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Abstract: 
Urothelium is the epithelium found lining the bladder and associated urinary tract. It functions as a predominantly impermeable urinary barrier even whilst accommodating major changes in surface area during bladder filling and voiding. Evolved for this role, urothelium displays many adaptations, exemplified in the highly-specialised tight junctions and uroplakin plaques of the urine-facing superficial cells, combined with an exceptional “on demand” capacity for repair and regeneration. Intrinsic to the specialised nature of urothelium is how proliferation and differentiation are regulated during tissue homeostasis as this can provide unique insight into the drivers, pathways and emergent phenotypes of urothelial cancer. This chapter looks at developmental and functional features of normal human urothelium that influence its pathogenesis. It considers different experimental platforms available for investigating urothelial biology and highlights some of the differences between urothelia from human and other species. Whilst generally of uncertain significance, these differences can confuse reports and reviews where species derivation is not made evident. Nevertheless, animal models have been instrumental in advancing knowledge as, by enabling study of genetic and molecular mechanisms involved in urothelial development, they have identified key cellular processes and signalling pathways involved in urothelial form and function. On the other hand, limitations of cross-species comparisons, the massive expansion of human data and ultimately, the prize of understanding the specific biology and pathology of human urothelium, all play a role in driving alternative in vitro and increasingly computational models towards generating predictive tools to simulate biological processes and responses. 
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1	THE UROTHELIUM
Although the focus of bladder cancer research is usually the cancer, study of the normal cell and tissue counterpart can offer a unique tissue-relevant perspective on the tissue homeostatic mechanisms dysregulated in cancer. This not only defines the environment behind initiation of urothelial carcinogenesis, but offers insight into emergent tumour phenotypes and can help interpret the mechanisms behind drivers and suppressors of malignancy.  
The urinary tract comprises the kidneys, ureters, the urinary bladder and the urethra. After concentration in the kidneys, urine transfers from the collecting ducts by peristalsis along the ureters and into the urinary bladder, which provides a secure reservoir for the collection and temporary storage of urine. The bladder, along with other regions of the urinary tract that come into direct contact with urine, is exclusively lined by a highly specialised epithelium, the urothelium. The exception is the urethra. In the female, the proximal third has a urothelial lining, which transitions to a nonkeratinising squamous epithelium distally. In the male, the preprostatic, prostatic and membranous urethra are lined by urothelium, the bulbous and the pendulous parts by a stratified columnar epithelium and the most distal aspect is lined by a non-keratinising squamous epithelium. 
Urothelium from different regions of the urinary tract shares a common morphology, comprising a five to seven cell-layered complex epithelium in humans and classified histologically as a transitional epithelium due to its morphology resembling a transition between stratified squamous and simple glandular epithelia [1]. Three structurally distinct cell zones are recognized, based on morphology, position and differences in marker gene/protein expression (Figure 1). 
Basal cells constitute a single cell layer attached via hemidesmosomes to a basement membrane. The basement membrane derives from both epithelial and stromal cells [2] and has a low turnover rate.  Intermediate cells are larger than basal cells (up to 20µm) and are the most frequent cell type in human urothelium [3]. Urothelial cells of the intermediate cell zone show variability in shape and number of layers depending on the expansion state of the bladder during the micturition cycle. 
Superficial cells, also sometimes known as “umbrella” or “facet” cells, are large, ranging from 25 to 250µm in diameter depending on the species and bladder distension state.  In the relaxed state, superficial cells form dome-shaped structures and can cover multiple underlying intermediate cells [4].  These are long-lived cells (estimated at ~200 days in rodents) and are highly polarized, occasionally binucleated, with a specialised apical membrane that abuts directly onto the intravesicular (luminal) space. Being in direct contact with urine, the superficial cells provide the main urine-proofing features, with highly-developed intercellular tight junctions and uroplakin plaques restricting permeability across the epithelium [5]. 
Although generally regarded as a true stratified epithelium, morphological studies not uncommonly describe regional pseudostratification, where intermediate and occasionally superficially-positioned urothelial cells attach via a slim pedicle to the basement membrane [6]. A role for the pedicled cell remains enigmatic, with suggestions including positional registration during accommodation when urothelial cells move relative to each other as the bladder fills and voids, or release of factors when under physical strain during bladder filling as a signal for voiding.
