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N6-Methyladenosine Methylomic Landscape of Ureteral Deficiency in Reflux Uropathy and Obstructive Uropathy
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Background: Congenital anomalies of the kidneys and urinary tracts (CAKUT) represent the most prevalent cause for renal failure in children. The RNA epigenetic modification N6-methyladenosine (m6A) methylation modulates gene expression and function post-transcriptionally, which has recently been revealed to be critical in organ development. However, it is uncertain whether m6A methylation plays a role in the pathogenesis of CAKUT. Thus, we aimed to explore the pattern of m6A methylation in CAKUT.

Methods: Using m6A-mRNA epitranscriptomic microarray, we investigated the m6A methylomic landscape in the ureter tissue of children with obstructive megaureter (M group) and primary vesicoureteral reflux (V group).

Results: A total of 228 mRNAs engaged in multiple function-relevant signaling pathways were substantially differential methylated between the “V” and “M” groups. Additionally, 215 RNA-binding proteins that recognize differentially methylated regions were predicted based on public databases. The M group showed significantly higher mRNA levels of m6A readers/writers (YTHDF1, YTHDF2, YTHDC1, YTHDC2 and WTAP) and significantly lower mRNA levels of m6A eraser (FTO) according to real-time PCR. To further investigate the differentially methylated genes, m6A methylome and transcriptome data were integrated to identified 298 hypermethylated mRNAs with differential expressions (265 upregulation and 33 downregulation) and 489 hypomethylated mRNAs with differential expressions (431 upregulation and 58 downregulation) in the M/V comparison.

Conclusion: The current results highlight the pathogenesis of m6A methylation in obstructive and reflux uropathy.
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INTRODUCTION

N6-methyladenosine (m6A) methylation is the most abundant and conserved internal modification in messenger RNA (mRNA) and long non-coding RNAs (1). m6A can be produced by the “writer” complex methyltransferase-like 3 (METTL3), methyltransferase-like 14 (METTL14) (2), and Wilms tumor 1-associated protein (WTAP) (3), removed by the demethylases (“erasers”) fat mass and obesity associated protein (FTO) (4) and alkB homolog 5 (ALKBH5) (5), and recognized by “readers” such as the YTH family of proteins (6). m6A is involved in mRNA splicing, polyadenylation, export, translation, and stability (7). Throughout life, m6A-modified mRNAs play a role in variety of physiological activities, developmental processes and disease pathologies (7, 8). Multiple diseases, such as heart failure (9), type 2 diabetes (10), kidney injury (11) and asthma (12) and various malignancies are associated with changes in m6A methylation.

Thousands of m6A peaks in mammalian mRNA have been identified in techniques of the high-throughput sequencing. According to the Nephroseq database (www.nephroseq.org, University of Michigan, Ann Arbor, MI) (13), hypoexpression of METTL3, METTL14 and WTAP has been reported in diabetic mice, in patients with chronic kidney disease (CKD) and patients with focal segmental glomerulosclerosis, indicating the feedback disruption of m6A. It has been demonstrated that METTL14-induced m6A methylation could posttranscriptionally modulate Sirt1 mRNA, contributing to podocyte injury(14). Other studies discovered the METTL14-YAP1 pathway participated in the renal ischemia-reperfusion injury (15) and METTL14-regulated PI3K/Akt signaling pathway is involved in renal tubular cell epithelial-mesenchymal transition in diabetic nephropathy (16). Despite recent advances in m6A and numerous physiological and pathological processes associated with kidney disease (10), little is known about m6A-mediated regulatory effect in kidney development.

Congenital anomalies of the kidneys and urinary tracts (CAKUT) are embryonic disorder that causes a spectrum of defects in the kidneys, the ureters, the bladder and the urethra during development. CAKUT affects ~5 per 1,000 live newborns and accounts for 30% to 50% of all children end-stage renal disease (ESRD) (17). CAKUT induces renal deficiency that is constantly associated with urinary tract infection (UTI) and urine outflow abnormalities. Outflow abnormalities include obstructive nephropathies caused by obstruction of ureteropelvic junction/ureterovesical junction, megaureter, posterior urethral valves, and reflux uropathy induced by vesicoureteral reflux (VUR). During nephrogenesis, genetic and epigenetic changes have been demonstrated to be important (17, 18). Even though there have been significant advances in kidney diseases, the etiology and morphogenesis of uropathy are still unknown. Megaureter might lead to functional obstruction with an adynamic ureteral ending segment. In neonates, primary obstructive megaureter is involved in the fetal ureteric folds that remain or delay in the process of peristalsis. Primary VUR is distinct from megaureter, which is caused by a short or missing intravesical ureter or other vesico-ureteric junction disruption, accompanied by normal structural and functional ureters. Early diagnosis of reflux or obstructive uropathy is critical to prevent renal damage from reflux, obstruction and infection. Due to the lack of adequate knowledge of the mechanism, it is difficult to predict the renal prognosis of children with reflux or obstructive nephropathy.

