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Editorial on the Research Topic
 Epigenetic Regulation in Renal Development, Physiology and Disease



Epigenetic mechanisms regulate heritable phenotype changes without altering DNA sequence. In this manner, fine-tuning of biological processes is usually achieved in response to environmental stimuli. Epigenetic regulations not only contribute to kidney physiological functions but also kidney diseases (Guo et al., 2019). This Research Topic aimed to summarize the current knowledge of epigenetic modifications on renal development, physiology and pathology in kidneys, as well as epigenetic regulations on cellular metabolism, inflammation and apoptosis, and intracellular signals.

Epigenetic regulations involve covalent modification of DNA or histone proteins, and RNA interference by non-coding RNAs which modulate gene/protein expression. DNA methylation is a common type of epigenetic modification that reversibly affects gene expression without changes in the sequence of nucleotides (Ginder and Williams, 2018; Grimm et al., 2019). Chen et al. recently demonstrated that DNA methylation occurring in peripheral immune cells profoundly contributes to development of kidney diseases (Mok et al., 2016; Chen et al., 2019; Klumper et al., 2020). Chen et al. reviewed that change of DNA methylation sustains for a long time in immune cells and modulates gene expression in the circulating immune cells even after the cells migrate from the circulation into the affected kidney. The aberrant DNA methylation in the immune cells was summarized in different kidney diseases, including lupus nephritis, IgA nephropathy, hypertensive nephropathy, and diabetic kidney diseases. Potential treatment of CKD targeting on DNA methylation is highlighted in the article.

Histones are highly conserved proteins with positive charge which package with negatively charged DNA into highly condensed and ordered chromatin structure units called nucleosomes (Kimura, 2013). Methylation is one of the major forms of histone modification (Kooistra and Helin, 2012). Li et al. focused on the functions of a histone methyltransferase in renal diseases. They thoroughly reviewed histone methyltransferase EZH2 that catalyzes the addition of methyl groups to histone H3 at lysine 27 and leads to gene silencing in different kidney injuries, such as acute kidney injury (AKI), renal fibrosis, diabetic nephropathy, lupus nephritis, and renal transplantation rejection. Their article summarizes the pathological roles of EZH2 in kidney diseases and highlights EZH2 as a potential therapeutic target for kidney diseases.

Epigenetic changes of functional proteins could serve as epigenetic markers to predict the progression and prognosis of a disease progression. You et al. identified a set of clinically relevant cancer-associated fibroblasts-related methylation-driven genes, NAT8, TINAG, and SLC17A1 in kidney renal clear cell carcinoma (KIRC). Methylation levels of these genes are highly correlated with the severity of KIRC. Methylation levels of the gene panel could be used as promising biomarkers to predict the progression and prognosis of KIRC.

N6-methyladenosine (m6A) is the most abundant modification which regulates post-transcriptional RNA on mRNAs. It is involved in various physiological and pathological processes, such as metabolism, inflammation, and apoptosis. Shen et al. presented that differentially m6A methylated genes are enriched in cisplatin-induced kidney injury and berberine, a chemical compound, attenuates AKI by regulating differentially methylated genes. Shi et al. indicated that variability of m6A methyltransferase METTL3 is significantly increased in clear cell renal cell carcinoma (ccRCC) which regulates translation of ABCD1, an ATP-binding cassette (ABC) transporter of fatty acids, in an m6A-dependent manner. Thus, METTLE3 promotes ccRCC progression via m6A modification-mediated translation of ABCD1. METTL3, as an m6A methyltransferase, plays an essential role in the development and progression of diseases. Nevertheless, m6A modifications by METTL3 in kidney diseases remain largely unclear. Comprehensive and systematic functions of METTL3 on post-translational modifications could be explored by conditional knockout of METTL3 from kidney in mice with kidney disease models, since METTL3 knockout mouse is embryonic lethal (Geula et al., 2015). These findings should be further verified in clinics. Specific METTL3 inhibitors may be developed for the relevant kidney diseases.

Epigenetic regulation also involves RNA interference by non-coding RNAs. Long non-coding RNAs (LncRNA) are previously reported to be regulators for multiple cellular processes and disease progresses, e.g., cell differentiation, cell proliferation, and apoptosis (Wang et al., 2017; Villa et al., 2019). Yuan et al. verified that downregulation of LncRNA H19 promotes cell proliferation, inhibits cell apoptosis, and suppresses multiple inflammatory cytokine expressions in hypoxia/reoxygenation-treated human renal proximal tubular cells by regulating the miR-130a/BCL2L11 pathway. Deng et al. also demonstrated LncRNA MEG3 is involved in pyroptosis of renal proximal tubular cells (TECs) in lipopolysaccharide-induced AKI by regulating the miR-18a-3p/GSDMD pathway. This study showed that LncRNA might display an critical role in the pathogenesis of sepsis-related AKI through regulating pyroptosis of TECs.

In sum, epigenetic mechanisms including modification of DNA, histone proteins, or RNA interference by non-coding RNAs are designated as biochemical switches which turn on/off gene expression without affecting the DNA sequence. The manuscripts in this Research Topic provide a broad overview of the latest research investigating epigenetic regulation and relevant therapeutic potentials for diagnosis and treatments of renal diseases.
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Diabetic kidney disease (DKD) is a serious and common complication of diabetes. Extracellular vesicles (EVs) have emerged as crucial vectors in cell-to-cell communication during the development of DKD. EVs may mediate intercellular communication between podocytes and proximal tubules. In this study, EVs were isolated from podocyte culture supernatants under high glucose (HG), normal glucose (NG), and iso-osmolality conditions, and then co-cultured with proximal tubular epithelial cells (PTECs). MicroRNAs (miRNA) sequencing was conducted to identify differentially expressed miRNAs of podocyte EVs and bioinformatics analysis was performed to explore their potential functions. The results showed that EVs secreted from HG-treated podocytes induced apoptosis of PTECs. Moreover, five differentially expressed miRNAs in response to HG condition were identified. Functional enrichment analysis revealed that these five miRNAs are likely involved in biological processes and pathways related to the pathogenesis of DKD. Overall, these findings demonstrate the pro-apoptotic effects of EVs from HG-treated podocytes on PTECs and provide new insights into the pathologic mechanisms underlying DKD.

