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Increased incidence of kidney disease (KD) is a common concern in human and companion animals. Cats, in particular, are highly susceptible to KD. Novel KD biomarkers would help to address these problems. Therefore, we are focusing on microRNA, a highly conserved nucleic acid, as a KD biomarker for various animals. We previously reported that altered levels of urinary exosome (UExo)-derived microRNAs indicate renal pathologies in dogs. This study comprehensively examined UExo-derived microRNAs, which reflected the KD status in cats. The examined cats were divided into two groups: normal renal function (NR) and KD. Based on our previous data in dogs and cats, as well as the present data on UExo-derived microRNAs in cats by next-generation sequencing, let-7b, let-7f, miR-10a, miR-10b, miR-21a, miR-22, miR-26a, miR-27b, miR-146a, miR-181a, miR-191, and miR-486a were identified as biomarker candidates. In summary, the levels of UExo-derived let-7b, miR-22, and miR-26a significantly decreased in cats with KD from the early stages of the disease. UExo-derived miRNA levels normalized to urinary creatinine or total RNA of miR-21a was significantly higher in the KD group. Importantly, the ratio of UExo-derived miR-21a to let-7b showed a significant and strongest correlation with serum creatinine (ρ = 0.751), blood urea nitrogen (ρ = 0.754), and urinary creatinine (ρ = −0.421) among all examined indices. Further, the ratio of miR-181a to let-7b or miR-10b significantly correlated with the progression of renal dysfunction in the KD group. Thus, we identified that UExo-derived microRNAs in cats, and their raw and normalized levels could indicate altered renal function.
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INTRODUCTION

The increase in the number of patients with various kidney diseases (KDs) has caused a global health problem in humans. In Japan, there are 13.3 million patients with chronic KD (CKD) (1). A similar increase in KD cases is occurring in aged companion-animals owing to the improvements in their maintenance conditions and advances in veterinary medical treatment (2). In particular, 30–60% of cats over 10 years of age showed CKD phenotypes (2, 3). Similar to human medicine, in veterinary medicine, blood urea nitrogen (BUN) and creatinine (CRE) are commonly used as renal function markers. In particular, blood CRE level is used to grade patients with CKD to different clinical stages as proposed by the International Renal Interest Society (IRIS), to ensure adequate therapeutic strategies (http://www.iris-kidney.com/guidelines/staging.html) in dogs and cats. For cats, IRIS staging of CKD based on blood CRE level is as follows: Stage 1 (<1.6 mg/dl); Stage 2 (1.6–2.8 mg/dl); Stage 3 (2.9–5.0 mg/dl); Stage 4 (>5.0 mg/dl). In recent basic and clinical studies, several biomarkers that manifest earlier than the elevation in blood CRE, such as the serum symmetric dimethylarginine, as described for human patients, were tested for the first time in dogs and cats (4). Cystatin C is also known to be a renal functional marker in humans and dogs; however, some researchers are skeptical about its application to cats (2). Basically, KD pathogenesis differ among companion-animals, and the glomerulus and tubulointerstitium tend to be injured in dogs and cats, respectively (5). Thus, although novel KD markers are crucial for the further development of veterinary medicine, species differences associated with molecular structures as well as renal function and pathogenesis, make it difficult to generalize and establish such markers.

We recently focused on the potential of microRNA (miRNA) as a novel disease marker by analyzing mouse KD models and companion animals (6–10), because miRNAs are stable small non-coding RNAs (18–25 bp) with high evolutionary sequence conservation among animal species. miRNAs can act as posttranscriptional regulators of target genes by binding to complementary sequences in specific target messenger RNAs (mRNAs) (8). Furthermore, recent studies revealed that several miRNAs are present in the 40–100 nm nano-sized exosomes in urine (8). Exosomes are a type of extracellular vesicles, such as microvesicles, apoptotic bodies, or ectosomes (8). Endosomal membrane budding of kidney cells results in the formation of multivesicular bodies (MVBs). The MVBs fuse to the plasma membrane which originates the urinary exosomes (UExos) (8). A recent study suggested that UExo-derived miRNAs could be a novel biomarker in KD. In particular, Khurana et al. reported miR-181a as the most robust and stable potential biomarker for human CKD (11). Furthermore, Li et al. reported that let-7c was significantly upregulated in UExos of diabetic nephropathy patients compared to that in the control group (12). Lv et al. reported that miR-29c and miR-21 levels in UExos correlated with renal fibrosis in human CKD patients (13, 14). Importantly, there is abundant evidence showing that miR-21 is a KD-associated miRNA, and it participates in renal fibrosis by targeting the transforming growth factor beta (TGF-β)/Smad signaling (15, 16). We also reported altered levels of miR-26a and miR-146a in the urine of CKD mice, that were mainly associated with glomerular and tubulointerstitial lesions, respectively (6, 7). In dogs, we analyzed UExo-derived miRNAs, especially miR-26a, which was significantly decreased in the KD group compared to that in the normal renal function (NR) group, and its decrease in the glomerulus was significantly correlated with the severity of glomerular injuries (9). Thus, the changes in UExo-derived miRNAs seem to be correlated with the progression of KD in various species. We previously reported the expression of miRNAs in the kidneys of dogs and cats by next-generation sequencing (NGS) (10). However, miRNA expression in feline UExos remained unclear, even though this species shows a high susceptibility to KDs. The use of UExo-derived miRNAs as KD biomarkers would be useful for the veterinary care of various species. Because some UExo-derived miRNAs originate from injured renal cells (17), they could be detected in liquid biopsies reflecting renal pathologies. This would represent an improvement over the classical biochemistry analyses using BUN and CRE, which are used to check for renal dysfunction.