Figure 1. Haematoxylin and eosin-stained section of normal human bladder urothelium. As a transitional epithelium, urothelium is stratified into morphologically distinct basal, intermediate and superficial cell zones. The basal cells attach to a basement membrane, whilst the superficial cells are uniquely specialised as the main urine-facing barrier. Note: the mitotic cell in the superficial cell layer (marked *) which, although unusual, is occasionally observed in normal human urothelium (see section 3.2). During the micturition cycle, urothelium accommodates the large change in intraluminal surface area in part through the intermediate cell layer, which varies from three to five or more cells thick depending on bladder distention and secondly, through modifying the surface area of the apical superficial cell membrane. These features contribute to maintaining the urinary tract as a low-pressure non-refluxing system that protects the kidneys from damaging pressures and ascending bacterial infections. Scale bar 20 µm.
[image: ]

2	THE DEVELOPMENTAL ORIGINS OF (HUMAN) UROTHELIUM
The placenta plays a significant role in water and electrolyte haemostasis during human intrauterine development and the timing of urothelial development in the fetus coincides with the first production of urine. Urothelium is highly unusual in that the same epithelium arises from two embryonic germ layers, with the renal collecting ducts and ureters developing from mesoderm, while the bladder, proximal urethra and prostatic ducts develop from the endoderm [7]. 
2.1	The histology of the epithelial lining of the developing human bladder
Gyllenstein (1949) described the epithelial lining of the sinus and the caudal part of the mesonephric duct in an early gestation embryo (approximately day 35, embryo length: 5.2 mm) as uniformly one-layered. In the following 6 mm embryo, the bladder epithelium was described as “stratified” [8] and according to Felix, it is bi-or trilayered by the end of week 6 [9].  The urothelium then remains unaltered for almost 2.5 weeks being “two layered and thicker on the concave dorsal than the concave ventral surface. The one-layered epithelium occurs at the apex and the many-layered at the fundus“.     
By week 9 the urothelium is 4-5 cell layers and considered by Felix as “transitional” in form [9]. Newman and Antonakopoulos described a third cell layer in urothelium after 13 weeks and the occurrence of large, binucleated superficial cells at around 21 weeks. The latter and the ultrastructural presence of an asymmetric membrane at the same time were regarded by the authors as objective features of a differentiating transitional epithelium [10]. The formation of rigid asymmetric plaques in the apical membrane of superficial cells was described at 26 weeks of development. However, Hoyes and colleagues observed ultrastructural features in human superficial urothelial cells, such as a thickened apical membrane in fetuses as early as 16 weeks [11].  Using immunohistological markers, the first appearance of a transitional differentiated phenotype was observed at 10 weeks’ gestation, based on cytokeratin expression profile and apical membrane expression of uroplakins [12]. 
2.2	Urothelial differentiation and associated developmental anomalies 
In brief, the interactions between the developing urothelium and its underlying mesenchyme are crucial in the development of the bladder and ureter, with disruption of the signalling pathways having consequences for the precise spatiotemporal development of the urinary tract. This accounts for congenital anomalies of the kidney and urinary tract (referred pragmatically to as CAKUT phenotypes [13]) in the mouse and human, including the congenital conditions of hydroureteronephrosis due to disrupted smooth-muscle differentiation [14], hydroureter, hydronephrosis and hypoplastic bladder [15, 16]. 
Renal tissue develops from the intermediate mesoderm or urogenital ridge that extends from the cervical to the caudal region of the embryo. Mammals develop three consecutive renal stages: the pronephros (pre-kidney), the mesonephros (original kidney) and the metanephros. The first two renal vestiges regress in utero to leave the metanephros as the permanent or true kidney [17]. The pronephros develops in the fourth gestational week, with the cranial part degenerating and the caudal portion forming the Wolffian or mesonephric duct. A localised region of the mesonephros develops into a temporary excretory organ between weeks 6 and 10, until the development of the metanephros. After the mesonephric duct enters the cloaca, a second bud develops from its dorsomedial portion and grows into the metanephric blastema from the fourth gestational week. By reciprocal induction (epithelial and mesenchymal interaction), nephrons are developed up to the 32nd gestational week. Parallel to the development of the metanephric kidney, the distal part of the mesonephric duct that gives rise to the ureteric bud becomes incorporated into the urogenital sinus. 
The end of the distal gut (hindgut) represents the cloaca, which gives rise to the urethra and the urinary bladder (the proximal urethra and bladder urothelium is endodermal derived; the urothelial lining of the ureters and renal pelvis are mesodermal in origin). From the 4th gestational week, the cloaca is divided through the septum urorectale into the ventral urogenital sinus (the primordial urinary bladder) and the dorsal rectum. The embryonal bladder is also called the allantois and collects primordial urine, which distends into the umbilical cord. The remainder of the allantois is the urachus or original urine conduit which occludes as term is reached.  
