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ABSTRACT 37 

Collagen 17A1 (COL17A1), an epidermal hemidesmosome component, is ectopically induced in the 38 

urothelium of mouse and human renal pelvis (RP) in parallel with urinary-tract-associated lymphoid 39 

structure development. Here, we found that COL17A1 was induced in obstructive-uropathy-prone ureter 40 

of humans and cats. To ascertain its function, murine urinary organs with unilateral ureteral obstruction 41 

(UUO) were analyzed during one week after surgery. One day after UUO, COL17A1 expression 42 

increased in urothelial cells of RP and ureter, and was positively correlated with renal tubulointerstitial 43 

lesions. A portion of RP where the smooth muscle layer from the ureter was interrupted was sensitive to 44 

urothelium deciduation and COL17A1 induction, showing urine leaked from the RP lumen into the 45 

parenchyma. After urine stimulation, cultured immune cells expressed Cxcl2, also upregulated in CD11b+ 46 

cells following COL17A1 stimulation. One day after UUO, CXCL2+ CD11b+ cells infiltrated the 47 

urothelium-disrupted area; however, these numbers were significantly lower in Col17a1-deficient mice. 48 

COL17A1+ urothelial cells partially co-expressed CK14, a progenitor cell marker for urothelium, while 49 

Col17a1-deficient mice had lower numbers of CK14+ cells. Gene Ontology analysis revealed that 50 

expression of epithelial- and immune-associated genes was up- and down-regulated, respectively, in the 51 

ureter of Col17a1-deficient mice four days after UUO. Thus, COL17A1 maintains urothelium integrity 52 

by regulating urothelial cell adhesion, proliferation and differentiation, and activates local immune 53 

responses during obstructive uropathy in mammals. 54 
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INTRODUCTION 58 

The collagen family including 28 members is divided into fibrillar and non-fibrillar types; the former 59 

forms the fibril networks of the extracellular matrix, while the latter forms trans- and basement 60 

membranes and connects to the surface of collagen fibrils1. Collagen 17A1 (COL17A1, also known as 61 

BP180), belonging to the non-fibrillar collagen type, is a transmembrane structural component of 62 

hemidesmosomes, is constitutively expressed in keratinocytes, and attaches the epidermis to the basement 63 

membrane2. The gene has been identified as a causal gene for junctional epidermolysis bullosa2. 64 

Pathologically, COL17A1 can be an autoantigen for bullous pemphigoid, and is overexpressed in 65 

epidermal basal cells during wound healing in the context of cell migration and proliferation3–5. In the 66 

urothelium, COL17A1 has been detected in the urinary bladder of cows and rats; however, its function in 67 

urothelium has not been well investigated6. 68 

Recently, we revealed that COL17A1 is ectopically induced in renal pelvis (RP) urothelium 69 

overlaying urinary tract-associated lymphoid structures (UTALSs) in mice and humans with chronic 70 

nephritis7. UTALSs, tertially lymphoid structures developing under the urothelium, are induced and 71 

stimulated by the production of cytokines and chemokines in immune and stromal cells of RP, as well as 72 

by urine leakage from RP lumen to parenchyma. Moreover, UTALS development is affected by aging and 73 

systemic immune conditions and is positively correlated with the progression of renal lesions. Our 74 

previous results indicated that COL17A1 in RP is induced via the FOS/JUN pathway and plays a role in 75 
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UTALS development by stimulating the production of IL-6, IL-22, and CXCL9 from UTALS-forming 76 

cells7. 77 

We also reported urine-urothelial barrier disruption in RP of mice and humans with chronic nephritis, 78 

along with urine leakage from the RP lumen into parenchyma in our murine model7. Urothelium injuries 79 

are observed owing to urinary stasis in several diseases, including obstructive nephropathy8. Mammalian 80 

urinary tracts can be obstructed by anatomical defects, urolithiasis, bacterial infections, and cystitis, as 81 

well as neoplasia. Disorders of upper urinary tract elements including RP and ureter can lead to various 82 

degrees of hydronephrosis9. The prevalence of urolithiasis in humans is increasing globally with a range 83 

from 1–13% depending on obstructive position10. In neonates and infants, the ureteropelvic junction can 84 

be a major site of obstruction in the urinary tract due to a characteristic anatomical abnormality reported 85 

for 1 in 1,500 live births11. A few studies have shown that injured urothelium is characterized by cell 86 

proliferation, flattened cell shape, and disrupted tight junctions12,13. However, no prior report has clearly 87 

outlined the characteristics of urine-urothelial barrier disruption, subsequent pathological events, or 88 

crucial molecules in urinary tract obstruction-related diseases, placing a special focus on the role of urine. 89 

Here, we aimed to clarify the relationship between urine leakage induced by urine-urothelial barrier 90 

disruption and local immune responses and assess the role of COL17A1 by analyzing RP and ureter in 91 

unilateral ureteral obstruction (UUO)-injured mice. Importantly, COL17A1 ectopic expression is also 92 
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present in obstructed ureters in both human and feline cases, indicating its usefulness as a novel indicator 93 

for urine-urothelial barrier disruption. 94 

95 
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MATERIALS AND METHODS 96 

Human sample analysis 97 

Ten percent neutral buffered formalin-fixed and paraffin-embedded normal and diseased ureter (female 98 

Caucasian, 58- and 60-year-old, respectively) were obtained from KAC (Kyoto, Japan). Sections were 99 

used for Masson’s trichrome staining and immunohistochemistry (IHC) targeting COL17A1 and CD11b. 100 

 101 

Cat sample analysis 102 

Normal ureters were obtained from healthy cats euthanized in other experiments. Diseased ureters, 103 

surgically resected from the obstructed lesion to the ureter-urinary bladder junction were collected from 104 

cats manifesting obstructive urolithiasis at the Matsubara Animal Hospital (Osaka, Japan). All ureters 105 

were fixed using 10% neutral buffered formalin (n = 5 in each group). For in situ hybridization, paraffin 106 

sections (5-μm thick) were assessed using an RNAscope 2.5 HD Reagent Kit-BROWN (Advanced Cell 107 

Diagnostics, Inc., Hayward, CA, USA) with custom-ordered probe-Fc-COL17A1, positive control 108 

probe-Fc-PPIB, and negative control probe-DapB. The images of positive and negative controls are 109 

shown in Supplementary Fig. S1. 110 

 111 

Mouse sample preparation 112 

Two-month-old C57BL/6N and six-month-old MRL/MpJ mice were purchased from Japan SLC 113 
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(Hamamatsu, Japan), and three-month-old Col17a1-deficient (knock out; KO) mice (C57BL/6N 114 

background) were maintained in our faculty under specific pathogen-free conditions. The Col17a1-KO 115 

mice used in this study have been previously described14–17. Briefly, replaced regions of exon 2 in the 116 

gene result in missing downstream exon sequences and in a homozygous deletion. The mice show blisters 117 

and erosions induced by trauma, blister healing delay, absence of hair follicles, and high mortality rates 118 

(80.1% within 8 weeks after birth). For C57BL/6N, the UUO group was assessed for 1, 4, 7, or 28 days 119 

(d) after UUO induction, and an equivalent sham-operation (Sham) group was prepared (n = 4 or 5). 120 

UUO at 1 d was performed in Col17a1-KO (n = 4 or 5). Briefly, the right ureter was ligated at the part 121 

caudal to the caudal end of the kidney, and the hilum of the kidney and the ureter region cranial to the 122 

ligated site were evaluated for the histopathology of RP and ureter, respectively. Bromodeoxyuridine 123 

(BrdU, 0.1 mg/g), a proliferation marker, was administered to C57BL/6N with UUO and Sham two hours 124 

before sample collection. Under deep anesthesia using a mixture of medetomidine (0.3 mg/kg), 125 

midazolam (4 mg/kg), and butorphanol (5 mg/kg), mice were euthanized by cervical dislocation. 126 

 127 

Histopathology 128 

Kidneys and ureters were collected and fixed using 4% paraformaldehyde. Histological paraffin sections 129 

(2-μm thick) were stained using Masson’s trichrome and periodic acid Schiff and hematoxylin staining 130 

(PAS-H). Either IHC or immunofluorescence (IF) was performed as previously described18. Information 131 
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regarding immunostaining is given in Table 1. Stained sections were examined using a BZ-X710 132 

microscope (Keyence, Osaka, Japan) and converted to virtual slides using NanoZoomer 2.0-RS 133 

(Hamamatsu Photonics, Shizuoka, Japan). 134 

The luminal area of the ureter was measured, and the average was calculated in five sections from 135 

each mouse using NDP.View2. 136 

For the IHC sections, the relative COL17A1+ area in the examined area of urothelium was measured 137 

using a BZ-X Analyzer (Keyence). This measurement was performed in three regions; thick and thin RP, 138 

defined by the presence or absence of smooth muscle layers, and ureter. The ureter luminal area was also 139 

measured. Consecutive lengths of COL17A1+ cells were measured from the junction between thin and 140 

thick RP to each portion. To evaluate RP histology in Col17a1-KO, the numbers of urothelial cells, 141 

cytokeratin-14 (CK14)+ urothelial cells, and CD11b+ cells under the urothelium were counted in the 142 

urothelial region frequently expressing COL17A1 (400 μm length from the RP junction to the thick 143 

portion). For quantification of cell infiltration into tubulointerstitium, the numbers of CD11b+ cells were 144 

counted in 20 tubulointerstitial areas at 400× magnification using NDP.view2, and averages per area were 145 

calculated19. To evaluate IL-36α, which was expressed in injured distal tubules, the numbers of IL-36α+ 146 

tubules in the cortex area were counted in three sections from each individual, and then the averages were 147 

divided by the area examined18,20. 148 

 149 
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Transmission electron microscopy (TEM) 150 