To gain a better understanding of the role of m6A in uropathy, we enrolled the ureter samples from patients with VUR or megaureter to investigate of the distribution schema and readout of the differentially methylated mRNA. The differential methylation site was employed to make a prediction on the RNA-binding protein (RBP) candidates. A final integrated analysis of the m6A microarray data was performed to determine the association between the mRNAs methylation and the gene expression levels. In this paper, we illustrated the critical role of m6A methylation in ureteral defects of CAKUT.



MATERIALS AND METHODS


Patients and Human Materials

After receiving approval from the Research Ethics Board of Children's Hospital of Fudan university (2020-363), our local ethics board, patients with obstructive uropathy or reflux uropathy were enrolled into the study from January 2020 to October 2020. Prior to enrolling patients in this study, we received written informed permission from all parents or legal guardians. The diagnosis of different types of CAKUT was established through a series of radiological examinations. Primary obstructive megaureter was diagnosed by combining the clinical features and radiological findings of diuretic renography. The surgery criteria for primary obstructive megaureter were the differential renal function <40% and/or anterior–posterior diameter of the renal pelvis on ultrasonographic scan >100 mm and half-time of the elimination phase (T1/2) of 99mTc –DTPA diuretic renogram >20 min. VUR diagnosis criteria were based on the parameters that was established by the International Reflux Study Committee in 1981 (19). Exclusion criteria were associated anomalies including pelviureteric junction obstruction, ectopic ureter, duplicated collecting systems, ureterocele, posterior urethral valves, neurogenic bladder or prune belly. The children were categorized into two study groups. Patients with primary non-refluxing megaureter were distributed into the patient group of “M” (M group). Patients with primary VUR who had no other urinary tract defects were distributed into the patient group of “V” (V group). The reflux degree of these patients was greater than grade three.

Specimens were obtained from children who underwent ureteral reimplantation surgeries at our hospital. Due to the nature of subject, it was impossible to obtain tissue samples from completely normal distal ureteric ends. Therefore, there were no normal controls. We compared the pathological features among the ureter tissue samples from patients with megaureter or VUR. The surgical cut in the ureter tissue was 3–5 mm long, and roughly 1 mm tissue was removed from the distal ureter, and sent to the department of pathology. The surgeon and the pathologist made sure the complete of samples and prevented contamination. The pathologist dehydrated the tissue before embedding it in paraffin. The remaining tissues were cut into 1 mm blocks and deposited in RNA preservation solution, which was preserved at 4°C overnight before being transferred to an −80°C freezer for long-term storage.



m6A mRNA Epitranscriptomic Microarray

Total RNA was isolated from each sample using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) as directed by the manufacturer. The NanoDrop ND-1000 was used to determine purity and amount of total RNA samples (Thermo Fisher, Shanghai, China). To detect and verify the integrity of total RNA (RIN values >7.0), we employed a Bioanalyzer 2100 (Agilent, Santa Clara, CA, USA) for agarose electrophoresis.

Due to the RNA sample requirements for microarray and limited tissue samples from children's ureters, we utilized the m6A microarray (total RNA <1 ug) rather than MeRIP Seq (total RNA >120 ug). The Arraystar Human m6A-mRNA&lncRNA Epitranscriptomic microarray analysis was conducted in the three samples from patients with primary non-refluxing megaureter compared with the three samples from patients with primary VUR. In brief, m6A antibody was used to immunoprecipitate total RNAs isolated from specimens. As the “IP”, the modified RNAs were eluted from the immunoprecipitated magnetic beads. The unmodified RNAs were recovered as “Sup” from the supernatant. The Arraystar Super RNA Labeling Kit was used to label the “IP” and “Sup” RNAs with Cy5 and Cy3 respectively as cRNAs in separate procedures. Arraystar Human mRNA&lncRNA Epitranscriptomic Microarray (8x60K, Arraystar) with 44,122 mRNA degenerate probes degenerate probes was used to hybridize the cRNAs. After washing the slides, an Agilent Scanner G2505C were used to scan the arrays in two-color channels.



Microarray Data Analysis

To analyze acquired array images, Agilent Feature Extraction software (version 11.0.1.1) was unutilized. The average value of log2-scaled Spike-in RNA intensities was presented to standardize the raw intensities of IP (immunoprecipitated, Cy5-labeled) and Sup (supernatant, Cy3-labeled). Following Spike-in normalization, the probe signals with Present (P) or Marginal (M) QC flags in the Excel sheet were kept as “All Targets Value” for further evaluation of “m6A methylation level,” “m6A amount,” and “expression level”. Based on the IP (Cy5-labeled) and Sup (Cy3-labeled) normalized intensities, the “m6A methylation level” was assessed for the percentage of alteration. The calculating formula was provided in the Supplementary Tables S2, S3). Based on the IP (Cy5-labeled) normalized intensities, the “m6A quantity” was derived for the m6A methylation amount. The sum of IP (Cy5-labeled) and Sup (Cy3-labeled) normalized intensities of RNA was used to calculate “expression level.” Filtering with the fold change and statistical significance (p-value) thresholds were performed to identify the differently m6A-methylated RNAs or differentially expressed RNAs between the two comparisons. To illustrate the distinct m6A-methylation or expression pattern among samples, hierarchical clustering was conducted.