2.3	The uroplakins
The species-conserved uroplakins (“urothelial plaque-associated proteins”) were discovered and characterised through painstaking biochemical, electron microscopy, immunochemistry and latterly, transgenic studies [18]. There are four major protein species, with the UPK1A and UPK1B tetraspanins interacting respectively with the unrelated single transmembrane UPK2 and UPK3 proteins [19]. The formation of uroplakins into membrane-inserted plaques is well-characterised, with precise changes in glycosylation required for correct assembly in the Golgi and translocation in membrane-bound “fusiform vesicles” which open onto the superficial apical membrane to extend urothelial surface area during bladder filling [20, 21]. In humans, UPK1A and UPK2 are regarded as the most urothelium-restricted of the uroplakins [22]. 
The application of transgenic and knockout strategies has underpinned much of our understanding of how the urothelium contributes to the development, health and pathology of the bladder and urinary tracts. The Upk3 knockout mouse showed that Upk3 protein ablation led to overexpression, defective glycosylation and abnormal targeting of UpkIb, the partner of Upk3. The resultant Upk3-depleted urothelium was leaky with small apical plaques; structurally, the bladder showed enlarged ureteric orifices, leading to urine reflux and altered renal function due to hydronephrosis [23, 24]. Thus, loss of a single urothelium-restricted gene resulted in primary vesicoureteral reflux (VUR), a developmental condition that occurs in about 1% of human pregnancies and is a leading cause of kidney failure in infants. Similarly, Upk2-null mice also suffered from VUR and severe hydronephrosis [25]. Although the animal studies provided promising insight for follow on human studies, the observations were not directly translatable, as neither UPK2 [26], nor UPK3 [27] could be linked as major causes of primary VUR in humans[28].  The idea that disruption to the uroplakins has more severe consequences for human than mouse urinary tract development is proposed to explain why congenital human UPK gene mutations are rare [29]. 

3	FORM AND FUNCTION 
The urothelium can be considered to have evolved highly fit-for-purpose as a consequence of needing to survive and function at the harsh interface with urine and as a perspective, this provides interesting insights into the biology of urothelium.
3.1	The urinary barrier 
The main function of urothelium is to provide a stable urinary barrier that retains urine from the kidneys in a concentrated state, preventing reabsorption of toxic urinary excretion products or any free exchange of water or solutes across what is often referred to as the “blood:urine barrier”. During bladder filling, the urothelium extends its surface area by incorporating uroplakin plaques into the apical surface (see section 2.2) as well as reducing the number of intermediate cell layers. By extending its surface area whilst retaining barrier function, the urothelium enables the bladder to store large volumes of urine under low pressure and helps to prevent urine from refluxing back into the kidneys. 
The urothelium is the tightest (least permeable) epithelial tissue of the body as a result of well-developed terminal tight junctions between the superficial cells, which act to restrict the free movement of solutes between cells. Experimentally, epithelial barrier tightness is typically assessed by measuring transepithelial electrical resistance (TEER) [30], with in vitro differentiated human urothelium typically achieving >3000 Ω.cm2 [31, 32]. Claudins are the superfamily of tight junction constituent proteins that determine epithelial tightness by regulating the permeability of the paracellular pore. Here there is some controversy between human and rodent studies. In mouse urothelium  in vivo and in vitro, the highly resistant tight junctions are attributed to the specific distribution of claudin 8 around superficial urothelial cells containing apical uroplakin plaques and a CK20-positive cytoskeleton [33].  As such, claudin 8 is frequently used as a specific marker for superficial urothelial cells in mice and other non-human species [34, 35]. By contrast, human urothelium is reported to express claudins 3, 4, 5, 7 [36], with claudin 3, identified by both immunolocalization and experimental studies as functionally responsible for human urothelial barrier tightness [32].  
Although it is often assumed that urine is not modified in the bladder, it is worth mentioning that the expression of aquaporins and ion channels provides a physiological mechanism for urothelium to be involved in salt and water homeostasis [37]. This holds particular bearing for hibernating species, but is also implicated in human urinary dysfunction [17, 38].       

