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Abstract

Proper development and maintenance of urothelium is critical to its function. Uroplakins are 

expressed in developing and mature urothelium where they establish plaques associated with the 

permeability barrier. Their precise functional role in development and disease is unknown. Here, 

we disrupted Upk1b in vivo where its loss resulted in urothelial plaque disruption in the bladder 

and kidney. Upk1bRFP/RFP bladder urothelium appeared dysplastic with expansion of the 

progenitor cell markers, Krt14 and Krt5, increased Shh expression, and loss of terminal 

differentiation markers Krt20 and uroplakins. Upk1bRFP/RFP renal urothelium became stratified 

with altered cellular composition. Upk1bRFP/RFP mice developed age-dependent progressive 

hydronephrosis. Interestingly, 16% of Upk1bRFP/RFP mice possessed unilateral duplex kidneys. 

Our study expands the role of uroplakins, mechanistically links plaque formation to urinary tract 

development and function, and provides a tantalizing connection between congenital anomalies of 

the kidney and urinary tract along with functional deficits observed in a variety of urinary tract 

diseases. Thus, kidney and bladder urothelium are regionally distinct and remain highly plastic, 

capable of expansion through tissue-specific progenitor populations. Furthermore, Upk1b plays a 

previously unknown role in early kidney development representing a novel genetic target for 

congenital anomalies of the kidney and urinary tract.
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INTRODUCTION

Urothelium is a specialized epithelium that lines the urinary tract. Although contiguous, the 

morphology and developmental ontology of urothelium are tissue-specific.1 Most studies 

focus on multi-layered bladder urothelium, limiting our understanding of urothelium in the 

remaining urinary tract.

Normal urothelial function is critical in maintaining the urine:blood barrier, modulating 

surface area, and mediating the host response to infection.2, 3 Evidence points to a role for 

urothelium in patterning of the urinary tract.4, 5 Furthermore, studies in our lab and others 

have shown molecular and structural alterations in renal urothelium to be an early response 

to tissue injury.6-8

Critical to urothelial function is formation of an apical asymmetrical unit membrane (AUM). 

AUM plaques are composed of uroplakin (Upk) protein particles.3, 9 Five have been 

identified: Upk1a, Upk1b, Upk2, Upk3a and Upk3b.9-13 Upk1a and Upk1b are tetraspanin 

proteins and possess four transmembrane (TM) domains, whereas, Upk2 and Upk3 have 

single TM domains.3

Upks are assembled in the endoplasmic reticulum (ER; Figure 1.1), where they 

heterodimerize prior to escaping the ER (Figure 1.2). Upk1a and Upk1b heterodimerize 

with Upk2 and Upk3, respectively. Further processing in the Golgi apparatus leads to a 

conformational change and heterotetramer formation (Figure 1.3). Upk heterotetramers 

form concentric hexameric rings (Figure 1.4) of highly organized Upk particles that are 

packaged into vesicles and trafficked to the cell surface.9, 14-16 Rigid urothelial plaques are a 

hallmark of urothelial differentiation and are highly conserved among mammals.9, 17

We investigated the function of Upk1b in bladder and kidney urothelium. In vivo 

manipulation of a tetraspanin Upk has never been evaluated. Our results indicate that the 

urothelial plaque is critical to urothelial development, homeostasis and function and that 

Upk1b represents a new genetic target for congenital anomalies of the kidney and urinary 

tract (CAKUT).

RESULTS

Bladder

Upk1b-directed RFP expression was validated in Upk1bRFP/+ and Upk1bRFP/RFP urinary 

tracts (Supplemental Figure 1A-C). As expected, Upk1b mRNA expression was decreased 

in a stepwise manner from high levels in controls to low levels in Upk1bRFP/RFP bladders 

(Supplemental Figure 1D). This negatively correlated with graded increases in RFP 

expression in Upk1bRFP/+ and Upk1bRFP/RFP bladders (Supplemental Figure 1E).
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Altered morphology and absent plaque

Upk1b ablation resulted in dysplastic urothelial morphology with anisokaryosis and 

abnormal nuclear alignment (Supplemental Figure 1H). Round vacuoles with apoptotic 

cells, and narrow, clear, pericellular spaces, consistent with cellular retraction were 

observed. Histopathology is summarized (Tables 1 & 2).