In the present study, we examined miRNA candidates associated with changes in renal function in cats based on data obtained by NGS and KD-related miRNAs identified in previous studies.

MATERIALS AND METHODS

Ethics Statement

The investigators adhered to the Guide for the Care and Use of Laboratory Animals of Hokkaido University, Faculty of Veterinary Medicine (approved by the Association for the Assessment and Accreditation of Laboratory Animal Care International). All sampling processes were carried out as part of clinical examination or diagnosis, and the owners of the animals provided informed consents. The present study retrospectively analyzed samples that were collected between 2012 and 2018.

Animal Patients

The cat urine samples were obtained from patients of the Veterinary Teaching Hospital, Hokkaido University (Sapporo, Japan) and Matsubara Animal Hospital (Osaka, Japan), and analyzed retrospectively. First, cats showing serum CRE (sCRE) levels over 1.6 mg/dL were selected as candidates having a risk of KD (IRIS; http://iris-kidney.com/guidelines/grading.html). Forty-five cats were diagnosed with KD based on sCRE, BUN, urine color, the diagnosis by a clinical veterinarian, and medical history from health record on the date of urine collection. KD samples showed ranges of serum BUN of 30.1–140.0 mg/dL and CRE of 1.8–14.0 mg/dL. Furthermore, based on sCRE levels, the KD group was divided into three groups: KD1 (1.6–2.8 mg/dL), KD2 (2.9–5.0 mg/dL), and KD3 (5.0 > mg/dL). Forty-three NR samples from individuals having a normal range of serum BUN (12.8–29.8 mg/dL) and CRE (0.4–1.5 mg/dL) were defined. All urine samples were stored at −30°C until further use. Urinary CRE (uCRE) was determined by Creatinine Companion assay kit (Exocell, Philadelphia, PA, USA).

RNA Purification From UExo-Rich Fraction

All urine samples (1 mL) were centrifuged at 2,000 × g for 30 min at 4°C to remove cells and debris. From the urine supernatant, total RNA from UExo was obtained using the 1-step column kit (Urine Exosome RNA Isolation Kit; Norgen; Thorold, ON, Canada) according to the manufacturer's instruction. All RNA solutions were adjusted to 100 μL with RNase-free water. The concentration of the obtained RNA was measured by NanoDrop 2000 (ThermoFisher Scientific; Waltham, MA, USA). The concentrations of the total urinary RNA (uRNA) are listed in Table 1. The average absorbance ratio 260/280 was 1.30 and 1.26 in NR and KD groups, respectively.


Table 1. Summary of renal function indices in cats.
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NGS

NGS was carried out as previously reported (9, 10). Briefly, the quality of total RNA isolated from the UExo fraction by the column-based method (urine 1 mL) was checked using a Bioanalyzer (Agilent; Santa Clara, CA, USA), and the samples from NR and KD animals were pooled as one sample for each group. Total RNA (80 ng) obtained from each sample was used to construct sequencing libraries with the TruSeq Small RNA Library Prep Kit (Illumina; San Diego, CA, USA) according to the manufacturer's protocols. The quality of the libraries was assessed with the Agilent 2100 Bioanalyzer High Sensitivity DNA Kit (Agilent Technologies). The libraries pooled from the samples were sequenced using the Illumina HiSeq 1500 system (Illumina, San Diego, CA) in 51-base-pair (bp) single-end reads. Prior to the alignment to the reference genome, sequencing adaptors (mainly 3′ adaptors and contaminants of 5′ adaptors) and reads having too short inserts (<14 nt) or no inserts were trimmed with an in-house script. The trimmed reads were aligned to the mouse reference genome (mm 10) using the Bowtie 1.0.0 (18) software with the option –m 10,000, which allows reads to be aligned into multiple locations in the genome sequence. For quantification of the small RNA expression, the aligned reads were subjected to downstream analyses using StrandNGS 2.5 software (Agilent Technologies). The read counts allocated for the small RNA feature of mm 10 (version 2013.10.09) were quantified using a Trimmed Mean of M-value (TMM) method (19). The NGS data were deposited in the Gene Expression Omnibus database (United States National Center for Biotechnology Information) and are accessible through GEO Series accession number GSE121156 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE121156).