Keywords: podocytes, proximal tubular epithelial cells, diabetic kidney disease, microRNA, extracellular vesicles


INTRODUCTION

Diabetic kidney disease (DKD) is a serious and common microvascular complication of diabetes mellitus (DM) and a primary cause of end-stage renal disease (ESRD; Tuttle et al., 2014). Although current clinical therapies and interventions can attenuate the severity of DKD, at present, there is no curative treatment as the mechanisms underlying DKD have not yet been fully described.

Podocyte injury is considered an early and crucial event in the onset and development of DKD (Li et al., 2007). Podocytes are highly differentiated cells lining the outer surface of the glomerular basement membrane that are important for the maintenance of the structure, function, and integrity of the glomerular filtration barrier. Previous studies conducted by our team and others have shown dysfunction and depletion of podocytes under diabetic pathogenic conditions, such as hyperglycemia, increased production of glycation end-products, oxidative stress, and inflammation (Dai et al., 2017; Li et al., 2018; Zhao et al., 2018). The dysfunction and depletion of podocytes causes proteinuria (Mundel and Shankland, 2002), which is an intensive instigator of tubulointerstitial inflammation and fibrosis (Wang et al., 2000; Abbate et al., 2006; Gorriz and Martinez-Castelao, 2012). Filtered proteins induce the production of cytokines and chemokines by proximal tubular epithelial cells (PTECs), which subsequently leads to the infiltration of inflammatory cells and, ultimately, to tubulointerstitial fibrogenesis and progression to ESRD. Tubulointerstitial fibrosis is reportedly closely related to declining renal function (Nath, 1992; Taft et al., 1994). However, a number of diabetic patients progress to ESRD in the absence of proteinuria (Piscitelli et al., 2017; Viazzi et al., 2017). In addition, kidney biopsies of some DKD patients with normal albuminuria/microalbuminuria, but elevated serum creatinine, revealed severe tubular interstitial lesions with mild glomerular lesions. Therefore, apart from proteinuria, there may exist other mechanisms that mediate the crosstalk between podocytes and the proximal tubules.

Extracellular vesicles (EVs) are small membranous vesicles that released into the extracellular space by various cell types under both physiological and pathological conditions. EVs include two major categories: exosomes ranging in diameter from 30 to 150 nm and microparticles ranging in diameter from 50 to 1,000 nm (Tkach and Théry, 2016; van Niel et al., 2018). EVs have emerged as novel and crucial vectors in cell-to-cell communication via the delivery of bioactive molecules, which include proteins, lipids, mRNA, and MicroRNAs (miRNA), originating from parental cells (EL Andaloussi et al., 2013). Increasing evidence has revealed that EV-mediated intercellular communication plays important roles in the development of DKD. Exosomes derived from high glucose (HG)-treated glomerular endothelial cells (Wu et al., 2016, 2017), glomerular mesangial cells (Wang et al., 2018), and macrophages (Zhu et al., 2019) transfer injury information to neighboring cells, which accelerates the development of DKD. Structurally, podocytes are located on the outer surface of the glomerular capillary loops adjacent to the proximal tubules. Therefore, the proximal tubule is a likely site for the interactions of podocyte EVs (Lv et al., 2019). Also, studies have showed that EVs from podocytes can interact with PTECs and induce pro-fibrotic or apoptotic responses (Munkonda et al., 2018; Jeon et al., 2020). Thus, we proposed that under HG condition, EVs from podocytes can be internalized and exert harmful effects on PTECs.

miRNAs are small and non-coding RNAs that regulate gene expression through the repression of translation or degradation of mRNAs (Bartel, 2004). Previous evidence has demonstrated the key role of miRNA in DKD pathogenesis (Kato and Natarajan, 2015; Lu et al., 2017). EV miRNAs are emerging as critical factors involved in the pathogenesis of many diseases (Valadi et al., 2007; Zhang et al., 2015), suggesting that EV miRNAs may be novel molecular mediators of the development of DKD. The aim of the present study was to determine whether EVs derived from podocytes can be internalized and induce apoptosis of PTECs in vitro. Also, miRNA sequencing was performed to identify differentially expressed miRNAs in podocytes EVs in response to HG condition. In addition, bioinformatics analysis was conducted in order to explore the potential biological functions of EVs from HG-treated podocytes.



MATERIALS AND METHODS


Cell Culture and Treatment

Conditionally immortalized mouse podocytes and immortalized mouse PTECs were cultured as described previously (Li et al., 2018; Zhang et al., 2019). Podocytes were grown in Roswell Park Memorial Institute 1640 medium (Gibco BRL) supplemented with 10% fetal bovine serum (FBS; Gibco BRL) and 50 U/ml of interferon-γ (ProSpec) under an atmosphere of 5% CO2/95% air at 33°C. Once confluence reached 70–80%, the podocytes were subcultured at 37°C in Dulbecco’s modified Eagle’s medium (DMEM; Gibco BRL) supplemented with 5% FBS on collagen-coated dishes for 10 days in the absence of interferon-γ to promote differentiation. Following differentiation, the podocytes were grown in serum-free DMEM for 24 h to induce quiescence. Afterward, the podocytes were cultured in DMEM supplemented with 2% exosome-depleted FBS (System Biosciences) and divided into three groups: a normal glucose group (NG-podo, 5.3 mM glucose), high-glucose group (HG-podo, 30 mM glucose), and mannitol group (MA-podo, 5.3 mM glucose + 24.7 mM mannitol; osmolality control). After 48 h of continuous treatment, the cell culture supernatants were collected for EV isolation. Mouse PTECs were cultured in DMEM/F12 (Gibco BRL) supplemented with 10% FBS under an atmosphere of 5% CO2/95% air at 37°C and passaged every 3 days. PTECs were cultured in serum-free DMEM/F12 for 12 h to induce quiescence before being dividing into two groups: a normal glucose group (NG-PTECs) and high-glucose group (HG-PTECs). Each group was treated with podocyte EVs for 48 h.



EV Isolation

EVs from the supernatants of podocyte cultures were isolated using ExoQuick-TC Exosome Precipitation Solution (System Biosciences) in accordance with the manufacturer’s recommendations. In brief, cell culture supernatants were centrifuged at 3000 × g for 15 min to remove cells and cellular debris. Then, the resulting supernatants were collected. Following the addition of a 20% volume of ExoQuick-TC precipitation solution, the supernatants were incubated overnight at 4°C and then centrifuged at 1500 × g for 30 min to pellet the EVs. The EVs were resuspended in 1× sterile phosphate-buffered saline (PBS) and stored at −80°C until use.



