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Abstract

Congenital anomalies of the kidney and urinary tract (CAKUTs) represent the leading cause of 

chronic kidney disease and end-stage kidney disease in children. Increasing evidence points to 

critical roles for the urothelium in the developing urinary tract and in the genesis of CAKUTs. 

The involvement of the urothelium in patterning the urinary tract is supported by evidence 

that CAKUTs can arise as a result of abnormal urothelial development. Emerging evidence 

indicates that congenital urinary tract obstruction triggers urothelial remodelling that stabilizes the 

obstructed kidney and limits renal injury. Finally, the diagnostic potential of radiological findings 

and urinary biomarkers derived from the urothelium of patients with CAKUTs might aid their 

contribution to clinical care.

Introduction

Congenital anomalies of the kidney and urinary tract (CAKUTs) constitute a heterogeneous 

group of clinical disorders that vary in aetiology, severity and need for urological 

intervention. The diverse spectrum of phenotypes encompassed by CAKUTs includes renal 

agenesis, renal hypodysplasia, multicystic dysplastic kidney, renal duplication, horseshoe 

kidney, ureteropelvic junction obstruction (UPJO), megaureter, ureterovesical junction 

obstruction, ureterocoele, vesicoureteral reflux (VUR), prune belly syndrome, urethral 
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atresia, anterior urethral valve and posterior urethral valve (PUV)1. Collectively, CAKUTs 

occur in >1% of live births and account for up to 23% of birth defects2-6. In the past 

decade, the estimated incidence of CAKUTs has been 0.4–4.0 cases per 1,000 births7,8. 

In the majority of individuals, CAKUTs are detected during fetal ultrasonography. Early 

detection of CAKUTs facilitates early clinical care, subspecialty consultation, antenatal 

counselling and — depending on the nature of the CAKUT and the treating centre — in 

utero interventions such as vesico-amniotic shunting and fetal cystoscopy.

As a consequence of earlier detection and improvements in surgical and medical 

management, more children born with CAKUTs are surviving infancy, but these individuals 

develop progressive chronic kidney disease as they age. In paediatric populations, CAKUTs 

account for 48–59% of chronic kidney disease diagnoses and 34–43% of end-stage kidney 

disease (ESKD) diagnoses9. Registry data highlight a continued risk of ESKD progression 

among adults with a history of CAKUT, which has been attributed to aberrant nephron 

development and reduced nephron endowment that primes the kidney for subsequent 

functional deterioration in adulthood10,11. In a large study of over 1.5 million Israeli 

adolescents, a history of CAKUT was associated with a fivefold increase in the risk of 

ESKD during adulthood, even in individuals who had normal renal function at the time of 

study entry12. Overall, CAKUTs account for 40% of ESKD cases occurring in the first three 

decades of life13.

The clinical presentation of CAKUTs is highly heterogeneous. This variability is due 

in part to the wide anatomical spectrum of CAKUTs themselves, the patient’s age and 

circumstances at the time of their detection, and the occurrence of CAKUTs within 

syndromes that include prominent extrarenal malformations. Indeed, over 200 genomic 

disorders have been attributed to syndromic CAKUT, including renal coloboma syndrome, 

renal cysts and diabetes syndrome, branchio-oto-renal syndrome, Alagille syndrome and 

Townes–Brocks syndrome14. Even so, extrarenal manifestations are absent in the vast 

majority of individuals with CAKUTs, who are considered to have non-syndromic or 

isolated CAKUTs.

Genes associated with syndromic CAKUTs, such as PAX2 and HNF1B, are also associated 

with isolated CAKUTs. Although over 40 genes have been causally implicated in isolated 

CAKUTs to date, the vast majority of CAKUT phenotypes have not yet been linked to a 

single gene defect. In part, the difficulty of genetic characterization is attributable to the 

highly variable phenotypic manifestations of CAKUTs, as well as incomplete penetrance 

and variable expressivity among siblings who inherit the same defective allele. Furthermore, 

epidemiological studies point to potential aetiological roles for environmental factors in 

the pathogenesis of CAKUTs, most notably maternal pregestational diabetes mellitus8,15-17. 