Small pieces of kidney tissues including RP taken 1 d after UUO were pre-fixed using 4% 151 

paraformaldehyde/0.1 M cacodylate buffer containing 2.5% glutaraldehyde for 2 h at room temperature. 152 

The specimens were processed using the osmium-thiocarbohydrazide-osmium method. First, samples 153 

were washed five times using 0.1 M cacodylate buffer and block-stained using 1.5% potassium 154 

ferrocyanide/2% OsO4/0.1 M cacodylate buffer for 1 h at 4 °C. After washing four times in distilled water, 155 

specimens were block-stained using 1% thiocarbohydrazide solution for 20 min at room temperature and 156 

washed again. They were then post-fixed using 2% OsO4 for 30 min at room temperature, washed again, 157 

and stained using 1% uranyl acetate overnight at 4 °C. After washing four times in distilled water, 158 

specimens were block-stained using 0.4% L-aspartic acid/0.66% lead nitrate solution for 30 min at 60 °C 159 

followed by four washes with distilled water. Next, specimens were dehydrated using a series of ethanol 160 

concentrations (30-95%) for 10 min each at 4 °C. After being dehydrated three times in 100% ethanol at 161 

4 °C, specimens were soaked in a 1:1 (v/v) mixture of 100% ethanol and QY-1 for 10 min at room 162 

temperature, and subsequently twice in QY1 for 30 min at room temperature. Next, specimens were 163 

soaked in a 1:1 (v/v) volume mixture of QY-1 and Epon 812 (#R1078; TAAB, Berkshire, England) for 1 164 

h at room temperature followed by Epon 812 overnight at room temperature. After exchanging the resin 165 

and holding the specimens at room temperature for 1 h, specimens were embedded and polymerized in 166 

fresh Epon 812 for 48 h at 60 °C. Ultrathin sections (60 nm) were imaged using a JEOL TEM 167 
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(JEM-1400plus; JEOL, Tokyo, Japan). 168 

 169 

Urothelium integrity analysis 170 

We used our previous method with modifications7. Firstly, UUO was generated using a vascular clip 171 

(KN-353-AS-1-40 g; Natsume Seisakusho, Tokyo, Japan) that was released after 1 d. Evans blue (5 172 

mg/mL; #E2129; Merck, Kenilworth, NJ, USA) was mixed with bovine serum albumin (BSA; 40 173 

mg/mL), incubated for 30 min, and filtered using a 0.22 μm syringe filter to produce Evans 174 

blue-conjugated BSA solution. The urethra of mice was ligated under combined anesthesia (0.3 mg/kg 175 

medetomidine, 4.0 mg/kg midazolam, and 5.0 mg/kg butorphanol), and a 21 G butterfly needle was 176 

inserted from the apex of the urinary bladder and fixed via ligation. After clamping one ureter using 177 

vascular clips, 50 μL of Evans blue-conjugated BSA was injected into the urinary bladder through the 178 

inserted needle. Evans blue-conjugated BSA injection into RP was confirmed via a color change in the 179 

other ureter. After 5 min of contact time, kidneys were collected and embedded in optimal cutting 180 

temperature compound (#4583; Sakura Finetek Japan, Tokyo, Japan) using liquid nitrogen. Frozen 181 

sections (4 μm-thick) were prepared and air-dried. Finally, Evans blue-conjugated BSA fluorescence was 182 

observed using a BZ-X710 microscope and the Cy5 filter (Keyence). 183 

 184 

Cell culture 185 
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Mimic lymphoid structures were prepared as previously described7. The spleen of a 6-month-old male 186 

MRL/MpJ mouse was collected and minced in a culture dish. Next, 10 mL of 1× phosphate-buffered 187 

saline (PBS; #164-25511; FUJIFILM Wako, Osaka, Japan) was added, after which the sample was 188 

filtered using 100 μm cell strainers (#352360; Corning Inc., Corning, NY, USA) and centrifuged at 210 g 189 

for 5 min. After aspiration of supernatant, cells were resuspended, incubated with 10 mL 0.017 M Tris 190 

buffer containing 0.75% ammonium chloride (pH 7.65) for 5 min, and washed with 10 mL PBS. This 191 

solution was filtered using 40 μm cell strainers (#352340; Corning Inc.) and centrifuged at 1 000 rpm for 192 

5 min. After washing twice with PBS, the collected cells were resuspended in RPMI-1640 with 193 

L-glutamine (#189-02025; FUJIFILM Wako) without antibiotics and harvested in 24-well culture plates 194 

(#92424; Techno Plastic Products, Trasadingen, Switzerland). 195 

Cells were defined as mimic lymphoid structures containing immune and stromal cells. Some spleen 196 

cells were collected similarly without ammonium chloride treatment, and T, B, and CD11b+ cells were 197 

separately isolated using magnetic-activated cell sorting commercial kits (EasySep, #ST-19851RF, 198 

#ST-19854RF, #ST-18970RF; VERITAS, Santa Clara, CA, USA). The mimic lymphoid structures or 199 

separated cells were stimulated using recombinant human COL17A1 (0.4 μg/mL, rhCOL17A1; 200 

#MBS1265558; MyBioSource, San Diego, CA, USA) or BSA (0.4 μg/mL, #013-27054; FUJIFILM 201 

Wako). Endotoxin levels in rhCOL17A1 were <1.0 endotoxin unit per 1.0 μg protein as determined using 202 

a limulus amebocyte lysate test (MyBioSource). Urine was collected from six male MRL/MpJ mice at 6 203 
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months of age via compressive urination, after which samples from each strain were pooled and 204 

centrifuged at 1 500 rpm for 5 min. The urine supernatant was filtered using a 0.22 μm syringe filter 205 

(#SLPES2522S; Hawach Scientific, Shaanxi, China), diluted 1:4 with PBS, and used for mimic lymphoid 206 

structure stimulation. Mimic lymphoid structure or isolated cell experiments were performed using 2.5 × 207 

107 cells/mL and 500 μL medium/well or 1.25 × 106 cells/mL and 500 μL medium/well, respectively, and 208 

samples were stimulated with urine, rhCOL17A1, BSA, or PBS, and then collected for RNA analysis. 209 

 210 

Microarray 211 

Total RNA was purified from mouse cultured cells and tissues stored in RNA later using the RNeasy Mini 212 

Kit (Qiagen, Hilden, Germany). For mimic lymphoid structures, RNA from PBS- or MRL/MpJ 213 

urine-treated groups (n = 5) was pooled into a single sample for each group to evaluate chemokine 214 

expression in mimic lymphoid structures. The RNA of ureters was prepared from Col17a1-KO or WT 215 

mice 4 d after UUO (n = 3) to comprehensively analyze altered gene expression in the ureter. RNA 216 

integrity was validated using an Agilent 2100 Bioanalyzer II (Agilent Technologies, Santa Clara, CA, 217 

USA). Complementary DNA was synthesized using a Low Input Quick Amp Labeling Kit (Agilent 218 

Technologies), and gene expression was analyzed using an Agilent Technologies Microarray Scanner and 219 

SurePrint G3 Mouse 8x60K ver.2.0 (Agilent Technologies). Raw data was normalized using 75Percentile 220 

Shift (GeneSpring; Agilent Technologies). Gene Ontology Resource (https://geneontology.org/; 221 
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2023-10-15) was used for Gene Ontology (GO) analysis of the ureter. The data were deposited in the 222 

NCBI Gene Expression Omnibus (https://www.ncbi.nlm.nih.gov/geo/; GEO Series accession numbers 223 

GSE207999 and GSE222953). 224 

 225 

Quantitative polymerase chain reaction (qPCR) 226 

Kidney and ureter 1 d after UUO and non-injured collateral samples were preserved using an RNAlater 227 

solution (#R0901; Merck KgaA, Darmstadt, Germany). RPs were manually isolated from kidneys 228 

through microdissection under a stereo microscope as reported previously7. Total RNA from these 229 

specimens and mimic lymphoid structures was purified using TRIzol reagent (#15596018; Thermo Fisher 230 

Scientific) following the manufacturer’s instructions. Purified total RNA was used as a template to 231 

synthesize cDNA using the ReverTra Ace qPCR RT Master Mix with gDNA Remover (#FSQ-301; 232 

Toyobo, Osaka, Japan). qPCR analysis was performed on cDNA (20 ng/μL) using the THUNDERBIRD 233 

SYBR qPCR Mix (#QPS-101; Toyobo), gene-specific primers (Table 2), and a real-time thermal cycler 234 

(CFX Connect; BIO-RAD, Santa Rosa, CA, USA). qPCR cycling conditions were 95 °C for 1 min, 95 °C 235 

for 15 s, and 60 °C for 45 s (40 cycles). Data were normalized based on values for beta-actin (Actb). 236 

 237 

Statistical analysis 238 

The results are expressed as mean ± standard error (SE) and statistically analyzed in a non-parametric 239 

https://www.ncbi.nlm.nih.gov/geo/
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manner. Differences between the two groups were analyzed using the Mann–Whitney U-test. Differences 240 

among three or more groups were analyzed using the Kruskal–Wallis test followed by Scheffé’s method. 241 

Correlation between the two parameters was analyzed using Spearman’s correlation test. P < 0.05 was 242 

considered statistically significant. 243 

 244 

Ethics statement 245 

The study of human samples was approved by the Ethics Committee of the Faculty of Veterinary 246 

