%
	
	14.94
	5.18
	
	
	
	
	
	
	

	MiR-328
	Benign
	53
	100%
	
<0.001*
	10.6
	3.54
	
0.005
	
<0.001*
	
0.71
	
55.4%
	
86.8%
	
81.6%
	
64.8%

	
	UCC
	58
	85.3%
	
	18.23
	7.97
	
	
	
	
	
	
	

	MiR-1224
	Benign
	51
	96.2%
	
<0.001*
	15.23
	3.73
	
0.02
	
<0.001*
	
0.78
	
75.9%
	
82.4%
	
83.0%
	
75.0%

	
	UCC
	61
	89.7%
	
	20.66
	5.66
	
	
	
	
	
	
	



Table 19	 A complete overview microRNA expression in urinary samples from patients with bladder cancer and controls demonstrating their frequency of presence, strength in detection, fold changes and individual diagnostic capabilities (Sen=sensitivity, Spec=specificity, PPV=positive predictor value, NPV=negative predictor value). Ten microRNAs were shown to be differentially expressed between urine samples from benign and bladder cancer patients marked (* ANOVA p-value <0.05).


	MicroRNA
	Benign Frequency Rank
	Benign ΔCT
Expression
Rank
	UCC
Frequency Rank
	UCC ΔCT
Expression Rank
	Overall Rank

	Mir-203
	3rd
	1st
	2nd
	1st
	1st

	Mir-27b
	1st
	3rd
	1st
	3rd
	2nd

	Mir-15b
	4th
	2nd
	4th
	2nd
	3rd

	Mir-21
	4th
	4th
	5th
	4th
	4th

	Mir-15a
	3rd
	5th
	5th
	5th
	5th

	Mir-135b
	6th
	6th
	4th
	6th
	6th

	Mir-328
	1st
	7th
	5th
	7th
	7th

	Mir-212
	3rd
	8th
	2nd
	8th
	8th

	Mir-100
	5th
	9th
	7th
	9th
	9th

	Mir-1224
	2nd
	10th
	3rd
	10th
	10th

	Mir-211
	4th
	11th
	8th
	11th
	11th

	Mir-23b
	7th
	12th
	9th
	12th
	12th

	Mir-24-1
	7th
	13th
	6th
	13th
	13th

	Mir-183
	8th
	14th
	10th
	14th
	14th

	Mir-133b
	9th
	15th
	11th
	15th
	15th




Table 20:  Table showing the individual and overall ranking of microRNAs with respect to the frequency detected and the level of expression (greatest Average ΔCT) for both the benign and UCC urine groups.  

[bookmark: _Toc278904947]4.2.2.3		Differential expression of microRNA 
With respect to the benign and bladder cancer urines, a statistically significant quantification difference existed for 10 microRNAs –15a/-15b/-24-1/-27b/-100/-135b/-203/-212/-328/-1224-3p (ANOVA P <0.05).

Patients with bladder cancer had urine samples with a statistically significant lower expression of microRNAs-15a/-15b/-24-/-27b/-100/-203/-212/-328/1224-3p.  MicroRNA-135b has a statistically significant higher expression in urine samples from bladder cancer patients compared to benign controls. 
[bookmark: _Toc278899378][bookmark: _Toc278904948]4.2.2.4	Urosepsis versus non-urosepsis benign controls
From the 53 benign controls 11% (n=6) were obtained from patients with a diagnosis of urosepsis.  The average RNU 48 CT values for non-uroseptic  benign urines compared to uroseptic urines was 20.26/19.1 respectively.  The mean RNU 48 CT value between these sets was again similar at  19.58/19.55 respectively.  These differences did not amount to a statistical significance (p=0.73).

With regards to individual microRNAs, only miR-100 was significantly down-regulated in benign urine samples from uroseptic patients in comparison to benign urine samples from non-uroseptic patients (p=<0.001)

[bookmark: _Toc278904949]4.2.2.5	Non-invasive diagnosis of bladder cancer for individual microRNAs
The diagnostic performance was calculated for each of the 10 differentially expressed microRNA in terms of concordance for disease identification, sensitivity, specificity, positive predictor value (PPV) and negative predictor value (NPV) was calculated (table 20).  This was achieved by dichotomising around the mean ΔCT for each differentially expressed microRNA.

The accuracy for the diagnosis of disease (concordance) for individual microRNAs that exhibited a differential expression between benign and cancer urine samples varied from 0.59 (microRNA-212) to 0.80 (microRNA-135b).  The sensitivity for the diagnosis of bladder cancer ranged from 51.7% (microRNA-15a) to 75.9 (microRNA-1224-3p).  The specificity for the diagnosis of bladder cancer ranged form 58.5% (microRNA-24-1) to 86.8% (microRNA-328).  The PPV values for the differentially expressed microRNAs ranged from 63.8% (microRNA-24-1) to 83% (miR-1224-3p) and for NPV this ranged from 54.2% (microRNA-212) to 75% (microRNA-1224-3p).

MicroRNA 1224-3p had the best overall performance with respect to the diagnostic parameters sensitivity, specificity, PPV and NPV (table 21).  It ranked no.1 in terms of sensitivity PPV and NPV.  It’s individual performance in specificity also ranked highly at no.2.  MicroRNA-15b and -135b/-328 had an overall diagnostic rank of 2nd and 3rd respectively.  However microRNA-328 had a particularly low sensitivity performance of 55.4% ranking it 8th in this diagnostic parameter.

	MicroRNA
	Sensitivity
	Specificity
	Positive Predictor Value
	Negative Predictor Value
	Overall Diagnostic Rank

	Mir-1224
	1st
	2nd
	1st
	1st
	1st

	Mir-15b
	3rd
	3rd
	2nd 
	2nd
	2nd

	Mir-135b
	2nd
	6th
	5th
	4th 
	3rd

	Mir-328
	8th
	1st
	3rd
	5th
	3rd

	Mir-100
	5th
	5th
	6th
	3rd
	5th

	Mir-27b
	6th
	4th
	4th
	6th
	6th

	Mir-203
	4th
	8th
	7th
	7th
	7th

	Mir-15a
	10th
	7th
	8th
	8th
	8th

	Mir24-1
	7th
	10th
	10th
	9th
	9th

	Mir-212
	9th
	9th
	9th
	10th
	10th




Table 21:  Ranking of individual microRNA and diagnostic performance with respect to sensitivity, specificity, positive predictor value and negative predictor value.  Overall ranking given from collective performance of an individual microRNA with respect to the 4 diagnostic parameters measured.  MicroRNA-1224-3p displayed the overall best performance.

[bookmark: _Toc278904950]4.2.2.6	Non-invasive diagnosis of bladder cancer for collective microRNAs
Combining microRNAs improved the diagnostic performance of utilising urine as a diagnostic test in this cohort of patients.  The optimal combination of microRNAs to achieve the highest concordance (0.86) was achieved with either with the use of 8 microRNAs (microRNA-15a/-15b/-27b/-100/-135b/-203/-212/-1224-3p) or three microRNAs (miRs-15b/135b/12243-p) (figure 14).

The three microRNAs which resulted in the joint equal optimal concordance for the diagnosis of bladder cancer in this cohort patients were the top-three individual microRNAs in terms of overall ranking of diagnostic performance.  The use of these 3 microRNAs appeared to give the greatest sensitivity for the diagnosis of bladder cancer at 94.1% however the specificity was reduced to 51% (figure 14).  Clustering these panels of microRNAs to obtain the optimal concordance figure for the diagnosis of bladder cancer resulted in a separation of the samples into two large cohorts which represented mostly benign or bladder cancer cases alongside a small intermediate group (n=23/19%) (figure 15 + 16).
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Figure 14:  Receiver operating curve (ROC) for the all 15 microRNAs analysed alongside the ROCs for the and combination eight microRNAs (microRNA-15a/-15b/-27b/-100/-135b/-203/-212/-1224-3p) or three microRNAs (miRs-15b/135b/12243-p) both combination of which resulted in the optimal concordance value (area under in brackets). Taken with permission from Miah et al.197.
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Figure 15:  Box plots of the three microRNAs (miR-135b/miR1224-3p/15b) which resulted in the optimal concordance for the diagnosis of bladder cancer.  Box plots show the expression profile of each microRNA according to the presence of bladder cancer (Box = 95% CI and median = dark central bar). Taken with permission from Miah et al.197.

[image: ]
Figure 16: The combination of the eight microRNAs (microRNA-15a/-15b/-27b/-100/-135b/-203/-212/-1224-3p) or three microRNAs (miRs-15b/135b/12243-p) which results in the optimal concordance for the diagnosis of bladder cancer selected tree branches that mostly correspond to the underlying diagnosis. Average linkage correlation (uncentred) was performed on mean centred ∆Ct values using Cluster 3.0. Samples are colour-labeled according to pathology. Taken with permission from Miah et al.197.