Transmission Electron Microscopy

Following negative staining, transmission electron microscopy (TEM) was used to reveal the morphology of the isolated EVs. The samples were dropped onto a formvar/carbon-coated copper grid for 5 min and then stained with 4% uranyl acetate for 10 min. After drying at room temperature, EVs on the grid were imaged under a transmission electron microscope (JEM-1400 PLUS; JEOL).



Nanoparticle Tracking Analysis

Nanoparticle tracking analysis (NTA) was performed to evaluate the size distribution of the isolated EVs with the use of a NanoSight NS300 instrument (Malvern Panalytical) and the corresponding analytical software NTA version 3.3. The EVs suspension was diluted in 1 × PBS and the movement of vesicles was measured three times for a duration of 30 s each.



Western Blot Analysis

Western blot analysis was performed to detect the positive protein markers of EVs. EVs from the same cell number were used for western blotting quantification. EV samples were lysed with radioimmunoprecipitation assay buffer (Beyotime). EV proteins were separated by 9% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and then transferred onto polyvinylidene fluoride membranes (EMD Millipore). After blocking with 5% non-fat milk for 1 h at room temperature, the membranes were incubated overnight at 4°C with the following primary antibodies:anti-CD63 (ab217345; dilution, 1:1,000; rabbit immunoglobulin [Ig]G; Abcam), anti-CD9 (ab92726; dilution, 1:1,000; rabbit IgG; Abcam), anti-Alix (92880; dilution, 1:1,000; rabbit IgG; Cell Signaling Technology), and anti-calnexin (ab22595; dilution, 1:1,000; rabbit IgG; Abcam). Afterward, the membranes were incubated with horseradish peroxidase-conjugated goat anti-rabbit IgG (7074; dilution, 1:3,000; Cell Signaling Technology) for 1 h at room temperature. Finally, the protein signals were detected by enhanced chemiluminescence (EMD Millipore) and visualized with an ImageQuant LAS500 instrument (GE Healthcare Bio-Sciences).



EV Uptake Experiment

EVs were labeled using the PKH67 Green Fluorescent Cell Linker Kit (Sigma-Aldrich) in accordance with the manufacturer’s instructions. After incubation for 48 h with the labeled EVs, the PTECs were fixed with 4% paraformaldehyde for 30 min, then permeabilized with 0.5% Triton X-100 for 10 min, and finally stained with 4′,6-diamidino-2-phenylindole (DAPI, Sigma-Aldrich) for 10 min. The resulting fluorescent signals were observed under a confocal laser microscope (TCS-SP5; Leica Microsystems GmbH).



Flow Cytometry

Apoptotic PTECs were examined by flow cytometry using an Annexin V-FITC/propidium iodide (PI) apoptosis detection kit (Nanjing KeyGEN), as previously described (Zhang et al., 2019). Briefly, after treatment, PTECs were collected, resuspended in 500 μl of 1×binding buffer, and then stained with 5 μl of Annexin V-FITC and 5 μl of PI. Cell fluorescence was then analyzed using a BD FACSVerse™ flow cytometer (BD Biosciences).



TUNEL Staining

TUNEL staining was performed using a One-step TUNEL cell apoptosis detection kit (Nanjing KeyGEN) following the manufacturer’s instructions. Cells were fixed with 4% paraformaldehyde for 30 min and permeabilized with 1% Triton X-100 for 5 min. Cell samples were then incubated with terminal deoxy-nucleotidyl transferase (TdT) enzyme reaction mixture at 37°C for 1 h, followed by incubated with streptavidin-fluorescein labeling buffer at 37°C for 30 min. Nuclei were stained with DAPI for 5 min at room temperature. The number of TUNEL-positive cells was counted under a confocal laser microscope (Nikon C2; Nikon Corporation).



miRNA Extraction and Sequencing

Total RNA of EVs from the NG-podo, MA-podo, and HG-podo groups (three replicates/group) were extracted using MagZol reagent (Magen). Library preparation, deep sequencing, and data analysis were conducted by RiboBio Co., Ltd. (Guangzhou, China). Briefly, total RNA was fractionated by gel electrophoresis and small RNAs ranging in length from approximately 18 to 40 nucleotides was used for library preparation. Sequencing was performed using an Illumina HiSeqTM 2500 instrument (Illumina). miRNA read counts were normalized using the trimmed mean of M-values normalization method and differential expression analysis was performed using edgeR package. Differentially expressed miRNAs between two groups were identified via |log2(fold change)| > 1 and probability p < 0.05. Profiling of miRNA expression among samples was conducted by bidirectional hierarchical cluster analysis.



Validation of miRNAs by Quantitative Reverse Transcription-Polymerase Chain Reaction

The differentially expressed miRNAs were validated by quantitative reverse transcription-PCR (RT-qPCR). EV samples were spiked with 1 pmol cel-miR-39-3p (RiboBio Co., Ltd.) after being fully lysed by MagZol. RNA were reverse transcribed for cDNA synthesis using Evo M-MLV RT Kit for qPCR (Accurate Biotechnology). qPCR was performed using SYBR Green Premix Pro Taq HS qPCR Kit (Accurate Biotechnology) on a CFX96 Real-Time PCR System (Bio-Rad). The relative expression of miRNAs was calculated by 2−ΔΔCt method with cel-miR-39-3p as an external reference. All the bulge-loop miRNAs RT primers and qPCR primers were purchased from RiboBio Co., Ltd. (Guangzhou, China).



Target Gene Prediction and Functional/Pathway Enrichment Analysis

The online databases TargetScan,1 miRDB,2 and miRWalk3 were used to predict differentially expressed miRNAs. To improve the accuracy of prediction, only genes that were predicted in all three databases were selected as target genes for further analysis. The common genes were visualized using the online tool Draw Venn Diagram.4 Then, the online database DAVID (Database for Annotation Visualization and Integrated Discovery) was used for Gene Ontology (GO) enrichment analysis and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis based on predicted target genes.5 A value of p < 0.05 was considered statistically significant.



Statistical Analysis

The results are presented as the mean ± standard error of the mean. Statistical analysis was performed using IBM SPSS Statistics for Windows, version 22.0 (IBM). The Student’s t-test was used for comparisons between two groups. One-way analysis of variance and the least significant difference test were used for multiple comparisons among the groups. A value of p < 0.05 was considered statistically significant.