Urothelial plaque appeared absent in Upk1bRFP/RFP bladders (Figure 2A, B) and was 

confirmed by scanning electron microscopy (Supplemental Figure 2). The apical surface 

had fewer and more blunted microvillar projections with surface cells exhibiting immature 

vesicles and a reduced number and density of ribosomes. Urothelial plaque components 

were significantly affected by Upk1b ablation (Figure 2 C-L). Upk3a, Upk3b and Upk2 

protein expression was reduced in Upk1bRFP/RFP bladders, although Upk3a and Upk2 

mRNA appeared unchanged and Upk3b increased slightly. Upk3a appeared absent from 

Upk1bRFP/RFP bladder urothelium, while Upk3b, Upk2 and Upk1a were significantly 

reduced and/or aberrantly localized.

Altered cellular composition and increased proliferation

Urothelial organization was significantly altered in Upk1bRFP/RFP bladders (Figure 3). 

Umbrella cell marker, Krt20, exhibited increased mRNA expression in Upk1bRFP/RFP 

bladders, while protein levels appeared reduced (Figure 3A-E). Intermediate cell marker, 

Krt13, was expanded throughout the urothelium with intense staining in the apical layer, 

which normally does not express Krt13 (Figure 3A, F, G).

Basal cell markers, Krt5 and Krt14, were altered in Upk1bRFP/RFP bladder urothelium 

(Figure 3). Krt5 protein was increased in Upk1bRFP/RFP bladders, despite unchanged 

transcript levels (Figure 3A-C), and marked basolateral borders throughout multiple 

urothelial layers (Figure 3I). Krt14 mRNA, protein (Figure 3A-C) and total Krt14 basal 

cells (31.67 ± 7.055 vs. 4.667 ± 0.3333, p= 0.0187) were significantly increased compared 

to control (Figure 3J, K).

Upk1bRFP/RFP bladder urothelium exhibited a 5-fold increase in proliferation (Figure 4A, p 

< 0.0001), commonly associated with basal cells, but also some intermediate cells 

(Supplemental Figure 3). Expression of p63, a stem/progenitor marker,18, 19 was expanded 

in Upk1bRFP/RFP basal and intermediate cell layers (Figure 4C). Re-expression of sonic 

hedgehog (Shh), a downstream transcriptional target of p63, was also observed where it 

uniformly marked basal and intermediate cells and localized to the basolateral surface of 

some superficial cells (Figure 4E, F).20

Kidney—Upk1bRFP/+ and Upk1bRFP/RFP kidneys exhibited a graded decrease in Upk1b 

mRNA in conjunction with a graded increase in RFP expression (Supplemental Figure 4). 

RFP expression in Upk1bRFP/+ and Upk1bRFP/RFP bladder lysates was 50- and 19-fold 

higher respectively, than the corresponding kidney samples, indicating urothelium comprises 

a smaller percentage of total kidney tissue than bladder and providing a rationale for the 

difficulty in detecting Upk proteins in kidneys.
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Altered morphology and absent plaque

Upk1bRFP/RFP kidneys exhibit altered urothelial morphology with no defects observed in 

any other renal structures (Supplemental Figure 4C-F). Upk1bRFP/RFP urothelium 

appeared thickened, multilayered and contained apoptotic cells.

Upk1bRFP/RFP renal urothelium lacked surface plaques and the numerous fusiform vesicles 

and parallel membrane arrays observed in controls (Figure 5A-B), consistent with altered 

Upk expression (Figure 5C-l). Upk3a, Upk3b, Upk1a and Upk2 mRNAs were significantly 

increased in Upk1bRFP/RFP kidneys (Figure 5C), although Upk3a protein was significantly 

decreased, as was Upk3a staining in Upk1bRFP/RFP renal urothelium (Figure 5D, I). Upk3b, 

Upk1a and Upk2 showed diffuse cytoplasmic expression in Upk1bRFP/RFP renal urothelium 

(Figure 5F-L), while Upk1a and Upk2 aberrantly localized to basolateral nuclear aggregates 

consistent with Golgi/ER entrapment (Figure 5K, L).21

Altered cellular composition

Urothelial organization was significantly altered in Upk1bRFP/RFP kidneys (Figure 6). 