The highest individual sensitivity value for the diagnosis of bladder cancer from a differentially expressed microRNA is 75.9% (microRNA-1224-3p). By combining the three microRNAs to diagnose bladder cancer there is an increase in sensitivity of 24%.  The highest individual concordance value for the diagnosis of bladder cancer from a differentially expressed microRNA is 0.8 (microRNA-135b). By combing the three microRNAs to diagnose bladder cancer there is an increase in this concordance value by 7.5%.   Combination of the three optimal microRNAs does however lead to a dramatic decrease in the specificity in diagnosing bladder cancer in comparison to the best performing specificity of an individual differentially expressed microRNA.  MicroRNA-328 has a specificity of 86.6 of diagnosing bladder cancer and the use of the three optimal microRNAs leads to a decrease in specificity by 42.2%.

[bookmark: _Toc278904951]4.3		Discussion
[bookmark: _Toc278904952]4.3.1		Guidelines for point of care test development
A POCT can be defined as testing that is performed close to or within the vicinity of the patient.  Numerous considerations need to be taken into account when developing a POCT including the current climate of budgeting healthcare costs.  A POCT test will generally be more cost effective in cancer diagnoses and screening services due to the very nature that they require less expertise to perform the actual test in addition to minimal hardware and specialist technical equipment required to execute it.  Nationally, The Royal College of Pathologist and Internationally, The Clinical and Laboratory Standards Institute (CLSI) have set up guidelines regarding the development of a POCT.  Collectively they have stressed a general consideration of the requirement and appreciation of preventing laboratory physicians from feeling threatened with the advancement of this type of technology with regards to their role in consultation, gatekeeping, oversight of quality and transfer of information.  Although the ideal bladder cancer POCT would have a sensitivity and specificity of 100%, a pragmatic approach would dictate that this would be unlikely to be reached in the near future. Therefore in the immediate and medium-term future, there will be the requirement of a specialist will be an integral component in requesting, interpreting and acting upon the result of POCT with regards to bladder cancer.

Considerations which need to be taken on-board prior to the development of a POCT for bladder cancer include a high sensitivity, a small sample volume and a short turn around time.  Ideally the detection process should be performed on a compact and portable platform which does not require highly specialised personnel or expensive specialist equipment.  

With respect to time, the guidelines have suggested the turnaround time of 20-30 minutes in which the responsibility should lie primarily on the central laboratory.

The current standing on the use of microRNA as a rapid POCT testing has evolved from a slow phenol based extraction test followed by a PCR  (as utilised in this study) to a rapid and sensitive testing utilising a power-free microfluidic device.  Arata et al.198 have recently reported the successful identification of a target microRNA (microRNA-21) and an unlabelled sequence specific random microRNA ( UGG UGC GGA GAG GGC CCA CAG u) within a sample using a sandwich hybridisation technique with rapid highly sensitive results.  With the avoidance of enzymatic amplification, PCR, deep sequencing and oligo-micro-arrays, this group were able to identify specific a microRNA with in a 20 minute time period.  This study highlights and confirms that microRNAs have the ability and potential to be created into a POCT and our efforts should be concentrated to the detection and discovery of candidate microRNAs which are associated with the disease.

[bookmark: _Toc278904953]4.3.2		Stability of urinary microRNA
Here we have shown that urinary microRNAs appear to be promising biomarkers with an ultimate aim of development into a point of care test (POCT).  Their stability and flexibility in measurement, the ease of collection and minimal storage requirements makes them appealing diagnostic targets.  


Out of the numerous properties and statistics urinary microRNA exhibited from this study, the stability of this molecule in urine samples provides a great platform of potential for this genetic biomarker to be developed into a POCT.  The data not only showed no beneficial yields on the addition to the stabilising agent DEPC but also the presence of detectable microRNA in urine samples that were stored in room temperature for 48hrs.  Again these stored urine samples were not processed in specialised manner without the requirement of an additive or stabilising agents.  There were no statistically significant changes in the CT values with respect to the reference gene RNU 48  or total RNA yield of urines that were processed immediately compared to those undergoing 48h hour storage at room temperature prior to RNA extraction.  This stability was also reflected when analysing the three specific microRNAs that were utilised as a panel for the diagnosis for bladder cancer.  Two out of the three of them (microRNA-135b and-1224-3p) had no significant detrimental effect in the strength of detection with regards to their CT value when undergoing extraction following storage at room temperature for 48 hours compared to immediate extraction of these microRNAs.

Repeated freeze-thawing of urine appeared to have a global detrimental effect on the frequency, strength of detection and genetic yield in urine samples for both the reference genes and the three specific microRNAs.  Freeze-thawing of urine had an relative reduction with regards to frequency of detection of the three diagnostic microRNAs of 28% and 24% when compared with urine samples processed immediately and that after 48hr room-temperature storage respectively.   

For future urinary microRNA validation studies it maybe feasible to consider the collection urine samples  from bladder cancer patients from a wide geographical area for subsequent analysis of microRNA at a single centre with the requirement of time-consuming and complex requirements prior to delivery of the sample.

The relative stability of urinary microRNA with regards to the diagnosis of urological diseases has been confirmed in a number of studies following the publication of the results of this particular study199+200.  Yun et al.199 supported our findings by validating the stability of microRNA in urine samples following 7-cycles of freeze thawing or storage of urine at room temperature for 72-hours.  The microRNA levels remained unchanged in the urine samples following these storage protocols in their study.  Similarly Beltrami et al.200 demonstrated the stability of urinary microRNA in extreme physiological conditions including a high RNAse activity, low- or high-pH, long-term room temperature storage and multiple freeze-thaw cycles.  

Successful demonstration of the stability of urinary microRNA was shown in the data.  Urinary microRNA had the ability to be detected up to 48hrs after being voided and stored in a closed falcon tube in room temperature suggesting their stability in an ex-vivo environment.  There are numerous favourable clinical and logistical potential outcomes related to this finding with regards to creating a new non-invasive urinary biomarker for bladder cancer.  The stability of a biomarker in a urinary sample would allow the sample to be analysed at a later time-point.  It would permit the urine to be transported to a remote site if required with the avoidance of special storage requirements.

The protocol for the assessment of urinary microRNA was further simplified with the confirmation that the stabilisation agent DEPC did not increase yields of genetic material present within the samples of urine.  DEPC is a known and well established carcinogenic agent201. The handling of DEPC requires a cautionary approach with the use of universal protection techniques and a fume cupboard due to its documented toxic properties.     The avoidance of the use of stabilising agents in the view to preserve genetic material in itself has numerous advantages. This includes limiting the potential risk to biohazard exposure to medical practitioners who would potentially use urinary microRNA as a diagnostic tool for their patients.  Avoidance of the use of toxic stabilising agents will ensure that no specialist area designated for the safe handling of biohazard materials within their clinical setting needs to be created.  Assessing urine samples with no special handling techniques or complicated protocols will further make urinary microRNAs a more appealing biomarker to be investigated further in their role in bladder cancer.  

Urinary microRNA stability, ease of handling and storage facilities would make this an ideal biomarker for the detection of bladder cancer in the primary care setting.  Voided samples in primary care would not require any specialist handling or use of hazardous materials such as DEPC making this an attractive test for primary care practitioners to carry diagnostic tests prior to urological referral.

There is minimal evidence demonstrating the routine use of point of care testing with regards to the diagnosis of disease in the primary care setting202.  However low-grade bladder cancer, with its unique relapsing and reoccurring nature would be ideally suited for tailoring and determining which individual patient would require further cystoscopic evaluation depending on the results of a urinary biomarkers such as the one created in this data-set124.  Currently the diagnosis of bladder cancer leads to lifelong regular invasive surveillance of the patient in the form of a flexible cystoscopy.  The patient cohort in this study with regards to urinary microRNA and bladder cancer contained a mixture of patients who were known to have history of bladder cancer in addition to newly diagnosed ones.  If a POCT possessed the capability to diagnose new bladder cancer in addition to recurrent disease using urinary microRNA, then the surveillance of the disease could be carried out in the primary care setting which in turn would lower the cystoscopy rates for patients.  This model is similar to that developed in diseases such as peptic ulcer disease in which the known causative agent to be identified as the h.pylori bacteria203.  The diagnosis of peptic ulcer disease was classically performed with an endoscopy however with the use of a H. pylori POCT in primary practice it has resulted in eradication therapy being started earlier and in-turn rationalised and reduced the number of patients being referred for endoscopy204.

Stability of the urinary microRNA in a room temperature environment would also provide minimal transport issues as these samples could be transferred to the appropriate laboratory setting if required without the need for snap-freezing or cold storage.   The limitation of current urine based test for bladder cancer is the requirement of the urine to be assessed within a short time-scale of voiding such as the NMP 22 test.  This FDA approved test requires the sample of urine to be assessed within 2-hours of being voided.  

The stability of microRNA within biological fluids can be explained due the their size, structure and packaging.  The robust stability of microRNA within other biological and non-biological fluids such as plasma and formalin-fixed tissue has been confirmed and well utilised within microRNA based cancer research 205 206.

MicroRNA are amongst the smallest functioning genetic material in existence.   Their small nature confers them an inherent structural stability.  It makes them less likely to fragment into smaller portions in comparison to larger RNA fragments which naturally has a larger structural composition for breakdown to occur.