miRNA Analysis

We used 2.29 μL of RNA solution from 1 mL urine and 1.46 μL of reverse transcriptase solution of the TaqMan MicroRNA RT Kit (ThermoFisher Scientific) to produce complementary DNA (cDNA). The obtained cDNA solution (4.5 μL) was used for quantitative PCR (qPCR), qPCR analysis was performed using each miRNA-specific TaqMan primer (0.5 μL) and TaqMan Universal PCR Master Mix (4.5 μL, ThermoFisher Scientific) with an MX3000P system (Agilent; Santa Clara, CA, USA) and CFX Connect (Bio-Rad; Hercules, CA, USA). Mimic miRNAs (AccuTarget; Bioneer; Daejeon, Republic of Korea) were used to draw standard curves, and the net level of miRNA was calculated by a numerical formula. For normalizations, the obtained net level of miRNA was divided by the value of uCRE or that of the uRNA.

Statistical Analyses

Results are expressed as the median value. The Mann–Whitney U test was used to compare the two groups (P < 0.05). Kruskal-Wallis test was used for comparing over three populations or time points, and multiple comparisons were performed using Dunnett's test when a significant difference was observed (P < 0.05). Spearman's correlation test (P < 0.05) was used to analyze the correlation between the two parameters. Furthermore, for receiver operating characteristic (ROC) analysis, objective variables were examined as 0 (NR) and 1 (KD) by using JMP software (SAS; Cary, NC, USA). A stepwise regression analysis followed by binary logistic regression analysis was also performed (SAS; Cary, NC, USA).

RESULTS

Clinical Parameters of NR and KD Cats

Based on sCRE, BUN, urine color, and the diagnosis by a clinical veterinarian, the obtained urine samples were divided into two groups: NR (n = 43, median = 7.4-years-old) and KD (n = 45, median = 10.5-years-old) (Table 1). Further, the KD group was subdivided into groups KD1-3, according to their sCRE levels. As shown in Table 1, KD cats showed significantly increased sCRE and BUN starting from the early disease group (KD1), compared to NR cats. Body weight, uRNA level, and uCRE were significantly decreased in KD cats compared to NR cats. Low body weight was apparent in KD3, and uRNA and uCRE were significantly decreased in KD1 or KD2.

Furthermore, as shown in Table 2, the majority of the analyzed samples were from mix-breed cats, in both the NR (58.1 %) and KD (42.2 %) groups. In both groups, the number of individuals that underwent castration or spaying was higher than that of intact cats.


Table 2. Summary of cat demographics and attributes.
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UExo-Derived miRNAs Determined by NGS in NR and KD Cats

The result of NGS using UExo-derived RNAs is summarized in Table 3. After trimming procedures of NGS results, we obtained 19,701,266 and 21,499,030 reads from the NR and KD groups, respectively. The total number of reads corresponding to miRNAs were 18,704 and 23,874, respectively, and a total of 241 miRNAs were annotated as miRNAs. The percentage of detected miRNAs (0.16% in NR, 0.19% in KD) was quite low compared to other non-coding RNAs, similar to that reported for dog UExo-derived miRNA (9). Next, we selected the candidates as follows: (1) For down-regulated miRNAs in KD, miRNAs showing read number >150 in NR were selected; (2) For up-regulated miRNAs in KD, miRNAs showing read number >150 in KD were selected; (3) For fold change between the two groups, the miRNAs showing absolute values >2.0 were selected; (4) miRNAs expressed in the kidney were selected according to our previous study (10). Based on these criteria, we finally selected miR-486, miR-10b, miR-27b, let-7f, miR-26a, miR-146a, miR-21a, miR-181a, and miR-22 as biomarker candidates. miR-3107–5p was recently updated as miR-486b-5p, as they present the same mature sequence “uccuguacugagcugccccgag,” according to the mouse database (miRBase, http://www.mirbase.org/). Therefore, miR-3107 and miR-486a were considered to be the same mature miRNAs.


Table 3. Summary of results from next-generation sequencing targeting urinary exosome-derived RNA in cats.
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UExo-Derived miRNAs Determined by Real-Time PCR in NR and KD Cats