Krt20, Krt5 and Krt14 mRNAs were significantly increased in Upk1bRFP/RFP kidneys 

(Figure 6A). Krt14 showed an increase in expression in Upk1bRFP/RFP kidneys (Figure 
6B). Krt5 marked cortical basal cells beneath several layers of Krt5 negative cells, while 

increased Krt14 expression was detected in basal cells throughout Upk1bRFP/RFP renal 

urothelium (Figure 6C-J).

Hydronephrosis and CAKUT

Upk1bRFP/RFP mice developed progressive bilateral hydronephrosis with parenchymal 

thinning (Figure 7, Tables 3 & 4). Detrusor leak point pressure, bladder wall thickness, and 

voiding frequency and volume were unchanged in Upk1bRFP/RFP mice confirming a lack of 

lower urinary tract obstruction (unpublished data).

Approximately 16% of Upk1bRFP/RFP mice (14/85) had unilateral collecting system 

duplication (Fisher's exact test, P < 0.0001, Figure 8). Anterograde dye injection into the 

ectopic and orthotopic kidney pelvises revealed two patent ureters (Figure 8D, E). 

Retrograde dye injection from the bladder failed to identify the ectopic ureter, suggesting it 

did not insert into the bladder (unpublished data). Histology confirmed distinct renal 

pelvises separated by parenchymal septum (Figure 8F).

DISCUSSION

This study is the first to examine the functional consequences of genetic ablation of Upk1b, 

a unique tetraspanin Upk that can escape the ER without herterodimerization.22 Loss of 

Upk1b expression in Upk1bRFP/RFP mice disrupted urothelial plaques throughout the urinary 

tract, consistent with its role in forming one of the key heterodimeric partners necessary for 

AUM formation. Upk1b is highly expressed in developing and mature urinary and 

reproductive tracts with significantly lower levels expression observed in other epithelial 

membranes and secretory organs. Although we focused on the urinary tract, survey of 

Upk1bRFP/RFP mice did not detect deficits associated with any other organs/tissues.
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The primary defects observed in Upk1bRFP/RFP mice appear cell-autonomous and were 

directly associated with loss of Upk1b expression and plaque formation resulting in 

urothelial dysmorphogenesis, loss of urothelial structural integrity and a novel association of 

Upk1b with the development of CAKUT. These observations are consistent with the 

proposed mechanistic actions of Upks: 1) regulation of membrane permeability, 2) 

stabilization of the apical membrane through AUM/cytoskeletal interactions, and 3) 

mediation of signaling events regulating cellular development, activity, growth and 

motility.2, 3

The primary mechanistic action of Upk1b in urothelium resides in its role in forming 

plaques.2 Prior studies have shown that disruption of the AUM results in alterations in 

urothelial morphology.4, 5 A similar mechanism is proposed for Upk1bRFP/RFP mice, where 

absence of urothelial plaques prevents development of the permeability barrier. As a result, 

umbrella cells are exposed to urine causing cellular damage and loss. These defects result in 

alterations in cellular phenotype within the urothelium of both kidney and bladder (Figure 

9). Urothelium in Upk1bRFP/RFP mice is less mature resulting a multilayered renal 

urothelium that appears bladder-like and a highly disorganized bladder urothelium that is 

dysplastic.

The precise signals causing the morphologic changes observed in Upk1bRFP/RFP urothelium 

are likely multifactorial, involving intrinsic and extrinsic factors. Studies indicate Upk 

proteins have intrinsic signaling capabilities; Upk3a possesses a cytoplasmic signaling 

domain that is important in mediating bacterial invasion and apoptosis.23 Bacterial binding 

to Upk1a induces transcriptional changes in basal and intermediate cells before umbrella 

cells were compromised.2 Therefore, lack of plaques in Upk1bRFP/RFP mice would prevent 

these intrinsic signaling pathways. It seems reasonable to assume that at least some of these 

intrinsic signals are critical for the development and maintenance of the superficial cell 

phenotype, thereby providing a mechanism for their loss in Upk1bRFP/RFP mice. This fact is 

likely compounded by cellular damage and loss associated with urine exposure resulting in 

exacerbation of the phenotype based upon the secondary extrinsic signaling pathways 

associated with normal urothelial development, stratification and homeostasis.