The primary pathway and mechanism for the breakdown of RNA molecules in mammalian cells is deadenylation dependant207. A single or a combination of three deadenylases performs their enzymatic properties by initially targeting the polyadenated tail of RNA molecules.  After this deadenylation step the breakdown of mRNA continues in a 5′–3′ or 3′–5′ direction.  The  biological structure of microRNA is such that they lack a polyadenated tail and hence this method of the RNA breakdown is avoided by microRNAs.

Valadi et al.208 have shown and proposed a mechanism supporting the stability of microRNA within a urine sample termed the “exosomal shuttle theory”.  Exosomes are small membrane vesicles that are of endocytic origin and are released within the extracellular environment.  Numerous cells have the ability to release exosomes including epithelial, T-cells, B-cells, mast cells and tumour cells.  This group have successfully shown that microRNAs are included with an exosomal package conferring a protective effect. Over 100 microRNAs were identified within exosomal packages that included let-7, micorRNA-1, microRNA-15, microRNA-16, microRNA-181 and microRNA-375. Their in-vitro studies clearly demonstrated that RNA molecules from mast cells exosomes were functionally active.  Remarkably this was the case with inter-species transfer as mouse exosomal RNA was transferred to human mast cells that resulted in the production of new mouse protein within the recipient cells.  This confirmed the protective effect that exosomes have on RNA molecules as well as demonstrating the functional viability of successfully transferred exosomes containing microRNA.  The potential primary function of the exosomal package would allow the communication of RNA molecules from cell to cell within a tissue.  It suggests a novel method of cell-to-cell activity, regulation and gene based communication between mammalian cells. The protective attributes of exosomes was taken advantage of in the urinary microRNA study as the extraction of these molecules was in essence the capture of microRNA molecules that were in a state of transition within a urine sample.  Furthermore the exosomal-shuttle theory has the potential benefit to be developed into the therapeutic roles as highlighted by Valadi et al.208.  The ability of exosomes to transfer nucleic acids including microRNA to recipient cells also makes them ideal candidates as vectors for gene therapy.  It may be possible to engineer exosomes to contain specific microRNAs to be delivered to recipient cells for therapeutic proposes.

Mitchell et al.205 further supported the exosomal shuttle theory within their study.  This group initially assessed the stability of microRNAs – 15b, -16, and 24 in plasma that was subjected to storage at room temperature for 24 hours and 8-cycles of freeze-thawing.  Similarly to our urinary microRNA study undertaken there was no significant difference to the microRNA levels in plasma when undergoing these various handling protocols.  This further supports our findings with the urinary microRNA stability data.  

Mitchell et al.205 further went on to demonstrate that exogenously administered free microRNA underwent rapid degradation when placed in biological fluid.  Plasma is known to contain high-level of RNase209 and this group introduced synthetic free microRNAs cel-miR-39, cel-miR-54, and cel-miR-238 into human plasma either prior to or following the addition to a denaturing compound known to down-regulate and inhibit the activity of RNase.  MicroRNA extraction and the levels of the three synthetic microRNAs was subsequently performed.  It demonstrated that a rapid degradation of free synthetic microRNA occurred when administered to plasma when compared to the addition of free microRNA in plasma which was treated with an anti-RNase compound.  The degradation of free microRNA with untreated plasma occurred in less than 2 minutes.  The levels of the endogenous microRNAs were not altered significantly which again supports the suitability and stability of microRNA for the purposes of a biomarker.  

This ex-vivo stability of urinary microRNA is important in clinical use, where the transit of biological clinical samples to the laboratory setting is inconsistent.  Furthermore it potentially avoids the need of costly specialist transport methods and allow urinary microRNA to be collected in the primary care setting and delivered to the appropriate laboratory in routine transport methods that is currently utilised for the majority of biological clinical samples.
[bookmark: _Toc278904954]4.3.3	Urinary microRNA findings between cancer and benign specimens
It has been possible to multiplex microRNA assays into custom combinations to detect specific diseases.  With this in mind the selection of 15 microRNAs whose expression is relatively bladder cancer specific and were representative of the low- and high-grade tumour pathways from the previous studies was undertaken123+195.  Inclusion of those with functional roles in urothelial carcinogenesis, such as growth promotion through FGFR3 targeting (microRNA-100) and apoptosis avoidance/cell cycle regulation (microRNA-21) and those with epigenetic regulation (e.g. microRNA-1224-3p) were all considered candidates.  It was discovered that low abundance microRNAs are not reliably detected in urinary cells , even though their expression may be bladder cancer specific such as microRNA-133b.

We identified 10 microRNAs whose urinary presence or expression was abnormal in the bladder cancer patients when compared to controls. Nine of these microRNAs were down-regulated and 1 was up-regulated in bladder cancer urines in comparison to benign urine specimens.  Several of these had alterations that matched primary tumours and was in keeping with their carcinogenic roles e.g. microRNA-135b and -100.  Potentially the most useful was microRNA-135b.  MicroRNA-135b was the only such differentially expressed microRNA that was up-regulated in bladder cancer urine specimens compared to benign controls.  It demonstrated the highest fold change out of all the urinary microRNAs analysed and furthermore it was one of the most overexpressed microRNA from the experiments involving bladder cancer tissues.

Similar observations are detailed in other solid organ carcinomas which include breast and colorectal cancers210, 211 (Nagel).  Chen et al.210 have shown the presence of microRNA-135a to be overexpressed significantly in metastatic breast cancer tissue obtained surgically and implicated positively for the migration and invasion of breast cancer cells in-vitro.  Similarly Nagel et al.211 reported the direct link between miR-135a and -135b to be implicated in colorectal carcinoma via silencing of the tumour suppressor gene adenomatous polyposis coli (APC).  Their study demonstrated a considerable up-regulation of these microRNAs in colorectal adenomas and carcinomas which significantly correlated with low APC mRNA levels.

With bladder cancer the predicted targets of microRNA-135b include LATS2 and Annexin A7 as demonstrated in our earlier studies212.  

In short our findings demonstrated that the combination of a panel of three microRNAs (microRNAs-135b/-15b/-1224-3p) to have a high sensitivity for the diagnosis of bladder cancer of 94.1%.  This is far superior to all commercially available biomarker tests available for the diagnosis of bladder cancer.



[bookmark: _Toc278904955]4.3.4	Theoretical outcomes of implementing microRNAs-15b/-135/1224-3p
If the panel of the three microRNAs (-15b/135b/1224-3p) were applied to each of the bladder cancer patients as a criteria to whether or not to further undergo a cystoscopy for the diagnosis of disease then it would have topical outcomes.  The panel had the ability to diagnose 94% of bladder cancers with the additional benefit of reducing the number flexible cystoscopies performed due to haematuria by 26%.  This reduction would naturally equate to a significant reduction in the morbidity associated with this procedure which would be of greater importance in those patients who had a negative outcome from the test.  Reducing number of flexible cystoscopies performed by over a quarter with regards to the diagnosis of bladder cancer would also in-turn add to a significant economical saving of healthcare funds which in turn could be directed towards the treatment of the actual disease itself.  

However it must be highlighted that of the 6% of tumours would have been theoretically been overlooked due to this panel of microRNAs with 3% of them (n=2) being invasive tumours.

[bookmark: _Toc278904956]4.3.5		Ideal realistic biomarker
Nationally in the UK the call for the development of new biomarkers for disease has been highlighted by the Science Council who published a report in 2004 on the “Integration and implementation of diagnostic technologies in healthcare” and concluded that “of special concern to us was the relatively low profile of diagnostic testing and those who undertook this in the NHS”.  

With regards to the development of a urinary biomarker for bladder cancer a, special consideration must also be taken on-board due the nature of the disease. Following the diagnosis of bladder cancer, regular lifelong invasive surgical procedures in the form of a cystoscopy is required for the patient for the purposes of surveillance.  This lifelong surveillance is undertaken in an invasive manner which is of a unique nature compared to other solid organ tumours.  The majority of other solid organ tumours requiring invasive monitoring are conducted for a limited time after which invasive surveillance is ceased when a significant period of disease remission has been demonstrated.  Those that are required to undergo continued monitored for surveillance can generally be accomplished with radiological imaging techniques.  Non-invasive monitoring in itself can be have drawback  such as exposing ionising radiation to a patient that is generated and targeted to the patient in the form of a computerised tomography scan.

Factors driving the creation of any new biomarker for disease are a combination of “best care” for the patients in addition to commercial and non-commercial financial motivation.  The development of new biomarker in the laboratory setting to take into routine clinical use has numerous considerations that need to be taken into account213. New biomarkers will only be taken into account if they have robust evidence to support their use with ultimate evidence that it has shown to improve patient management and care.
The requirements for the successful transition of a new biomarker from the research environment to the bedside setting must be appreciated prior to commencing any laboratory work at a pilot stage.  These requirements are summarised into 16 sections213 and here the current work and the urinary microRNA date generated in this project is assessed against the requirements.

1. An unmet clinical need which is clearly understood.  The purpose of the test should be clear, it’s use evaluated within a care pathway and its effect on outcome compared directly with existing practice in the population for which it is intended.