3.2	Urothelial turnover
Unlike most epithelial tissues that display a constant turnover cycle, urothelium is essentially mitotically quiescent with one of the slowest turnover rates of all mammalian epithelia, but with a high regenerative capacity in response to damage or injury [7].  Morphometric analysis of bladders from mice pulsed via their drinking water with tritiated thymidine was important in demonstrating the long-lived quiescent but regenerative nature of normal adult urothelium. Such analysis estimated a cell cycle time of about one year, reducing to 15 hours when urothelial cells are rapidly regenerating [39]. Other rodent studies have also been useful in detailing the regenerative response of urothelium to damage [40] and in identifying growth factors involved regulating urothelial repair [41].  
Nevertheless, critical differences between human and rodent urothelium have been noted. Possibly of most significance is the observation that whilst all urothelia are mitotically quiescent, human urothelium is arrested in G0 (out of cell cycle), whereas the urothelia from rodents (both rat and mouse bladders) is arrested in G1 [42]. This biological difference may be reflective of differences in lifespan, which includes an absence of telomere restriction as a transformation block in rodent somatic cells [43, 44]. 
The mitotically-quiescent nature of urothelium is similar to the liver, where hepatocytes are mitotically-quiescent but retain regenerative capacity in response to damage [45]. This supports the concept of a tissue homeostasis programme where proliferation is “on-demand” and where differentiation is not necessarily the terminal (death) event associated with other epithelial tissues that display a constitutive cell cycling and turnover programme.  
This raises another question: whether an on-demand regeneration programme requires a progenitor stem cell population that gives rise to differentiated progeny through a hierarchical differentiation process.  In urothelium at least, it is possible to speculate an alternative non-hierarchical model where individual cells are plastic and locally responsive to external cues or niche. This is supported by several observations: 1) all cells (including superficial cells, see Figure 1) retain potential to proliferate in response to tissue damage [7], 2) separated basal and suprabasal populations isolated from normal (porcine) urothelium assume a similar proliferative phenotype in vitro: both produce progeny capable of differentiating into a functional barrier urothelium composed of distinct basal and superficial compartments (including “reverse” production of basal cells from the suprabasal-derived subpopulation) [46] and 3) no unequivocal stem cell has been identified or isolated from urothelium.  The question whether urothelial cells (and presumptive neoplastic cells) are hierarchical or plastic is important when it comes to understanding the cellular targets of carcinogenesis from exposure to urinary carcinogens and in deciding whether particular cancer (“stem”) cells should be targeted therapeutically.
3.3	Role in innate defence
Urothelium plays an important role in innate defence, producing antimicrobial peptides in response to specific pathogen-associated molecular patterns (PAMPS) to self-limit urinary tract infections. By protecting against urine reflux and ascending infections, the urinary bladder serves an essential role in preserving kidney function by protecting the delicate and non-regenerative renal tubule structures from damage. 
Failure of barrier repair resulting in the ingress of urine into underlying tissues results in urinary symptoms of cystitis (bladder inflammation) typified by urinary urgency, pain and nocturia. Such symptoms are commonly associated with bacterial cystitis caused by uropathogenic E.coli, but also typical of chronic non-resolving conditions known collectively as bladder pain syndrome. This highlights the evolutionary drive on urothelium to be regenerative and to limit inflammation; it is noteworthy that human urothelium has few resident immunocytes in its normal state (see Figure 1). 
The mechanics of the normal urinary tract are such that there is a powerful unidirectional expulsion of urine, preventing most bacteria and other pathogens from entering or colonising the urinary tract. Symptomatic urinary tract infections are caused by uropathogenic E.coli which have pili and are flagellated, enabling them to adhere to the urothelium and move in a retrograde direction to flow. Human urothelium expresses toll-like receptor 5 (TLR5) which, when activated by flagellin, leads via canonical NFκB signalling to the secretion of antimicrobial proteins, including β defensin 2, resulting in direct killing of bacteria and making urinary tract infection (UTI) self-limiting in most individuals [32, 47]. 
The signalling involved in excluding or recruiting immunocytes into the urothelium is poorly understood, but is important for understanding how the urothelium interacts with the innate and adaptive immune systems for functions such as tumour surveillance. The latter is particularly relevant given the potential for immunotherapies to overcome host anergy to tumours. A recent analysis of the immune landscape of normal urothelium revealed it to express immune inhibitory factors, such as V-domain immunoglobulin suppressor of T-cell activation
 ( VISTA) which will tend to suppress inflammation. By contrast, various exogenous stimulators including IFNγ are able to induce urothelial expression of chemokine genes critical to the recruitment of natural killer (NK) cells and other immunocytes into the urothelium [48]. These observations from studying normal human urothelium bring an additional perspective for the design of immunotherapeutic strategies, as it may be predicted that the combination targeting of VISTA and PD-L1 could enhance efficacy against urothelial cancers. 