One clear product of Upk1b ablation in Upk1bRFP/RFP mice is increased proliferation and 

cellularity within the urothelium of both the kidney and bladder. The primary cell types 

associated with this increase in proliferation were the Krt5 and Krt14 basal cells, which is 

consistent with the tissue-specific expansion of these progenitors following a variety of 

injury models.7, 8, 24, 25 These observations are also supported by studies in our lab where 

urothelial remodeling in hydronephrotic kidneys involved increased urothelial proliferation 

in Krt14-expressing cells, urothelial stratification, and de novo Upk expression.6

We hypothesize that urothelial plaques represent the functional equivalent of an apical 

basement membrane that is necessary for normal development and maintenance of 

superficial cells lining the urinary tract. Plaque destabilization has the potential to alter 

signaling pathways associated with normal urothelial development and homeostasis. 

Depending upon the insult, these alterations in signaling may involve both intrinsic and 

extrinsic pathways and thereby elicit distinct injury responses. For example, Upk1b ablation 
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and bacterial binding may interrupt a negative feedback loop that keeps Krt5-expressing 

basal cells quiescent resulting in their rapid expansion.24 By comparison, intermediate cells 

already express Upks and rapidly replace superficial cells following chemical injury, thereby 

preserving the negative feedback loop and keeping Krt5 progenitors quiescent.25

This model is supported by the observation that Upk1bRFP/RFP mice possess dysplastic 

urothelium, a feature postulated as a precursor of carcinoma in-situ and invasive bladder 

cancer.26, 27 Prior studies suggested Upks, including Upk1b,28 are tumor suppressor genes, 

and individual cell types have been implicated in chemically-induced bladder cancers.29, 30 

Our data supports this and provides novel evidence that absent Upk1b expression results in 

urothelial dysplasia.

The fact that Upk1bRFP/RFP mice develop spontaneous, age-dependent, progressive 

hydronephrosis in the absence of obstruction indicates the defect is a direct, cell-autonomous 

consequence of Upk1b loss. Association of the AUM's with intracellular cytoskeletal 

elements is thought to stabilize apical membranes and increase structural integrity of the 

urothelium during pressure fluctuations associated with urine storage and micturition. We 

hypothesize that Upk1bRFP/RFP mice possess weakened urothelial integrity due to plaque 

loss that leads to a structurally and functionally deficient urothelium. As postnatal 

nephrogenesis progresses and glomerular filtration rate increases, increased urine production 

and storage pressure gradually stresses Upk1bRFP/RFP urothelium resulting in the onset of 

spontaneous progressive hydronephrosis observed in these animals. The kidney may be 

particularly sensitive since it lacks the well-defined muscular coat.

The unexpected observation that Upk1b ablation results in duplex kidneys indicates that 

Upk1b expression is necessary for normal ureteric bud formation. Nothing is currently 

known regarding Upk expression during early urinary tract development, but a variety of 

supportive evidence suggests they play a role. Upk3a is expressed in the urinary tract of 

Xenopus, and upk3l (Upk3a-like) morpholinos affect zebrafish pronephros 

development.31, 32 In addition, heterozygous UPK3A mutations associate with renal 

adyspasia and/or vericoureteral reflux,33 while UPK2 mutations associate with renal 

malformations in humans34 and common genetic variants in UPK3A trended toward an 

association with duplex kidneys in a Dutch population.35 These studies and our results 

support an expanded role for Upks in urinary tract development and CAKUT.

This study indicates that Upk1b expression is critical for urothelial plaque stability, 

maturation, differentiation and homeostasis of urothelium. We demonstrate that urothelium 

is regionally distinct and highly plastic, possessing the potential to modify its cellular 

composition based upon expansion of specific cell populations. We provide the first 

experimental evidence that Upks function in kidney development and in the formation of 

CAKUT. These observations mechanistically link developmental defects of the urinary tract 

(duplex kidney), functional deficits within the urinary tract (spontaneous hydronephrosis) 

and urothelial dysplasia. Linking these disparate clinical entities to a single genetic loci 

provides a unique pathogenic paradigm for urinary tract diseases and may be critical in 

directed follow-up treatment of patients. Future studies will define the functional role that 

Upk1b plays in urinary tract development and reexamine potential genetic and epigenetic 
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association of Upks with a variety of urinary tract diseases/disorders in hopes of identifying 

common pathogenic processes.