Vitamin A serves a critical role in urinary tract morphogenesis, and either deficiency or 

excess of vitamin A can lead to CAKUT. Angiotensin-converting enzyme inhibitors and 

angiotensin-receptor blockers have teratogenic effects in the developing fetus, particularly 

during the second and third trimesters; exposure to these drugs can result in maldevelopment 

of multiple organs, including renal dysplasia18.
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The diversity of malformations observed across CAKUTs has been attributed to the 

complexity of temporally and spatially coordinated reciprocal interactions between the 

metanephric mesenchyme and ureteric bud2,14. These carefully coordinated interactions 

are absolutely essential for metanephric kidney development. Given the fundamental 

role of these interactions in patterning the urinary tract, it is not surprising that genes 

encoding mediators of these interactions (including extracellular matrix components, 

ligands, receptors, mediators of intracellular signalling cascades, transcription factors and 

chromatin remodelling proteins2,14) are disrupted in human patients with CAKUTs and 

have been shown to confer CAKUTs when such disrupted native genes or transgenes are 

introduced into model organisms such as the mouse and zebrafish. Just as they serve vital 

roles in metanephric kidney development, epithelial–mesenchymal interactions are also 

absolutely essential for normal organogenesis throughout the urinary tract. In particular, the 

urothelium serves critical roles in patterning the developing ureter and bladder through its 

reciprocal interactions with the underlying mesenchyme.

This Review describes the role of the urothelium in normal and aberrant patterning of 

the urinary tract from a scientific and clinical perspective. We discuss the importance of 

specific urothelial proteins and signalling pathways in urinary tract development, drawing 

insight from relevant findings in animal models and human embryogenesis. The evidence 

that specific CAKUTs arise as a direct consequence of aberrant urothelial development is 

presented, highlighting the influence of disrupted plaque synthesis on CAKUTs. Emerging 

evidence that the urothelium (and specifically urothelial membrane plaque) undergoes 

extensive remodelling during congenital obstructive uropathy and that this remodelling 

serves a critical role in limiting renal injury are discussed. Finally, we consider the utility of 

potential radiological and urinary urothelial biomarkers in the management of patients with 

CAKUTs.

The urothelium

The urothelium is a stratified epithelial layer that lines the urinary tract from the proximal 

urethra to the renal pelvis. Appreciation of its structural properties is essential for 

understanding the role of the urothelium in both urinary tract development and CAKUTs 

(FIG. 1). The urothelium consists of distinct basal, intermediate and superficial cells. The 

superficial cells, also known as umbrella cells, are large, binucleated and highly specialized 

cells that elaborate an apical membrane plaque composed of uroplakins19. In mammals, 

four major uroplakins are synthesized by the superficial cells: UPK1A, UPK1B, UPK2 

and UPK3A. These proteins initially form heterodimers (UPK1A–UPK2 and UPK1B–

UPK3A). The UPK2 and UPK3A moieties of these heterodimers then interact, to form 

heterotetramers. Six heterotetramers make up each urothelial plaque, which is packed into 

a hexagonal lattice and delivered to the apical membrane19. Urothelial plaque covers ~90% 

of the surface of superficial cells and is constantly being recycled. This highly specialized 

plaque confers transcellular resistance, minimizing water and solute absorption from the 

urine. Tight junctions and adherens junctions between umbrella cells form the paracellular 

urine permeability barrier20-22. Together, the urothelial plaque and junctional complexes 

establish exquisitely high electrical resistance and provide highly effective control of the 
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passage of water and ions from urine and underlying tissue20-23. Indeed, the urothelium is 

the tightest barrier of all the epithelia.

The urothelium also serves other physiological functions in the urinary tract. The urothelial 

plaque modifies the umbrella cell surface area and confers properties of compliance on 

this cell layer, which are needed as the bladder deforms during filling and voiding24,25. 

Whether the presence of plaques or the absence of a subapical F-actin network in superficial 

cells accounts for this compliance is unclear. The roles of specific uroplakins in the barrier 

function of the urothelium have been established by gene-deletion studies and analyses of 

the resulting developmental phenotypes. In addition to its barrier function, each urothelial 

cell type expresses a broad repertoire of receptors that enable the urothelium to sense a 

variety of physical, chemical and biological stimuli and to communicate with underlying 

stromal cells, neurons and immune cells26. Thus, the urothelium is well situated to serve a 

pivotal role in coordinating urinary tract development.

Urothelial development.

Development of the urothelium is only briefly outlined here. Urothelial development has 

been traditionally studied mainly in the bladder, but studies during the past 5 years have 

increasingly focused on ureteral and renal urothelium27,28. The anatomical site studied is 

an important consideration, as the ontogeny of the urothelium varies: the proximal urethral 

and bladder urothelium derive from the endoderm, whereas the urothelial lining of the 

ureters and renal pelvicalyceal system derives from the Wolffian duct, which in turn derives 

from the intermediate mesoderm29. Regardless of the germ layer of origin, the primordial 

urothelium starts off as a single-cell layer of immature, cuboidal epithelial cells. Under the 

direction of ligands produced by the underlying stroma, these cells undergo cell division 

and ultimately differentiate into three defined strata of basal, intermediate and superficial 

cells30-32.