RESULTS


EV Characterization

TEM, NTA, and western blot analysis were used to confirm the presence of EVs (Théry et al., 2018). EVs were extracted from the cell culture supernatants of approximately 3.6 × 106 podocytes that treated with NG, MA, and HG stimulation. The TEM images presented in Figure 1A show that the membrane-bound vesicles were round with typical sizes ranging from 50 to 200 nm. As shown in Figure 1B, the results of NTA revealed a broad distribution of vesicle sizes with a mean diameter of approximately 150 nm. Moreover, western blot analysis confirmed the presence of the EV markers Alix, CD9, and CD63, as well as the absence of Calnexin, which is a protein marker related to the endoplasmic reticulum (Figure 1C). The results of western blotting indicated that podocytes secret more EVs when exposed to HG stimulation, as compared to MA and NG treatment. The above results revealed the typical morphology, size distribution, and protein markers of EVs, demonstrating that EVs were successfully extracted from the podocyte culture supernatants.

[image: Figure 1]

FIGURE 1. Characterization of EVs isolated from podocytes after NG, MA, and HG treatment. (A) EVs were observed by TEM. Magnification, ×100,000. Scale bar, 100 nm. (B) The size distribution of EVs was determined by NTA. (C) Western blot analysis of Alix, CD9, and CD63, and the EV negative marker Calnexin. HG, high glucose; MA, mannitol; NG, normal glucose; podo, podocytes; NTA, nanoparticle tracking analysis; TEM, transmission electron microscopy.




Podocytes EVs Were Taken up by PTECs

EVs derived from the same number of podocytes were labeled with the green lipophilic fluorescent dye PKH67 and co-cultured with PTECs to determine whether PTECs could take-up EVs from podocytes. PTECs were treated with normal glucose (NG-PTECs) or high glucose (HG-PTECs). After 48 h of incubation, the cells were fixed and then observed under a confocal laser microscope. As shown in Figure 2, green signals in the cytoplasm of the NG-PTECs and HG-PTECs, indicated that PKH67-labeled EVs were taken up. Moreover, the PTECs internalized more fluorescent EVs when co-cultured with EVs from HG-treated podocytes.

[image: Figure 2]

FIGURE 2. EVs derived from NG/MA/HG-treated podocytes were internalized by cultured PTECs. EVs were labeled with PKH67. Scale bar, 25 μm. (A) EVs from podocytes were added to NG-treated PTECs. (B) EVs from podocytes were added to HG-treated PTECs. HG, high glucose; MA, mannitol; NG, normal glucose; podo, podocytes; PTECs, proximal tubular epithelial cells.




EVs From HG-Treated Podocytes Induced Apoptosis of PTECs

To determine whether EVs from HG-treated podocytes play a pro-apoptotic role in PTECs, cultured PTECs were treated with 30 μg/ml EVs. EVs derived from NG/MA/HG-treated podocytes were added to the cultured NG-PTECs and HG-PTECs. After 48 h of continuous treatment, flow cytometry was performed to measure the proportions of apoptotic PTECs. As shown in Figures 3A,B, the number of apoptotic NG-PTECs (Annexin V-FITC positive) was increased by treatment with EVs from HG-treated podocytes (14.11 ± 0.71%) as compared to NG-PTECs treated with PBS (14.11 ± 0.71% vs. 7.73 ± 0.50%, respectively, p < 0.001) and NG-PTECs treated with EVs from NG-treated podocytes (14.11 ± 0.71% vs. 8.62 ± 0.43%, respectively, p < 0.001) or MA-treated podocytes (14.11 ± 0.71% vs. 8.87 ± 0.58%, respectively, p < 0.001). Similarly, the number of apoptotic HG-PTECs was also increased in the HG-podo-EVs group (20.92 ± 1.27%) as compared to the PBS group (20.92 ± 1.27% vs. 13.56 ± 0.96%, respectively, p < 0.05), NG-podo-EVs group (20.92 ± 1.27% vs. 14.08 ± 0.44%, respectively, p < 0.05), and MA-podo-EVs group (20.92 ± 1.27% vs. 13.19 ± 1.06%, respectively, p < 0.05; Figures 3A,B).

[image: Figure 3]

FIGURE 3. EVs from HG-treated podocytes induced apoptosis of PTECs. Podocytes EVs were incubated with NG/HG-treated PTECs, and the proportion of apoptotic cells was determined by flow cytometry and TUNEL staining. (A) Apoptosis was examined using flow cytometry. (B) Quantification of Annexin V-FITC positive cells (n = 4). (C) Apoptosis was detected using TUNEL staining. (D) Quantification of TUNEL positive cells. *p < 0.05 vs. HG-podo-EVs group; ***p < 0.001 vs. HG-podo-EVs group. HG, high glucose; MA, mannitol; NG, normal glucose; podo, podocytes; PTECs, proximal tubular epithelial cells.


Apoptosis was further confirmed by TUNEL assays. Representative images showed that TUNEL positive cells (recognized as apoptotic cells) were increased after treatment with EVs from HG-treated podocytes (Figure 3C). The percentage of TUNEL positive PTECs were higher in HG-podo-EVs group as compared to other groups (Figure 3D). Taken together, these findings indicate that EVs from HG-treated podocytes exert a pro-apoptotic effect in PTECs cultured under NG or HG conditions.



Differential Expression of EV miRNA

The transfer of EV miRNA is reported to play pathogenic roles in many diseases. To explore the miRNA signature of podocytes EVs and identify differentially expressed miRNAs in response to HG condition, sequencing small RNAs of EVs was performed. The results of bidirectional hierarchical clustering of the samples are presented in Figure 4. A total of 1,915 known miRNAs were identified from all samples after sequencing. A comparison of the HG and NG groups showed that 11 miRNAs were differentially expressed (Table 1), while a comparison of the HG and MA groups showed that 18 miRNAs were differentially expressed (Table 2). To identify unique miRNAs that were differentially expressed in response to HG stimulation, miRNAs that exhibited differential expression in the HG group, as compared to both the MA and NG groups, were selected. The results showed that there were no differences in the expression patterns of the selected miRNAs between the MA and NG groups. Of the five miRNAs selected, the expression levels of mmu-miR-1981-3p, mmu-miR-3474, mmu-miR-7224-3p, and mmu-miR-6538 were downregulated, while that of mmu-let-7f-2-3p was upregulated (Table 3). In addition, to validate the findings obtained from miRNA sequencing, RT-qPCR was performed on the five miRNAs. As the results showed in Figure 5, the expression levels of the five miRNAs in EVs were significantly changed in HG-podo group compared to that of the NG-podo and MA-podo groups. The RT-qPCR results showed similar expression trends and therefore confirmed the sequencing data.