Methylated RNA Immunoprecipitation (MeRIP)-qPCR Validation

MeRIP assay was conducted for the same six RNA samples using the Magna MeRIP™ m6A Kit (Millipore, Billerica, MA, USA). Magnetic IP with a monoclonal antibody against m6A and IgG antibody was used following total RNA fragmentation into 100 nucleotides. qRT-PCR normalized the input RNA to analyze the immunoprecipitated RNA. Each experiment was performed in triplicate independently. The primers sequences with reference to the m6A motif regions of the mRNAs were displayed in Supplementary Table S1.



Real-Time PCR

The m6A writers (METTL3, METTL14, and WTAP), readers (YTHDC1, YTHDC2, YTHDF1, YTHDF1, YTHDF2 and YTHDF3) and erasers (FTO and ALKBH5) were selected and analyzed by real-time PCR in ureteral samples. Due to the quantity restriction of tissue samples, the independent set of ureteral samples was performed the qRT-PCR. With the High Capacity RNA to cDNA Kit, cDNA was reverse transcribed from 1 μg of total RNA (Applied Biosystems). The mRNA levels were assessed by real-time PCR analysis with SYBR-green protocol by gene-specific primers (Supplementary Table S1). 18S rRNA was selected as house-keeping control. For MeRIP-qPCR analysis of differentially methylated RNAs, equal volume of immunoprecipitated RNA or 10% of input RNA was converted to cDNA and amplified using gene-specific primers for mRNAs (Supplementary Table S1). Triplicates of real-time PCR experiments were performed.



Data Processing and Statistical Analysis

Differentially m6A-methylated RNAs and differentially expressed RNAs in the M/V group comparison were presented by filtering with the fold change (FC ≥ 1.5 or ≤ 0.7) and were identified at a false discovery rate (FDR) of <0.05. We retrieved a gene list from the Enrichr platform by searching for “uropathy” in the metadata including libraries created from TRRUST, BioPlanet, GWAS Catalog, the UK Biobank, ClinVar, PheWeb, and DepMap (20). The matching genes were highlighted into the m6A quantity and m6A expressing level profiling data (Supplementary Table S2). For differentially m6A-methylated or expressed RNAs, a hierarchical clustering heatmap was displayed. Differentially m6A-methylated or expressed mRNAs were analyzed for Gene Ontology (GO) analysis using the top GO package (R environment) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment. Fisher's exact test were used to determine the differences between the two groups with a P < 0.05 defined as statistically significance.




RESULTS


Patient Sample Characteristics

A total of 24 ureteral samples were collected. The “V” group had 18 patients (male: female 11:7) with a median age of 42 months. There were seven cases of grade IV reflux, and 11 cases with grade V reflux. The “M” group had six patients (male: female 4:2) of megaureter with the median age of 47 months. Among the 24 cases, no pathogenic variants or copy number variants (CNVs) were identified through trio-whole exome sequencing. No marked differences were found in the morphology of the ureter tissue. The “M” group presented disruption in the muscular layers of specimens with an extracellular matrix accumulation. In the “V” group, there were no aberrant changes in the muscular layers and no rearrangement of collagen fibers, fibrocytes or fibroblasts in the adventitia (Figures 1A,B). Hence, we decided to explore the m6A patterns in the ureter tissue samples from patients with primary obstructive uropathy compared with those from the patients with VUR as controls.


[image: Figure 1]
FIGURE 1. mRNA m6A modification profile changes and mRNA expression analysis in different ureteral phenotypes. (A) The ureter tissue from a patient with megaureter showed the atrophy and derangement in the muscular layers of specimen with increased extracellular matrix. (B) The ureter tissue from a patient with vesicoureteral reflux (VUR) showed no normal mucosal and muscular architecture. (C) Hierarchical clustering of all samples addressing the non-random partitioning of samples into two major groups: V-group (VUR), M-group (Megaureter). Each column represents one sample and each row represents one mRNA. (D) Volcano plot analysis of 1,469 upregulated and 61 downregulated mRNAs (M-group vs. V-group, P < 0.05). Red boxes represent ≥ 0.5-fold change difference, P < 0.05. Green boxes represent ≤ 0.7-fold change difference, P < 0.05.