MATERIALS AND METHODS

Ethics Statement

Animal studies were conducted under Public Health Services Animal Welfare Assurance 

number A3544-01, and approved by Institutional Animal Care and Use Committee protocol 

02105AR.

Animals

Upk1btm1Pzg/J mice generated by the GenitoUrinary Development Molecular Anatomy 

Project (GUDMAP) consortium36 (hereafter called Upk1b+/+, Upk1bRFP/+, Upk1bRFP/RFP) 

were backcrossed to an FVB/N. Red fluorescent protein and polyadenylation sequence 

(RFP-pA) disrupts Upk1b translation. RFP-carrying mutants express RFP from the 

endogenous Upk1b promoter. GUDMAP validated that the RFP knock-in localizes to 

expected tissues and the allele exhibits expected activity (www.gudmap.org/Docs/

Mouse_Strains/Upk1b_RFP_Report.pdf), and we confirmed this in FVB/N backcrossed 

mice. Upk1b+/+, Upk1bRFP/+ and Upk1bRFP/RFP were examined; data is reported for 

Upk1bRFP/+ when it's significantly altered versus control. Data presented represents 2-3 

months old mice; however urothelial changes were observed at postnatal day (P)7-P10, prior 

to onset of hydronephrosis (Supplemental Figure 5). This study is limited to bladder and 

kidney; however, we observed no other organ defects through gross evaluation.

Histology & Immunohistochemistry

RFP was observed by mounting deparaffinized and rehydrated tissue sections with 

VECTASHIELD® with DAPI (Vector Laboratories, Burlingame, CA), and imaged using a 

Spot Camera and Leica DM4000B microscope. Routine H&E was performed and evaluated 

by a certified veterinary pathologist (CPMPSR, Ohio State University, Columbus, OH, 

Table 1).

Immunohistochemistry was performed as previously described.6, 37, 38 Primary antibodies: 

Upk1a, Upk2, Upk3b, Shh, p63 (Santa Cruz Biotechnology, Santa Cruz, CA), Upk3a 

(Fitzgerald Industries International, Acton, MA), Krt13, Krt5, Krt14 (Covance, Princeton, 

NJ), and Krt20 (Dako North America, Inc., Carpinteria, CA) were detected using Anti-

Polyvalent or Anti-Goat and, HRP/DAB reagents (Scytek Laboratories, Logan, UT). 

Sections were imaged using an Olympus BX51 microscope and CX9000 camera. Krt14 

positive cells were quantitated in random high power fields (40×). Statistical significance 

was determined using an unpaired two-tailed t test.

Proliferation was detected using the Click-iT® EdU Alexa Fluor® 488 Imaging Kit per 

manufacturers recommendation (Life Technologies, Carlsbad, CA). 500μg 5-ethynyl-2′-

deoxyuridine (EdU) was administered via intraperitoneal injection. Mice were euthanized 

after two hours, tissues were sectioned and EdU detection was performed at 250μm 
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intervals. Percentage of EdU-positive urothelial cells was quantitated. A two-way ANOVA 

was used to calculate p-values (Version 6.0c, GraphPad Software, Inc., La Jolla, CA).

Immunoblotting

Total protein was procured, denatured, resolved by SDS-PAGE and transferred to PVDF 

membrane (Bio-Rad Laboratories, Inc., Hercules, CA). Primary antibody: Upk1a, Upk2, 

Upk3a, Upk3b, Krt5, Krt14, Krt20, Shh, RFP (Rockland Immunochemicals, Inc. 

Gilbertsville, PA), and GAPDH (EMD Millipore, Billerica, MA) was incubated overnight, 

followed by two hour incubation with HRP-conjugated secondaries (Vector Laboratories). 

Proteins were visualized using ECL and chemiluminescence film.

Ultrasonography

Hydronephrosis was measured using the Vevo 2100 as previously described.39 Average 

percent parenchyma ± SEM was graphed, and a two-way ANOVA was performed. Bladder 

wall thickness was measured during ultrasonography. Average thickness ± SD was graphed, 

and a t-test was performed.