[image: Figure 4]

FIGURE 4. Bidirectional hierarchical cluster result of the differentially expressed miRNAs in EVs derived from NG/MA/HG-treated podocytes (n = 3 per group). High expression of miRNAs is shown in red and low expression in blue. A, NG-podo-EVs; B, MA-podo-EVs; C, HG-podo-EVs; HG, high glucose; MA, mannitol; NG, normal glucose.




TABLE 1. Differentially expressed miRNAs in EVs from HG-podo group compared to NG-podo group.
[image: Table1]



TABLE 2. Differentially expressed miRNAs in EVs from HG-podo group compared to MA-podo group.
[image: Table2]



TABLE 3. Differentially expressed miRNAs in podocytes EVs in response to HG.
[image: Table3]
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FIGURE 5. Quantitative reverse transcription-PCR (qRT-PCR) validation of the five miRNAs in podocytes EVs (n = 4). *p < 0.05; **p < 0.01; ***p < 0.001. HG, high glucose; MA, mannitol; NG, normal glucose; podo, podocytes.




Target Gene Prediction

To investigate the targets of these five differentially expressed miRNAs, target gene prediction for each miRNA was conducted using the online databases TargetScan, miRDB, and miRWalk. Genes identified in all three databases were selected as potential target genes. As shown in Figure 6, 152, 378, 373, 21, and 368 potential target genes of mmu-miR-1981-3p, mmu-miR-3474, mmu-miR-7224-3p, mmu-miR-6538, and mmu-let-7f-2-3p, respectively, were identified.

[image: Figure 6]

FIGURE 6. Prediction of target genes of the five miRNAs. Target gene prediction was performed using the online databases TargetScan (blue), miRWalk (red), and miRDB (green). Genes predicted in all three databases (overlapping genes) were selected for further bioinformatics analysis.




Functional and Pathway Enrichment Analysis

To explore the potential functions and signaling pathways of the differentially expressed miRNAs, GO enrichment analysis and KEGG pathway enrichment analyses were performed for the differentially expressed miRNAs based on the predicted target genes. GO analysis consisted of three categories: biological process, molecular function, and cellular component. The top five significant GO terms of the three categories are shown in Figure 7. For the downregulated miRNAs, GO analysis was most enriched in “positive regulation of transcription from RNA polymerase II promoter” in the biological process category, “protein binding” in the molecular function category, and “membrane” in the cellular component category (Figure 7A). For the upregulated miRNA (i.e., mmu-let-7f-2-3p), GO analysis was most enriched in “transcription, DNA-templated,” “protein binding,” and “nucleus” in the biological process, molecular function, and cellular component categories, respectively (Figure 7B). The results of KEGG pathway enrichment analysis revealed some known signaling pathways associated with DKD, which included the ErbB, MAPK, Hippo, Wnt, Ras, and PI3K-Akt signaling pathways from the analysis of downregulated miRNAs. KEGG analysis of the upregulated miRNA also identified some DKD-related pathways, including type II diabetes mellitus and the AMPK and HIF-1 signaling pathways. The DKD-related pathways are displayed in Table 4.
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FIGURE 7. GO analysis of the miRNAs based on the predicted target genes. (A) Top five significant GO terms of each category for the downregulated miRNAs. (B) Top five significant GO terms of each category for the upregulated miRNA. GO, Gene Ontology.




TABLE 4. DKD-related pathways from KEGG pathway analysis.
[image: Table4]

The results of the above experiments showed that EVs derived from HG-treated podocytes induced apoptosis of PTECs, indicating that EVs from HG-treated podocytes could transfer injury information to PTECs. Therefore, based on the enrichment analysis, especially the biological process category (GO analysis), the biological processes and related genes that exert pro-apoptosis effects were identified. The related terms are listed in Table 5. For the downregulated miRNAs (target genes were upregulated), the biological processes associated with promoting apoptosis or injury including “positive regulation of apoptotic process,” “positive regulation of neuron apoptotic process,” and “positive regulation of apoptotic signaling pathway.” For the upregulated miRNA (i.e., mmu-let-7f-2-3p), the target genes were downregulated and the biological processes associated with promoting apoptosis included “negative regulation of extrinsic apoptotic signaling pathway,” and “negative regulation of neuron apoptotic process.” These biological processes and the related genes may provide informative insights for future explorations of the molecular mechanism of tubule apoptosis and injury in DKD.



TABLE 5. Pro-apoptosis related biological processes from GO analysis.
[image: Table5]




DISCUSSION

DKD is a serious and common complication of DM and has become one of the most important health concerns worldwide (Tuttle et al., 2014). Glomerular sclerosis and tubulointerstitial fibrosis are major pathologic characteristics of DKD (Tervaert et al., 2010). Proteinuria is a well-known factor that links podocyte damage to tubulointerstitial injury, which triggers tubulointerstitial inflammation and fibrogenesis, and accelerates the decline of renal function (Wang et al., 2000; Abbate et al., 2006; Gorriz and Martinez-Castelao, 2012). However, EVs might be an alternative mechanism that mediate the crosstalk between podocytes and the proximal tubules. Podocytes are located adjacent to the proximal tubules, which represent a likely site for the interactions of podocytes EVs (Lv et al., 2019). Also, EVs serve as excellent carriers of bioactive molecules, since the membrane-bound structure can protect EV contents from degradation during delivery. Thus, EVs from podocytes may travel through the urinary tract and exert various biological effects on PTECs. In the present study, EVs isolated from podocytes culture supernatants were incorporated by HG‐ and NG-treated PTECs. Also, EVs from HG-treated podocytes induced apoptosis of PTECs.

Internephron crosstalk and interactions between the resident cells play important roles in the development of DKD (Qian et al., 2008; Maezawa et al., 2015; Lv et al., 2019). EVs have emerged as vectors for intercellular communication by transferring information between resident cells and participate in the progression of DKD (Wu et al., 2016, 2017; Wang et al., 2018; Zhu et al., 2019). EVs are membrane-bound vesicles that are continuously secreted by cells and facilitate cellular communication by transferring functional cargo consisting of proteins, lipids, DNA, and RNA (EL Andaloussi et al., 2013). The cargo of EVs also plays indispensable roles in many physiological processes, especially the immune response (Bobrie et al., 2011) and tissue regeneration (Krämer-Albers et al., 2007). However, under pathological conditions, such as hypoxia (King et al., 2012), irradiation (Pineda et al., 2019), oxidative stress (Atienzar-Aroca et al., 2016), and infection (Ståhl et al., 2015), the parental cells produce different EVs. The altered quantity and components of the secreted EVs can subsequently mediate abnormal interactions between cells and promote disease progression. In fact, the results of the present study demonstrated that HG conditions induced podocytes to release more EVs as compared to NG and iso-osmolality environments. Considering the important roles of miRNA in the pathogenesis of DKD (Kato and Natarajan, 2015; Lu et al., 2017), miRNA sequencing of podocytes EVs was performed. The results identified 11 differentially expressed miRNAs in response to HG conditions as compared to NG conditions and 18 differentially expressed miRNAs in response to HG conditions as compared to iso-osmolality conditions. In addition, five miRNAs were specifically altered in response to HG stimulation, among which, mmu-miR-1981-3p, mmu-miR-3474, mmu-miR-7224-3p, and mmu-miR-6538 were downregulated, and mmu-let-7f-2-3p was upregulated. These data indicate that podocytes can secret more EVs with altered components under HG conditions and promote apoptosis of PTECs.