4	UROTHELIAL DIFFERENTIATION: TRANSITIONAL VERSUS SQUAMOUS STATES 
4.1	Cytokeratins – markers of differentiation 
The 10 nm intermediate filament proteins of epithelial cells, the cytokeratins (CKs), provide useful markers as they show epithelial tissue-associated and differentiation stage-related expression patterns [49]. Cytokeratins are obligate heteropolymers formed from pairing of type I (small, acidic) and type II (large, basic) polypeptides, with frequent coexpression and colocalisation of particular isotype pairs in tissues (Figure 2). 
[image: ]

Figure 2. Cytokeratin expression in human urothelium. CK7 and CK19 are present throughout the urothelium, CK5 and CK17 are found in basal and lower intermediate cell zones and CK20 is restricted to superficial cells [50, 51]. CK13 is normally detected throughout but with specific exclusion from the superficial cell layer, which contrasts distinctly, but subtly from non-cornified stratified squamous epithelia where CK13 is present in all but the basal cell layer. CK14 is absent from normal human urothelium (T = Transitional) but is expressed in association with squamous metaplasia (SqM), where it can provide an early marker of squamous change [51].  Scale bar 50µm. Figure adapted from [52].
4.2	Squamous changes in benign (metaplastic) and malignant states 
Changes in CK expression and/or distribution pattern are useful histopathologically. It is particularly notable that CK14 gain is an early marker of squamous metaplasia in urothelium [51].  It has been long known that squamous differentiation of bladder urothelium is a consequence of a vitamin A-deficient diet in mice [53] and with implications for human pathology [54].  A paradigm for this benign squamous switch is found in vitro when normal human urothelial (NHU) cells cultured in serum-free medium assume a non-differentiated, CK13- CK14+ squamous phenotype that can be resolved upon supplementation of the medium with retinoids [55].  
Cancers arise as a result of escape from the growth-suppressive tissue homeostatic or regulatory pathways that maintain normal urothelial cells in check (mitotically quiescent) within the tissue. From analysis of bladder cancer transcriptomes, two major cancer sub-types have been identified  (see Chapters 14 and 15). The transcriptome of the luminal subtype reflects tumours that retain expression of genes associated with the differentiated transitional phenotype of normal urothelium. This implies an “addiction” to the highly efficient on-demand regeneration programme used by normal differentiated urothelium (see Section 3.2 above). By contrast, basal subtype cancers are marked by the absence of urothelial differentiation-associated gene expression, a loss of CK13 and a switch to the CK14+ squamous programme. This indicates that BASQ (i.e. basal/squamous [56]) subtype tumours have “escaped” the constraints of urothelial differentiation and regressed to a more primitive squamous state. 
Of note, the antibody (anti-CK5/6 clone D5/16 B4) used widely as the main immunohistopathological marker for distinguishing BASQ from luminal muscle-invasive bladder cancer (MIBC) subtypes is not ideal as, by reacting with both CK5 and CK6, it does not clearly distinguish between CK5+ transitional and CK6+ squamous epithelia. This confusion is further compounded by the original terminology of “basal” adopted from the breast cancer field to describe the BASQ subtype, as it tends to (mis)imply a phenotype based on position rather than differentiation state.  To add yet further confusion, whilst CK14 is not expressed by human urothelium except in association with squamous metaplasia, basally-positioned cells of normal mouse urothelium are CK14 positive. Thus a basally-located label-retaining CK5+ CK14+ population described in rodent urothelium [57] has no equivalent in human urothelium. 
4.3	Regulators of Differentiation & Development 
Nuclear receptor ligands have been shown to play a differentiation-inductive role, with retinoids able to switch NHU cells in vitro from KRT14+ squamous to KRT13+ transitional [55]. Another key nuclear receptor is peroxisome proliferator-activated receptor gamma (PPARγ), activation of which has been shown to induce expression of genes associated with urothelial differentiation, including uroplakins, cytokeratins and claudins [36, 58, 59]. PPARγ-induced differentiation is mediated indirectly via a network of intermediary transcription factors including FOXA1[60], ELF3 [61] and GATA3 [62], which function as part of a heterarchical network.  Opposing this, p63 (gene TP63) has emerged as an important driver of the more basal-squamous phenotype that cells adopt in cultures lacking nuclear receptor activation. In the absence of PPARγ-stimulation, p63 transrepresses genes normally activated as part of the urothelial specialisation programme [62], whilst forced expression of PPARγ in non-urothelial (buccal epithelial) cells can partially recapitulate the urothelial differentiation programme [63].