The test has been designed with the ultimate aim to limit the number of patients undergoing an invasive surgical procedure for the diagnosis and surveillance of bladder cancer.  With respect to new diagnoses, it can be potentially used as a screening/referral tool for patients to undergo further evaluation in a haematuria/urological tract tumours clinic and with respect to bladder cancer surveillance it can also be potentially used as a non-invasive surveillance tool for patients with established disease.  

The results of this biomarker were directly compared to patients who underwent cystoscopic assessment for bladder cancer which is the current gold-standard.

2. Appropriate and well characterised clinical specimens for both discovery and qualification which mirror the relevant clinical population.   

Urine is a biological fluid that is in abundant supply and can be provided by nearly all patients with relative ease.  Not only this but a urine sample is almost universally requested in the clinical setting with regards to the assessment of the presence/absence of bladder cancer.   Therefore there would be minimal requirement for a change of protocol in the diagnostic algorithm currently utilised in relation to bladder cancer diagnosis.  Our study did exclude urine samples that would have been required collection from a catheter-bag specimen in patients with in-dwelling urethral catheters.  The primary rationale behind this was difficulty in assessing how long the urine was contained within a catheter bag prior to retrieval.  However it must be noted that the 

urinary storage data demonstrated that microRNA remained stable within a sample of urine for up to 48hrs in room temperature and generally urinary catheter-bags are emptied multiple times a day.  The only patients that would be excluded for this biomarker are those who are unable to provide a urine sample which is the case for a proportion of renal-failure patients who are under-going haemo-dialysis or continuous ambulatory peritoneal dialysis.  

3. An appropriate and well validated discovery platform which is robust, reliable and relatively simple to operate

The scientific methodology utilised in this study is based on a phenol based RNA extraction and a quantative real-time polymerase chain reaction (qPCR) experiment.  QPCR has been established as a robust scientific methodology for over two-decades to quantify RNA in absolute and relative terms.  It has been simplified to such an extent that it is performed with the appropriate training with relative ease in a laboratory setting.  It is a technique in which senior under-graduate science students can achieve competencies from three, four-hour laboratory sessions214. It has the additional major benefit in which multiple samples can be assessed to provide high-output assessment if required.

4. Clinical evidence for the biomarker with regards to the association with the relevant disease.

The microRNAs assessed for were established to be associated with bladder cancer which included those with (i) differential expression in malignant and normal urothelium, (ii) those with up-and down-regulation in bladder cancer, (iii) those representative of all grades of bladder cancer (microRNA-135b), those representing high-grade bladder cancer (microRNA-21) and those representing low-grade bladder cancer (microRNA-100 and -133b), (iv) those that are subjected to epigenetic regulation (microRNA-212/-328/-1224-3p), (v) and those that are located in the epigenetic hotspot on chromosome 9 (microRNA-23b/-24-1/27b) which is a chromosome commonly deleted in bladder cancer.

5. Clinical evidence for the biomarker with regards to assessment of clinical utility and impact

The data has shown that bladder cancer is diagnosed with a sensitivity of 94%. This is at least equivalent or higher than any current biomarker that is commercially available or at experimental stage with regards to bladder cancer diagnosis.  Furthermore if the panel of three microRNAs (microRNAs-135b/-15b/-1224-3p) were to be theoretically utilised for bladder cancer diagnosis in this patient cohort then there would have been a 26% decrease in the number flexible cystoscopies performed. 

6. Clinical evidence for the biomarker with regards to circumstances where the use of the test would be unjustified

The assessment of this biomarker was designed in mind to include both new bladder cancers and surveillance patients hence the use of the test would not be unjustified in either group.  Control patients included those with urological tract infections.  This established that an inflammatory process would not negatively affect the diagnostic capability of the biomarker and therefore allowing the test to be included in patients who maybe suffering from a urological tract infection.  If this panel of biomarkers were to be theoretically implemented in bladder cancer diagnosis then there would be minimal exclusion criteria for patients who would be suitable to undergo this format of assessment.  

7. Rigorous early investigation of pre-analytical factors that might influence interpretation of test results with regards to specimen type, timing and handling.

[bookmark: _GoBack]There was no specific timing with regards to the collection of any of the urine samples.  Urine samples were collected at point of request.  The only criteria given was a volume set arbitrarily at 50mls – a volume which is approximately one-tenth of normal bladder capacity and approximately 2-5% of total volume voided by the average person during a 24-hour period.  With regards to the handling of the urine, the data demonstrated that no special handling is required in the form of the addition of an additive to the sample to improve the yield of the microRNA.  Furthermore this test did not require urinary samples to be discriminated from uroseptic and non-uroseptic patients.

8. Rigorous early investigation of pre-analytical factors that might influence interpretation of test results with regards to stability in transit and long-term storage.

The urine samples were subjected to various adverse medium-term storage protocols which could potentially be encountered in the clinical setting.  MicroRNA had the ability to be detected in a sample of urine which was stored in room temperature for 48-hours prior to extraction of this genetic material.  With regards to the stability in transit, this would equate to urine samples being transferred with minimal specialist transport requirements.

9. Rigorous early investigation of pre-analytical factors that might influence interpretation of test results with regards to freeze-thawing.

Freeze-thawing of the urine samples was shown to reduce the yield of microRNAs.  However as stated previously the analysis of other pre-analytical factors such as storage of urine in room temperature for 48-hours was also conducted.  It demonstrated that there would be not a need to freeze-thaw a samples of urine with regards to translating this biomarker on to a clinical platform.

10.  Rigorous early investigation of pre-analytical factors that might influence interpretation of test results with regards to relevant intervention (e.g. biopsy) or medication.

As discussed in the introduction, in the UK the primary method of the diagnosis of bladder cancer occurs via referral of patients who have visible or non-visible haematuria.  Almost exclusively all patients with bladder cancer will be able to provide a sample of urine and this in no-way will alter or influence the intervention strategies undertaken for future management.  Similarly it will not alter or influence any future medications offered to the patient in the form of chemotherapeutic agents.   

11. Analytical evidence for the biomarker measurement of acceptable technical performance with regards to linearity on dilution.

The current study did not assess the CT values with regards to the serial dilutions of the urinary microRNAs or the reference gene RNU-48.  This is an experiment that would have to be taken into consideration with regards to the development of this urinary biomarker for bladder cancer.

12. Analytical evidence for the biomarker measurement of acceptable technical performance with regards to accuracy, precision and reproducibility

The methods applied for the measurement and analysis of urinary microRNAs as stated previously utilised PCR techniques.  This technique has been well established for decades and the cornerstone of any genetic laboratory throughout the world.

A future experiment however could include the analysis of the same urine sample for the same urinary microRNAs to compare the inter-departmental processing variation that may occur.

The following requirements are additional factors that would have to be taken into account and adhered to when a successful transition of a new biomarker to routine clinical practice is considered213.  These factors are not ones that have been explicitly considered for the purposes of this pilot study.  However these considerations are ones that would have to be investigated thoroughly if this study was to be considered for further development into a clinical biomarker for bladder cancer.  These requirements include.

1. A prototype assay method suitable for early evaluation

The methods used to generate data for the urinary microRNA biomarkers are ones that were labour intensive laboratory procedures requiring specialist knowledge.  However as discussed previously the rapid evaluation of specific microRNAs within a 20-minute period has been achieved by Arata et al. 198.  This highlights that early prototype methods are already in development for this branch of biomarker detection and will potentially facilitate a more rapid transition into a feasible POCT for bladder cancer detection

2. Convincing evidence of sufficient clinical utility to warrant broad commercial uptake.

The sensitivity values from this study when using urinary microRNAs -15b/135v/1224-3p to detect bladder cancer is vastly superior to all the current commercially available biomarker test for bladder cancer.  Furthermore a test that would limit the number of the labour and cost heavy procedure of a flexible cystoscopies that would have an added appeal to healthcare systems who are involved in the diagnosis of bladder cancer.

3. High likelihood that regulatory approval will be granted

The assessment of urinary microRNA does not require any further additional protocols that is currently required from patients who are assessed for the potential presence of bladder cancer.  A urine sample is universally requested from all patients who undergo the assessment of the presence or absence of bladder cancer.  No obvious ethical dilemmas are envisaged if this biomarker were to be asked for regulatory approval.

4. Commissioning the new test because it demonstrably meets an identified clinical need.

The cornerstone of commissioning a diagnostic test is identifying the clinical requirement that will be addressed by the use of the particular test and in what ways it will aid to the benefit of the patient pathway.  With regards to a urinary biomarker for bladder cancer it can be summarised as a tool to limit the use of invasive surgical procedures and a screening mechanism for the fight against bladder cancer.  Commissioning also encompasses the procurement and contracting issues that would arise with the potential creation of a new biomarker for bladder cancer.  This study is a pilot one assessing the feasibility of such biomarkers for bladder cancer.  However if a larger cohort of patients confirmed these finding then the next step would be the invitation of a commercial company to facilitate the development of a POCT with regards to urinary microRNA testing for bladder cancer.
[bookmark: _Toc278904957]4.3.6	Urinary microRNA and bladder cancer – a comparison to other studies
[bookmark: _Toc278904958]4.3.6.1		What was known prior to this study?