Mounting evidence attests to the presence of dedicated progenitor cell populations in 

the developing and adult urothelium that govern development of the urothelium and I 

renewal during homeostasis and following injury. In mice, a rare subset of basal cells has 

been identified in the embryonic bladder that expresses Krt14 (encoding keratin type I 

cytoskeletal 14) and has progenitor properties, based on genetic fate-mapping studies in 

vivo and their superior self-renewal capacity in vitro33. Another mouse study identified 

a transient urothelial progenitor cell population during embryogenesis but reported that a 

population of uroplakin-positive intermediate cells were the source of both intermediate 

and superficial cells in juvenile and adult bladders30. In one study of the developing 

mouse ureter, the authors similarly concluded that the superficial and basal cell layers of 

the primordial urothelium chiefly derive from an intermediate layer of uroplakin-positive 

progenitor cells27. Our genetic fate-mapping study of intrarenal urothelial development 

revealed that progenitor cells expressing Krt5 (encoding keratin, type II cytoskeletal 5) 

can give rise to uroplakin-expressing cells in adult mice. Although the majority of late 

embryonic and neonatal KRT5+ cells acquired uroplakin expression, the differentiation 

of KRT5+ cells into uroplakin-expressing cells was largely restricted to these early time 

periods, as juvenile and adult KRT5+ cells exhibited lineage restriction28. Our study 
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illustrates the benefit of evaluating candidate progenitor populations at multiple time 

frames throughout embryonic and postnatal development. Whether the results of studies 

in intrarenal urothelium can be generalized to other urothelial locations remains to be seen. 

Moreover, as these progenitor studies were performed in rodent models, their relevance to 

human urothelial development remains unknown.

Urothelium in urinary tract development.

Epithelial– stromal interactions serve broad, pivotal roles during embryonic development, 

including in the urinary tract. During kidney formation, waves of reciprocal interactions 

between the ureteric bud and metanephric mesenchyme account for the genesis and 

maturation of nephrons and the renal collecting system34,35. Similarly, interactions between 

the immature urothelium and stromal cells have crucial roles in patterning the developing 

urinary tract. Tissue recombination experiments in embryonic rat bladders provided the first 

evidence that the primordial urothelium provides an essential signal that promotes both 

the survival of the underlying mesenchyme and its subsequent differentiation into smooth 

muscle36: embryonic bladder mesenchyme grafts placed beneath the renal capsule fail to 

undergo smooth-muscle differentiation, unlike grafts containing both bladder mesenchyme 

and urothelium36. Experiments in mouse embryos have similarly demonstrated an essential 

role for the primordial urothelium in the patterning of bladder smooth muscle, supporting 

the hypothesis that primordial urothelial cells secrete a diffusible factor that inhibits 

smooth muscle at high concentrations while inducing smooth-muscle differentiation at low 

concentrations37.

Subsequent studies identified the underlying signal transduction pathways initiated 

by these epithelial– stromal interactions during bladder development (FIG. 2). Sonic 

hedgehog (SHH) was identified as a key epithelial morphogen that induces smooth-muscle 

differentiation within the bladder mesenchyme. During mouse bladder development, SHH 

expression occurs within the developing urothelium on embryonic day (E) 12.5, 1 day 

before the bladder mesenchyme begins to express smooth-muscle genes38. Studies in human 

embryos have confirmed that SHH is expressed at the onset of urothelial differentiation39. 

Smooth-muscle-specific gene expression is considerably decreased in explanted embryonic 

mouse bladders treated with the SHH inhibitor cyclopamine38. Moreover, isolated mouse 

bladder mesenchyme cultured with recombinant SHH showed cell proliferation and smooth-

muscle differentiation40. Thus, urothelial SHH is responsible for orchestrating the formation 

of smooth muscle in the fetal bladder.

Investigations of SHH signalling during mouse and human bladder development have 

demonstrated that urothelial SHH serves as the ligand for patched homologue 1 protein 

(PTC1), a receptor on the surface of inner mesenchymal cells of the bladder39,41. Upon 

binding to SHH, PTC1 undergoes a conformational change that releases its inhibition 

of the transmembrane protein smoothened homologue (SMO). This change activates GLI 

transcription factors, which translocate to the nucleus and activate gene transcription. The 

gene targets of GLI transcription factors encode structural proteins with integral roles 

in smooth-muscle formation and secreted factors such as bone morphogenetic protein 4 

(BMP4)42. The distribution of PTC1 and GLI transcription factor gene expression is most 
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dense in the inner mesenchyme abutting the urothelium, where muscle differentiation is 

suppressed, and least dense in the outer mesenchyme, where muscle differentiation occurs. 

The mechanisms that restrict muscle differentiation to the outer mesenchyme are unclear. 

A signal originating from the developing urothelium might repel (that is, induce outward 

migration of) GLI1+ mesenchymal cells or the bladder adventitia might emit a signal that 

attracts these cells. Alternatively, a cell-autonomous property of the outer mesenchyme 

might specify muscle differentiation.