In addition to the nine candidates presented in Table 3, we also included let-7b, miR-10a, and miR-191 in the quantification analysis, as important KD- or UExo-associated miRNAs based on previous studies (20, 21) and our canine study (9). Figure 1 shows the raw levels of UExo-derived miRNA in cats. As seen in the results, all miRNA levels tend to be decreased in KD compared to the NR group; except for miR-21a, a significant decrease was observed in let-7b, miR-22, miR-26a, and miR-191. Furthermore, let-7b, miR-22, and miR-26a were already significantly decreased in the KD1 group, which suggests that they are early-stage markers. miR-21a increased with disease progression, but a statistically significant change was not observed.
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FIGURE 1. Raw miRNA levels in urinary exosome-derived miRNAs in cats. Cats were divided into the normal renal function group (NR, blood urea nitrogen (BUN) = 12.8–29.8 mg/dL, serum creatinine (sCRE) = 0.4–1.5 mg/dL, n = 43) and kidney disease group (KD, BUN = 30.1–140.0 mg/dL, sCRE = 1.8–14.0 mg/dL, n = 47). Furthermore, based on serum creatinine levels, the KD group was divided into three groups: KD1 (1.6–2.8 mg/dL), KD2 (2.9–5.0 mg/dL), and KD3 (5.0>mg/dL). Kruskal-Wallis test was used for comparing three populations or time points, and multiple comparisons were performed using Dunnett's test when a significant difference was observed (*, **, *** P < 0.05, 0.01, 0.001). TaqMan PCR method. Bars in graphs show the mean of each group.



As shown in Figure 2, we also examined the UExo-derived miRNA level normalized to uCRE. Normalized levels of let-7b and miR-21a were significantly decreased and increased, respectively, in KD compared to NR cats.
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FIGURE 2. miRNA levels normalized to urinary creatinine level in urinary exosome-derived miRNA in cats. Cats were divided into the normal renal function group (NR, blood urea nitrogen (BUN) = 12.8–29.8 mg/dL, serum creatinine (sCRE) = 0.4–1.5 mg/dL, n = 43) and kidney disease group (KD, BUN = 30.1–140.0 mg/dL, sCRE = 1.8–14.0 mg/dL, n = 47). Furthermore, based on serum creatinine levels, the KD group was divided into three groups including KD1 (1.6–2.8 mg/dL), KD2 (2.9–5.0 mg/dL), and KD3 (5.0> mg/dL). Kruskal-Wallis test was used for comparing three populations or time points, and multiple comparisons were performed using Dunnett's test when a significant difference was observed (*, ** P < 0.05, 0.01). TaqMan PCR method. Bars in graphs show the mean of each group.



Furthermore, as shown in Figure 3, we also examined the UExo-derived miRNA levels normalized to uRNA. Normalized levels of let-7b and miR-22 were significantly decreased in KD compared to NR cats. miRNA let-7b showed a significant decrease in the KD1 group. However, miR-21a was significantly increased in KD compared to NR cats.


[image: image]

FIGURE 3. miRNA levels normalized to urinary total RNA level in urinary exosome-derived miRNA in cats. Cats were divided into the normal renal function group (NR, blood urea nitrogen (BUN) = 12.8–29.8 mg/dL, serum creatinine (sCRE) = 0.4–1.5 mg/dL, n = 43) and kidney disease group (KD, BUN = 30.1–140.0 mg/dL, sCRE = 1.8–14.0 mg/dL, n = 45). Furthermore, based on serum creatinine levels, the KD group was divided into three groups including KD1 (1.6–2.8 mg/dL), KD2 (2.9–5.0 mg/dL), and KD3 (5.0> mg/dL). Kruskal-Wallis test was used for comparing the three populations or time points, and multiple comparisons were performed using Dunnett's test when a significant difference was observed (*, ***: P < 0.05, 0.001). TaqMan PCR method. Bars in graphs show the mean of each group.



To analyze the specificity and sensitivity of the examined values for KD detection, we performed ROC analyses by defining the objective variables as 0 (NR) and KD (1) and explanatory variables as raw miRNA levels and miRNA normalized to uCRE or uRNA (Table 4). For raw miRNA levels, let-7b showed the highest area under the curve (AUC) with relatively higher specificity and sensitivity of the examined miRNAs. For normalized values by uCRE, miR-21a showed the highest AUC and tended to show higher specificity and sensitivity. For normalized values by uRNA, let-7b showed the highest AUC and tended to show higher specificity and sensitivity.


Table 4. Specificity and sensitivity of miRNA levels for KD detection.
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Correlations Between UExo-Derived miRNAs and Renal Function in NR and KD Cats

Table 4 summarizes the correlation between raw levels of UExo-derived miRNA and its levels normalized to uCRE or uRNA, and the renal function indices including BUN, sCRE, and uCRE. The ratio of each miRNA level to the other miRNA levels was also comprehensively analyzed. Data obtained by qPCR were used in this correlation analysis. As shown in Table 4, the raw levels and the levels normalized to uRNA, of let-7b and miR-22 showed a significant negative correlation with BUN and sCRE. The raw levels of miR-26a and miR-191 also showed a significant negative correlation with both BUN and sCRE. However, miR-21a levels normalized to uCRE showed a positive correlation with both BUN and sCRE. For uCRE, only raw level of let-7b showed a weakly significant negative correlation. Interestingly, in the miRNA ratio examined, miR-21a/let-7b and miR-21a/miR-22 (or their inverse number) showed a strong correlation with renal function. miR-21a/let-7b, as well as miR-181a/let-7b, and miR-181a/miR-10b showed a significant positive correlation with BUN and sCRE when we analyzed only the KD groups, suggesting their association with KD progression. For uCRE in KD groups, only miR-26a/miR-191 showed a significant correlation.