Medicine and International Institute for Zoonosis Control, Hokkaido University (approval no. 29-5). 247 

Collection of samples from human subjects was performed in accordance with the Declaration of Helsinki 248 

and the Declaration of Istanbul. All animal experimentation was approved by the Institutional Animal 249 

Care and Use Committee of the Faculty of Veterinary Medicine, Hokkaido University (approved by the 250 

Association for Assessment and Accreditation of Laboratory Animal Care International, approval no. 251 

21-0008 for mice, 14-0054, 20-0081 for cats). 252 

 253 

254 
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RESULTS 255 

COL17A1 expression in the ureter of humans and cats with urolithiasis 256 

Our previous study demonstrated that COL17A1 was expressed in human RP urothelium with infectious 257 

pyelonephritis and non-infectious chronic nephritis7. Here, we examined COL17A1 expression in the 258 

human ureter with urolithiasis. Cats, which also show a high susceptibility to urinary tract obstruction 259 

(incidence 7‒8%), were also analyzed21,22. Compared with healthy ureters, diseased (urolithiasis) ureters 260 

of both humans and cats presented a dilated lumen, abundant collagen fibers, and immune cell infiltration 261 

in the lamina propria and submucosa. Cell aggregation was observed in the human ureter (Fig. 1A). In a 262 

human ureter showing normal histology, COL17A1 was detected at low levels in the basal portion of the 263 

urothelium, whereas in a diseased ureter with urolithiasis, COL17A1+ reactions were more prevalent and 264 

immune cell aggregation was observed (Fig. 1B). In both healthy and diseased ureter of cats, COL17A1+ 265 

reactions were observed in the basal portion of the urothelium and were highly abundant in each cell in 266 

diseased ureter (Fig. 1C), indicating that COL17A1 expression dynamics are common between different 267 

species. 268 

 269 

COL17A1 ectopic expression in ureter urothelium of UUO mice 270 

COL17A1 expression was also examined in the ureter of UUO-injured C57BL/6N mice, in which 271 

hydroureteronephrosis with ureter luminal expansion, smooth muscle layer degradation, and an increase 272 
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in collagen fibers was marked from 4 d onwards (Supplementary Fig. S2). Although COL17A1 localized 273 

in the basal portion of UUO-injured ureter urothelium from 1 d (but not in Sham), COL17A1+ urothelium 274 

and histological scores from IHC increased significantly from 4 d onwards (Fig. 2A and B). Further, the 275 

luminal size of the ureter as well as renal histopathological scores, including for CD11b+ myeloid cells in 276 

tubulointerstitium and IL-36α+ injured distal tubules, increased significantly in a time-dependent manner 277 

following UUO induction (Supplementary Fig. S3), and was positively correlated with urothelium 278 

COL17A1+ scores (Fig. 2C). 279 

The integrity of the urine-urothelial barrier was evaluated in the ureter after UUO. Histologically, 280 

urothelial cell deciduation in the ureter was apparent from 4 d onwards, in parallel with COL17A1 281 

overexpression (Fig. 2D). mRNA expression of epithelium-associated genes, uroplakin 2 (Upk2) and tight 282 

junction protein 1 (Tjp1), but not occludin (Ocln), was significantly lower in isolated ureter at 7 d after 283 

UUO than in collateral control (Fig. 2E). TJP1 (also known as zonula occludens-1; ZO-1), which was 284 

observed in the apical portion of Sham ureter, was partially absent in UUO urothelium. The OCLN+ 285 

reaction was transiently increased in ureter urothelium 4 d after UUO, and both OCLN-faint and 286 

-overexpressing cells were observed at 7 d (Fig. 2F). Moreover, COL17A1 was expressed at low levels in 287 

BrdU-incorporating cells (Fig. 2G), indicating an association with urothelium reconstruction after UUO. 288 

 289 

Migration and activation of CD11b+ cells stimulated by urine and COL17A1 290 
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Urine can stimulate the production of cytokines and chemokines by fibroblasts and immune cells7. Based 291 

on our histopathological results, we hypothesized that urine-urothelial barrier disruption and subsequent 292 

urine leakage due to UUO led to an immune response in ureter parenchyma. 293 

Table 3 summarizes microarray data analyzing the urine-stimulated mimic lymphoid structures and 294 

focusing on chemokine genes. Expression of Cxcl2, Cxcl11, Cxcl12, Cxcl10, Ccl6, Cxcl13, Ccl1, and 295 

Ccl25 in mimic lymphoid structures stimulated by urine was twice that in PBS-stimulated structures. 296 

qPCR analysis of ureter with UUO indicated that of the chemokine genes assessed Cxcl2 expression is 297 

significantly higher in UUO samples at 7 d than in collateral controls (Table 3, Fig. 3A). 298 

In diseased RP, COL17A1 can also serve as an immune stimulator7. Separately isolated murine B, T, 299 

and CD11b+ cells were stimulated using rhCOL17A1, and Cxcl2 expression was analyzed. Following 300 

rhCOL17A1 stimulation, Cxcl2 expression was significantly upregulated in T and CD11b+ cells compared 301 

to expression following BSA stimulation. CD11b+ cells showed the highest values among the cell types 302 

examined (Fig. 3B). Histologically, CXCL2+ cells aggregated beneath disrupted ZO-1+ epithelial cells, 303 

and COL17A1+ urothelium was also observed close to these areas (Fig. 3C). Importantly, CXCL2+ 304 

reactions co-localized with CD11b+ cells (Fig. 3C). Expression of inflammatory and fibrotic genes (Il1b, 305 

Il6, and Tgfb) was significantly higher in ureter of 7 d UUO samples than in collateral controls (Fig. 3D). 306 

Moreover, most CD11b+ cells were Gr-1+ neutrophils and IBA1+ macrophages even though no bacterial 307 

infection was observed in the area (Supplementary Fig. S4A and S4B). Additionally, CD11b+ cells 308 
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infiltrated the lamina propria and submucosa in the diseased ureter of humans and cats with urolithiasis 309 

(Supplementary Fig. S4C). The findings indicate that urine and COL17A1 can stimulate CXCL2 310 

expression in CD11b+ cells infiltrating the UUO ureter. 311 

 312 

COL17A1 overexpression in RP urothelium of mice from 1 d after UUO 313 

To identify the site of initiation of COL17A1 expression in the upper urinary tract after UUO, we also 314 

examined RP. UUO-injured RP showed an increase in collagen fibers from 4 d (Supplementary Fig. S5A). 315 

Mouse thin and thick RP urothelium were separately analyzed23; the former has one or two urothelial 316 

layers, lacks a smooth muscle layer, and covers the inner stripe of the renal outer medulla, whereas the 317 

latter, covering the cortex and connecting to the ureter, has two or three urothelial layers with an 318 

α-smooth muscle actin (α-SMA)+ smooth muscle layer (Fig. 4A). As expected, few COL17A1+ urothelial 319 

cells were observed at the junction between the thin and thick RP urothelium on the outer stripe of the 320 

renal outer medulla in the Sham group (Supplementary Fig. S5B), indicating COL17A1 expression 321 

during normal urothelial turnover. 322 

In contrast, COL17A1 was clearly present in the basal portion of RP urothelium from 1 d after UUO 323 

(Fig. 4B), and COL17A1+ urothelial cell numbers increased in thin and thick RP from 4 d onwards (Fig. 324 

4B and C). The UUO 1 d group also showed urothelial disruption with decreasing platelet-derived growth 325 

factor receptor alpha (PDGFRα)+ fibroblasts (Fig. 4C). In RP isolated at 1 d, Col17a1 expression was 326 
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significantly higher than in the collateral control, indicating that Col17a1 mRNA was induced earlier here 327 

than in ureter, as no significant Col17a1 expression was observed in ureter at 1 d (Fig. 4D). At 1 d after 328 

UUO, the consecutive length of COL17A1+ urothelial cells from the RP junction to the thick portion was 329 

greater than in thin RP (Fig. 4E). Urothelial COL17A1+ scores were significantly higher in the thick RP at 330 

1 d compared with in Sham and increased in a time-dependent manner following UUO induction in both 331 

thick and thin RP. Further, COL17A1+ scores in both RP urothelia at 7 d UUO were significantly higher 332 

than in Sham (Fig. 4F). Importantly, COL17A1 expression in RP urothelium, especially the thick portion, 333 

was positively correlated with renal histopathological scores (Fig. 4G). 334 

Consistent with our previous findings that the FOS/JUN pathway induced COL17A1 expression in 335 

RP urothelium7, both FOS and JUN localized in the urothelial cell nuclei at the beginning of the thick RP 336 

(Fig. 4H), indicating that this is a crucial site for the initiation of COL17A1 expression after obstructive 337 

uropathy. 338 

At 28d UUO, RP urothelium continued to express COL17A1; however, levels were diminished in 339 

the ureter urothelium with the progression of fibrosis (Supplementary Fig. S5C). 340 

 341 

Altered integrity of the urine-urothelial barrier in RP urothelium post UUO 342 

Urine-urothelial barrier integrity was evaluated in RP at 1 d UUO, when deciduation of urothelial cells 343 

was present at the junction between thin and thick RP (Fig. 5A). Consistent with results for ureters at 7 d 344 
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UUO, mRNA levels of Upk2 and Tjp1 were significantly decreased in the UUO ureter at 1 d compared to 345 

collateral controls, whereas Ocln showed a decreasing tendency in the UUO RP (P = 0.063; Fig. 5B). For 346 