Urothelial SHH also serves essential, complex roles in coordinating the differentiation 

of smooth muscle in the developing ureter (FIG. 2). Specifically, SHH promotes the 

proliferation of smooth-muscle progenitor cells and the induction of smooth-muscle 

differentiation within the ureteral mesenchyme43. Evidence points to a critical role for 

forkhead box protein F1 (FOXF1) as a downstream mediator of this SHH signalling. 

This transcription factor both induces expression of BMP4 and synergizes with BMP4 

to promote ureteral smooth-muscle differentiation44. In addition, ureteral SHH signalling 

also promotes ureteral urothelial proliferation and differentiation in an FOXF1-dependent 

manner44: exogenous BMP4 rescues urothelial proliferation and differentiation when either 

SHH or FOXF1 is inhibited44. Pharmacological studies demonstrate that BMP4 promotes 

ureteral urothelial proliferation and differentiation in a manner that depends on RACα 
serine–threonine protein kinase (AKT)45. Thus, a SHH–FOXF1–BMP4 signalling pathway 

promotes growth and differentiation of both the urothelium and the mesenchyme during 

ureteral development (FIG. 2).

Urothelial SHH also has an essential role in the development of renal pacemaker 

cells in the mouse46. These neural-crest-derived cells are located in close proximity 

to the ureteropelvic junction47,48 and coordinate ureteral peristalsis after birth. Defects 

in pacemaker-cell development and function lead to non-obstructive hydronephrosis48,49. 

In mice, urothelial SHH promotes pacemaker development by suppressing production 

of the GLI3 transcriptional repressor46. Thus, urothelial SHH engages multiple cellular 

populations in the developing ureter to regulate its morphogenesis and peristaltic function. 

Interestingly, constitutive activation of SHH signalling in the mouse ureteral mesenchyme 

leads to bilateral UPJO, which suggests that the fine-tuning of SHH signalling is essential 

for normal kidney development50. Additional studies are needed to determine whether 

this SHH fine-tuning normally occurs at the level of the urothelium or the underlying 

mesenchyme and to define its effect on the development and maintenance of ureteral smooth 

muscle and pacemaker function.

Other studies in the developing mouse ureter point to an important role for two urothelium-

derived wingless/ integrated 1 (WNT) proteins, WNT7B and WNT9B, in regulating smooth-

muscle development. These proteins bind to frizzled 1 (FZD1) receptors on mesenchymal 

cells, which results in nuclear translocation of β-catenin and the transcription of genes 

involved in promoting cell proliferation and smooth-muscle differentiation51. In 2018, the 

T-box transcription factors TBX2 and TBX3 were shown to participate in this pathway 

downstream of WNT–β-catenin signalling52 (FIG. 2).
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A major limitation of these studies lies in their near-exclusive reliance on the laboratory 

mouse as the experimental system. Although mouse experiments have greatly advanced 

our understanding of urinary tract development, further studies are required to determine 

the extent to which these findings are broadly generalizable to the human urinary tract. 

This limitation is especially important in light of important anatomical differences between 

the human and mouse urothelium: the increased stratification of human urothelium; the 

restriction of uroplakin expression to the most superficial cells in human urothelium, 

compared with their widespread expression throughout intermediate and superficial 

urothelial cells in the mouse53,54; and the discontinuous nature of uroplakin expression 

in human ureteral and renal pelvic urothelium55, which contrasts with the continuous 

expression of uroplakins in the mouse urothelium. These species differences must be borne 

in mind when seeking to translate experimental observations derived in mice to human 

urinary-tract development and vice versa.

Roles for urothelium in CAKUTs

A growing convergence of data from mouse gene-deletion models and human patients with 

CAKUTs attest to the primacy of interactions between the developing urothelium and its 

underlying mesenchyme that are conserved across species and, when disrupted, account 

for CAKUTs. Mouse studies have demonstrated that genetic manipulation of the WNT–

β-catenin and SHH–FOXF1–BMP4 signalling pathways results in a spectrum of CAKUTs, 

highlighting the essential role of urothelial–mesenchymal interactions in the developmental 

patterning of the urinary tract. Specifically, mice with conditional deletion of Cnntb1 
(encoding β-catenin) in the ureteral mesenchyme develop congenital hydroureteronephrosis 

owing to impaired smooth-muscle differentiation51. Deletion of Shh results in a spectrum of 

urinary tract anomalies, including hydroureter, hydronephrosis and hypoplastic bladder43,56. 