At the time of the submission of the data from the urinary microRNA studies 197+215 only a single published article with regards to the utilisation of urinary microRNA for the diagnosis of bladder cancer by was in existence.  This study was undertaken by Hanke et al.216 and comprised of two phases (table 22). 

The authors initially screened for pooled urine samples from healthy controls, patients with urinary tract infections, those suffering from low-grade bladder cancer and those with high-grade bladder cancer for the expression of 157 microRNAs. Nine samples were obtained for each of the groups analysed.  It was discovered that three microRNAs were clearly overexpressed namely microRNAs-126, -182, and 199a in urine samples from the patients with low-and high-grade bladder cancer.  

These three microRNA were then later subject to analysis in 47 urine specimens consisting of n=29 patients with low- and high grade bladder cancer (n=11 patients with G1 disease and n=18 with G2/3 disease), n=7 patients with urinary tract infections and n=11 healthy controls.  For the process of normalisation the author utilised microRNA-152 as they stated that this appeared to present in all urine samples whereas the reference gene U6 was absent in 8.5% of this cohort of urines.  

Following this, a comparison between the tumour and control group was undertaken for the microRNA ratios -126:-152 and -182:-152.  These ratios were significantly higher in patients in urine samples of patients with bladder cancer compared to healthy controls.  The microRNA ratio -126:-152 resulted in the most sensitive (72%) and specific (82%) diagnosis of bladder cancer patients from healthy controls with an area under the curve (AUC) of 0.768 (95% confidence interval, 0.605–0.931).

With their methodology and selection of microRNAs, Hanke et al.216 have demonstrated a superior specificity with regards to the diagnosis of bladder cancer with urinary microRNA compared to the urinary microRNA data in this particular study (82% Vs 51% respectively).  

If their panel of biomarkers were utilised as a test for the presence of bladder cancer than their higher specificity and lower false positive test results would naturally reduce the number of negative flexible cystoscopies performed on tested patients in comparison to our urinary microRNA data.  Their higher specificity value and potential lowering of the number of performed flexible cystoscopies in benign patients would initially appear to be an attractive proposition.    The discussion of what is given higher priority with regards to sensitivity and specificity in a non-invasive urinary biomarker for bladder cancer then the sensitivity figure has priority with added gravitas of patient backing110.  Hanke et al.216 reported a sensitivity figure of 72% in comparison to 94% from this data.  It is the sensitivity and hence the reduction of false negatives which takes a priority over specificity for the primary reason as to reduce the total numbers of bladder cancers that would be overlooked and not diagnosed. 

The use of the panel of microRNAs (-135b/1224-3p/15b) as a non-invasive biomarker has a superior sensitivity value in comparison to the majority of the FDA and non-FDA approved urinary biomarkers currently being utilised or under development.  This high sensitivity value would also make the test as an ideal screening tool due to the minimal number of bladder cancers that would be overlooked.  It must be noted again that current UK guidelines which warrants a patient to undergo a flexible cystoscopy for the potential diagnosis of bladder cancer heavily relies on the presence of visible and non-visible hematuria for which the sensitivity with regards to the diagnosis of the disease is 12%99. It could be proposed that biomarkers with sensitivity figures close to 100% such as this panel of three urinary microRNAs could be utilised as a second line investigative tool following the identification of microscopic haematuria.  It can allow a more selective approach to those patients who undergo flexible cystoscopy.  

With regards the selection of the panel of microRNAs for the diagnosis of bladder cancer by Hanke et al.216, none of these were shown to be differentially expressed in bladder cancer from previously analysed tumour specimens study.  As stated previously the selection of a biomarker with the view to taking  into clinical practice ideally requires the “clinical evidence for the biomarker with regards to the association with the relevant disease”213.  The selection of the panel of microRNAs in our study was undertaken due to direct relevance with the disease that is being investigated for. 

The selection of our patients with bladder cancer incorporated both those with a new diagnosis and those with recurrent disease.  There was no discrimination made between these two subsets of patients when selecting the urine samples from bladder cancer patients.  A biomarker that would include both sets of these patients would more likely to be accepted for use within clinical practice in addition to catering a wider spectrum of bladder cancer patients.  It was unclear from Hanke et al.216 whether the bladder cancer urines were a mixture of patients with a new diagnosis and recurrent disease or it if only incorporated one subset of patients.  

Similarly our benign set of urine samples incorporated patients that had a diagnosis of urinary tract infection, a urinary tract calculi in addition to those patients who underwent cystoscopic investigations with a benign outcome.  All statistical and diagnostic capabilities for our panel of microRNAs included patients with urosepsis in the benign group.  The optimum AUC figure stated from Hanke et al.216 excluded patients with a urinary tract infection from the control set of urines.  If urine samples from uroseptic patients were to be incorporated then the AUC figure would have fallen to 0.75 and a drop on in the specificity to 72%.  The change in the value of sensitivity was not stated.  

The clinical relevance of not excluding patients with a diagnosis of urosepsis is one which is extremely pertinent on the investigative pathway of bladder cancer.  Visible haematuria is a feature of both bladder cancer and patients with a urinary tract infection or urinary tract calculi.  Furthermore those with bladder cancer can present with recurrent urinary tract infections.  Currently a patient with visible haematuria and with the diagnosis of a urinary tract infection would not be immediately referred for cystoscopic evaluation of the bladder in the first instant.  For some patients this could potentially the delay the diagnosis of a bladder cancer as the urinary tract infection is treated first and then the patients is evaluated for the presence of persistent microscopic haematuria prior to referral to a urology department.  Hence it is vital when developing a non-invasive urinary biomarker to include patients with various other benign diseases.

Hanke et al.216 methodology with regards to urinary microRNA expression utilised microRNA-152 for normalisation.  Again from our bladder cancer specimen microRNA study we discovered that this particular microRNA had a five-fold reduced expression in bladder cancer tissues compared to normal urothelium123 and thus has the potential to be a poor reference target.  MicroRNA-152 has tumour shown to have tumour suppressive properties and  is located with in a CpG island in chromosome 17.  Its silencing by hypermethylation had been reported in breast and endometrial cancer217, 218 as well as being implicated in other urological tumours such as prostate cancer219.

Finally Hanke et al.216 used a very limited number of urinary samples especially with regards to their control group.  Their control group consisted of 18 urine samples 7 of which were excluded from their optimum analysis of diagnostic capabilities due to the presence of a urinary tract infection.  Furthermore their group only utilised 29 urine samples from bladder cancer patients which has less than half of the number used in our study (n=63).

[bookmark: _Toc278904959]4.3.6.2	Urinary microRNA and bladder cancer studies concurrent to this data
During the same period as the urinary microRNA data with regards to the diagnosis of bladder cancer was in this study was published, there were three other concurrent studies who reported their findings on the same topic (table 22) 220- 221.

Wang et al.220 with the use of microRNA-200a in urinary supernatant reported sensitivity of 100%, specificity of 52.6% and the AUC = 0.802 with regards to the diagnosis of bladder cancer. However within the discussion section of their report the authors themselves highlighted the numerous flaws within their methodology.  

The primary one was that they did not utilise a reference gene for normalisation when interpreting the CT results of the PCRs of their microRNAs.  Instead they directly compared the CT value in a given volume of urine supernatant (400μL).  Using the volume of urine is an extremely inaccurate method of quantifying such molecules in this particular type of study as they are subject to a wide range of concentrations and inter-patients variability.  The concentration of a urine sample is subject to variance throughout each void and dependent on various factors such as the hydration of status of a patient.  The authors also correctly highlighted the homogenous nature of the tumour types and grades with regards to the bladder cancer urine specimens that was used in their study.

Yamada et al.221 comprehensively assessed the diagnostic capability of the urinary microRNAs-96 and -183 in an extensive number of specimens which incorporated 100 bladder cancer urine samples and 74 controls. The group clearly highlighted the use of patients with a urinary tract infection in their control group.  MicroRNA-99a and -183 had the ability to diagnose bladder cancer with a sensitivity of 71%/74%, specificity of  89.2%/77.3 and an AUC = 0.831/0.817 respectively.  

The authors also reported from their data a significant stepwise increase in the expression levels of microRNA-96 and-183 with advancing tumour grade.  Additionally, post-operative urines samples were collected for 17 patients who underwent radical surgery (11 cystectomies and 6 nephro-ureterectomies) to compare with pre-operative urine samples.  They demonstrated a significant decrease in the microRNA levels following radical surgical resection of the disease.

The authors did state that neither miR-96 nor miR-183 was detected in nine invasive bladder cancers including four low-grade and five high-grade tumours.  This equated to a total 9% of the total bladder cancers that would have potentially been overlooked if these urinary biomarkers were to be theoretically substituted with a flexible cystoscopy in their diagnostic algorithm.  Additionally it was not clear from the study whether these tumours were new ones, recurrent or a mixture of disease.  

[bookmark: _Toc278904960]4.3.6.3		Contemporary urinary microRNA and bladder cancer studies
Since the publication of our urinary microRNA data there has been several further significant studies using urinary microRNA as a diagnostic tool for bladder cancer (table 22)199 222, 223. 