IF in Sham, ZO-1 localized at the apical portion of RP urothelium, whereas OCLN localized at the apical 347 

and basal portions (Fig. 5C). On day 1, ZO-1+ reactions were partially faint and OCLN localized mainly 348 

at the basal portion. Furthermore, these reactions clarified the partial disruption of urothelium at the RP 349 

junction. Although OCLN+ intensity partially increased at 4 d, both tight junction proteins decreased at 7 350 

d (Fig. 5C). 351 

We assessed COL17A1 co-localization with CK14 and CD44; the former is a marker for urothelial 352 

progenitor cells, while the latter is a receptor for hyaluronic acid, laminin, collagen or fibronectin and a 353 

marker for urothelial cell proliferation as well as immune cell activation24–26. In Sham RP, CK14+ 354 

urothelial cells were found and partially co-expressed COL17A1, whereas RP urothelium at 1 d UUO 355 

showed an increase in COL17A1+ CK14- CD44+ urothelial cells as well as low number of COL17A1+ 356 

CK14+ CD44+ cells. From 4 d onwards, COL17A1+ CK14+ CD44+ and COL17A1- CK14-CD44+ 357 

urothelial cells were prominent (Fig. 5D). 358 

In TEM observation of RP urothelium at 1 d, folded apical membrane, abundant lysosomes, and 359 

ectopic red blood cells beneath the basement membrane were noted, distinct from collateral controls (Fig. 360 

5E). Characteristically, urothelial cells had increased intracellular spaces and their cell processes extended 361 

to the lamina propria to interact with cells in the smooth muscle layer. Further, one cell migrated from the 362 
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lamina propria to the partially effaced basement membrane (Fig. 5E). 363 

To further investigate urine-urothelial barrier integrity, Evans blue-conjugated BSA from the urinary 364 

bladder was administered to RP as previously described7. Although urothelium of the collateral kidney 365 

retained Evans blue-conjugated BSA in the lumen of the RP, following UUO Evans blue-conjugated BSA 366 

leaked into RP parenchyma after 1 d; thus, suggesting dysfunction of the urine-urothelial barrier (Fig. 367 

5F). 368 

 369 

Aggregation of CXCL2+ CD11b+ cells induced in UUO-injured RP 370 

Similar to ureters, expression of Cxcl2 was significantly higher in 1 d RP than in collateral controls (Fig. 371 

6A). Histologically, CXCL2+ cells aggregated beneath the RP urothelium-leakage area induced by UUO 372 

(Fig. 6B). In RP 1 d after UUO, expression of integrin alpha M (Itgam, encoding CD11b) was 373 

significantly higher compared to in collateral controls although Cd3e expression was lower (Fig. 6C). 374 

Histologically, there were few B220+ B cells and CD3+ T cells beneath RP urothelium at all time points 375 

(Supplementary Fig. S6). CD11b+ cells were observed to migrate to the lamina propria in RP at 1 d, 376 

especially near the beginning of the thick RP, with lower numbers at 4 d, while numbers of collagen fibers 377 

increased (Fig. 6D, Supplementary Fig. S5A). Consistent with our ureter results, CXCL2+ reactions were 378 

co-localized with CD11b+ cells beneath COL17A1+ urothelium in 1 d UUO samples (Fig. 6E). 379 

Furthermore, mRNA levels of Il1b, Il6, and Tgfb were significantly higher in RP of 1 d UUO samples 380 
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compared to in collateral controls (Fig. 6F). 381 

 382 

Abnormal urothelium morphology and inhibition of immune cell infiltration in RP of Col17a1-KO 383 

mice post UUO 384 

For further investigation into COL17A1 functions in UUO pathology, Col17a1-KO mice were used. The 385 

ureter of Col17a1-KO 4 d after UUO was examined using a microarray followed by GO analysis, due to 386 

ease of sample collection and given that this was a known time point of COL17A1 overexpression in the 387 

ureter. In Col17a1-KO, epithelium- and immune-related GO terms were detected in genes with up- and 388 

downregulated expression, respectively (Table 4, Supplementary Table S1). Genes with upregulated 389 

expression included urothelium-expressed genes, Krt14 (encoding CK14) and Upk1b (Supplementary Fig. 390 

S7), indicating that COL17A1 dysfunction affected urothelial integrity and local immunity. 391 

RP histopathology of Col17a1-KO 1 d was assessed as RP urothelium showed early induction of 392 

COL17A1 from 1 d UUO. At the RP junction, urothelial disruption and urothelial cell proliferation were 393 

observed; however, infiltrating cell numbers were lower in Col17a1-KO than in WT (Fig. 7A). In the RP 394 

histology of collateral kidney, superficial urothelial cells partially presented pale cytoplasm in 395 

Col17a1-KO, with an absence of mucosal folds and urothelial cell hypertrophy, particularly of umbrella 396 

cells, in ureter of Col17a1-KO (Supplementary Fig. S8A). To evaluate RP urothelium, a region from the 397 

RP junction to the thick portion was examined. WT showed a tendency to increase urothelial cell numbers 398 
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1 d after UUO (p = 0.095), but Col17a1-KO did not (Fig. 7B, p = 0.082 between WT and Col17a1-KO 1d 399 

after UUO). In both WT and Col17a1-KO, CK14+ urothelial cells predominantly localized from around 400 

the thin RP to the junction in the collateral kidney, but numbers decreased after UUO. Moreover, the 401 

numbers of CK14+ urothelial cells after UUO were significantly lower in Col17a1-KO RP than in WT RP 402 

(Supplementary Fig. S8B, Fig. 7C and D). In WT RP after UUO, COL17A1+ urothelial cells co-expressed 403 

CD44 and partially localized with CK14+ urothelial cells, although CD44+ urothelial cells were mainly 404 

found in Col17a1-KO (Fig. 7E). 405 

In terms of epithelium-associated molecules, WT samples showed partially faint ZO-1+ and OCLN+ 406 

reactions in RP urothelium after UUO; however, the same reactions in Col17a1-KO were relatively 407 

abundant at the apical portion compared to in WT (Fig. 7F). Further, ectopic OCLN+ urothelial cells were 408 

observed with basal urothelial cells in RP and ureter of Col17a1-KO with or without UUO (Fig. 7F, 409 

Supplementary Fig. S8C). Importantly, following UUO, numerous CD11b+ cells aggregated beneath RP 410 

urothelium at the junction between thin and thick RP in WT, but in Col17a1-KO, CD11b+ cells were 411 

scattered and exhibited few CXCL2+ reactions (Fig. 7G and H). 412 

 413 

414 
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DISCUSSION 415 

This study demonstrated that obstructive uropathy disrupted the urine-urothelial barrier in both RP and 416 

ureter with ectopic urothelial expression of COL17A1, which is involved in urothelial cell proliferation 417 

and local immunoreactivity (Fig. 8). In contrast to urothelium, stratified epithelial cells in the epidermis 418 

or cornea are constitutively attached to the basement membrane through COL17A1 as a hemidesmosome 419 

component16. We discovered that following UUO, the beginning of the thick RP urothelium-expressed 420 

COL17A1 as well as FOS/JUN, upstream signaling molecules of COL17A1 in urothelial cells7. Both 421 

transcription factors, comprising activator protein 1, respond to mechanical stress, bacterial infection, or 422 

inflammatory cytokines such as IL-6, and tumor necrosis factor alpha7,27. Other studies analyzing murine 423 

RP urothelium after UUO or ischemic reperfusion injury reported that fibroblast growth factor receptor 2 424 

(FGFR2) is activated by FGF713,28, which is produced in smooth muscle cells and fibroblasts29–31, leading 425 

to urothelial cell proliferation. Further, there are several reports that FGFR2 signaling triggers JUN 426 

activation in human hepatocytes and gastric cancer32,33. Hence, UUO stimulation including internal 427 

pressure in the RP cavity and cytokines from urine might activate the FOS/JUN pathway and 428 

subsequently promote COL17A1 expression in urothelial cells. 429 

RP urothelium can be morphologically classified into thin and thick types, which show different 430 

characteristics: epithelial layer number, uroplakin expression, microvilli, and fusiform vesicle23. 431 

Especially, thick RP urothelium with UUO injury possessed multiple layers, as the epithelium in the 432 



27 

normal urinary bladder and ureter consists of superficial (including umbrella cells), intermediate, and 433 

basal layers. The present study showed that COL17A1+ urothelial cells in RP and ureter proliferated and 434 

formed several basal layers as shown by IHC and BrdU labeling. COL17A1+ urothelial cells partially 435 

co-expressed CK14, a progenitor cell marker for urothelial cells23. In Sham, CK14+ urothelial cells were 436 

mainly localized at the basal layer from the RP junction to the thin urothelium, and moderately 437 

co-expressed COL17A1, reflecting its function in normal urothelium turnover. 438 

At 1 d after UUO, CK14+ urothelial cell numbers in RP were lower, while COL17A1+ cells 439 

increased and partially co-expressed CD44, a glycoprotein involved in cell-cell interaction and cell 440 

adhesion, migration, and proliferation in normal urothelium, urothelial carcinoma, and regenerating 441 

injured renal epithelium24,25,34,35. From 4 d onwards, CK14+ urothelial cell numbers increased and some 442 

cells co-expressed COL17A1 and CD44, although CK14- COL17A1- CD44+ cells were mainly detected 443 

in intermediate layers. In Col17a1-KO, CK14+ urothelial cell numbers decreased in the RP urothelium of 444 

both control and UUO kidneys. At 1 d after UUO, urothelium presented CD44+ mono- or bilayers. 445 