Distribution Patterns of m6A Methylation in Reflux or Obstructive Uropathy

We investigated immunoprecipitated m6A methylation RNAs extracted from the ureters of patients with VUR and patients with obstructive megaureter disease to elucidate the regulation of transcript-specific m6A on ureteral phenotype. Microarray profiling revealed a difference in m6A methylation of 228 transcripts (228 mRNAs) between “V” (VUR) and “M” (Megaureter) groups (FC ≥ 1.5 or, ≤ 0.7) (Supplementary Tables S2, S3). The majority of the differentially methylated mRNAs (81.2%) were substantially hyper-methylated in the M/V comparison. The association between the samples were identified by hierarchical clustering, which were categorized based on m6A methylation level (Figures 1C,D). The peaks of the transcriptome-wide m6A in ureteral tissues were distributed across the 23 chromosomes shown in the Figure 2, indicating the broadly distributed peaks on the chromosomes. Additionally, the distribution pattern matched the density of gene content (Figures 2A,B). When the density of these differentially methylated peaks was calculated, it was found that they were not distributed homogeneously (chi square test, P < 0.05). Chromosomes 1, 2, 16, 19, 17, 7, and X were the top six chromosomes having the most methylated peaks. In detail, chromosome 1 (hypermethylated peaks, 22; hypomethylated peaks, 4) was followed by chromosome 2 (hypermethylated peaks, 18; hypomethylated peaks, 3), chromosome 16 (hypermethylated peaks, 19), chromosome 19 (hypermethylated peaks, 16; hypomethylated peaks, 2), chromosome 17 (hypermethylated peaks, 13; hypomethylated peaks, 2), chromosome 7 (hypermethylated peaks, 14; hypomethylated peaks, 1) and chromosome X (hypermethylated peaks, 10; hypomethylated peaks, 3). In the M/V comparison, most hypermethylated regions were enriched in chromosomes 1 (22 peaks), 2 (18 peaks), 16 (19 peaks), 19 (16 peaks) and 7 (14 peaks), whereas most hypomethylated peaks were enriched in chromosomes 1 (4 peaks), 4 (3 peaks), 2 (3 peaks), and X (3 peaks) (Figure 2A). Besides, the hypermethylated peaks with the maximal widths were located on chromosomes 14, 13, 7 and 5, whereas hypomethylated peaks with the maximal widths were observed on chromosomes 4, 6, 2 and 1. The peak site positions across the human chromosomes were displayed by mapping differentially methylated areas (inside mRNA transcripts) to the human chromosomes (Figure 2B). Ten hypermethylated peaks located in the 16p11.2 (6 hypermethylated peaks), 17q12 (2 hypermethylated peaks), 22q11.2 (1 hypermethylated peaks) and 4p16.3 (1 hypermethylated peaks), which are the known pathogenic CNVs for CAKUT. The top 20 differentially methylated mRNAs in M-group were listed in Table 1 based on log2 Fold change. The differently methylated genes located in the 17q12, 16p11.2, 22q11.2 and 4p16.3 were presented in the Supplementary Table S2, none of which matched the gene list associated with uropathy reported in the Enrichr metadata (20).


[image: Figure 2]
FIGURE 2. Landscape of N6-methyladenosine (m6A)-modified transcript in ureter tissue samples from patients with megaureter (M) or vesicoureteral reflux (VUR, V). (A) The m6A peaks' density distribution along the chromosomes. The first (red circle) and second (blue circle) tracks indicate the frequency distribution of the hyper-and hypomethylated peaks, respectively. chr, chromosome. (B) Chromosomal distribution patterns of the hypermethylated (red) and hypomethylated (blue) m6A peaks within mRNAs. (C) Differentially methylated mRNAs based on log2(FC). (D) Differentially expressed mRNAs based on log2(FC).



Table 1. The top 20 differentially methylated mRNAs based on log2(FC).
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Differentially Methylated mRNAs in Reflux or Obstructive Uropathy

To explore the mRNA expression patterns between Megaureter and VUR, the total mRNAs tagged with Cy3 fluorescent dye were profiled using microarray. Most of the differentially methylated mRNAs were hypermethylated in the ureteral samples from M-group compared with that from V-group (196/228) (Figure 2C). The top 20 differentially methylated mRNAs with differential expressions were listed in Table 2.


Table 2. The top 20 differently methylated mRNAs with differential expressions.

[image: Table 2]