The first such study was reported by Yun et al.199 who analysed urinary microRNAs-145 and -200a with the view of diagnosing bladder cancer.  The samples they used were significantly greater than the number used in our study with 207 urine samples from primary bladder cancer patients and 144 healthy controls. The authors discovered that the urinary microRNA-145 had the ability to distinguish bladder cancer patients with the following diagnostic statistic – for NMIBC, sensitivity = 77.8%, specificity = 61/1% and AUC = 0.729. For MIBC, sensitivity = 84.1, specificity= 61.1% and AUC 0.790.  Evidently Yun et al.199 had specificity values superior to our data however their lower sensitivity and AUC values would equate to a greater proportion of cancer being overlooked compared to our data set.  Further major limitations of their study included that exclusion of patients with a urinary tract infection in their control group as well as not being clear on whether the bladder cancer urines were from patients with recurrent disease, new diagnoses or a mixture of both sub-sets.  

Their study did however significantly correlate the levels of microRNA-145 with the grade of disease which in clinical practice would be a potentially useful tool.  The ability to not only diagnose all grades of bladder cancer but to further stratify those that will be more to likely suffering from a more severe form of the disease maybe able to triage patients accordingly in order of treatment priority.  

Finally, Yun et al.199 with the use of urinary microRNA-200a were able to predict those patients who had a higher risk or recurrence of disease in certain types of bladder tumours.  They stated that the lower levels of urinary microRNA-200a compared to patients with higher levels of this microRNA was an independent predictor for of NMIBC by multivariate analysis.

The second significant study to report the use of urinary microRNA as a diagnostic biomarker for bladder cancer following the publication of this study was conducted by Shimizu et al.222.  This comprehensive study like ours was undertaken in several phases.   The authors first investigated the microRNA status in bladder cancer tissue treated with chemotherapeutic agents followed by the methylation status of several microRNAs in bladder cancer.  To conclude, they finally assessed of the suitability of specific microRNAs which were methylated in urine samples to diagnose bladder cancer.  

Six-hundred and sixty-four microRNAs were screened for in bladder cancer cell-lines treated with 5-aza-2′-deoxycytidine (5-aza-dc) and 4-phenylbutyric acid (PBA).  It was discovered that 146 of them were up-regulated following this treatment. Using bladder cancer specimens and cell-lines the authors showed that 4 of the up-regulated microRNAs - microRNA-137, -124-2,124-3, and -9-3 were most frequently methylated.

The final phase of the study assessed the methylation status of these 4 specific microRNAs in bladder cancer urine specimens.  This enabled the detection of bladder cancer with a sensitivity of 81% and specificity of 89% and an impressive AUC of 0.916.

Shimizu et al.222 utilised a similar number of urine samples as our group with 106 in total (20 controls and 86 from bladder cancer patients). Interestingly the authors further analysed 36 post-operative urinary samples from the original cohort of patients who supplied the 86 bladder cancer urines.   This clearly showed a dramatic reduction in the methylation levels for the 4 selected urinary microRNAs within these samples following surgical resection of the bladder tumour.  

Again like all the other urinary microRNA studies in relation to bladder cancer this group excluded patients with a diagnosis of urinary tract infection as well as urinary tract calculi disease from their control group.  Similarly like all other studies it was not clear from the patient demographics whether these tumours were new diagnoses, recurrent disease or a mixture of both sub-sets.  

Their specificity and AUR figures were superior to our data however again the sensitivity was significantly lower compared to our study.  Of note the groups assessed the methylation level of the urinary microRNA and not the actual specific total microRNA.  This process requires an additional methodological step with bisulfite sequencing, and bisulfite pyrosequencing within the PCR reaction.  When considering the creation of any biomarker, limiting the methodology to assess the level of the biomarker is considered to be favourable asset213.  Of similar note their group required the addition of a stabilising agent in the form of ThinPrep PreservCyt solution to all collected urine samples which again was not required of in our  tested urine samples.  

Most recently Tolle et al. assessed the expression profile of microRNA in urine and serum of patients with bladder cancer as a potential diagnostic tool.  Initially 754 microRNA were screened from the blood and urine samples from a limited cohort of 4 patients with bladder cancer.  This was followed by validation of 6 differentially expressed microRNAs from 36 bladder cancer urine samples (16 with NMI disease and 20 with invasive disease) and 20 controls.  

It was discovered that the expression of 2 microRNAs -618 and -1255b-5p had a significantly increased expression in the urine samples of patients with invasive bladder cancer compared to control urine samples.  Urinary microRNA-12255b-5p had the ability to diagnose invasive bladder cancer with a specificity of 68% and sensitivity of 85%.

This study had numerous limitations the major one being that only invasive bladder cancer could be diagnosed with the urinary microRNAs they investigated.  Additionally the sample size was limited and it was not clear if their control samples excluded those patients with a urinary tract infection or urinary tract calculi.  



	Author
	Sensitivity
	Specificity
	AUC

	Miah et al.197
	94.1%
	51%
	86%

	Shimi et al.222
	81%
	89%
	91.6%

	Hanke et al.216
	82%*
	72%
	75%

	Yun et al.199
	77.8%(NMI)
84.1%(MI)
	61.1%(NMI)
61.1%(MIB)
	72.9(NMI)
79%(MIB)

	Yamada et al.221
	79%(miR-99a)
74%(miR-183)
	89.2%(miR-99a)
77.3%(miR-183)
	83.1%(miR-99a)
81.7%(miR-183)

	Tolle et al.223
	85% (MI)
	68% (MI)
	N/A




Table 22.  A table showing the sensitivity, specificity and AUC of all the papers discussed.  The study written by Wang et al.220 was not included in this table due to the major methodological flaw of not using a reference gene to quantify their levels of urinary microRNAs investigated.  * Inflated figure as the sensitivity value stated excluded benign patients with urosepsis whereas the specificity and AUC figures did include these patients.  Bold = optimum value with regards to the papers discussed in this co-hort. NMI= non muscle invasive bladder cancer, MI= muscle invasive bladder cancer. 

[bookmark: _Toc278904961]4.4		Study limitations and areas of improvement
Limitations of this urinary microRNA study have evolved since the publication of the results.  As more and more groups are working towards a non-invasive diagnostic urinary biomarker using microRNA certain limitations have yet to be addressed in any of the groups.

To date no-study including ours have yet to utilise a large series of prospectively collected urine samples.  Our study like the rest was in essence a pilot one.  One to provide a proof of principle with regards to the feasibility of the methodology and identification of potential microRNAs requiring further assessment.  A recent comment in a urological journal summarised the current status of urinary microRNA and the diagnosis of bladder cancer and included the results of this study in a positive manner224.  The final comment in this article highlighted the next major hurdle before any of these urinary biomarkers from all studies can be brought into clinical practice in a three worded statement – “Validation, validation, validation.224”

Due to only using 63 bladder cancer urine samples we did not perform an analysis of associating various grades and stages of bladder cancers to specific urinary microRNA levels.  This study did have a balanced split between low-and high-grade disease of 53% and 47% respectively, which was not the case for other similar studies.   Further studies with an increased number of urines samples may allow the opportunity to allow disease stratification with  the various grades and stages bladder cancer.  An argument for not performing differentiation between the identification of low-and high-grade disease is that we targeted our study to be a diagnosis of bladder cancer universally and not just a specific subset of disease.  The diagnosis of low-grade bladder cancer is pathologically and clinically of a lower priority than it’s high-grade counterpart however it must always be appreciated that a significant proportion of low-grade disease will to develop into the high-grade form.

An obvious criticism and weakness with regards to the diagnostic data is the specificity value of 51%.  This was at the opportunity cost of a high sensitivity value 94.1%.  Of note when implementing a urinary test to stratify the need for a cystoscopy, it is sensitivity (and hence the reduction of false negative tests) that takes priority over specificity.

This study did not incorporate the analysis of post-operative urine samples for those undergoing the resection of their tumours.  However it can be argued that our panel of microRNAs were created as per the hypothesis which was for the diagnosis of disease and not to assess the response to therapeutic interventions undertaken.  Certainly if this study were to be further developed, then this aspect of post-operative urinary microRNA response is one which could be investigated.

The assessment of disease reoccurrence, prognosis and mortality with the prospectively collected urine samples would require a period of time to elapse prior for it to be undertaken. The presence of the panel of 15 urinary microRNAs can be assessed in our patients to observe if they have correlation to any of these three clinical parameters in-time.  This data would further strengthen the study however it was not in the scope of this research project solely due a finite period of time available for PhD research but one that could be investigated with relative ease in several years time.  

Finally our urine samples like all the other urine samples in similar studies were collected in a single centre.  Ideally the avoidance of utilising a homogenous demographic population group with regards to a single region should be practiced when creating a new biomarker with the view to use on a national or global platform.  Our urine samples were collected within the region of South Yorkshire that historically has a strong industrial heritage including those associated with established industrial risk factors for bladder cancer.