Studies on normal epidermis, wound healing, and epithelial cancers have consistently shown that 446 

COL17A1 plays a role in regulating epithelial cell proliferation2,5,16,25. There was a loss of progenitor cells 447 

and transient hyperproliferation of intrafollicular epidermal cells during pre-maturation in 448 

Col17a1-KO5,16,36, as Col17a1-KO showed pale cytoplasm and hypertrophy in superficial cells of control 449 

RP and ureter, respectively. Our present microarray results reveal upregulation of expression of 450 
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urothelium-constructing genes, including Krt14 and Upk1b, in the ureter of Col17a1-KO 4 d after UUO. 451 

It is reported that deficiency of urothelium-associated molecules, such as UPK1B and AT-rich interactive 452 

domain-containing protein 1A, eventually induces urothelial hyperproliferation with abnormal 453 

morphology37,38. Thus, urothelial injury by UUO first induced differentiated urothelial cell proliferation 454 

with COL17A1 expression followed by an increase in CK14+ progenitor cell numbers, which would 455 

express COL17A1 in a differentiation process (Fig. 8). 456 

UUO also altered tight junction protein expression in the urothelium. OCLN was localized at both 457 

the apical and basal portions of the urinary tract urothelium, whereas ZO-1 mainly localized at the apical 458 

portion, partially consistent with other reports in murine urinary bladder39. After UUO, both tight junction 459 

proteins were partially absent in urothelial cells at the apical portion of the RP, consistent with decreases 460 

in tight junction proteins reported for urinary bladder with interstitial cystitis40. However, Col17a1-KO 1 461 

d after UUO maintained tight junction protein expression at the apical portion of RP urothelium. 462 

Moreover, control RP and ureter of Col17a1-KO showed predominant expression of OCLN at the basal 463 

portion, indicating that COL17A1 deficiency caused abnormal tight junction protein expression. 464 

Therefore, COL17A1 may regulate the balance between cell proliferation and differentiation with 465 

alteration of cell adhesion in urothelial cells. 466 

In RP 1 d after UUO, urine-urothelial barrier disruption at the junction between thin and thick RP 467 

urothelium promoted induction of COL17A1 expression. A junction between two organs, such as the 468 
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ureteropelvic and the gastroesophageal junctions, can constitute an origin of pathological development11,41. 469 

In obstruction of the ureteropelvic junction, one crucial pathological mechanism is the presence of 470 

abnormalities in synaptic vesicles and smooth muscle cell structure, which can induce alterations in 471 

synaptophysin and epidermal growth factor11. Interestingly, smooth muscle cells in murine RP are both 472 

typical and atypical in that they function as peristaltic contractors and pacemakers, respectively42. Thus, 473 

atypical and fiber-structural smooth muscle cells that comprise the junction urothelium may lose 474 

structural strength in the presence of UUO-induced RP cavity pressure, leading to urine-urothelial barrier 475 

disruption and expression of COL17A1. 476 

COL17A1 expressed in mesenchymal progenitor cells of bone marrow influences the regulation of 477 

granulocyte production43. Our findings supported a COL17A1 function in immunoreactivity; suggesting 478 

that COL17A1 is associated with an initial stage of inflammation in urinary tract mucosa through 479 

migration of CD11b+ cells secreting CXCL2. CXCL2 is synthesized in macrophages, neutrophils, and 480 

mast cells. It is involved in neutrophil recruitment and vascularization as well as skin, intestine, and lung 481 

tissue reconstruction44–46. This study demonstrated that CXCL2 derived from CD11b+ cells was 482 

stimulated by COL17A1 and urine. Ecto- or intra-domains comprising COL17A1 derived from intact or 483 

deciduate urothelial cells as well as the ecto-domain in the lamina propria following its shedding may 484 

bind to and activate CD11b+ cells2; at present the mechanism of action remains unclear. Another 485 

immunoactivation process involved urine leakage from the lumen to the parenchyma, which was a factor 486 
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promoting UTALS development7. In interstitial cystitis, symptoms such as pelvic pain, urgency, and 487 

urination frequency are caused by depolarization of sensory nerves and muscles following urinary 488 

potassium diffusion into the bladder wall due to an increase in urothelial permeability40. We propose that 489 

both COL17A1 expression and urine leakage into the parenchyma of the urinary tract may recruit 490 

CD11b+ cells leading to CXCL2 production and may contribute to early inflammation and urine-urothelial 491 

barrier reconstruction via fibrosis in an attempt to localize the reactions. 492 

One limitation of this study is that findings using Col17a1-KO do not show obvious COL17A1 493 

contribution to the progress of hydronephrosis pathology. As shown in Supplementary Fig. S9, the 494 

IL-36α+ renal tubular injury score, but not CD11b+ infiltration cell numbers in tubulointerstitium, 495 

deteriorated in Col17a1-KO, while CD11b+ cell infiltration into RP was inhibited. The kidneys of 496 

Col17a1-KO 1 d UUO presented urothelial cell deciduation overlaying renal papilla, suggesting necrosis 497 

followed by exacerbation of renal pathology, although further investigations are needed to elucidate 498 

COL17A1 function in renal injury induced by UUO. Of note, COL17A1+ CK14+ urothelial cells were 499 

found at the beginning of the thin RP in collateral WT kidneys. Reportedly, ischemic reperfusion injury 500 

model mice show that Ki-67+ proliferating urothelial cells, which express CK14, are abundant in this 501 

portion (called the fornix area), but not in renal papilla28. These findings suggest that urothelial cells 502 

localized at the beginning of the thin RP are a potential cell source for RP and papillary urothelium. 503 

We found that ureter urothelium in humans and cats with urolithiasis also overexpressed COL17A1. 504 
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Previous studies showed upregulation of COL17A1 mRNA expression in human patients with urinary 505 

incontinence and canine bladder cancer47,48; these findings indicate that COL17A1 could be a common 506 

therapeutic target and marker for urothelial disorders in several mammals. Our study also demonstrated 507 

that COL17A1 expression in RP and ureter after UUO correlated with urothelial and renal lesions, 508 

suggesting that urine-urothelial barrier disruption leads to renal injury. Importantly, RP tissue should not 509 

be collected by renal biopsy because of its location. COL17A1 urine could represent a diagnostic marker 510 

for both urinary tract and kidney diseases. However, additional research is needed to support this 511 

proposal. 512 

Overall, this study clarifies a novel pathological pathway involving COL17A1 in the urothelium of 513 

mice, humans, and cats with obstructive uropathy. Our data provide a description of a new pathological 514 

mechanism through which COL17A1 and urine leakage in urothelium leads to local inflammation. The 515 

findings may contribute to the development of therapeutic and diagnostic strategies for urinary organ 516 

diseases. 517 

 518 

519 
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Table 1. Antibodies used in this study 666 

  Antibody Cat. No. Host Dilution Source 
Antigen 

retrieval 

Blocking serum 

IHC IF 

Primary 

antibodies 

α-SMA ab5694 Rabbit 1:3000 Abcam, Cambridge, UK Tris 10% NGS - 

α-SMA 67735-1lg Mouse 1:8000 Proteintech, Rosemont, IL, USA Tris - 5% NDS 

B220 CLB8990AP Rat 1:1600 Cedarlane, Burlington, Canada Tris 10% NGS - 

CD11b ab133357 Rabbit 1:5000 Abcam, Cambridge, UK Tris 10% NGS 5% NDS 

CD3 F1709 Rabbit 1:200 Nichirei, Tokyo, Japan Tris 10% NGS - 

CD44 553131 Rat 1:800 BD Biosciences, San Jose, CA, USA Tris  5% NDS 

COL17A1 ab184996 Rabbit 1:100 Abcam, Cambridge, UK Tris 10% NGS 5% NDS 

CXCL2 AF-452 Goat 1:400 R&D Systems, Minneapolis, MN, USA Tris - 5% NDS 

CK14 60320-1-Ig Mouse 1:500 Proteintech, Rosemont, IL, USA Tris Mouse kit* 5% NDS 

c-FOS ab222699 Rabbit 1:400 Abcam, Cambridge, UK Tris 10% NGS - 

c-JUN ab40766 Rabbit 1:400 Abcam, Cambridge, UK Tris 10% NGS - 

Gr-1 MAB1037 Rat 1:800 R&D Systems, Minneapolis, MN, USA Pepsin 10% NGS - 

IBA-1 ab48004 Goat 1:600 Abcam, Cambridge, UK Tris - 5% NDS 

IL-36𝛼𝛼 AF2297 Goat 1:400 R&D Systems, Minneapolis, MN, USA CB 5% NDS - 

OCLN 66378-1 Mouse 1:1000 Proteintech, Rosemont, IL, USA Pepsin - 5% NDS 

PDGFRα AF1062 Goat 1:300 R&D Systems, Minneapolis, MN, USA Tris - 5% NDS 

ZO-1 ab221547 Rabbit 1:1000 Abcam, Cambridge, UK Pepsin - 5% NDS 

Secondary 

antibodies 

Rat IgG-biotin 405428 Donkey 1:400 Biolegend, San Diego, CA, USA 
  

Rabbit IgG-biotin 426012 Donkey Undiluted SABPO(R)Kit; Nichirei, Tokyo, Japan 
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Goat IgG-biotin ab6884 Donkey 1:200 Abcam, Cambridge, UK 