In order to determine the biological functions of these five miRNAs, GO and KEGG pathway analyses of the downregulated and upregulated miRNAs were performed based on the predicted target genes. The results of GO and KEGG pathway analyses identified biological processes and signaling pathways that are involved in the development of DKD, including ErbB, MAPK, Hippo, Wnt, Ras, and PI3K-Akt signaling pathways, as determined by analysis of the downregulated miRNAs, and type II diabetes mellitus, and the AMPK and HIF-1 signaling pathways by analysis of the upregulated miRNA (Ni et al., 2015; Chen and Harris, 2016; Persson and Palm, 2017). The GO results also identified enriched biological processes related to apoptosis regulation for both the downregulated and upregulated miRNAs, consistent with our finding that EVs secreted from HG-treated podocytes induce apoptosis of PTECs. The results of bioinformatics analysis provide useful information for future exploration of the molecular mechanisms underlying tubule apoptosis and injury in DKD. However, whether these pro-apoptosis effects are mediated by EV miRNA was not demonstrated in this study, thus further experiments are needed to confirm these findings. Moreover, due to the diversity and complexity of EV components, other bioactive molecules, such as proteins and non-coding RNAs, should also be considered in the investigation of EV-mediated crosstalk between podocytes and PTECs.

To the best of our knowledge, this is the first study to investigate the effects of HG-treated podocytes EVs on PTECs and the first to examine miRNA profiles in EVs from HG-treated podocytes. However, there were some limitations to this study. First, the sample sizes of the groups for miRNA sequencing were relatively small. Thus, larger samples sizes are necessary to confirm the sequencing results. Second, the findings of bioinformatics analysis were based on in silico analysis. Therefore, the bioinformatics findings must be further validated. Finally, further experiments are essential to elucidate the role of EV miRNA from HG-treated podocytes in the induction of apoptosis of PTECs.

In conclusion, the results of the present study demonstrated that EVs derived from HG-treated podocytes can induce apoptosis of PTECs. Here, five differentially expressed miRNAs in EVs from HG-treated podocytes were identified. These findings provide new insights into the pathogenesis of DKD.
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Background: N6-methyladenosine (m6A) is the most abundant modification known in mRNAs. It participates in a variety of physiological and pathological processes, such as metabolism, inflammation, and apoptosis.

Aims: To explore the mechanism of m6A in cisplatin-induced acute kidney injury (AKI) and berberine alleviation in mouse.

Methods: This study investigated the N6-methyladenosine (m6A) methylome of kidneys from three mouse groups: C57 mice (controls), those with CI-AKI (injury group, IG), and those pretreated with berberine (treatment group, TG). Methylated RNA Immunoprecipitation Next Generation Sequencing (MeRIP-seq) and RNA-seq were performed to identify the differences between the injury group and the control group (IvC) and between the treatment group and the injury group (TvI). Western blotting was performed to identify the protein levels of candidate genes.

Results: In IvC, differentially methylated genes (DMGs) were enriched in metabolic processes and cell death. In TvI, DMGs were enriched in tissue development. Several genes involved in important pathways related to CI-AKI showed opposite methylation and expression trends in the IvC and TvI comparisons.

Conclusion: m6A plays an important role in cisplatin induced AKI and berberine may alleviate this process.

Keywords: M6A, cisplatin induced nephrotoxicity, berberine, FGA, SLC12A1, Havcr1


INTRODUCTION

Cisplatin is an anticancer drug widely used for the treatment of various solid tumors, but it is also known for its nephrotoxicity. It exerts its function by interacting with and disrupting DNA and mitochondrial function. During drug metabolism, cisplatin accumulates in renal tubular cells, causing cell death and resulting in acute kidney injury (AKI) (Lebwohl and Canetta, 1998; Cummings and Schnellmann, 2002; Ozkok and Edelstein, 2014; George et al., 2018; Holditch et al., 2019; Yimit et al., 2019). Recent studies have revealed that apoptosis, necrosis, inflammation, and other mechanisms play significant roles in cisplatin-induced AKI (Sahu et al., 2015; Zuk and Bonventre, 2016; Humanes et al., 2017; Long et al., 2017).

Berberine is the principal component of many popular medical plants, such as Coptis chinensis, Rhizoma coptidis, Hydrastis canadensis, Berberis aquifolium, and Berberis vulgaris (Wang et al., 2017; Duan et al., 2018; Fan et al., 2019). As a promising drug, various pharmacological activities of berberine have been reported, including antimicrobial, antiemetic, antipyretic, anti-pruritic, antioxidant, anti-inflammatory, hypotensive, anti-arrhythmic, and sedative activities (Shamsa et al., 1999; Chen et al., 2012; Caliceti et al., 2016). Several reports have mentioned that berberine shows nephroprotective effects against cisplatin-induced kidney damage (Domitrović et al., 2013; Teng et al., 2015; Ojha et al., 2016; Ahmad et al., 2019). However, the mechanism of alleviating CI-AKI is still unclear.

m6A has been implicated in all aspects of posttranscriptional RNA metabolism, such as regulating reversible modifications, alternative splicing, stability, and translation. It prefers to modify sequences identified as RRACH, where R is adenine or guanine, A is the m6A site, and H is adenine, cytosine, or uracil. In addition, m6A modifications exhibit enrichment in the 3’ UTR near mRNA stop codons and within long internal exons. The writing of m6A is accomplished via a complex composed of methyltransferase-like 3 (METTL3), methyltransferase-like 14 (METTL14), and Wilms tumor 1-associated protein (Ping et al., 2014; Wang et al., 2014; Spitale et al., 2015). Two m6A demethylases, fat mass and obesity-associated protein (FTO) and AlkB homolog 5, have been discovered as “erasers” (Jia et al., 2011). While proteins containing the YT521-B homology (YTH) domain, such as YTHDC1, YTHDF1, YTHDF2, and YTHDF3, directly bind m6A sites and act as readers of the m6A signal (Zheng et al., 2013).