Figure 4 shows the correlations between renal function and candidate miRNAs showing the highest significance in Table 4. miR-21a/let-7b ratio was significantly increased in KD2 compared to NR cats (Figure 4A). miR-181a/let-7b ratio showed no significant difference among the groups, but the miR-181a/miR-10b ratio showed a significant difference between KD1 and KD3. Further, in the ROC analysis, miR-21a/let-7b showed a relatively higher sensitivity and specificity to detect KD compared to the other ratios and values examined and presented in Table 4.
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FIGURE 4. Correlations between miRNA parameters and renal function in cats. (A)The ratio of miR-21 to let-7b, miR-181a to let-7b, and miR-181a to miR-10b in urinary exosome-derived miRNA in cats. Cats were divided into the normal renal function group (NR, blood urea nitrogen (BUN) = 12.8–29.8 mg/dL, serum creatinine (sCRE) = 0.4–1.5 mg/dL, n = 43) and kidney disease group (KD, BUN = 30.1–140.0 mg/dL, sCRE = 1.8–14.0 mg/dL, n = 47). Furthermore, based on serum creatinine levels, the KD group was divided into three groups including KD1 (1.6–2.8 mg/dL), KD2 (2.9–5.0 mg/dL), and KD3 (5.0> mg/dL). Kruskal-Wallis test was used for comparing over three populations or time points, and multiple comparisons were performed using Dunnett's test when a significant difference was observed (*, **, *** P < 0.05, 0.01, 0.001). TaqMan PCR method. Bars in graphs show the mean of each group. For each value, a receiver operating characteristic (ROC) curve was drawn. AUC, area under the curve; CV, cutoff value; Sp, specificity; Se, sensitivity. Objective variables were examined as 0 (NR) and 1 (KD). (B)Correlation between the ratio of miR-21 to let-7b and sCRE, BUN, and uCRE. Spearman's correlation test was used to analyze the correlation between the two parameters (**P < 0.01). NR (blue, n = 43), KD1 (green, n = 19), KD2 (light blue, n = 18), and KD3 (red, n = 8) cats were analyzed. (C)The correlation between the ratio of miR-21 to let-7b and sCRE, BUN, and uCRE. Spearman's correlation test was used to analyze the correlation between two parameters (*, ** P < 0.05, P < 0.01). KD (45) cats were analyzed.



The miR-21a/let-7b ratio significantly correlated with sCRE and BUN when we examined all the groups (Figure 4B, Table 4) or the KD group only (Figure 4C). miR-21a/let-7b ratio significantly correlated with uCRE when we examined all the groups (Figure 4B). Although miR-181a/let-7b ratio and miR-181a/miR-10b ratio showed no correlation with renal function when we examined all the groups, a significant correlation was observed with sCRE and BUN when we examined the KD group alone (Figure 4C, Table 5).


Table 5. Correlations between urinary exosome-derived miRNAs and renal function indices.
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Finally, we performed a stepwise regression analysis followed by a binary logistic regression analysis using miRNA levels, its normalized values, and its ratio (Table 6). Objective variables were set as 0 (NR) and 1 (KD). Among the examined regression models using miRNA levels, its normalized values, and its ratio, the miRNA ratio using let-7b/miR-21a, let-7f/miR-22, miR-26a/miR-10a, and miR-486/miR-191 showed the highest AUC (0.998) and contribution (0.924) and the lowest AICc (17.816) and BIC (27.671). Furthermore, the combinations of let-7b and let-7b/miR-21a increased the AUC (0.951) compared with each single value (Table 4, Figure 4A). The combinations of let-7b and the miRNA ratio using let-7b/miR-21a, miR-486/miR-191, and miR-27b/miR-22 showed more higher AUC (1.000) and contribution (1.000) and lower AICc (10.909) and BIC (21.383).


Table 6. Regression models to estimate KD by using miRNA-derived parameters in cats.
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DISCUSSION

In this study, we focused on the correlation between levels of UExo-derived miRNAs and renal function in cats. UExos of experimental rodents including mice and rats (22), cows (23), and dogs (9) were reported. Recent human studies also focused on the potential of UExo as a biomarker for various KDs, including diabetic nephropathy (24), lupus nephritis (25), or glomerulosclerosis (26). UExos appear to have several membrane proteins derived from each component of the kidney structure, and the enveloped miRNAs in UExo were also investigated as potential biomarkers (8).

For the examined samples, the KD group showed a significantly higher age compared to the NR group. Although there are no data about the relation between UExo-derived miRNA levels and aging, aging is an important factor in developing KD, especially in cats. CKD phenotypes are apparent in 30 to 60% of cats over 10 years of age (2, 3). Therefore, aging contributes to the alteration of UExo-derived miRNA levels by changing the kidney structure or function.