These phenotypes have been attributed to the prominent role of early SHH signalling in 

directing mesenchymal proliferation and differentiation56. In mice with selective deletion 

of Shh in Wolffian-derived tissues, attenuated proliferation of ureteral mesenchyme and 

delayed smooth-muscle differentiation results in hydroureter, which confirms a central role 

for urothelial SHH in mesenchymal patterning43. A similar phenotype occurs when FOXF1 

transcriptional activity is inhibited in the developing ureteral mesenchyme44. Likewise, mice 

with deletion of the BMP4 receptor Bmpr1a in SHH-responsive cells develop impaired 

smooth-muscle differentiation and hydroureteronephrosis57.

Mutations in components of these pathways might also account for human CAKUTs, as 

suggested by the increased incidence of BMP4 mutations in patients with congenital UPJO 

and renal hypodysplasia58-60. In addition, SHH and FOXF1 mutations have occasionally 

been identified in human patients with CAKUTs61,62. Altogether, these studies attest to 

essential roles for WNT–β-catenin and SHH–FOXF1–BMP4 signalling in normal urinary 

tract development. With further application of whole-genome sequencing in human patients 

with CAKUTs, additional examples of convergence between clinical and experimental 

CAKUTs are likely to emerge63.

Jackson et al. Page 7

Nat Rev Urol. Author manuscript; available in PMC 2022 March 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Disrupted urothelial differentiation.

Mounting evidence indicates that genetic defects in urothelial differentiation pathways also 

give rise to CAKUTs (TABLE 1). In human kindreds with autosomal dominant bladder 

outlet obstruction, mutations in BNC2 (encoding basonuclin 2) have been associated with 

a constellation of urethral obstruction phenotypes in male carriers (female carriers are 

unaffected)64, including urethral stenosis, urethral agenesis and PUV64. Further studies 

are required to determine whether BNC2 variants also account for sporadic PUV. The 

function of basonuclin 2 is poorly understood. This zinc finger protein localizes to the 

urogenital sinus and outflow tract in 7-week-old human embryos, where BNC2 is expressed 

most strongly in the primitive urothelium and to a lesser extent in the mesenchyme64. 

In zebrafish, bnc2 has an instrumental role in maintaining a patent bladder outlet, as its 

genetic disruption results in obstruction of the pronephros and a dilated cloaca64. This study 

illustrates the power of the zebrafish pronephros as a model system to test evolutionarily 

conserved developmental pathways. However, unlike in humans, both female and male 

Bnc2-knockout mice exhibit distal urethral defects65. Further studies are required to resolve 

these interspecies differences and to address the mechanistic contribution of basonuclin 2 to 

urethral development.

In the bladder, evidence points to a role for the urothelium in specifying bladder wall 

development and formation of the bladder outlet. Tumour protein 63 (TP63) is a p53-

like protein with key roles in cellular differentiation that are regulated in part through 

alternative splicing66. In mice, TP63 is expressed by the developing urothelium and its 

absence leads to apoptosis of the ventral urothelium and impaired ventral smooth-muscle 

development, which result in bladder exstrophy67. The suggestion from these experiments 

is that additional, as yet unidentified, factors specify dorsal smooth-muscle development 

and that TP63 links urothelial differentiation and bladder-wall differentiation, although the 

mechanism is unclear. Patients with bladder exstrophy exhibit dysregulated expression of 

alternatively spliced TP63 isoforms68, and insertions or deletions in the TP63 promoter have 

been identified as risk factors for bladder exstrophy69. However, further studies are needed 

to determine the precise contribution of TP63 to bladder exstrophy in humans.

Additional data that support a direct role for the urothelium in CAKUTs stem from studies 

in uroplakin-knockout mice and human patients with CAKUTs. Uroplakin-knockout mice 

have been extensively characterized, and the spectrum of CAKUT phenotypes in these mice 

ranges widely in severity and anatomical basis (TABLE 1). In Upk2−/− mice, excessive 

urothelial hyperplasia results in variable obliteration of the ureteral lumen, leading to 

azotaemia and death by around postnatal days 8–10 in some but not all strains70. The 

fact that this severe phenotype is not universally displayed by all Upk2−/− mice illustrates 

the concept that unknown genetic modifiers can influence the severity or penetrance of 

phenotypes arising from monogenic CAKUTs — an important consideration that might 

account for the heterogeneity of CAKUT phenotypes in human carriers of common 

causative mutations. Upk1b-knockout mice also have urothelial hyperplasia but to a lesser 

extent. These mice have no evidence of urinary tract obstruction or VUR but do develop 

hydronephrosis in early adulthood that progresses as they age. Approximately 17% of 

Upk1b−/− mice have duplex kidneys, suggesting a potential role for UPK1B in ureteric bud 
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branching morphogenesis71,72. In mice, deletion of the Upk3a gene results in increased 

urothelial permeability to water and solutes, including urea23. These mice develop urothelial 

hyperplasia, small urothelial plaques, urothelial leakage and VUR73. UPK3B is a 35-kDa 

protein originally identified as upregulated in the bladders of Upk3a-knockout mice74. 