[bookmark: _Toc278904962]CHAPTER 5 - MicroRNA-1224-3p manipulation in NHU Cells

Chemotherapy regimes in bladder cancer is currently limited.  The utilisation of microRNA for bladder cancer therapy is one which is yet to be established.  However, the application of these molecules is expected to be utilised in various aspects of the management of  bladder cancer patients in the near future225.    This chapter will test the hypothesis that the manipulation of microRNA (-1224-3p) in urothelial cells will have anti-tumourigenic outcomes. The aims of this chapter are: 

1. To establish a successful protocol for the manipulation of microRNA-1224-3p in urothelial cells.
2. Identifying the functional and phenotypical outcomes of manipulating microRNA (1224-3p) in bladder urothelium.

[bookmark: _Toc278904963]5.1		Methods
[bookmark: _Toc278904964]5.1.1		MicroRNA transfection
The NHU cell-line was utilised for all sections of this study (chapter 2.1.6) The general cell cultures techniques utilised  was according to the ones described in chapter 2.2.2

According to the manufacturer’s protocol, the addition of 100L of nuclease-free water to the pri-miRNA-1224-3p/anti-miR™ miRNA-1224-3p/scrambled sequence solute was undertaken to create the microRNA manipulation reagent.

To optimise the protocol, various transfection reagents were utilised - siPORT™ NeoFX™ and Lipofectamine® RNA iMAX – with subsequent assessment of the success of microRNA-1224-3p manipulation.

The transfection reagent solution was created by a dilution of 1:20 using Opti-MEM followed by incubation at room-temperature for 10 minutes.


[bookmark: _Toc278904965]5.1.1.2		Optimisation of transfection reagent
To determine the optimal transfection reagent, NHU cells were seeded at a concentration of 2X105 cells per well in a 6-well culture dish containing 2ml KSF- medium per well.  

For each individual well, 100L of the particular transfection reagent solution, 2L of microRNA manipulation reagent and 98L of Opti-MEM was added and incubated at for 4 days.  The manipulated NHU cells were extracted following each day of incubation (chapter 2.2.2) following which they underwent microRNA extraction (chapter  2.2.5).

[bookmark: _Toc278904966]5.1.1.2		Cell-manipulation for MTT assay
After the optimal transfection reagent was determined, microRNA-1224-3p manipulation was undertaken on a 96-well culture plate over a 4-day period.  The protocol utilised was that undertaken in chapter 5.1.1.2 (to factor for the smaller volume/surface area of the 96-well plate in comparison to the 6-well plate only 10.8% of the volumes stated in chapter 5.1.1.2).  The methods utilised to measure the cell-viability using the MTT assay was undertaken as stated in chapter 5.1.3.

[bookmark: _Toc278904967]5.1.2		MicroRNA detection
The presence of MicroRNA-1224-3p was assessed in all  manipulated NHU samples using real-time PCR.  Quantitation was determined relative to the snoRNA RNU48.

[bookmark: _Toc278904968]5.1.2.1		cDNA synthesis
The protocol utilised for creating cDNA for each manipulated NHU sample was identical to that from chapter 4.1.6.1.

[bookmark: _Toc278904969]5.1.2.2		Real-Time PCR
The protocol utilised for performing real-time PCR for each sample was identical to that from chapter 4.1.6.3.
[bookmark: _Toc278904970]5.1.3		Cell viability assessment – MTT assay
An MTT stock solution (3mg MTT/ml of PBS) was created.  50L of MTT stock solution was added to each well of the 96-well plate that underwent microRNA manipulation.  The 96-well plate was then incubated for 1 hour at 37C for three after which the MTT solution is discarded.  The precipitate created in each well was then dissolved with the addition of 200L of DMSO followed by a 1 minute incubation period at room temperature. The 96-well plate was then placed in the plate reader which was set at a wavelength of 595nm.  

[bookmark: _Toc278904971]5.2		Results
[bookmark: _Toc278904972]5.2.1		Optimisation of microRNA 1224-3p- transfection in NHU cells
The use of the reference gene RNU 48 was selected for all cell manipulation experiments.  This reference gene was detected in all manipulated NHU samples throughout all 4 days for the both types of transfection agent that was utilised.

The manipulation of NHU cells using siPORT™ NeoFX™ as the transfection reagent resulted in minimal fold changes for both over- and under-expression of microRNA-1224-3p throughout all 4 days (table 22).

The manipulation of NHU cells using Lipofectamine® RNA iMAX as the transfection agent resulted in a significant over-expression of microRNA-1224-3p throughout the entire 4 day incubation period which peaked at a fold-change of 141,192 on day 3 (table 24 and figure 17).  There was no significant under-expression of microRNA-1224-3p throughout the 4 days of incubation of the cells.

These results confirmed the suitability of RNU 48 as the reference gene and Lipofectamine® RNA iMAX	 as the transfection reagent of choice when attempting to manipulate NHU cell-lines.  Day 3 was chosen as the optimum day of harvesting cells undergoing microRNA manipulation as this demonstrated the maximum fold change in the over-expression of microRNA-1224-3p within NHU cells (table 24).

A further attempt of down-regulating mir-1224-3p in NHU cells using both siPORT™ NeoFX™	 and Lipofectamine® RNA iMAX again showed no significant fold changes between days 1 to 4.


	
	Day 1
	Day 2
	Day 3
	Day 4

	
	∆Ct
	FC
	∆Ct
	FC
	∆Ct
	FC
	∆Ct
	FC

	Scrambled
	10.42
	
	11.53
	
	-9.07
	
	11.61
	

	Pre-miR
	9.14
	2.43
	11.07
	1.38
	-7.10
	0.25
	11.01
	1.51

	Anti-miR
	10.81
	0.31
	10.63
	1.35
	-4.15
	0.129
	17.08
	0.01



Table 23:  Table showing ∆Ct of microRNA-1224-3p with respect to the reference gene RNU 48 using siPORT™ NeoFX™	as the transfection agent.  This transfection agent did not demonstrate any significant fold changes (FC) with either over-or under-expression of microRNA-1224-3p on NHU cells throughout the 4 day incubation period.


	
	Day 1
	Day 2
	Day 3
	Day 4

	
	∆Ct
	FC
	∆Ct
	FC
	∆Ct
	FC
	∆Ct
	FC

	Scrambled
	10.49
	
	10.74
	
	11.66
	
	11.39
	

	Pre-miR
	-5.97
	90576
	-6.01
	115756
	-5.45
	141192
	-3.83
	38086

	Anti-miR
	10.87
	0.77
	11.68
	0.52
	10.65
	2.00
	11.31
	1.05



Table 24:  Table showing ∆Ct of microRNA-1224-3p with respect to the reference gene RNU 48 using Lipofectamine® RNA iMAX as the transfection agent.  A significant over-expression of microRNA-1224-3p occurred throughout all 4 days of incubation with its optimal effect on day 3.  No reliable fold-changes (FC) were seen on the under-expression of miR-1224-3p throughout the 4 days of incubation.


∆Ct


Figure 17:  The ∆Ct of mir-1224-3p in comparison to the reference gene RNU 48 for days 1 to 4 with an anti-miR-1224-3p, pre-miR-1224-3p, a scrambled sequence and a mock transfection using Lipofectamine® RNA iMAX.  The ∆Ct values of the transfections with a scrambled sequence and anti-miR-1224 was of a similar value.

[bookmark: _Toc278904973]5.2.2		MTT assay for microRNA-1224-3p over-expression on NHU cells.
The transfection and over-expression of mir-1224-3p had an inhibitory effect on the cellular activity of NHU cells.  This was of a reproducible nature as the results were confirmed when repeating the experiment (table 25).

Over-expression of mir-1224-3-p resulted in a mean decrease of cellular activity of 19% and 15.4% respectively for experiments A and B.  This was of a significant nature for experiment B with a p-value of 0.017 and a low p-value of 0.06 for experiment A.
	
For experiment A the MTT assay was continued for a 4th day where there was a decrease in cellular activity for both pre-mir-1224-3p and scrambled sequence transfected cells compared to day 3.  The average and mean MTT value on day 4 for pre-1224-3p transfected NHU cells decreased to 0.1931 and 0.1885 (SD =0.0334) respectively and for the scrambled sequence this was 0.24 and 0.242 (SD=0.333) respectively.  This represented a decrease in  average and mean cellular activity of 19.5% and 22.1% for the pre-mir-1224-3p transfected cells which was of a significant manner (p-value=0.003).



	
	Day 3 (experiment A)
	Day 3 (experiment B)

	
	Avg
	Mean
	SD
	Avg
	Mean
	SD

	
	
	
	
	
	
	

	Pre-1224
	0.2918
(86.6%)
	0.2905
(81%)
	0.1085
	0.2437
(84.2%)
	0.2437
(84.6%)
	0.0248

	Scrambled
	0.3371
(100%)
	0.3585
(100%)
	0.0697
	0.2894
(100%)
	0.288
(100%)
	0.0452

	
P-value
	
0.06
	
0.017



Table 25.  Results of Day 3 MTT experiments A and B for transfection of pre-mir-1224-3p and a scrambled sequence for control on an NHU cell line. Each experiment had 10 replicates for both arms. For both experiments there was a decrease in average and mean cellular activity ranging from 13.3%-19%.  This decrease in cellular activity reached of a significant value experiment B (p-value=0.017) and for experiment A was a low p-value (0.06).