Rabbit IgG-Alexa 

Fluor 488 

A21206 
Donkey 1:500 

Thermo Fisher Scientific, Waltham, MA, 

USA 

Rabbit IgG-Alexa 

Fluor 546 

A10040 
Donkey 1:500 

Thermo Fisher Scientific, Waltham, MA, 

USA 

Rat IgG-Alexa 

Fluor 488 

A21208 
Donkey 1:500 

Thermo Fisher Scientific, Waltham, MA, 

USA 

Rat IgG-Alexa 

Fluor 594 

A21209 
Donkey 1:500 

Thermo Fisher Scientific, Waltham, MA, 

USA 

Goat IgG-Alexa 

Fluor 546 

A11056 
Donkey 1:500 

Thermo Fisher Scientific, Waltham, MA, 

USA 

Goat IgG-Alexa 

Fluor 647 

A21447 
Donkey 1:500 

Thermo Fisher Scientific, Waltham, MA, 

USA 

Mouse IgG-Alexa 

Fluor 546 

A10036 
Donkey 1:500 

Thermo Fisher Scientific, Waltham, MA, 

USA 

Tris: 20 mM Tris-HCl buffer (pH 9.0) at 110 °C for 15 min; CB: 10 mM citrate buffer (pH 9.0) at 110 °C for 15 min; Pepsin: 0.1% pepsin at 37 °C for 5 667 

min; NDS: normal donkey serum; NGS: normal goat serum; *: N-histofine® Mouse stain Kit (Nichirei, Tokyo, Japan). 668 



43 

Table 2. Primers used in this study 669 
Gene symbol (Gene ID) Primer sequence F: Forward, R: Reverse Product size (bp) 

Actb (11461) F: 5ʹ-TGTTACCAACTGGGACGACA-3ʹ R: 5ʹ-GGGGTGTTGAAGGTCTCAAA-3ʹ 165 

Cd3e (12501) F: 5ʹ-TGCCTCAGAAGCATGATAAGC-3ʹ R: 5ʹ-TTGGCCTTCCTATTCTTGCTC-3ʹ 244 

Col17a1 (12821) F: 5ʹ-ACTTGCGGTCATCAGGCTAC-3ʹ R: 5ʹ-AGACAGGAGGGACCCATCTC-3ʹ 170 

Ccl1 (20290) F: 5ʹ-GCAAGAGCATGCTTACGGTC-3ʹ R: 5ʹ-TTTGTTAGTTGAGGCGAGC-3ʹ 170 

Ccl6 (20305) F: 5ʹ-CAGGAGGATGAGAAACTCCAA-3ʹ R: 5ʹ-TTGGAGGGTTATAGCGACGA-3ʹ 119 

Ccl25 (20300) F: 5ʹ-AGTGGAAGCTGCAACCTACG-3ʹ R: 5ʹ-CCTCACGCTTGTACTGTTGG-3ʹ 216 

Cxcl2 (20310) F: 5ʹ-TGTCAATGCCTGAAGACCCTG-3ʹ R: 5ʹ-CAGTTAGCCTTGCCTTTGTTCAG-3ʹ 197 

Cxcl10 (15945) F: 5ʹ-ATGACGGGCCAGTGAGAATG-3ʹ R: 5ʹ-CGGATTCAGACATCTCTGCTCAT-3ʹ 125 

Cxcl11 (56066) F: 5ʹ-AGTAACGGCTGCGACAAAG-3ʹ R: 5ʹ-AGACGTTCCCAGGATGTCAC -3ʹ 160 

Cxcl12 (20315) F: 5ʹ-CTTCGAGAGCCACATCGCC-3ʹ R: 5ʹ-GTTGTTGTTCTTCAGCCGTGC-3ʹ 100 

Cxcl13 (55985) F: 5ʹ-ATCCTCGTGCAAATGGTTACA-3ʹ R: 5ʹ-AGATGATAGTGGCTTCAGGCAG-3ʹ 115 

Ifng (15978) F: 5ʹ-CCTTTGGACCCTCTGACTTG-3ʹ R: 5ʹ-TTCCACATCTATGCCACTTGAG-3ʹ 201 

Il1b (16176) F: 5ʹ-TTCCAGGATGAGGACATGAGC-3ʹ R: 5ʹ-AATGGGACGTCACACACCAG-3ʹ 110 

Il6 (16193) F: 5ʹ-CAACGATGATGCACTTGCAGA-3ʹ R: 5ʹ-GGTACTCCAGAAGACCAGAGGA-3ʹ 112 

Ms4a1 (12482) F: 5ʹ-ATCATGAATGGCCTCTTCCA-3ʹ R: 5ʹ-TGCCAGGAGTGATCCTGAA-3ʹ 138 

Ocln (18260) F: 5ʹ-TCCACCTCCTTACAGACCTGA-3ʹ R: 5ʹ-AGAGTACGCTGGCTGAGAGA-3ʹ 112 

Tgfb1 (21803) F: 5ʹ-ATGCTAAAGAGGTCACCCGC-3ʹ R: 5ʹ-TGCTTCCCGAATGTCTGACG-3ʹ 119 

Tjp1 (21872) F: 5ʹ-AATTATCCCACAAGGAGCCATTCC-3ʹ R: 5ʹ-TTTAGGGTCACAGTGTGGCAA-3ʹ 196 

Tnf (21926) F: 5ʹ-TCTTCTCATTCCTGCTTGTGGC-3ʹ R: 5ʹ-CATAGAACTGATGAGAGGGAGGC-3ʹ 119 

Upk2 (22269) F: 5ʹ-AAGCCTGTTAATTGCCTTGCC-3ʹ R: 5ʹ-CATGGAGGCACCACAAAGTC-3ʹ 114 

Col17a1 (wild type) F: 5ʹ-ACCTTCCAGTGAAGAGCCAT-3ʹ R: 5ʹ-GTGGATTCCCAAAGCCATAC-3ʹ 533 

Col17a1 (knockout type) F: 5ʹ-TGGATGTGGAATGTGTGCGA-3ʹ R: 5ʹ-GTGGATTCCCAAAGCCATAC-3ʹ 590 
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Table 3. Relative mRNA expression of chemokines in mouse lymphoid structures stimulated by urine 670 

Gene Fold 

Cxcl2 4.49 

Cxcl11 4.16 

Cxcl12 3.71 

Cxcl10 3.67 

Ccl6 3.02 

Cxcl13 2.82 

Ccl1 2.48 

Ccl25 2.30 

Expression levels are normalized to the values of the PBS control and determined using microarrays. 671 

 672 

673 
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Table 4. Gene Ontology (GO) of the ureter in Col17a1-KO 4 d after unilateral ureteral obstruction 674 

(UUO) 675 

Gene  
Pathway 

GO ID 
Pathway description 

Gene 

count 
FDR 

Upregulate

d genes 

0009617 Response to bacterium 19 2.2 x 10-3 

0070269 Pyroptosis 5 4.7 x 10-3 

0060429 Epithelium development 23 4.7 x 10-3 

0009888 Tissue development 30 4.7 x 10-3 

0009605 Response to external stimulus 35 4.7 x 10-3 

0050896 Response to stimulus 76 4.7 x 10-3 

0051707 Response to other organism 22 2.3 x 10-3 

0030855 Epithelial cell differentiation 14 3.1 x 10-2 

0044419 Interspecies interaction between organisms 23 3.6 x 10-2 

0048856 Anatomical structure development 58 4.1 x 10-2 

Downregul

ated genes 

0002682 Regulation of immune system process 34 1.3 x 10-7 

0002376 Immune system process 40 5.8 x 10-7 

0002694 Regulation of leukocyte activation 20 6.2 x 10-6 

0044419 Interspecies interaction between organisms 31 7.9 x 10-6 

0050896 Response to stimulus 84 7.9 x 10-6 

0051707 Response to other organism 28 1.6 x 10-5 

0031638 Zymogen activation 8 2.0 x 10-5 

0045321 Leukocyte activation 18 3.2 x 10-5 

0006955 Immune response 25 3.2 x 10-5 

0006952 Defense response 27 3.2 x 10-5 

Ten GO terms each are listed for genes with up- or downregulated expression in the ureter of 676 

Col17a1-knockout mice 4 d after UUO, compared with the wild-type. Gene Ontology Resource 677 

(https://geneontology.org/) was used for Gene Ontology (GO) analysis. FDR: false discovery rate. 678 

 679 

680 
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FIGURE LEGENDS 681 

Fig. 1 Collagen 17A1 (COL17A1) expression in human and cat ureter with and without 682 

urolithiasis 683 

(A) Representative images of human and cat ureter. More collagen fibers are observed in diseased human 684 

and feline ureters than in normal ureters. Infiltrating cells localize in the lamina propria and submucosa of 685 

humans and cats with urolithiasis. In the human specimen, immune cell aggregation is observed (arrow). 686 

Masson’s trichrome staining. Bars = 100 μm. 687 

(B) Localization of COL17A1 in human ureter. Few COL17A1+ cells are observed in the basal portion of 688 

normal ureter urothelia. There are numerous COL17A1+ cells in diseased ureter with cell aggregation. 689 

Each inset indicates a highly magnified image of the area marked by a black dashed square. 690 

Immunohistochemistry. Bars = 100 μm. 691 

(C) Localization of COL17A1 in cat ureter. COL17A1+ reactions are observed at the basal portion of both 692 

normal and diseased ureter. Positive-reaction dots in cells are abundant in diseased ureters. Each inset 693 

indicates a highly magnified image of the area marked by a black dashed square. In situ hybridization. 694 