Although UPK3B is structurally related to UPK3A and capable of binding to UPK1B74, 

deletion of Upk3b does not impair urothelial plaque synthesis. UPK3B is considered a minor 

uroplakin owing to its functional redundancy with UPK3A75.

Urothelial hyperplasia occurs almost universally in uroplakin-mutant mice, which raises 

the question of whether an intact urothelial plaque transmits a physiological signal that 

suppresses urothelial hyperplasia or whether hyperplasia occurs as a result of a compromised 

urine permeability barrier. With regard to the potential for signalling from the urothelial 

plaque, multiple lines of evidence obtained in various species demonstrate that uroplakins 

undergo phosphorylation and can participate in intracellular signalling cascades. In mouse 

and frog oocytes, UPK3A transduces an extracellular signal that is required for fertilization 

and depends on recruitment of a tyrosine kinase to its cytoplasmic tail76-79. In zebrafish, 

Upk1b-like protein (an orthologue of UPK3A) is expressed by tubules in the pronephros, 

where it has an essential role in apical–basolateral polarization that is contingent on tyrosine 

phosphorylation80. When cultured human urothelial cells are exposed to the bacterial 

protein FimH, UPK3A undergoes serine/threonine phosphorylation of its cytoplasmic tail, 

an event that triggers apoptosis81. Clearly, more work is required to determine whether 

uroplakin heterodimers or the assembled urothelial plaque transduces a specific signal 

within developing urothelial cells (via phosphorylation or otherwise), but the convergence 

of experimental data in disparate model systems support this hypothesis. Alternatively, the 

absence of urothelial plaque might expose underlying quiescent urothelial cells to mitogenic 

proteins in the urine, leading to hyperplasia70.

The identification of mutations in uroplakin-related genes in mice with CAKUTs prompted 

efforts to screen patients with CAKUT for similar mutations. De novo heterozygous 

mutations in UPK3A were detected in 4 of 17 unrelated patients with kidney failure 

due to renal adysplasia54. In 2 of these individuals, a missense mutation resulted in a 

Pro–Leu amino acid substitution in the cytoplasmic tail of the UPK3A protein54. The 

other 2 patients had single-nucleotide substitutions in the 3' untranslated region of UPK3A 
mRNA54,82. In a follow-up study conducted in 170 patients with CAKUTs, 1 patient with 

a unilateral multicystic dysplastic kidney had a de novo missense mutation in UPK3A 
consistent with a pathogenic effect82. By contrast, genomic sequencing of 76 children with 

primary (non-syndromic) VUR did not identify nonsense or frameshift mutations in the 

four major uroplakin genes, although a single-nucleotide polymorphism in UPK3A resulting 

in a Pro–Ala amino acid substitution was weakly associated with VUR in this cohort83. 

Another study of 126 sibling pairs found no associations between VUR and markers at 

the UPK3A locus84. In a cohort of 42 children with a diverse spectrum of CAKUTs, a 

single patient who had VUR, bilateral nephropathy and renal failure was heterozygous for 

a frameshift mutation in UPK2, which, if expressed, would generate a truncated protein85. 

Taken together, these studies establish that mutations in uroplakin genes are associated 

with CAKUTs in rare individuals, but the pathogenic role of these mutations in CAKUT 

Jackson et al. Page 9

Nat Rev Urol. Author manuscript; available in PMC 2022 March 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



remains unclear. This lack of clarity is in part due to the paucity of knowledge regarding the 

prevalence of mutations in uroplakin genes in the general population.

Additional genetic studies have implicated a dysfunctional urothelium in CAKUTs. In 

mice, deletion of Cldn4 (which encodes claudin 4, a tight-junction protein expressed 

throughout the urothelium) leads to urinary-tract obstruction as a result of ureteral urothelial 

hyperplasia, a phenotype resembling that observed in Upk2-knockout mice70,86. However, 

Cldn4-knockout mice do not exhibit the defects in urothelial ultrastructure or barrier 

function observed in Upk2-knockout mice86. In mice, too, conditional deletion of Exoc5 
(also known as Sec10) in the ureteral urothelium leads to 100% penetrance of severe, 

bilateral hydronephrosis and anuria caused by congenital bilateral UPJO87. Exoc5 encodes 

exocyst complex component 5, which serves an essential role in trafficking secretory 

vesicles to the plasma cell membrane88. Inactivation of Exoc5 in developing ureteral 

urothelial cells results in impaired umbrella-cell differentiation, urothelial-cell apoptosis 

and compromised urothelial barrier function. These defects in epithelial integrity drive a 

local wound-healing response characterized by increased production of transforming growth 

factor-β, which drives myofibroblast activation. In turn, myofibroblast activation leads to 

an uncontrolled fibroproliferative response that ultimately obliterates the ureteral lumen and 

causes bilateral UPJO89. Altogether, these mouse studies indicate that defects in urothelial 

proteins are sufficient to cause congenital urinary-tract obstruction. In some patients with 

congenital UPJO, urothelial hyperplasia is a prominent finding, highlighting its potential 

role in the pathogenesis of UPJO in children90-92. Further studies are required to determine 

whether abnormal urothelial differentiation accounts for UPJO in such individuals and 

whether mutations in CLDN4 or EXOC5 occur in humans with CAKUTs.