Transmission Electron Microscopy

Tissues were perfused with PBS and 2% glutaraldehyde/PBS, fixed in 2.5% glutaraldehyde, 

post-fixed in 1% osmium tetroxide, dehydrated in ethanols, cleared in propylene oxide and 

infiltrated with 1:1 Epon/Araldite:propylene oxide and Epon/Araldite. 60nm sections were 

collected onto CuPd grids, stained with uranyl acetate and lead citrate, viewed on a Hitachi 

H 7650 (Hitachi, Ltd.,Chiyoda, Tokyo), and evaluated by a certified veterinary pathologist.

Quantitative PCR (qPCR)

qPCR was performed as previously described.6 12.5ng of cDNA and gene-specific primers/

probes were used (Roche NimbleGen, Incorporated, Madison, WI). Triplicate reactions 

included Gapdh. Results were expressed using the 2- CT method by normalizing to control 

kidney or bladder cDNA. Average fold change ± SEM and a two-way ANOVA was 

performed.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Urothelial plaque assembly
Schematic depiction of urothelial plaque assembly from (1) uroplakin assembly in the 

endoplasmic reticulum, to (2) heterodimerization, (3) heterotetramerization and (4) particle 

formation.
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Figure 2. RFP-disrupted Upk1b Leads to Defective Urothelial Plaque
(A, B) Ultrastructural analysis of the apical surface of the urothelial superficial cell layer in 

Upk1b+/+ and Upk1bRFP/RFP bladders was assessed by transmission electron microscopy. 

V: discoid and fusiform vesicles, Black Arrow: Parallel membranes, Gray Arrow: Pointed 

Apical Projections, Arrowhead: Blunted Apical Projections, White Arrow: Membranous 

Body Containing Vesicles. (C) Uroplakin expression in Upk1b+/+, Upk1bRFP/+ and 

Upk1bRFP/RFP bladders (n=3 Upk1b, n=5 Upk3a, Upk3b, Upk1a, Upk2) was measured by 

qPCR. Raw data was normalized to Gapdh and fold change relative to Upk1b+/+ is graphed. 

A Two-Way ANOVA and Tukey's multiple comparison post-hoc test were used to evaluate 

statistical significance. *p < 0.05, ****p < 0.0001. Error bars represent standard error. (D) 

Protein expression in Upk1b+/+, Upk1bRFP/+ and Upk1bRFP/RFP bladders were analyzed by 

immunoblotting using the antibodies indicated. (E-L) Superficial and intermediate cell 

morphology in Upk1b+/+ and Upk1bRFP/RFP bladders were analyzed by 
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immunohistochemistry for the antibodies indicated. Scale bars indicate 500nm (A, B), 25μm 

(E-L).
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Figure 3. Absent Upk1b and Urothelial Plaque Affect Urothelial Homeostasis, Maturation and 
Organization
(A) Schematic of urothelial cell morphology including the previously reported cytokeratin 

(Krt) profiles of basal, intermediate and umbrella cells. The cytokeratins used for 

immunohistochemistry are indicated in bold. (B) Cytokeratin mRNA expression in 

Upk1b+/+, Upk1bRFP/RFP and Upk1b+/+ bladders (n=5) was analyzed by qPCR. Raw data 

was normalized to Gapdh and fold change relative to Upk1b+/+ is graphed. A Two-Way 

ANOVA and Tukey's multiple comparison post-hoc test were used to evaluate statistical 

significance. *p < 0.05, **p < 0.01. Error bars represent standard error. (C) Protein 

expression in Upk1b+/+, Upk1bRFP/+ and Upk1bRFP/RFP bladders was evaluated by 

immunoblotting for the antibodies indicated. (D-K) Urothelial morphology in Upk1b+/+, 

Upk1bRFP/RFP bladders was analyzed by immunohistochemistry for the antibodies 

indicated. Scale bars indicate 25μm.
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Figure 4. Absent Upk1b and Urothelial Plaque Increase Urothelial Proliferation
(A) A box and whiskers plot displays the average EdU+ urothelial cells (UCs) per section in 