Bars = 100 μm. 695 

 696 

Fig. 2 Collagen 17A1 (COL17A1) expression in the urothelium of murine ureter induced by 697 

unilateral ureteral obstruction (UUO) 698 
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(A) Localization of COL17A1 in ureter at 1, 4, and 7 d after UUO compared to in sham-operation (Sham). 699 

COL17A1+ urothelial cells are not detected in the Sham ureter. COL17A1+ urothelial cells are observed 700 

in basal ureter 1 d after UUO and increase substantially from 4 d. Each inset indicates a highly magnified 701 

image of the area marked by a black dashed square. Immunohistochemistry. Bars = 500 μm. 702 

(B) COL17A1+ area in ureter urothelium. Each bar represents mean ± SE (n = 5). **, ††, ##, and §§ 703 

indicate a significant difference to Sham, 1, 4, and 7 d after UUO, respectively (P < 0.01). The 704 

Kruskal-Wallis test was used followed by Scheffé's method. ND, not detected. 705 

(C) Correlation of COL17A1+ area in ureter urothelium with the luminal size of the ureter (Ur) and 706 

indices of renal lesions including CD11b+ cells in tubulointerstitium (Ti) and IL-36α+ injured renal 707 

tubules. ρ indicates Spearman's correlation coefficient (n = 20, P < 0.01). 708 

(D) Representative images of ureter 1 and 4 d after UUO. Deciduation of urothelial cells (arrow) is seen 709 

with mononuclear cells at 4 d but not 1 d after UUO. Inset indicates a highly magnified image of the area 710 

marked by a black dashed square. Periodic acid Schiff and hematoxylin staining (PAS-H). Bars = 100 μm. 711 

(E) Relative mRNA expression of epithelium-associated genes in the ureter at 7 d after UUO. Expression 712 

levels are normalized to those of β-actin and the collateral control (Cont). Each bar represents mean ± SE 713 

(n = 4‒5). * indicates a significant difference compared to the Cont (*P < 0.05, ** P < 0.01). The 714 

Mann–Whitney U-test and quantitative PCR analysis were used. 715 

(F) Localization of ZO-1 (green) and OCLN (red) in ureter at 1, 4, and 7 d after UUO compared with 716 
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Sham. ZO-1+ and OCLN+ staining in Sham urothelium are seen at the apical and apical/basal portions, 717 

respectively. ZO-1+ staining is faint after UUO. Although OCLN+ staining is also faint in the apical 718 

portion 1 d after UUO, it increases temporarily 4 d after UUO, and subsequently OCLN-overexpressing 719 

and -faint urothelial cells are observed 7 d after UUO. The nucleus was stained using Hoechst (blue). 720 

Each inset indicates a highly magnified image of the area marked by a white dashed square. 721 

Immunofluorescence. Bars = 100 μm. 722 

(G) Localization of COL17A1 (green) using bromodeoxyuridine (BrdU; red) in ureter at 7 d after UUO. 723 

Some BrdU-incorporated cells express COL17A1 (arrowheads), whereas COL17A1 urothelial cells 724 

incorporating BrdU (arrows) are also found on the apical side of the urothelium. White dotted lines 725 

represent the apical side of the urothelium. The nucleus was stained using Hoechst (blue). 726 

Immunofluorescence. Bars = 50 μm. 727 

 728 

Fig. 3 Upregulation of chemokine expression in immune cells stimulated by urine or COL17A1 729 

and in ureter with UUO 730 

(A) Relative mRNA expression of chemokines in the ureter determined 7 d after UUO. The expression 731 

levels are normalized to those of β-actin and the collateral control (Cont). Each bar represents mean ± SE 732 

(n = 5). * indicates a significant difference compared to Cont (*P < 0.05, **P < 0.01). The 733 

Mann–Whitney U-test and quantitative PCR analysis were used. 734 
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(B) Relative mRNA expression of Cxcl2 in B, T, and CD11b+ cells stimulated using bovine serum 735 

albumin (BSA) or recombinant human COL17A1. The expression levels are normalized to those of 736 

β-actin and B cells stimulated with BSA. Each bar represents the mean ± SE (n = 4). * indicates a 737 

significant difference compared with the BSA-stimulated group (*P < 0.05). The Mann–Whitney U-test 738 

and quantitative PCR analysis were used. 739 

(C) Localization of CXCL2 (red) with ZO-1, COL17A1, or CD11b (green) in the ureter at 7 d after UUO. 740 

CXCL2+ staining is observed beneath the ZO-1 faint urothelium as well as close to the COL17A1+ 741 

urothelium and is localized in CD11b+ cells. White dotted lines represent the apical side of the urothelium. 742 

Each inset indicates a highly magnified image of the area marked by a white dashed square. The nucleus 743 

was stained using Hoechst (blue). Immunofluorescence. Bars = 100 μm. 744 

(D) Relative mRNA expression of inflammatory cytokines measured in ureter 7 d after UUO. The 745 

expression levels are normalized to those of β-actin and Cont. Each bar represents the mean ± SE (n = 746 

4‒5). * indicates a significant difference compared with Cont (*P < 0.05, **P < 0.01). The 747 

Mann–Whitney U-test and quantitative PCR analysis were used. 748 

 749 

Fig. 4 COL17A1 dynamics in mouse renal pelvis (RP) after UUO 750 

(A) Localization of α-SMA in the Sham RP. There is no α-SMA+ smooth muscle layer in the thin RP 751 

urothelium covering the inner stripe of the outer medulla (IOM; panel A’). At the junction between the 752 
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thin and thick RP urothelium on the outer stripe of the outer medulla (OOM), α-SMA+ cells exhibit a fiber 753 

structure, not a smooth muscle layer (panel A’’). A smooth muscle layer is observed in the thick RP 754 

urothelium covering cortex (Co; panel A’’’). Arrows indicate the junction between the thin and thick RP. 755 

IM, inner medulla. Immunohistochemistry. Bars = 1 mm (A) and 50 μm (A’-A’’’). 756 

(B) Localization of COL17A1 in RP 1, 4, and 7 d after UUO compared to in Sham. COL17A1+ urothelial 757 

cells localize at the basal portion of RP urothelium and substantially increase in a time-dependent manner 758 

after UUO. Each inset indicates a highly magnified image of the area marked by a black dashed square. 759 

Arrows indicate the junction between the thin and thick RP. Immunohistochemistry. Bars = 100 μm. 760 

(C) Co-localization of COL17A1 (white) with PDGFRα (green, fibroblast marker) and α-SMA (red, 761 

smooth muscle fiber and myofibroblast marker) in RP at 1, 4, and 7 d after UUO compared with in Sham. 762 

RP urothelium in Sham is divided into thin RP urothelium without the α-SMA+ smooth muscle layer and 763 

thick urothelium with the smooth muscle layer, where the latter contains COL17A1+ cells at 1 d UUO. 764 

COL17A1+ cells increase in both types of urothelium with αSMA+ myofibroblasts increasing from 4 d 765 

after UUO. The nucleus is stained using Hoechst (blue). Arrow indicates deciduation of urothelial cells. 766 

White dotted lines represent the apical side of the urothelium. Immunofluorescence. Bars = 100 μm. 767 

(D) Relative mRNA expression of Col17a1 in isolated RP and ureter 1 d after UUO. The expression 768 

levels are normalized to those of β-actin and the collateral control (Cont). Each bar represents the mean ± 769 

SE (n = 4‒5). * indicates a significant difference between groups (*P < 0.05). The Mann–Whitney U-test 770 
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and quantitative PCR analysis were used. 771 

(E) Consecutive length of CO17A1+ urothelial cells from the RP junction to the thin and thick parts 1 d 772 

after UUO. Each bar represents the mean ± SE (n = 5). * indicates a significant difference between groups 773 

(*P < 0.05). Mann–Whitney U-test. 774 

(F) COL17A1+ area in the thin and thick RP urothelium. Each bar represents mean ± SE (n = 5). **, ††, 775 

##, and §§ indicate a significant difference compared to that in Sham, 1, 4, and 7 d, respectively (P < 776 

0.01). The Kruskal–Wallis test was used followed by Scheffé’s method. 777 

(G) Correlation of COL17A1+ area in thin or thick RP urothelium with indices for renal lesions, CD11b+ 778 

cells in tubulointerstitium (Ti) and IL-36α+ renal tubules. ρ indicates Spearman’s correlation coefficient (n 779 

= 20, P < 0.01). 780 

(H) Localization of FOS and JUN in RP. Both FOS and JUN positive reactions are observed in urothelial 781 

nuclei at the beginning of the thick urothelium 1 d after UUO, but not in Sham urothelium. Each inset 782 

indicates a highly magnified image of the area marked by a black dashed square. Arrows indicate the 783 

junction between the thin and thick RP. Immunohistochemistry. Bars = 100 μm. 784 

 785 

Fig. 5 Disruption of the urine-urothelial barrier in murine RP with UUO 786 

(A) Representative images of RP 1 d after UUO. Although intact urothelium of RP is observed in Sham, 787 

deciduation of urothelial cells is observed at the junction between the thin and thick urothelium 1 d after 788 
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UUO (arrow). PAS-H. Bars = 100 μm. 789 