Intrarenal urothelium in CAKUTs

The intrarenal urothelium lining the renal inner medulla and papilla is morphologically 

distinct from that lining the renal pelvis and ureter, in that it exhibits limited expression of 

uroplakin genes and lacks ultrastructural evidence of urothelial plaque93. In the megabladder 

mouse model of congenital urinary tract obstruction (these mice are homozygous for a 

gene translocation in which a fragment of chromosome 16 is inserted into chromosome 

11), the intrarenal urothelium undergoes initial proliferation followed by stratification and 

differentiation, such that apical cells acquire expression of uroplakin genes and begin 

to produce urothelial plaque94,95 (FIG. 3). These morphological changes are associated 

with the induction of genes expressed uniquely by terminally differentiated umbrella cells, 

encoding adherens junction proteins, proteins involved in urothelial plaque synthesis and 

urothelium-specific transcription factors. Similar intrarenal changes occur in adult mice 

following unilateral ureteral obstruction95-97. When urothelial plaque synthesis is inhibited, 

megabladder mice develop an accelerated onset of severe, bilateral hydronephrosis and die 

during adolescence with biochemical evidence of renal failure95. These findings suggest 

that morphological alterations in the intrarenal urothelium, and changes in urothelial plaque 

production in particular, serve essential roles in maintaining renal structure and function 

during congenital urinary-tract obstruction. Further studies are needed to identify the 

cellular and molecular mechanisms that drive intrarenal urothelial remodelling and to devise 
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pharmacological strategies to promote this process, with the aim of attenuating congenital 

obstructive nephropathy.

Urothelium-specific biomarkers

Given the emerging evidence of the importance of the urothelium during CAKUTs, 

researchers have focused on the development of urothelium-specific radiological and 

biochemical markers as a non-invasive means of CAKUT detection and diagnosis. These 

biomarkers might also aid in predicting prognosis and in directing appropriate selection of 

medical and/or surgical interventions. For all potential biomarkers considered to date, further 

studies are required to independently validate their utility before they can be used in the 

clinic.

Radiological markers.

Renal pelvic uroepithelial thickening (UET) is a common ultrasound finding that has 

been detected in patients with urinary tract infection (UTI), inflammation, urolithiasis and 

renal transplant rejection98-102. Scrutiny of its clinical meaning in children with possible 

CAKUTs has identified an association between UET and dilating VUR in two groups of 

patients: in those with prenatal hydronephrosis, a renal ultrasound finding of UET improved 

the sensitivity and specificity of this technique for identifying high-grade VUR (when 

present in combination with other previously defined renal ultrasound abnormalities such as 

hydroureter and renal dysmorphia)103. In children with a first febrile UTI, a renal ultrasound 

finding of UET similarly improved the sensitivity of this technique when used as a screening 

investigation to determine which children needed to undergo the more invasive investigation 

voiding cystourethrography to diagnose dilating VUR104. The value of detecting UET was 

evident even in children with a febrile UTI under 2 months of age, among whom UET was 

strongly associated with detection of grade 4–5 VUR105.

The anatomical basis for a radiological finding of UET is unclear in the setting of high-grade 

VUR, as high grades of VUR are clinically more commonly associated with an underlying 

renal parenchymal abnormality than with UET. Extensive urothelial injury and inflammation 

are seen in mouse models of reflux-associated pyelonephritis106, and a similar pathological 

response in infants with dilating VUR and febrile UTI could lead to local oedema and 

radiological UET. To our knowledge, no studies have evaluated the association between 

UET and renal scarring to date. A major limitation of clinical studies of UET lies in their 

retrospective design103,104. Future, prospective, multicentre studies are required to determine 

the predictive value of UET in CAKUTs.

Urinary biomarkers.

The search for possible urothelial markers of CAKUTs has considered various urine 

biomarkers. A study of urothelium from children with congenital UPJO identified increased 

infiltration of eosinophils and degranulation of mast cells, accompanied by increased 

expression of IL5 and CCL11 (encoding eotaxin). Urine from the obstructed kidney 

contained increased levels of IL-5 and eotaxin. In addition, elevated IL5 expression and 

increased cytoplasmic IL-5 levels in all urothelial cell types was associated with impaired 
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function on diuretic renography91. Patients with UPJO (but not healthy controls) also 

showed increased IL-5 levels in smooth-muscle and inflammatory cells.