[bookmark: _heading=h.gjdgxs]Bladder exstrophy (BEX) is a rare developmental anomaly where failure to partition the cloacal membrane during midline closure results in an open, exposed bladder plate. In mice, where the N-terminal truncated isoform of Tp63, ΔNp63, has been linked to early bladder development, Tp63-/- knock-out mice present with a classic BEX phenotype [64]. However, no evidence for genetic alterations of p63 have been found in BEX or the wider spectrum of human bladder exstrophy–epispadias complex (BEEC) malformations [65]. Whilst normal bladder urothelium is a mitotically quiescent barrier epithelium, histological studies of human BEX epithelia have reported squamous and proliferative changes that can persist even after surgical closure of the plate [66]. Recent in vitro studies using human BEX-derived epithelial cells showed a constitutional failure to express the transcriptional regulators required to drive transitional type differentiation by a subset of BEX cases, suggesting a developmental failure which could be either indirect (instructive/epigenetic) or intrinsic in nature [67].
Thus, there appear strong parallels between the regulation of urothelial differentiation observed developmentally or in vitro and the groupings established by transcriptomic analysis of MIBC. BASQ tumours depend on autocrine activation of the epidermal growth factor receptor (EGFR) for growth [68] and are enriched for p63 gene expression signatures, whereas the hallmark differentiated luminal tumours have a PPARγ-activated profile [69]. Of the intermediary transcription factors identified in differentiating urothelial cells [61], ELF3 has emerged as frequently mutated in its coding sequence and these, presumed activating, mutations are associated with a luminal phenotype [70]. 


5	 EXPERIMENTAL PLATFORMS AND MODELS FOR STUDYING THE UROTHELIUM 
A wide range of species and experimental platforms have been used to study urothelial cells and tissues and it is beyond the scope of this chapter to review them all. The following sections describe some of the approaches that have contributed to our understanding of (human) urothelium in normal/healthy and pathological states.
5.1	In vitro models. 
The advantage of in vitro approaches is that cells/tissues can be maintained under highly controlled laboratory conditions to study their behaviour, responses and interactions. For these purposes, urothelial cells may be derived from normal, disease and tumour tissues, originate from different species (typically human, rodent or porcine) and be grown alone (monoculture) or combined with other cell types (coculture or organotypic cultures). 
One of the challenges with studying human bladder-derived urothelial cells is the sourcing of tissue. Finite bladder NHU cell lines have been developed from deceased heart beating (DHB) brain-stem dead donors, but it has been shown that the rapid post-mortem changes of the bladder affect the quality and viability of the urothelium, making tissue from deceased non-heart-beating (DNHB) donors non-viable [71]. An alternative source of human urothelium is discarded ureteric tissue from kidney donors or uninvolved renal cell carcinoma, but as noted above, ureteric urothelium is embryologically distinct from bladder.
[bookmark: _heading=h.30j0zll]Typical experimental configurations used to study urothelium include: (a) monoculture of urothelial cells grown on a 2D substrate as a single or stratified multilayer (by manipulating the calcium concentration of the medium from 0.09 to 2.00 mM); (b) tissue mimetic 3D cultures where urothelial cells are combined with extracellular matrix, biocompatible scaffold or bioprinted structures, (c) other configurations, such as organoids and organoid-on-a-chip.  
5.2	Bladder urothelial 2D & 3D cultures
Cell culture provides a tractable experimental platform for investigating mechanisms regulating proliferation, stratification and differentiation of urothelial cells in health and disease [72, 73]. A reproducible culture system is clearly an essential prerequisite and robust methods exist to isolate and propagate NHU cells from primary culture and through serial passages as finite (non-immortalised) cell lines [74]. NHU cell cultures are typically propagated in a modified serum-free growth medium developed for the culture of keratinocytes and under these conditions, NHU cells adopt a CK14+ basal/squamous phenotype, but can be differentiated to a CK13+ transitional (urothelial) phenotype with barrier (TEER >3000 Ω.cm2) properties [31]. Unlike cancer-derived cell lines, NHU cells are finite (non-immortal) and invariably senesce in culture [55]. To overcome this, different groups have independently produced hTERT-immortalised human urothelial cell lines [75, 76]. In both cases it was reported that although immortalisation occurred without major karyotypic changes, the capacity for differentiation was impaired, limiting their usefulness for studying normal urothelial cell biology. One advantage of working with finite NHU lines is that studies typically use independent lines generated from multiple individuals, which can provide important insight into genetic variance [48, 77, 78], absent from studies based on single established cell lines. Alternatively, starting with cells from pathological samples [67], or by experimental manipulation (such as using retroviral infection to overexpress a transgene or dominant negative gene [79]) this approach can offer insight into human pathological processes. 