Several studies have focused on the correlation between m6A methylation and kidney injury. Wang J. et al. (2019) reported that METTL3 overexpression plays a protective role against colistin-induced oxidative stress and apoptosis in renal tubular epithelial cells in mice. Alteration of m6A regulators was associated with pathologic stage in patients with clear cell renal cell carcinoma (Zhou J. C. et al., 2019). Another study reported that cisplatin treatment reduced FTO expression and increased m6A levels in vivo and in vitro. They also found that inhibiting FTO by meclofenamic acid aggravated renal damage and increased apoptosis in cisplatin-treated kidneys (Zhou P. et al., 2019). METTL14 is elevated in people with AKI (Xu et al., 2020). However, few studies have investigated the m6A methylome in cisplatin-induced AKI and the potential mechanism of berberine alleviation.

In this study, we found that berberine significantly alleviated cisplatin-induced AKI in a reliable mouse model. To further investigate the role of m6A in this process, MeRIP-seq was used to establish the first known transcriptome-wide m6A methylome profiles of kidneys from normal, CI-AKI, and berberine-pretreated mice. RNA-seq was performed to detect differentially expressed genes (DEGs) among the groups. Based on our results, we speculate that berberine may alleviate CI-AKI by regulating m6A methylation.



MATERIALS AND METHODS


Animals and Tissue Collection

Male C57BL/6 mice (aged 8 weeks) were randomly assigned to the control group, injury group (IG), and treatment group (TG), with four mice per group. All mice were housed under a 12 h light/dark schedule with free access to food and water. Control and IG mice were subjected to daily intraperitoneal (i.p) injections with vehicle (normal saline), while TG mice were injected daily with berberine (Sigma, St. Louis, MO, United States, 20 mg/kg) (Ruan et al., 2017). After 14 days of drug treatment, the IG and TG were injected intravenously with cisplatin (20 mg/kg), while controls were injected intravenously with a vehicle. After cisplatin injection, berberine pretreatment was stopped and all mice were housed as usual. All mice in the three groups were sacrificed at 72 h postinjection by cervical dislocation after CO2-induced narcosis (Zhang et al., 2016; Dutta et al., 2017). Immediately afterward, the kidneys were collected.



Serum Levels of Creatinine and Blood Levels of Urea Nitrogen

Before the mice were sacrificed, blood was drawn from their tail veins. Serum samples were collected. Serum levels of creatinine (Scr) and urea nitrogen (BUN) were analyzed using a standard spectrophotometric assay (Roche Diagnostics GmbH, Mannheim, Germany).



Histopathology Analyses

Renal tissue harvested from animals was washed with 0.9% saline, fixed in 10% neutral buffered formalin, and then embedded in 10% paraffin. Sections (5 μm thick) were stained with hematoxylin eosin for further microscopic analyses. A tubular injury score was calculated (Leemans et al., 2005). The percentage of damaged tubules in the corticomedullary junction was estimated by a nephropathologist using a 5-point scale according to the following criteria: tubular dilation, cast deposition, brush border loss, and necrosis in eight randomly chosen, non-overlapping fields (×400 magnification). Lesions were graded on a scale from 0 to 5: 0 = normal; 1 = mild, involvement of less than 10% of the cortex; 2 = moderate, involvement of 10–25% of the cortex; 3 = severe, involvement of 25–50% of the cortex; 4 = very severe, involvement of 50–75% of cortex; 5 = extensive damage, involvement of more than 75% of the cortex.



RNA MeRIP-seq and Data Analyses

In accordance with the manufacturer’s instructions, TRIzol reagent (Invitrogen Corporation, CA, United States) was used to extract total RNA from kidney tissue. Ribosomal RNA was removed from total RNA with a Ribo-Zero rRNA Removal Kit (Illumina, Inc., CA, United States). Then, fragmentation buffer (Illumina, Inc.) was used to split the RNA into fragments of approximately 100 nucleotides in length. MeRIP-Seq was performed by Cloudseq Biotech Inc. (Shanghai, China). In brief, total RNA was extracted from kidney tissue using TRIzol Reagent (Life Technologies CA, United States). RNA was tested for quality via NanoDrop (Thermo Fisher Scientific, MA, United States). RNA integrity was assessed using a denaturing agarose gel. mRNA was isolated from total RNA using a Seq-StarTM poly(A) mRNA Isolation Kit (Arraystar, MD, United States). The GenSeqTM m6A RNA IP Kit (GenSeq Inc., China) was used to perform m6A RNA immunoprecipitation. A NEBNext® Ultra II Directional RNA Library Prep Kit (New England Biolabs, Inc., MA, United States) was used to construct both the input samples without immunoprecipitation and the m6A IP samples. All samples were subjected to 150 bp paired-end sequencing on an Illumina HiSeq instrument (Illumina, Inc.).

Paired-end reads were quality controlled by Q30. Trimming of the 3’ adaptor and low-quality read removal were performed using Cutadapt software (v1.9.3) (Kechin et al., 2017). Hisat2 software (v2.0.4) (Kim et al., 2015) was used to align clean reads of all libraries to the reference genome (mm10). Then, methylated sites on RNAs (peaks) were identified using Model-based Analysis of ChIP-Seq (MACS) software (Zhang et al., 2008; Li et al., 2017; Huang et al., 2019). Identified m6A peaks were subjected to motif enrichment analyses using Hypergeometric Optimization of Motif EnRichment software (Heinz et al., 2010), and metagene m6A distribution was characterized using R package MetaPlotR (Olarerin-George and Jaffrey, 2017). Differentially methylated sites with a fold change cutoff of ≥ 2 and P < 0.05 were identified using the diffReps differential analysis package (Shen et al., 2013; Wang Y. et al., 2019; Wang et al., 2020). The peaks identified by MACS and diffReps overlapping with exons of mRNA were selected for further analyses. Gene ontology (GO) and pathway enrichment analyses were performed on the differentially methylated proteins for using the GO1 and Kyoto Encyclopedia of Genes and Genomes (KEGG)2 databases.