(B) Relative mRNA expression of epithelium-associated genes in isolated RPs at 1 d after UUO. The 790 

expression levels are normalized to those of β-actin and Cont. Each bar represents mean ± SE (n = 4‒5). * 791 

indicates a significant difference compared with Cont (*P< 0.05). The Mann–Whitney U-test and 792 

quantitative PCR analysis were used. 793 

(C) Localization of ZO-1 (green) and OCLN (red), as markers for tight junctions in RP at 1, 4, and 7 d 794 

after UUO compared with those in Sham. ZO-1+ and OCLN+ staining are observed at the apical and 795 

apical/basal portions of RP urothelium, respectively in Sham. Both positive reactions are partially faint at 796 

the apical portion on day 1 after UUO with urothelial deciduation (arrow). OCLN-faint and 797 

-overexpressing urothelial cells are observed 4 d after UUO. The former cell type increases 7 d after UUO. 798 

The nucleus was stained using Hoechst (blue). White dotted lines represent the apical side of the 799 

urothelium. Each inset indicates a highly magnified image of the area marked by a white dashed square. 800 

Immunofluorescence. Bars = 100 μm. 801 

(D) Localization of COL17A1 (green) with CD44 (red) and CK14 (white) in RP at 1, 4, and 7 d after 802 

UUO compared with in Sham. In Sham, COL17A1- CD44- CK14+ cells (white arrowheads) are found and 803 

partially co-expressed with COL17A1 (yellow arrowheads). At 1 d, COL17A1+ CD44+ CK14- cells 804 

(yellow arrows) are dominant, and few COL17A1+ CD44+ CK14+ cells (white arrows) are observed. 805 

From 4 d onwards, triple-positive cells are dominant, and some COL17A1- CD44+ CK14- cells are seen 806 
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(red arrowheads). The nucleus was stained using Hoechst (blue). White dotted lines represent the apical 807 

side of the urothelium. Each inset indicates a highly magnified image of the area marked by a white 808 

dashed square. Immunofluorescence. Bars = 50 μm. 809 

(E) Representative transmission electron microscopy images of RP. In urothelial cells 1 d after UUO, 810 

folded apical membrane (white arrows), numerous lysosomes (black arrows), ectopic red blood cells 811 

beneath basement membrane (white asterisks), and intracellular spaces (black asterisks) are observed, 812 

distinct from those in Cont. Urothelial cell processes extending to the lamina propria interact with smooth 813 

muscle cells (white arrowheads). A migrating cell from lamina propria is observed in the partially effaced 814 

basement membrane (black arrowheads). UC, urothelial cell; MC, migrating cell; BM, basement 815 

membrane. Bars = 2 μm. 816 

(F) Localization of Evans blue conjugated with bovine serum albumin (EBA) in RP. EBA injected from 817 

the urinary bladder is observed along the urothelium in the Sham group, where it leaked into RP 818 

parenchyma (Pa) from the lumen (Lu) 1 d after UUO (asterisks). Bars = 100 μm. 819 

 820 

Fig. 6 Activation of CXCL2+ CD11b+ cells in murine RP 1 d after UUO 821 

(A) Relative mRNA expression of Cxcl2 measured from isolated RP 1 d after UUO. The expression levels 822 

are normalized to the values of β-actin and collateral control (Cont). Each bar represents mean ± SE (n = 823 

4‒5). * indicates a significant difference compared with Cont (*P < 0.05). The Mann–Whitney U-test and 824 
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quantitative PCR analysis were used. 825 

(B) Localization of ZO-1 (green) and CXCL2 (red) in RP. CXCL2+ staining is observed beneath 826 

ZO-1-deficient urothelium (arrows) at the junction between thin and thick RP urothelium 1 d after UUO 827 

or at thin urothelium 7 d after UUO. The nucleus was stained using Hoechst (blue). White dotted lines 828 

represent the apical side of the urothelium. Lu, RP lumen; IM, inner medulla. Immunofluorescence. Bars 829 

= 100 μm. 830 

(C) Relative mRNA expression of immune cell genes in RP 1 d after UUO. The expression levels are 831 

normalized to those of β-actin and Cont. Each bar represents mean ± SE (n = 4‒5). * indicates a 832 

significant difference compared to Cont (*P < 0.05). Mann–Whitney U-test and quantitative PCR analysis 833 

were used. 834 

(D) Localization of CD11b+ cells in RP. There are few CD11b+ cells in Sham, and the number increases 835 

from 1 d after UUO, then decreases 4 d after UUO. Immunohistochemistry. Bars = 100 μm. 836 

(E) Localization of CXCL2 (red) with CD11b or COL17A1 (green) in RP. CXCL2+ staining is observed 837 

in CD11b+ cells beneath the COL17A1+ urothelium 1 d after UUO. The nucleus was stained using 838 

Hoechst (blue). White dotted lines indicate the apical side of the urothelium. The arrow indicates 839 

deciduation of urothelial cells. Immunofluorescence. Bars = 100 μm. 840 

(F) Relative mRNA expression of inflammatory cytokines measured in isolated RPs 1 d after UUO. The 841 

expression levels are normalized to those of β-actin and Cont. Each bar represents the mean ± SE (n = 842 
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4‒5). * indicates a significant difference compared with Cont (*P < 0.05). The Mann–Whitney U-test and 843 

quantitative PCR analysis were used. 844 

 845 

Fig. 7 Altered pathology of RP urothelium in Col17a1-KO mice 1 d after UUO 846 

(A) Representative images of RP from Col17a1-KO and wild-type (WT) 1 d after UUO. Deciduation of 847 

urothelial cells (arrows) is observed equally in WT and Col17a1-KO kidneys. Cell infiltration is more 848 

frequently observed in Col17a1-KO compared to WT RP. PAS-H. Bars = 50 μm. 849 

(B) Number of urothelial cells in thick RP. Each bar represents mean ± SE (n = 5‒6). The Mann–Whitney 850 

U-test was used. 851 

(C) Localization of cytokeratin 14 (CK14) in RP 1 d after UUO. CK14+ urothelial cells (arrowheads) are 852 

observed in both WT and Col17a1-KO RP, whereby the numbers are lower in Col17a1-KO than in WT 853 

RP. Bars = 50 μm. 854 

(D) Number of CK14+ urothelial cells in thick RP. Each bar represents mean ± SE (n = 5‒6). * indicates a 855 

significant difference compared with Cont (*P < 0.05). # indicates a significant difference between Cont 856 

and UUO 1 d (# P < 0.05). The Mann–Whitney U-test was used. 857 

(E) Localization of COL17A1 (green) with CD44 (red) and CK14 (white) in RP 1 d after UUO. 858 

COL17A1+ urothelium co-localizing with CD44 (yellow arrows) partially forms multiple layers and 859 

co-expresses with CK14 (yellow arrowheads) in WT, whereas COL17A1- CD44- CK14+ urothelial cell 860 
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numbers are observed to be lower (white arrowhead). CD44+ mono- or bilayers of urothelium are 861 

observed in Col17a1-KO (white arrows). The nucleus was stained using Hoechst (blue). White dotted 862 

lines represent the apical side of the urothelium. Immunofluorescence. Bars = 100 μm. 863 

(F) Localization of ZO-1 (green) with OCLN (red) in RP 1 d after UUO. ZO-1+ and OCLN+ staining is 864 

observed at the apical portion of RP urothelium in Col17a1-KO, while the outcome is negative in WT 865 

(white arrows). In Col17a1-KO, ZO-1+ staining shows an irregular pattern of upregulation (yellow 866 

arrowheads), and OCLN+ results are also found in basal urothelial cells (white arrowheads). The nucleus 867 

was stained using Hoechst (blue). White dotted lines represent the apical side of the urothelium. 868 

Immunofluorescence. Bars = 100 μm. 869 

(G) Localization of CD11b (green) with CXCL2 (red) in RP 1 d after UUO. CD11b+ CXCL2+ cells 870 

(arrowheads) are abundantly observed at the junction between the thin and thick RP urothelium in WT, 871 

whereas CD11b+ cells are scattered under RP urothelium in Col17a1-KO and few co-express CXCL2. 872 

The nucleus was stained using Hoechst (blue). White dotted lines represent the apical side of the 873 

urothelium. Immunofluorescence. Bars = 50 μm. 874 

(H) The number of CD11b+ cells under thick RP urothelium 1 d after UUO. Each bar represents mean ± 875 

SE (n = 5‒6). * indicates a significant difference compared with Cont (*P < 0.05). The Mann–Whitney 876 

U-test was used. 877 

 878 
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Fig. 8 Schematic illustration of the hypothetic mechanism through which obstructive uropathy 879 

induces urothelium disruption and COL17A1 expression 880 

Normal RP and ureter comprise urothelial cells, fibroblasts, and smooth muscle cells. RPs are divided 881 

into thick RP connecting the ureter to the smooth muscle layer and thin RP connecting to the kidneys 882 

without a smooth muscle layer. There are some CK14+ urothelial cells, particularly in the thin RP. After 883 

UUO, urothelial cell deciduation is observed (the early stage of UUO; 1 d and 4 d, in RP and ureter, 884 

respectively). In RP, urothelial cell deciduation and subsequent urine leakage occur with partial defects in 885 

the tight junction protein at the junction between thick and thin RP urothelium. Basal urothelial cells from 886 

the junction to the thick RP predominantly express COL17A1, and CD11b+ cells migrate to connective 887 

tissue overlaid by COL17A1+ proliferating urothelial cells beneath the urine-urothelial barrier disruption, 888 

which also express CXCL2. At this stage, CK14+ urothelial cells are diminished. Fibrosis develops 889 

instead of cell deciduation and CD11b+ cell migration at the late stage (4 and 7 d onwards in RP and 890 

ureter, respectively). There are abundant COL17A1+ urothelial cells, which partially express CK14. The 891 

schematic illustrations represent RP urothelium. 892 
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