Studies using finite NHU cell lines can inform on intrinsic mechanisms, such as autocrine growth regulation by EGFR ligands [80, 81]. It is notable that NHU cells displaying the non-differentiated, squamous phenotype have proliferation driven by autocrine activation of EGFR by amphiregulin [68, 80], which is also the dominant growth driver of basal/squamous MIBC [68].
While there is much utility in isolating and expanding urothelial cells for characterisation and experimental studies, this disrupts spatial organisation and eliminates paracrine and other interactions between epithelium and stroma that are implicit in urothelial tissue biology in situ. A more physiological approach is to use an air-liquid interface to maintain urothelium intact with its stroma [82], or reconstituted by combining cultured NHU cells with stroma [2]. Organ culture approaches simulate a more physiological tissue environment for studying cell-to-cell and cell-to-ECM interactions and have been used to maintain urothelium in a mature state for 100 days [82], but these approaches tend only to support small-scale studies (reviewed by [72]. 
5.3	In vitro studies using animal-derived urothelium. 
The potential to expand and post-differentiate urothelial cell cultures has supported research with clinical goals, such as tissue engineering for reconstructive bladder surgery. As well as promoting NHU cell/tissue research, the need for methods for surgical delivery of in vitro-engineered tissues has driven parallel in vitro methods for normal porcine urothelial cells [83], in advance of testing in experimental surgical models [84].  Cultures of normal porcine urothelial cells have also been used in basic cell biological research, as they show good equivalence to human urothelium in vitro and the tissue is available fresh and in quantity from an abattoir. Thus, subcultured normal porcine bladder urothelial cells have been used in studies of barrier repair after injury [35, 85], leading to new insights into the relationships between cytoskeletal organisation, apical endocytosis and uroplakin expression that modulate barrier function in superficial cells [21]. 
Obtaining sufficient quantities of healthy human bladder tissue remains a major obstacle preventing extensive preclinical studies of differentiated cultures of human bladder urothelium. Mouse urothelium is well-characterised [86] and one study using mouse bladder tissue demonstrated the possibility of reusing explants up to 10 times to generate serial outgrowths of highly differentiated urothelia. Even after 10 reuses, mouse bladder urothelial outgrowths had supramolecular and ultrastructural features comparable to native urothelium or primary outgrowths, with tight junction-forming CK20+ superficial cells and p63+ basal cells, indicating sustained proliferative capacity. The same method was proposed (but not tested) for human bladder to support repeated production of highly differentiated human urothelium in vitro for experiments previously not feasible due to small amounts of donor tissue [87].
Whilst animal models clearly offer important insights, as noted above, it is important to be aware of species-related differences between species in terms of developmental processes and timing, or variation, in anatomical or physiological features. A recent study used single cell RNA sequencing to compare bladder cells from mouse and human in a single integrated dataset, revealing potential differences in developmental trajectories between mouse and human bladder cells [88]. Whilst this indicates the potential for these new approaches to bring insight from interspecies studies in the future, challenges remain and verification remains an absolute requirement [89]. 
5.4	 Modelling of bladder urothelium with computational and in silico/in virtuo tools
Modelling takes different forms [90], including in virtuo, which can itself extend to mathematical or computational approaches and operate at different scales to provide insight into biological processes. One interesting high resolution application has been the use of mathematical modelling to explore stretch-induced membrane traffic in bladder umbrella cells [91]. 