Upk1b+/+, Upk1bRFP/+ and Upk1bRFP/RFP bladders (n=3). Whiskers represent the minimum 

and maximum. A two-way ANOVA in conjunction with Tukey's multiple comparison 

correction was used to calculate p-values. ****p < 0.0001. (B-E) Expression of p63 and the 

downstream target Shh were evaluated in Upk1b+/+ and Upk1bRFP/RFP bladder urothelium 

by immunohistochemistry. (F) Protein expression in Upk1b+/+, Upk1bRFP/+ and 

Upk1bRFP/RFP bladders was evaluated by immunoblotting for Shh and Gapdh. Scale bars 

indicate 25μm (B-E).
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Figure 5. RFP-disrupted Upk1b Leads to Defective Urothelial Plaque in the Kidneys
(A, B) Ultrastructural analysis of the apical surface of the cortical, renal urothelial 

superficial cell layer in Upk1b+/+ and Upk1bRFP/RFP kidneys was assessed by transmission 

electron microscopy. RP: Renal Pelvis, Black Arrow: Parallel membranes, Gray Arrow: 

Pointed Apical Projections, Arrowhead: Blunted Apical Projections, F: Fusiform Vesicles. 

Asterisk: Mitochondria. (C) Uroplakin mRNA expression in Upk1b+/+, Upk1bRFP/+ and 

Upk1bRFP/RFP kidneys was evaluated by qPCR (n=3 Upk1b, n=6 Upk3a, Upk3b, Upk1a, 

Upk2). Raw data was normalized to Gapdh and fold change relative to Upk1b+/+ is graphed. 

A Two-Way ANOVA and Tukey's multiple comparison post-hoc test were used to evaluate 

statistical significance. *p < 0.05, **p < 0.01, ***p < 0.001., ****p < 0.0001. Error bars 

represent standard error. (D) Protein expression in Upk1b+/+, Upk1bRFP/+ and 

Upk1bRFP/RFP kidneys was evaluated by immunoblotting for the antibodies indicated. (E-L) 

Renal urothelial morphology in Upk1b+/+ and Upk1bRFP/RFP kidneys was evaluated by 
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immunohistochemistry for the antibodies indicated. Scale bar indicates 1μm (A, B), 25μm 

(E-L).
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Figure 6. Absent Upk1b and Urothelial Plaque Affect Renal Urothelial Composition and 
Organization
(A) Cytokeratin mRNA expression in Upk1b+/+, Upk1bRFP/+ and Upk1bRFP/RFP kidneys 

(n=3) was analyzed by qPCR. Raw data was normalized to Gapdh and fold change relative 

to Upk1b+/+ is graphed. A Two-Way ANOVA and Tukey's multiple comparison post-hoc 

test were used to evaluate statistical significance. *p < 0.05, **p < 0.01, ***p < 0.001. Error 

bars represent standard error. (B) Protein expression in Upk1b+/+, Upk1bRFP/+ and 

Upk1bRFP/RFP kidneys was evaluated by immunoblotting for Krt14 and Gapdh. (C-J) Krt5 

and Krt14 expression in Upk1b+/+ and Upk1bRFP/RFP renal urothelium was analyzed by 

immunohistochemistry. C: Cortical Urothelium, P: Papillary Urothelium. Scale bars indicate 

25μm (C-D) 50μm (E-J).
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Figure 7. Absent Upk1b and Urothelial Plaque Affect Renal Structure
(A) Renal ultrasound was used to analyze hydronephrosis in Upk1b+/+ and Upk1bRFP/RFP 

mice at the ages indicated. (B) Data is represented as the percent parenchyma (n>18). A 

Two-Way ANOVA and Tukey's multiple comparison post-hoc test were used to evaluate 

statistical significance. *p < 0.05 **p < 0.01 ****p < 0.0001. Error bars represent standard 

error. Scale bars indicate 2mm (A).

Carpenter et al. Page 19

Kidney Int. Author manuscript; available in PMC 2017 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 8. Identification of a Duplicated Collecting System
(A-C) Renal ultrasound was used to evaluate Upk1b+/+ and Upk1bRFP/RFP adult mice to 

discern (A) normal renal structure, the presence of (B) hydronephrosis, or (C) 

hydronephrosis and collecting system duplication. White Arrow: Echogenic strip separating 

two renal pelvises. (D, E) Gross evaluation paired with methylene blue injection directly 

into the orthotopic (bottom, D) and ectopic (top, E) renal pelvises was used to identify two 

parallel ureters exiting the kidney. Black Arrow: Ectopic Ureter, Gray Arrow: Orthotopic 

Ureter. (F) The presence of ectopic and orthotopic pelvises, was analyzed by H&E staining. 