In the present analysis of UExo in cats, the content of miRNA was quite low compared to that of transfer RNA (tRNA), as shown in Table 3. This is similar to our previous results in canine UExos (9). However, this is different from the data of a previous study using human urine, where the most abundant non-coding RNA in UExo was miRNA, and the content of tRNA was lower than that of miRNA (11). For the isolation of UExo-derived miRNAs, the human study used the combination method, based on ultracentrifuge and phenol chloroform isoamyl alcohol, but we used the column-based one-step method in our current and previous canine study (9). Therefore, the choice of UExo isolation method could strongly affect the purification process of UExo-derived miRNAs, rather than species differences between humans and dogs and cats.

Another possibility to explain the increased tRNA and relatively lower read number in our data, compared to those of the human study (11) is that cells lysis occurred when the urine was frozen, leading to sample contamination. However, the fresh urine samples would also show some lysed cells derived from the kidneys and urinary tracts, including the ureter and urinary bladder. Additionally, UExos, and miRNAs present in these structures are relatively stable when frozen.

Although UExo-derived from detached kidney cells or cell lysis would be a useful source to obtain miRNA biomarkers, urothelium contamination in the urine should be taken into consideration. To select the candidate miRNA in this study, we applied and modified the selection criteria of our previous study (10). However, to obtain more reliable data, we should exclude the miRNAs expressed in the urothelium. The possibility of urothelium derived-miRNA contamination could also be an obstacle for the normalization strategy of the obtained data. Mestdagh et al. (27) reported a useful normalization method using all the RNA expression data in the samples. A software to select the best housekeeping gene, such as geNorm finder, would also be helpful to normalize the data. However, even if we could normalize the data by these methods, the contamination of miRNA-derived from the urothelium would contribute to overestimating the total RNA amount. Therefore, future studies analyzing the miRNA expression profile of ureters and bladders are needed, since these data could help to determine which miRNAs are specific to the kidney.

From the NGS results, we detected and selected the UExo-derived miRNAs. In the previous study, we identified the differentially expressed UExo-derived miRNAs between NR and KD dogs, including miR-3107/miR-486a, miR-21a, miR-10a, and miR-10b (9). Curiously, the quantitative results of UExo-derived miRNAs were different between NGS and TaqMan PCR analysis in the present cat study, as well as in our previous dog study (9). This difference was considered to be due to the fact that NGS uses pooled samples and TaqMan PCR uses individual analysis. Specifically, the individual differences in the latter analysis strongly affected the quantification results. miR-3107/miR-486a, miR-21a, and miR-10b were identified as candidates in the analysis of UExo-derived miRNAs in this study, as well as in our canine study (9). In addition, the other miRNAs such as miR-142, miR-378a, or miR-22 was selected by NGS analysis in cats but not in dogs (9). In particular, miR-22 was selected as an equally expressed UExo-derived miRNA between NR and KD dogs (9). Thus, the different patterns of UExo-derived miRNAs between cats and dogs would reflect the species differences of UExo excretion from the kidney and/or other urinary organs.

Based on the NGS data obtained, in quantitative analysis of candidate miRNAs by TaqMan PCR analysis, we selected miRNAs for examination according to the following criteria: (1) differentially expressed between NR and KD, and (2) expressed in the cat kidney. As a result, we found that the raw level of UExo-derived miR-26a significantly decreased in KD compared to NR cats. miR-26a is considered to be mainly expressed in the glomerular podocytes, and its down-regulation was associated with the altered dynamics of podocyte functional markers, cytoskeletal molecules, and TGF-β/connective tissue growth factor pathway (7, 28). A decrease in miR-26a was also found in the glomeruli of human patients with IgA nephropathy and lupus nephritis, CKD dogs, diabetic model mice, and glomerulonephritis model mice (7, 9, 28). Furthermore, miR-22 selected by NGS analysis was also decreased in the UExo of KD compared to that of NR cats. Altered miR-22 expression was reported in several KDs, and it was upregulated in the kidney of diabetic mice (29) and rhabdomyolysis-induced acute kidney injury (AKI) mice (30) but downregulated in human renal cell carcinoma (31). Further, miR-22 regulates the synthesis of collagen IV and α-smooth muscle actin in tubulointerstitial fibrosis by targeting phosphatase and tensin homolog (PTEN) (32). Therefore, these altered levels of UExo-derived miRNAs would indicate the KD status in examined cats. Importantly, KD pathogenesis differs among companion-animals, as the glomerulus tends to be injured in dogs and the tubulointerstitium tends to be injured in cats (5). Therefore, although the function and biological characteristics of tubulointerstitial lesion-related miRNAs, including miR-21a and miR-22, would be similar among both species, its dynamics would more closely relate to KD pathogenesis in cats than in dogs.