The normal appearance of NHU cells that have undergone no epigenetic manipulation is one of a clustered and organised pattern which reached confluence on days 3-4 (figure 18).  Phenotypically the NHU cells that underwent a mock transfection had more of cluster like appearance compared to the NHU cells that were transfected with pre-mir-1224-3p on day 3 (Figure 19 and 20)

[image: ]

Figure 18. NHU cells on day 3 after no manipulation or added transfection reagents.  There is a confluent growth with a definite global cluster type phenotypical appearance of cellular growth.

[image: ]

Figure 19. NHU cells on day 3 following a transection of pre-mir-1224-3p using Lipofectamine® RNA iMAX	as the transfection agent.  There is no appearance of a cluster like growth compared to the mock transfection
[image: ]

Figure 20: NHU cells on day 3 following a mock transfection using Lipofectamine® RNA iMAX	 as the transfection agent.  A cluster like appearance of cellular growth is visible.

[bookmark: _Toc278904974]5.3		Discussion 
Arguably the most exciting field of microRNA and bladder cancer is the potential to utilise these molecules for therapeutic practices226.  Reversing the malignant expression of a single microRNA associated with bladder cancer can potentially influence hundreds of genes and affect numerous  key pathways in a beneficial manner.

To-date no such substantive study has been reported with regards to microRNA based bladder cancer therapeutics utilising in-vivo tissue.  However the protocols and a suitable drug delivery system is in existence when considering other solid organ tumour.

This study has successfully that over-expression of microRNA-1224-3p leads to the inhibition of the urothelial cell-growth on an in-vitro platform in a significant manner.  This is the first small but key step with regards to developing a microRNA based therapeutic tool in the fight against bladder cancer.  

Gene therapy is certainly not a new concept and was first described in-detail over 4 decades ago in 1972 by Friedman et al.227.  With regards to solid-organ tumours, the use of nucleic acid polymer as a therapeutic agent has been plagued with stuttered development and one which is still not in widespread.  This has primarily been attributed to the numerous technical factors ranging from drug-delivery and drug action/bioavailability.  The size, nature and function of microRNAs in-turn provides them the ability to overcome these hurdles faced by previous larger gene-based therapeutic drugs.  Additionally there has been a relatively rapid progress with positive results on the in-vitro platform within a relatively short period of time on the topic of microRNA based therapeutics in cancer science. 

The success on the in-vitro platform is slowly starting to take stage in the in-vivo clinical platform.  In 2013 alone there were over 100 clinical trials in existence for the utilisation of microRNA as biomarkers for cancer228.  Despite the complexities of in-vivo microRNA targeting the first cancer targeted microRNA drug MRX34 (Mirna Therapeutics, Texas, USA)– a mimic of microRNA-34- has entered into a phase-I clinical trial in 2013 for those patients suffering unresectable primary hepatocellular carcinoma or metastatic cancer with liver involvement229.   On the non-cancer platform, Miraversin (SPC3649, Santaris Pharma, Hørsholm, Denmark) – an inhibitor of microRNA-122 – has been successfully shown as a treatment agents in those patients suffering from chronic hepatitis-C virus infection230

[bookmark: _Toc278904975]5.3.1		Therapeutic action of microRNA on the in-vivo platform.
Numerous in-vivo animal studies have demonstrated the potential microRNA have on cancer therapeutics231,232 233.  

Wiggins et al.231 produced a seminal study with regards to the utilisation of microRNA therapeutically in a murine non-small-cell lung cancer model.  The administration of their agent was achieved without use of a viral-based delivery model.  

The authors stated that microRNA-34a exhibited a reduced expression and was frequently hypermethylated in this particular type of lung cancer.  Additionally they also stated that miR-34a is transcriptionally induced by the tumor suppressor p53 and low miR-34a expression levels correlated with a high probability of relapse suffering from this disease in non-small cell lung cancer (NSCLC) patients.

The authors went on to create a mouse-model with human non-small cell lung cancer and delivered microRNA-34 to they tumour by two-methods – intra-tumourally and systemically.  As mentioned previously the administration of free microRNA led to rapid degradation of the molecule due to RNAase activity and the lack of a protective surrounding complex.  The authors overcame this by formulating a lipid-based delivery vehicle that was capable of systemic and direct delivery of this microRNA into the tumour.

Both direct and systemic delivery of this microRNA was shown to demonstrate anti-oncogenic outcomes on the non-small-cell lung cancers within the murine models. Remarkably, the analysed blood chemistries and cytokines suggested that systematic delivery of microRNA was safe as well as effective and additionally it failed to significantly generate an immune response.

With regards to other urologic cancers in the form of prostate cancer, Takeshita et al.232 have reported the anti-oncogenic affects from the systemic delivery of microRNA-16 in relation to the growth of metastatic prostate tumours.  Their group initially confirmed the transfection of synthetic microRNA-16 on multiple prostate cancer cell-lines significantly reduced the proliferation of these cells by up-to 25% and increased apoptosis by up-to 40%.  To further assess the therapeutic potential of up-regulating this microRNA in this urologic cancer, the group demonstrated that the systemic delivery of microRNA-16 on a prostate cancer murine xenograft model demonstrated an anti-tumourogenic outcome.  The delivery of microRNA-16 significantly inhibited the growth of prostate tumours in bone – the typical and most commonest areas of prostate cancer metastasis in humans – which is achieved by regulating the expression of genes such as CDK1 and CDK2 associated with cell-cycle control and cellular proliferation.  The study has highlighted that systemic delivery of microRNA could be used to treat patients with metastatic urologic cancers.  Currently the options of chemotherapeutic agents for bladder cancer is limited with existing therapies having a relatively limited effect on disease outcome.  

More recently Uchino et al.233 have shown that the cystoscopic delivery of microRNA for therapeutic purposes in bladder cancer has a beneficial outcomes.  MicroRNAs-582-5p and -3p - already established to be down-regulate in high-grade bladder cancer - was initially over-expressed in bladder cancer cell lines by this group demonstrating a significantly reduced proliferation and invasive capacity of these cancer cells.  This was also the case when trans-urethral injection of synthetic microRNA-582 was performed in murine bladder cancer models.  Both strands of these microRNAs were shown to target the same set of genes - PGGT1B, LRRK2 and DIXDC1 – all of which were later targeted and knocked-down on the same bladder cancer cell line and again resulting in the outcome with inhibition of growth and invasiveness of the cancer cells.  

These studies have provided a platform of the use of microRNA not only as a primary chemotherapeutic agent against cancer but one that could also be potentially be developed to treat metastatic disease for palliative patients.  They have shown that microRNAs can be delivered in various ways to target bladder cancer with the most practical being the cystoscopic and intravesical route.  This is one which could be performed with relative ease it is a procedure which is already familiar practice for urologists.



[bookmark: _Toc278904976]5.3.2	Development of microRNA-1224-3p for bladder cancer therapeutics
Caution has to be taken into account with regards to the systemic delivery of any microRNA and not just the one investigated in this particular study when considering it as a therapeutic agent.  Despite Wiggins et al.231 stating that there was a minimal response immunogenically and minimal presence of those molecules associated with organ damage/insult, the potential damage of microRNA mediated morbidity should always be considered.  As stated previously, due to the very nature of microRNA molecules having a relatively small genetic blue-print, it enables them to be theoretically involved numerous downstream functions of gene mediated pathways ranging from a few to thousands of pathways.  A search of microRNA 1224-3p in the widely available and accessible on-line theoretical algorithm tool- TargetScan – revealed that this microRNA has the potential to be implicated in 251 conserved targets alone.  Therefore the assessment of the delivery of this microRNA as a therapeutic agent in bladder cancer would require the in-depth analysis of systemic response in addition to the cancer-specific outcomes on the in-vivo platform.

This particular aspect of this project again has great potential to be taken forward in a similar manner as the previously mentioned studies assessing the therapeutic potential of microRNA delivery231- 233.  This study has shown that the administration of microRNA-1224-3p has an anti-oncogenic effect on an in-vitro model and the proof of principle to deliver microRNAs in solid organ cancers is already in existence and being utilised on an in-vivo platform. 

[bookmark: _Toc278904977]5.3.3		Study limitations and areas of improvement
The limitations to this study can all be regarded as future work that is required to be performed and assessed.  There is a significant volume of work required on microRNA-1224-3p with regards to its anti-tumourogenic properties which was outside the time-frame of this particular post-graduate project.  Assessment of how the manipulation of this microRNA affects the invasiveness, cell-cycle state and apoptosis on urothelium are all required prior to delivering and manipulating this microRNA on an in-vivo bladder cancer model all of which would have been a natural step on extending the project. 

The use of a normal benign urothelial cell line was decided upon for this study to assess the reaction of urothelial cells to microRNA-1224-3p manipulation.  Prior to any in-vivo work being undertaken the experiments would require to be undertaking on an in-vitro level using high-and low-grade bladder cancer cell lines.  
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