Adr (Adrenal Gland). Scale bars indicate 2mm, (A-E) 1mm (F).
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Figure 9. Schematic Depiction of Urothelial Organization
(A) Bladder urothelium in Upk1b+/+ and (B) Upk1bRFP/RFP mice. (C) Renal urothelium is 

depicted in the papilla, medulla/fornix, and cortex of Upk1b+/+ and (D) Upk1bRFP/RFP mice. 

The differential expression of urothelial proteins is displayed for Krt5, Krt14/Krt5, Krt13, 

Krt20, p63, Shh, in addition to proliferation as indicated by EdU, and the presence of an 

Urothelial Plaque.
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Table I

Histopathology Scoring Criteria

Score Criteria - Urothelial Thickening and Vacuolation

0 Within Normal Limits

- mucosa averages 2-3 cells thick, urothelial cells have roughened apical surfaces

- no large vacuoles or apoptotic cells, and rare epithelial cell nuclei in the superficial urothelium

1 Minimal

- mucosa averages 3-5 cells thick, urothelial cells generally have smooth apical surfaces

- rare (1-2) large vacuoles or apoptotic cells but occasional epithelial cell nuclei in the superficial urothelium

2 Mild

- mucosa averages 4-7 cells thick, urothelial cells have smooth apical surfaces

- occasional (3-5) large vacuoles or apoptotic cells but many epithelial cell nuclei forming a discontinuous layer in the superficial 
urothelium

3 Moderate

- mucosa averages 7-10 cells thick, urothelial cells have smooth apical surfaces

- some (6-10) large vacuoles or apoptotic cells with many epithelial cell nuclei forming a nearly continuous layer in the superficial 
urothelium

4 Marked

- mucosa averages 12 or more cells thick, urothelial cells have smooth apical surfaces

- many (12+) large vacuoles or apoptotic cells with many epithelial cell nuclei forming a nearly continuous layer in the superficial 
urothelium

Kidney Int. Author manuscript; available in PMC 2017 March 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Carpenter et al. Page 23

Table II

Urinary Bladder Score - Extent of Urothelial Thickening and Variolation

Genotype Normal (0) Minimal (1) Mild (2) Moderate (3) Marked (4)

Upk1b+/+ #1 x

Upk1b+/+ #2 x

Upk1b+/+ #3 x

Upk1bRFP/+ #1 x

Upk1bRFP/+ #2 x

Upk1bRFP/+ #3 x

Upk1bRFP/+ #4 x

Upk1bRFP/RFP #1 x

Upk1bRFP/RFP #2 x

Upk1bRFP/RFP #3 x

Upk1bRFP/RFP #4 x
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Table III

Macroscopic Pathology Scoring Criteria

Score Criteria - Degree of Hydronephrosis (H&E stained slide)

0 Within Normal Limits

- no dilation of the renal pelvis

1 Minimal

- pelvis visibly dilated, occupying less than 15% of the kidney width at the hilus

2 Mild

- pelvis visibly dilated, occupying 20% to 40% of the kidney width at the hilus

3 Moderate

- pelvis visibly dilated, occupying 45% to 70% of the kidney width at the hilus

4 Marked

- pelvis visibly dilated, occupying more than 75% of the kidney width at the hilus
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Table IV

Kidney Score - Extent of Hydronephrosis

Genotype Normal (0) Minimal (1) Mild (2) Moderate (3) Marked (4)

Upk1b+/+ #1 x

Upk1b+/+ #2 x

Upk1b+/+ #3 x

Upk1bRFP/+ #1 x

Upk1bRFP/+ #2 x

Upk1bRFP/+ #3 x

Upk1bRFP/RFP #1 x

Upk1bRFP/RFP #2 x

Upk1bRFP/RFP #3 x

Upk1bRFP/RFP #4 x

Upk1bRFP/RFP #5 x
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