miR-21a was also selected by NGS analysis of UExo in cats. In contrast to the decreased level of miR-26a and miR-22, the level of UExo-derived miR-21a, normalized to uCRE and uRNA, increased in KD compared to NR cats. miR-21a is one of the most validated KD-associated miRNAs, and its role differs in AKI and CKD. Briefly, a positive feedback loop between miR-21a and hypoxia-inducible factor 1 subunit alpha (HIF-1α)/2α is mediated by the PTEN/Akt/mTOR pathway, which is involved in the reduction of epithelial apoptosis caused by ischemia-reperfusion-induced AKI (33). However, miR-21a participates in the pathogenesis of CKD, such as renal fibrosis by targeting the TGF-β/Smad signaling (15, 16). The KD cats examined in this study were selected based on renal dysfunction. Therefore, the altered miR-21a levels in UExo would indicate the extent of renal injuries due to AKI and/or CKD that occurred in the individuals.

The level of UExo-derived let-7b in KD cats was significantly decreased in both raw and normalized data. We focused on the let-7 family as KD-associated miRNAs, because let-7a and let-7f were already reported as significantly down-regulated miRNAs in glomerulus with glomerulonephritis (7), and let-7g was slightly increased in the kidney of this mouse model (6). The present NGS also showed let-7f as a down-regulated miRNA in the UExo of KD cats, although a significant difference was not found in the TaqMan PCR analysis. Our previous studies did not report let-7b levels, even though it is known as an important KD-associated let-7 family member. Briefly, let-7b expression is reduced in the mouse models of renal fibrosis that upregulate TGF-β1 receptor 1 (TGFBR1), let-7b directly represses TGFBR1, and extracellular matrix proteins expression, it also decreases SMAD3 activity, and attenuates the profibrotic effects of TGF-β1 (21). Furthermore, some studies revealed that let-7b could be a serum marker for IgA nephropathy (20). UExo-derived let-7b was not examined in other animals, but we found a decreased pattern in KD cats, and this tendency may indicate the KD status of examined cats.

To take into consideration the urinary dilution due to KD status in cats, we measured the uCRE and uRNA; these were decreased in KD compared to NR cats. However, raw levels of all examined miRNAs, except for let-7b, did not significantly correlate with uCRE, indicating that the dilution of urine and UExo-derived miRNA levels did not completely correlate. The exosomal transfer is reported in cultured human renal proximal tubule cells to distal tubule and collecting duct cells (34). However, the UExo reabsorption in primitive urine was not fully clarified. From our results, the amounts of UExo-derived miRNAs were not strongly affected by urinary dilution. In regard to this result, the strongest correlation between renal function markers and UExo-derived parameters was observed in the ratio of miR-21a to let-7b, rather than any raw values or values normalized to uCRE or uRNA. Furthermore, as shown in Table 4, UExo-derived miR-21a and let-7b levels were strongly affected by the development of KD in cats, compared to other miRNAs. These results might indicate that the ratio of miR-21a to let-7b containing UExos, or the ratio of these miRNAs in the same UExo, could reflect the stage of renal injury. Interestingly, the raw and normalized levels of miR-181a and miR-10b were unchanged in the UExo of cats, but their ratio differed between NR and KD cats and correlated with the progression of renal dysfunction in KD groups. These data also indicate the importance of analysis focusing on the ratio of miRNA in UExo. Importantly, UExo-derived miR-181a was reported as the most robust and stable potential biomarker for human CKD (11). Further, UExo-derived miR-10b was significantly decreased in KD compared to non-affected dogs (9), and a human UExo study revealed that miR-10b was one of the most abundant urinary miRNAs (35). Therefore, we considered that the ratio of miR-21a to let-7b and miR-181a to miR-10b indicated the decrease of renal function in all examined cats and disease progression in KD cats. Especially, the ratio of miR-21a to let-7b showed the higher sensitivity and specificity to detect KD compared to the other values examined in the present study. By combining miR-21a/let-7b and the other ratios, we could estimate KD development. To increase the sensitivity and specificity for clinical levels, other miRNAs including cat-specific unknown miRNAs should be analyzed. These indicators might be able to detect individuals showing normal renal function parameters but abnormal renal histopathology.