Computational approaches can be particularly useful where the outcome of modelling is emergent rather than fixed or programmed, as this can be used to generate or test hypotheses, including predicting experimental outcomes. A computational model called the epitheliome was used to explore how urothelial cell:cell interactions would influence the growth and size of a cell population over time [92]. Biological cells were represented by autonomous software agents interacting on a 2D substrate. Each agent had a cell cycle clock and at each iteration, executed a set of rules in response to local feedback, similar to how the individual components of a complex social system might behave. The user-programmed cell type parameters were based on the average cell cycle durations and migration rates observed in experimental studies with NHU cells [55]. The growth kinetics of the overall population was an emergent behaviour that depended on the interactions between individual cells and the experimental set up (e.g. cell number, distribution and calcium concentration). The model was used to explore other scenarios including the response of individual cells and the population to scratch wounding [93] and reciprocal effects of normal and mutated (anti-social) cell:cell interactions on individual and population growth [94]. Later, a multi-scale model combining computational and mathematical modelling approaches was developed to explore the emergent heterogeneity resulting from the influences of intercellular signalling on individual cells within a population [95]. The results from comparing in virtuo with in vitro (timelapse) experiments predicted a novel pro-proliferation signalling pathway, later confirmed experimentally as operating through a PI3K pathway triggered in NHU cells in direct cell:cell contact [79]. Together the computational approach suggested that the microenvironment, including local cell density and the presence of normal versus E-cadherin-compromised neighbours, could play a critical role in determining whether a single abnormal cell within the monolayer proliferates or remains mitotically suppressed. These predictions provide insight on the modulating effect of cell-cell contact on the tumorigenic potential of premalignant epithelial cells. 
5.5	Artificial intelligence (AI) for studying bladder urothelium
What might the future hold for studying human urothelial cell biology in health and disease? The relatively recent switch to quantitative biology and data-driven approaches has fueled interest in using AI approaches to reveal and predict patterns in large, complex datasets. In brief, AI is a field of computer science that develops and integrates software tools to enable complex input data to be analysed “intelligently”, enabling solutions to emerge that are not pre-programmed, and even self-evolving the process to learn and improve the output over multiple iterations. One field of AI is machine learning (ML), which uses approaches such as statistical algorithms or generative neural networks to find data solutions that can then be applied to unseen datasets. The important feature of ML algorithms is their data-driven approach to learning, contrasting to the rule-based models (discussed in section 5.4) that rely on domain knowledge. A criticism of ML approaches is that they are often referred to as “black box” solutions as it can be difficult to understand exactly how the input data is manipulated to achieve the result obtained. However, the field is rapidly evolving and carries enormous potential for analysing large multimodality datasets. 
The uptake of AI and ML tools by academics and clinicians will facilitate assessment of their benefits, risks and uncertainties, thereby increasing the likelihood of successful adoption. Already in urology practice, AI has been tested in areas such as prognostic histopathology [96] and radiation treatment planning [97]. A recent, publicly-available volumetric electron microscopy dataset for urothelial cells evaluated several state-of-the-art segmentation methods and presented a novel analysis pipeline based on supervised deep learning that reduces the impact of dependencies in the input data, artefacts and annotation errors [98]. The UroCell dataset is publicly available at https://github.com/MancaZerovnikMekuc/UroCell.
By contrast, it is fair to say that AI-based studies applied to urothelial cell biology predominantly represent early pilot studies (eg [99]), exemplifying only the potential of AI approaches.  While there is hope that AI models will in the future be used to train complex multiscale models to simulate aspects of urothelial cell biology, models are only ever as good as the input data and cannot currently be used as a substitute for experimental validation. A vision of the future might be where AI integrates temporal and spatial multi-omic (genomic, epigenetic, transcriptomic, proteomic, phosphoproteomic, metabolomic) data into computational representations of urothelial cells and tissues for experimental and preclinical studies, but this ambition lies some way off.  

6	CONCLUDING REMARKS
The essential need for a urinary barrier has led to evolution of urothelium, an epithelium that is structurally and functionally-specialised for the role.  Developmentally, the differentiated urothelial phenotype marked by a normal transitional cytokeratin expression profile and apical membrane expression of uroplakins can already be observed in the fetal bladder before the end of the first trimester.  Urothelium provides a stable, mitotically-quiescent barrier with inbuilt capacity for repair and regeneration. As well as protecting underlying tissues from urinary exposure to toxins and genotoxins, it plays a direct role in innate defence against uropathogens, whilst potentially suppressing inflammation.  The study of normal urothelial cell and tissue biology can provide insight into the mutated pathways and other regulatory mechanisms that provide selection advantage during tumorigenesis. Whereas basal (BASQ) subtype cancers escape the constraints of differentiation by assuming a primitive squamous phenotype similar to the autocrine EGFR-regulated NHU cell, it appears that luminal cancers hijack the differentiated urothelial transcriptomic programme – potentially selecting those pathways that support regeneration and repair in the normal tissue. This raises interesting questions about what initiates and selects for MIBCs to follow the luminal versus BASQ routes and how different therapeutic agents might target each or be used to promote particular outcomes, including alleviation of immunosuppression.  
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