Additionally, GO and KEGG enrichment analyses were conducted to investigate the biological impact of the differentially methylated mRNAs on the uropathy pathogenic processes. A summary of the distributions of the differentially methylated mRNAs enriched in several GO categories was displayed in Figure 3A. In the biological process (BP) category, differentially methylated mRNAs were notably enriched in “actin filament-based transport” (fold enrichment 17.0, P = 0.7 × 10−3), “response to mitochondrial depolarization” (fold enrichment 17.0, P = 0.5 × 10−3), and “glycogen biosynthetic process” (fold enrichment 10.3, P = 0.7 × 10−3). In the cellular component (CC) category, the top three enriched functions were “mRNA cleavage and polyadenylation specificity factor complex” (fold enrichment 13.4, P = 0.010), “collagen trimer” (fold enrichment 5.5, P = 0.006), and “nuclear speck” (fold enrichment 2.7, P = 0.006). In the molecular function (MF) category, “UDP-glucosyltransferase activity” (fold enrichment 20.0, P = 0.004), “semaphorin receptor binding” and (fold enrichment 12.2, P = 0.011) were the most enriched terms. Likewise, the clustering analysis of the differentially methylated mRNAs were analyzed in the 10 KEGG categories (Figure 3B). The enrichment of KEGG pathways by the differentially methylated mRNAs included “Endometrial cancer”, “VEGF signaling pathway”, “GnRH secretion” and “Aldosterone-regulated sodium reabsorption” (P = 0.05, Figures 3B,C). Among these pathways, the HRAS and PIK3R3 genes participated in most of the signaling pathways. And the TCF7L2 gene as a key transcription factor in Wnt/β-catenins pathway participated in four of the signaling pathways shown by KEGG analysis. Further information on the enriched GO items, KEGG pathways and the corresponding genes were listed in Supplementary Tables S4,S5.
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FIGURE 3. Clustering analyses of the differentially methylated mRNAs through Gene Ontology (GO) function and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway. (A) Enrichment of the differentially methylated mRNAs in GO categories such as biological process (BP), cellular component (CC), and molecular function (MF). (B,C) KEGG pathway involvement of differentially m6A mRNAs in patients with megaureter (M group) compared with vesicoureteral reflux (VUR, V group). (D) Enrichment of the differentially expressed mRNAs in GO categories such as BP, CC and MF. (E,F) KEGG pathway involvement of differentially expressed mRNAs in patients with the M group compared with the V group.




Differentially Expressed Genes in Reflux or Obstructive Uropathy

Comparison of the expressed level of genes between the M group and the V group indicated 1530 differentially expressed genes in total (Supplementary Table S3), among which 1469 were upregulated and 61 were downregulated (Figure 2D). Among the differentially expressed genes, 116 genes matched the gene list associated with uropathy reported in the Enrichr platform (20) including ACE, PAX2, RUNX2 (Supplementary Table S3). These differentially expressed genes were subsequently analyzed through GO and KEGG enrichment (Figures 3D–F). The findings of GO enrichment included “regulation of nitrogen compound metabolic process”, “regulation of macromolecule metabolic process”, “nucleoplasm”, “organelle lumen”, and “transcription factor binding” and “transcription regulator activity” (Figure 3D, Supplementary Table S6). KEGG analysis revealed several significantly enriched pathways involved in metabolism and development, such as “glyoxylate and dicarboxylate metabolism”, “Carbon metabolism”, “ubiquitin mediated proteolysis”, “MAPK signaling pathway”, “VEGF signaling pathway” and “adherens junction” (Figures 3E,F, Supplementary Table S7).



Prediction of RNA-Binding Proteins

The RMBase (v2.0) database was utilized to predict the RNA-Binding Proteins (RBPs) that might interact with the differentially methylated mRNAs (21). The hypermethylated regions yielded 113 candidate RBPs, whereas the hypomethylated regions yielded 102 candidate RBPs (Supplementary Table S8). We analyzed the RBPs binding abundance in the differentially methylated m6A regions. The RBPs that bound the most of regions were EIF4A3, AGO, WDR33, ELAVL, IGF2BP1 and FBL. The RBPs in the hypermethylated group were mostly distributed in regions with log2(Fold change) 1.5-2.0, while RBPs in the hypomethylated group were mostly distributed in regions with log2 (Fold change) 0.5–1.0 (Figure 4A). RBP binding was more abundant in hypermethylated regions than in hypomethylated regions (Figure 4A), indicating that the RBPs might prefer to target hypermethylated gene sets. We found the known “Readers”, “Writers” and “Eraser” for m6A mostly distributed in the hyper-methylated regions included YTHDF1, YTHDF2, YTHDC1, METTL3, METTL14, WTAP and ALKBH5 (Figures 4B,C). Additionally, we also predated the enrichment of the RBPs associated with kidney disease including IGF2BP2 and MSI1 in the hypermethylated group.
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FIGURE 4. Prediction and function of RNA-binding proteins (RBPs) for N6-methyladenosine (m6A) methylation. (A) Bubble chart represented as the binding rates of the 140 RBPs. Values were displayed as the differentially methylated mRNAs based on log2(FC). The number of genes binding to the RBPs by prediction was presented by bubble size. (B) Bubble chart showing the binding rates of the known m6A readers (YTHDF1, YTHDF2, YTHDC1), m6A writers (WTAP, METTL3, METTL14) and eraser ALKBH5 by prediction. (C) Network mapping showing the genes binding to the m6A readers, writers and erasers by prediction. (D,E) Enrichment analyses of Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) of the 215 candidate RBP genes. (F) Real-time PCR confirmed the mRNA levels of m6A readers (YTHDC1, YTHDC2, YTHDF1, YTHDF2, YTHDF3), erasers (FTO and ALKBH5) and writers (WTAP, METTL3, METTL14).