Our group has similarly evaluated urothelial markers such as antimicrobial peptides in 

children undergoing surgical intervention for UPJO. Urinary levels of two urothelium-

specific antimicrobial peptides, namely regenerating islet-derived protein 3α (also known 

as hepato-intestinal pancreatic protein) and cathelicidin antimicrobial peptide (also known 

as LL-37), were markedly elevated in patients with clinically significant UPJO compared 

with their levels in healthy controls. Area under the curve plots suggested that the sensitivity 

and specificity of LL-37 for obstruction were in excess of 70% at an optimized threshold 

value of 3.3 ng/mg creatinine107. However, further prospective studies are required to 

validate these findings. In addition, the predictive power of these urothelial peptides might 

be confounded by their broad induction in response to urothelial injury in the setting of 

infection and inflammation108-110.

Conclusions

The urothelium is instrumental in patterning the development of the normal urinary tract, 

and mounting evidence suggests that urothelial abnormalities have a causal relationship with 

CAKUTs. As the search for additional genes associated with CAKUTs continues, we predict 

that some genes specifically expressed in the urothelium will have causal associations with 

CAKUTs and serve as genetic modifiers of CAKUT phenotypes. Additionally, alterations 

in urothelial composition associated with congenital urinary-tract obstruction are now 

known to promote structural stability and preserve renal function. Strategies to promote 

these stabilizing features of the urothelium could have therapeutic value in mitigating 

parenchymal injury in patients with urinary tract obstruction. Last, prospective studies are 

warranted to evaluate the roles of urothelial biomarkers in assisting with accurate diagnosis 

of CAKUTs and predicting the prognosis of affected patients.
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Key points

1. Interactions between the developing urothelium and its underlying 

mesenchyme serve critical roles in developmental patterning of the bladder 

and ureter.

2. Genetic disruption of signaling pathways that mediate terminal differentiation 

of urothelium and urothelial-mesenchymal interactions results in CAKUT 

phenotypes in humans and mice.

3. The urothelial plaque serves a critical protective role in response to congenital 

urinary tract obstruction.

4. Urothelium-specific radiological and biochemical markers represent potential 

means to detect CAKUT, but prospective studies are warranted to evaluate 

their diagnostic accuracy.
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Figure 1. Structural properties of urothelium.
a Urothelium is composed of distinct basal, intermediate and superficial (umbrella) cell 

populations. Superficial cells secrete an apical membrane plaque composed of uroplakin 

proteins at the luminal surface. b Haematoxylin and eosin staining demonstrates large, 

binucleated superficial cells (green arrows), as well as intermediate cells (grey arrows), 

some of which are binucleated, and basal cells (yellow arrows); ×40 magnification. The 

urothelial basement membrane is indicated by a white dashed line. c Transmission electron 

microscopy of superficial cells reveals their unique ultrastructural characteristics, including 

uroplakin-rich fusiform vesicles (asterisks) and scallop-shaped apical urothelial plaque (blue 

arrows); ×3,000 magnification.
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Figure 2. Urothelial–stromal crosstalk serves essential roles in urinary tract development.
a Bidirectional crosstalk (double arrows) between urothelial cells (blue) and stromal cells 

(grey) within the mesenchyme is essential for the normal differentiation of urothelium 

and smooth muscle in the developing bladder and ureter. b Urothelial–mesenchyme 

interactions during ureteral development. Urothelial sonic hedgehog protein (SHH) binds 

to its receptor patched (PTC), leading to the activation of GLI transcription factors, which 

drive transcription of bone morphogenetic protein 4 (BMP4) and forkhead box protein 

F1 (FOXF1), leading to the proliferation and differentiation of smooth-muscle progenitor 

cells. BMP4 also promotes urothelial proliferation and differentiation44,45. In parallel, 

urothelial WNT7B and WNT9B activate frizzled 1 (FZD1) receptors, leading to nuclear 

translocation of β-catenin and the transcription of target genes such as Tbx2 and Tbx3 
(encoding the T-box transcription factors TBX2 and TBX3, respectively), thereby promoting 

the proliferation and differentiation of smooth-muscle progenitor cells51,52.
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Figure 3. Intrarenal urothelial remodelling in the setting of congenital urinary tract obstruction.
Intrarenal urothelium in the normal adult mouse consists of one to two layers of interspersed 

cells expressing uroplakin 3A (green) and keratin 5 (red) (part a)93,95. In the megabladder 

mouse model of congenital urinary tract obstruction, a marked uniform apical redistribution 

of uroplakin-expressing cells to the intrarenal urothelium occurs (part b) to the extent 

that it resembles bladder urothelium (part c)94,95. The position of the urothelial basement 

membrane is indicated by white dashed lines.
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