In conclusion, we revealed the UExo-derived miRNA patterns in KD and NR cats and related them with several parameters indicating KD status. However, to address the limitations of the present study, we have to increase the miRNA purification yield and clarify the original cells of detected miRNAs for the future application of UExo-derived miRNAs to clinical veterinary medicine.
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All (NR, KD) Raw, uRNA, uCRE 1 let-7b -0.589" let-7b -0.596" let-7b 0.230"
2 let-7b/uRNA —0.470" miR-22 —0.482" NA
3 miR-22 —0.460"" let-7b/uRNA —0.460" NA
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3 let-7f/let-7b. 0.522" miR-10a/let-7b. 0.547* let-7b/miR-486 0.259%
4 miR-486/miR-22 0.476* let-7f/let-7Tb. 0.624* let-7b/miR-22 0.252*
5 miR21a/miR-26a 0471 miR-21a/miR-191 0.473" miR-27b/miR-10a  0.231"
KD Ratio 1 miR-21a/let-7b 0.440" miR-21a/let7b 0.601* miR-26a/miR-191 0.318"
2 miR-181a/let-7b 0.420" miR-181a/miR-10b 0571 NA
3 miR-181a/miR-10b 0.333" miR-181a/let-7b 0.568* NA
4 NA miR-181a/let-7f 0.505* NA
5 NA miR-181a/miR-10a 0.445™ NA

NR, normal renal function group; KD, kidney disease group; SCRE, serum creatinine; BUN, blood urea nitrogen; UCRE, urinary creatinine; NA, not available. *, " Spearman’s correlation
test (P < 0.05, P < 0.01) was used to analyze the correlation between two parameters.





OPS/images/fvets-05-00289-t003.jpg
RNA

mMiRNA
tRNA
Exonic RNA
Intronic RNA
Others

Accession

miR-3107

miR-486

miR-10b
miR-143
miR-27b
miR-30e
miR-6236
let-7f
miR-26a
miR-146a
miR-21a
miR-92a
miR-181a
miR-22
miR-378a
miR-142

NR, normal renal function group; KD, kidney disease group.

Gene ID

MI0014103

MI0003493

MI0000221
MI0000257
MI0000142
MI0000269
MI0021583
MIO000563
MI0000706
MI0000170
MI0000569
MI0000719
MIO000697
MI0000570
MI000795
MI0000167

NR urine
(read number)

261

333

7382
208
427
269
256
239
179
242
605
234
398
1275
501
1758

KD urine
(read number)

1818

1225

16319
88
171
96
90
il
51
62
145
52
66
160
49
130

NR urine (%)

0.16
89.98
0.65
0.85
8.36

Fold change
(KD vs. NR)

70
3.7

22
-24
—25
-28
-28
-3.4
-35
-39
42
—45
-6.0
-80

=102
-135

Regulation
(KD vs. NR)

up

up

up
down
down
down
down
down
down
down
down
down
down
down
down
down

KD urine (%)

0.19
87.50
045
072
1114
Kidney* Kidney* Description
(miR-X-3p) (miR-X-5p)
- - same as
MiR-486b-5p
. + miR-486a-5p,
miR-486-5p
i =
o -
NA NA
low +
low +
low +
+ low
low low
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miR-191 0.568 6.458 0.610 0.591
miR-181a 0.687 14.453 0.951 0.227
miR-486a 0.443 15.877 0.366 0.659

NR, normal renal function (n = 43); KD, kidney disease (n = 45); uCRE, urinary creatinine; uRNA, total urinary RNA; Objective variables were 0 (NR) and 1 (KD). AUC, area under the

curve in receiver operating characteristic (ROC) curve.
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Raw level Normalized to uCRE  Normalized to uRNA Ratio let-7b, let-7b, let-7b/miR-21a,

let-7b/miR-21a* ratio
Intercept 5.991 -0.372 —1.969 10.361 4.679 2280.474
Prediction value  let-7b  —2.70E-02  let-7b -1.529 let-7b —-0.140 let-7b/  —1564.320 let-7b —-0.008 let-7b -3.535
miR-21a
let-7f  6.80E-04 miR-21a 0.057 let-7f 0.008 let-7f/ 70.384 let-7b/  —244.323 miR-486/ 130.008
miR-22 miR-21a miR-191
miR-21a  2.10E-04  miR-22 -0.018  miR-21a 0.004 miR-26a/  —0.052 let-7b/  —228195.714
miR-10a miR-21a
miR-22 —5.70E-05 miR-26a  —0.065 miR-22 -0.001 miR-486/  1.175 miR-27b/ 3176.557
miR-191 miR-22
miR-26a —5.20E-03 miR-146a  —2.391 miR-26a -0.028
miR-146a  —-0.051
miR-181a  -0.011
miR-486a 0.027
AUC 0.992 0.984 0.989 0.998 0.951 1.000
Contribution (R2) 0.835 0.724 0.851 0.924 0.683 1.000
AlCe 28.672 44.841 38.004 17.816 54.754 10.909
BIC 40.500 58.249 57.587 27.671 61.746 21.383

NR, normal renal function (n = 43). KD, kidney disease (n = 45). Stepwise regression analysis followed by binary logistic regression analysis. Objective variables were 0 (NR) and 1 (KD).
AUC, area under the curve in receiver operating cheracteristic (ROC) curve. AICS, Akaike information criterion. BIC, Bayesian information criterion. ” let-7b andlet- 7b/miR-21a is directly

analyzed by binary logistic regression analysis.
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