According to GO and KEGG enrichment, these 215 RBPs were significantly enriched in GO items and KEGG pathways linked to the biogenesis and metabolism of RNA. For example, RBPs were significantly enriched in the GO items “Pre-miRNA processing”, “regulation of mRNA binding”, “RISC complex” and “RNAi effector complex” (Figure 4D, Supplementary Table S8). And the KEGG enrichment indicated the pathway in “spliceosome”, “mRNA surveillance pathway” and “Ribosome biogenesis” (Figure 4E, Supplementary Table S8).

Additionally, the mRNA levels of the m6A readers, writers and erasers were measured via qRT-PC. When the mRNA levels in the ureteral tissue samples from the M group were compared to that from the V group, the levels of YTHDF1, YTHDF2, YTHDC1, YTHDC2 and WTAP were significantly higher, whereas the level of FTO was significantly lower (P < 0.05; n = 6/group) (Figure 4F).



Joint Profiling of m6A Methylation and Gene Expression in Reflux or Obstructive Uropathy

In the M/V comparison, joint analysis of the differentially methylated m6A mRNAs and differentially expressed mRNA revealed the four modes of m6A modification-associated mRNAs: (i) m6A hyper-methylated and upregulated mRNAs; (ii) m6A hyper-methylated and downregulated mRNAs; (iii) m6A hypo-methylated and upregulated mRNAs, (iv) m6A hypo-methylated and downregulated mRNAs. We teased out the significant differential expressions in 787 differentially methylated mRNA transcripts. Among the 298 hypermethylated mRNAs, we found 265 upregulated and 33 downregulated expressed mRNAs. Among the 489 hypomethylated mRNAs, we found 431 upregulated and 58 downregulated expressed mRNAs (Figure 5A, Supplementary Table S9). The methylation levels of these 787 mRNAs were positively correlated with their expression levels according to Pearson's correlation analysis (R2 = 0.20, P < 0.05) (Figure 5B). It indicated the crucial role of m6A methylation in the gene expression regulation in uropathy.
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FIGURE 5. Conjoint analysis of m6A methylation and mRNA expression in different ureteral phenotypes. (A) Four-quadrant plot indicating the differentially methylated peaks within differentially expressed mRNAs (log2 FC> 0.5, P < 0.05). (B) Dot plot of Log2 fold change (FC) (mRNA expression) vs. Log2 FC (differential m6A methylation) revealing a positive association between total m6A methylation and level of mRNA expression (Pearson R2 = 0.20, P < 0.05). (C,D) Enrichment analyses of mRNAs with both differential methylation and expression via Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG). (E) MeRIP-qPCR validation of m6A level changes in four hyper-methylated or hypo-methylated genes in megaureter group (M) and vesicoureteral reflux (VUR) group (V) samples. (F) Relative mRNA levels of four genes were assessed by real-time PCR in megaureter group (M) and vesicoureteral reflux (VUR) group (V) samples. Data are expressed as mean ± SD; data were analyzed using the nonparametric t-test. *P < 0.05; M group vs. V group (n = 6 per group). Hypo, hypomethylation; Hyper, hypermethylation; Up, upregulated expression; Down, downregulated expression.


Likewise, we performed GO and KEGG enrichment analyses (Figures 5C,D, Supplementary Table S10). GO analysis showed that “cell-substrate junction”, “focal adhesion” and “cell leading edge” are major cellular component; “protein localization to cell periphery”, “proteasome-mediated ubiquitin-dependent protein catabolic process” and “positive regulation of catabolic process” are major biological processes; “DNA-binding transcription factor binding”, “RNA polymerase II-specific DNA-binding transcription factor binding” and “transcription coregulator activity” are major molecular functions of differentially m6A methylated transcripts. KEGG analysis also showed that “MAPK signaling”, “AGE–RAGE signaling pathway”, “EGFR tyrosine kinase inhibitor resistance”, and “regulation of actin cytoskeleton” are the major pathways associated with the differentially m6A methylated transcripts in megaureter obstructive uropathy.



Validation of the Microarray Data by MeRIP and qRT-PCR Analyses

To confirm the m6A mRNA microarray findings in ureteral tissues, we employed MeRIP to detect the m6A levels of four mRNAs involved in the pathway regulatory network, which matched the gene list associated with uropathy reported in the Enrichr metadata (20). As shown in Figure 5, the m6A levels of BMP4, TBX18 and SOX2 mRNAs were lower in the ureter samples from patients with megaureter (M group) than those from patients with VUR (V group). While the m6A levels of TCF7L2 mRNAs in the M group were higher than those in the V group (Figure 5E). Next, we detected the expression levels via qRT-PCR to demonstrate whether mRNA expression was correlated with m6A modification. It revealed that the mRNAs of BMP4, SOX2 and TCF7L2 were downregulated in the M group, but the mRNAs of TBX18 were upregulated in the M group (Figure 5F). The results indicated that hypo-methylated TBX18 may induce the stability of mRNA expression, while hyper-methylated TCF7L2 may display a low level of mRNA expression. The m6A modification was also associated with the BMP4 and SOX2 mRNAs levels (Figures 5E,F).




DISCUSSION

Despite the growing knowledge of the impact of the m6A modifications on mRNA degradation and translation, it is still unclear how the modifications affect organ development. We provided revealing insights into the m6A modification patterns in ureter tissue samples from patients with obstructive megaureter and patients with VUR. The analysis of the uropathy-related methylated genes and their potential functions enlighten us the unique pathogenesis of obstructive and reflux uropathy.

Advances in clinical diagnostics and molecular techniques have helped us better understand several causes of CAKUT. Increasing evidence suggests that kidney and urinary tract development is controlled by classical signaling pathways, as well as by epigenetic mechanisms involving chromatin histone modifications, DNA methylation and RNA modification (18). m6A has a broad range of functions in organ development and disease processing (22, 23). Several studies have delineated the regulation mechanism of m6A modification in glomerulopathy and renal fibrosis (16, 24). Thus far, few studies have investigated the involvement of m6A in kidney and ureter development. Hydronephrosis is the most common features in CAKUT which can be caused by obstructive uropathy or reflux uropathy. A cause of obstructive uropathy in children is primary megaureter, which represents a ureter with a larger diameter than usual, resulting in vesicoureteral junction obstruction. The morpho-pathogenesis of megaureter is characterized by apoptotic epitheliums and smooth muscle cells, as well as tissue deterioration in the ureter epithelium and connective tissue (25). Primary VUR represents the retrograde flow of urine from the bladder into the ureter, resulting in reflux nephropathy. Refluxing ureters are distinguished by lesions at the vesico-ureteric junction, which includes disordered smooth muscle fibers and the destruction of smooth muscle cell structure, resulting in valve incompetence. (26). The mechanism of primary megaureter and VUR is poorly understood and remains controversial. Here, the m6A methylomic landscape of ureters was studied to get insight into the megaureter and VUR.

In this study, MeRIP combined with microarray analysis revealed the different m6A methylation patterns in ureters between the megaureter and VUR. The majority of the differentially methylated mRNAs in the megaureter (M) group were substantially hyper-methylated compared to the VUR (V) group. Mapping the differentially methylated regions with visualized the peak site locations in the chromosomes showed the enrichment of methylation in chromosomes 1, 2, 16, 19, 17, 7, and X. There were 10 methylated peaks located in the 17q12, 16p11.2, 22q11.2 and 4p16.3 which are the known pathogenic CNVs for CAKUT. Pathogenic CNVs have been identified in 22.5% of patients with syndromic deformities and in 14.5% of patients with isolated CAKUT (27). It has been documented that large deletions were mostly detected in upper urinary tract disorders (e.g., kidney agenesis or dysplasia), whereas duplications were more common in lower urinary tract phenotypes (e.g., duplex kidney, VUR, or posterior urethral valves) (18). Although the known pathogenic CNVs were not detected in the participants in our study, the enrichment of m6A modifications in these regions may participate in the development of the ureteric bud (UB) as the origin of lower urinary tract. Further exploration on the genes and long noncoding RNA (lncRNA) located the CNVs regions with multiple methylated peaks may provide more information of pathogenesis of uropathy.

A total of 228 mRNAs were revealed to be substantially differential methylated in the M/V comparison. Understanding the specific m6A-modified transcripts provided the clues to delineate the pathogenesis between obstructive uropathy and reflux uropathy. GO and KEGG pathway analysis indicated several pathways. Among them, the HRAS, PIK3R3 and TCF7L2 genes participated in most of the signaling pathways. A case with PUV has identified the pathogenic CNVs (deletion at 1p34.1), which covers both PIK3R3 and TSPAN1 genes' exonic regions (28). PIK3R3 represents a regulatory subunit of PI3K which coordinates multiple cell functions such as cell migration, cell proliferation, and cell survival. Members of the Ras superfamily can also modulate cell growth, differentiation, proliferation, and migration. It was demonstrated that UB cells with R-Ras–expressing participated in cell growth and branching morphology. H-Ras–expressing UB cells had a high ability to migrate forming long unbranched tubules, whereas TC21-expressing UB cells were characterized with branching excessively with a reduced capacity to migrate (29). Additionally, the diabetes gene and Wnt pathway effector TCF7L2 may increase susceptibility to both diabetes and kidney disease (30). Hence, the differentially methylated mRNAs provide the clues for understanding the distinct pathogenesis of uropathy.

Joint analysis of the methylated mRNAs with expression level revealed a large proportion of hypermethylated mRNAs with high expression in the ureters of patients with uropathy. It indicated the role of m6A methylation on the of mRNAs stability. However, some differential mRNAs in the M/V comparison, such as hypermethylated mRNAs with downregulated expression may contribute to uropathy as well, despite accounting for a minor proportion of the total. Notably, we confirmed the downregulated expression of TCF7L2 as hypermethylated mRNAs, the upregulated expression of TBX18 as hypomethylated mRNAs, the downregulated expression of BMP4 and SOX2 as hypomethylated mRNAs in the M group compared with the V group. We selected these four representative mRNAs (TCF7L2, TBX18, BMP4 and SOX2) from the key pathways associated with the differentially m6A-methylated mRNAs in uropathy. TCF7L1/TCF7L2 complexes were confirmed as a β-catenin-driven switcher to enhance the differentiation-promoting target genes during the initiation of nephron progenitor cells (31). Tbx18 is expressed in the mesenchymal compartment of the ureter of the fetal mouse (32), and mutations of TBX18 have been identified as the pathogenic variants of CAKUT (33). BMP4, a member of the TGF-β superfamily, plays a key role in the early phase of the kidney and urinary tract morphogenesis. It can restrain ectopic budding from the UB or the ureter stalk by blocking inductive signals from the metanephric mesenchyme. It may also contribute to the branching process of metanephros' ureter (34). SOX2 is a key transcription factor during the organ development that can control the pluripotency of early embryonic cells. SOX2 anophthalmia syndrome is an autosomal dominant disorder characterized by severe developmental eye deformities as well as abnormalities in esophageal, brain, genital, and kidney abnormalities (35).

Cellular m6A homeostasis is maintained through coordinating the activity of m6A methylase complex (i.e., writers), demethylases (i.e., erasers) and the m6A binding proteins (i.e., readers) to regulate RNA fate. Currently, the differential m6A methylation in uropathy was associated with the decline of the subunits of the m6A erasers (FTO) and the increase of the readers (YTHDF1, YTHDF2, YTHDC1 and YTHDC2). Interestingly, FTO showed the highest change of mRNA level between the M group and V group of all the m6A regulators tested. It has been reported loss of FTO antagonized Wnt signaling resulting in development defeats in mice (36). FTO can also modulated fibrogenic response in mouse models of obstructive nephropathy (37). We cannot fully explain the enhancement of all the m6A regulators. Further detecting the m6A modification of space-time could gain more information on epigenetic modulation during different phase of UB development and disease processing.

RNA-binding proteins (RBPs) are of crucial role in post-transcriptional gene regulation and protein synthesis. RBPs contribute to a wide spectrum of kidney disease, including glomerular disease, diabetic kidney disease and cystic kidney disease. RNA interactome capture (RIC) can identify RBPs bound to polyA-tailed transcripts (38). RBPs recognize m6A sites with a high degree of specificity (39). We predicted the candidate RBPs binding to the methylated peak sites using the RMBase database (21). Subsequent results showed that the binding abundance of RBPs in the hypermethylated regions. This hinted that the RBPs prefer to target hypermethylated peaks. Concordantly, the m6A regulators (YTHDF1, YTHDF2, YTHDC1, METTL3, METTL14, WTAP and ALKBH5) were mostly distributed in the hyper-methylated regions. The prediction of the enrichment of the RBPs associated with kidney disorders (40) was laid out with IGF2BP2 and MSI1 in the hypermethylated group. Downregulation of MSI1 can induce tubulointerstitial fibrosis (41). IGF2BP2 was involved in the damage of glomerular basement membrane (42). We speculated that RBPs may regulate RNA processes and consequently play a role in the pathogenesis of uropathy by controlling the differentially methylated transcripts.

This study had potential limitations. First, we could not examine the expression level of all the m6A-related genes and RBPs in the ureter tissue because of the limitation of specimens from pediatric patients. We should start more work on the possible crosstalk between the differentially methylated genes and RBPs, as well as the mechanism of RBPs regulating the gene expression. Functional studies of the candidate genes in various animal models of uropathy need to be conducted to examine the different expression levels during the development course. Second, although the target genes modified by m6A were outlined, the process of methylation readers, erasers or writers regulating the target genes was not delineated. Further studies should be conducted to investigate whether readers, erasers or writers regulate the stability, translation efficiency, or degradation of target genes. In addition, the involvement of the differentially methylated mRNAs and the m6A-related enzymes and RBPs in the other types of CAKUT such as renal dysplasia and cystic renal disease deserve further investigation. The common changes in methylated mRNAs in both obstructive nephropathy and reflux nephropathy are to be detected in the renal parenchymal compared with normal control, which may provide novel findings on the epigenetic mechanisms on renal development.

In conclusion, we presented a summary of differentially methylated mRNAs and their potential binding proteins, which might be key regulators in the development of obstructive and reflux uropathy. To our knowledge, we provided the initial m6A methylomic landscape in the ureter tissue of children, which highlighted a new direction for unraveling the distinct mechanism of m6A methylation in uropathy.
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