RNA-Seq and Data Analyses

Total RNA was extracted from kidney samples using TRIzol reagent (Life Technologies) according to the manufacturer’s protocol. Denaturing agarose gel electrophoresis was used to evaluate the integrity of total RNA. A Seq-Star TM poly(A) mRNA Isolation Kit (Arraystar, MD, United States) was utilized to purify mRNA from total RNA after measuring the quantity and quality on a NanoDrop ND-2,000. Then, a BGISEQ-500 platform was used to subject fragmented mRNA to 50 bp single-end sequencing. Adapter and low-quality reads were trimmed using SOAPnuke (Chen et al., 2018), and those trimmed reads were aligned to the reference genome using bowtie2 (Langmead and Salzberg, 2012). Finally, cuffdiff was use to analyze differential expressed genes (DEGs) (Trapnell et al., 2012).



Western Blotting

Mouse tissues were lysed using a protein lysis buffer containing 20 mM Tris (pH 7.4), 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100, 25 mM sodium pyrophosphate, and 2 mM sodium orthovanadate aprotinin. All denatured proteins were separated on an SDS-PAGE gel and then transferred to polyvinylidene difluoride membranes (Roche, Netley, NJ, United States). The membranes were blocked with 5% skimmed milk in Tris-buffered saline and then were incubated with 1:500 dilutions of primary antibodies as follows: anti-FGA (Abcam, Cambridge, MA, United States), anti-Slc12a1 (Abcam, Cambridge, MA, United States), and anti-Havcr1 (Abcam, Cambridge, MA, United States). Then, the samples were incubated with a horseradish peroxidase-conjugated anti-rabbit secondary antibody (Jackson ImmunoResearch, PA, United States). The bands were visualized using an ECL Western Blotting Kit (Biovision, Milpitas, CA, United States) and were quantified by Quantity One software (Bio-Rad, Hercules, CA, United States).



Statistical Analyses

Data are expressed as mean ± standard deviation (SD). Student’s t-test was used to compare two groups. ANOVA with Tukey’s post-test was used to assess the statistical significance between-group means for comparisons between multiple groups. The differences were considered statistically significant at P < 0.05.




RESULTS


Establishment of a Reliable CI-AKI Mouse Model

We found that 20 mg/kg cisplatin injection resulted in an approximately 18–20-fold increase in Scr and BUN relative to the control group, but significantly lower levels in TG than in IG (Figures 1A,B). Hematoxylin–eosin staining indicated that cisplatin induced remarkable renal structure damage in IG tissue, including extensive tubular vacuolization, tubular epithelial cell exfoliation, and thickening of glomerular basement membrane (P < 0.001), while these changes were notably alleviated in TG mice (P < 0.001) (Figures 1C,D). This indicated successful and reliable establishment of a CI-AKI mouse model and relief of the injury through berberine pretreatment.


[image: image]

FIGURE 1. Establishment of cisplatin-induced acute kidney injury model in C57 mouse. (A) Analysis of Scr level in mice following different treatments. Error bars represent the standard deviation. ***p < 0.001, Student’s t-test. (B) Analysis of BUN level in mice following different treatments. Error bars represent the standard deviation. *p < 0.05, ***p < 0.001, Student’s t-test. (C) Represents the image of hematoxylin and eosin staining in kidney (black arrows indicating the injury). (D) Score for characteristic histologic signs of renal injury. **p < 0.01, ***p < 0.001, Student’s t-test.




General Features of m6A Methylation

MeRIP-seq analyses of mRNA derived from kidneys revealed 13,284 m6A peaks within 7,942 coding gene transcripts in controls; the values were 11,846 within 7,422 mRNAs in IG and 10,106 within 6,481 mRNAs in TG. Overall, 7,337 peaks overlapped among the three groups (Supplementary Figure 1). Pairwise comparisons showed that 9,008 peaks (more than 55.8% of all peaks) overlapped in IG versus control (IvC) comparisons and 8,537 peaks (more than 63.6% of all peaks) overlapped in TG versus IG (TvI) comparisons (Figure 2A). Approximately 40% of all peaks were non-overlapping, suggesting differences among those groups.
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FIGURE 2. Overview of N6-methyladenosine methylation within mRNAs in the control, injury, and treatment groups. (A) Venn diagram showing the overlap of m6A peaks within mRNAs between IvC (left) and TvI (right). (B) The top motif enriched across m6A peaks identified from three groups. (C) Proportion of genes harboring different numbers of m6A peaks in three groups. The majority of genes harboring more than one m6A peak. (D) Pie charts showing the percentage of m6A peaks in five segments of transcripts. m6A peaks were most enriched in the coding sequence segment. (E) Distributions of fold enrichment of m6A peaks in five segments. The mean fold enrichment in the stop codon segments was the highest in injury group, while that value in CDS was the largest in treatment group. (F) Analysis of m6A peaks in different groups. Error bars represent the standard deviation. Student’s t-test.


To determine whether the m6A peaks contained the RRACH conserved sequence motif, we detected all samples in three groups. One thousand peaks with the highest scores (−10∗log10, p-value) were analyzed using DREME software. The results showed that the same sequence motif (RRACH) was necessary for m6A methylation in kidney mRNAs in each group (Figure 2B), consistent with other studies (Dominissini et al., 2012; Meyer et al., 2012; Luo et al., 2019).

Further analyses demonstrated that 16.59, 21.21, and 22.29% of the genes with m6A-methylation sites in controls, IG, and TG contained one m6A peak (Figure 2C). More than 75% of the genes contained two or more peaks (Figure 2C). This result is different from other reports on mouse liver (Luo et al., 2019) and brain (Dominissini et al., 2012), suggesting that the kidney is unique.

To understand the preferential locations of m6A peaks, all peaks were categorized into five transcript segments: the 5’ UTR, start codon segment, coding sequence (CDS), stop codon segment, and 3’ UTR. We found that m6A was mostly enriched in the CDS, and there was some enrichment near stop codons (Figure 2D). These results are also similar previous studies (Dominissini et al., 2012; Meyer et al., 2012).

Furthermore, m6A peaks in all groups had the highest density in stop codons (Figure 2E). Comparisons between different groups showed no significant difference in the volume of m6A peaks, which indicates that although many variants in m6A methylation were detected in different segments, the total proportion of m6A peaks did not significantly change (Figure 2F).



Distribution of Differentially Methylated m6A Sites

In IvC, we found 2,981 differentially methylated m6A sites (DMMSs) within 2,227 genes, of which 48.17% (1,436/2,981) exhibited significant increases in methylation. Table 1 displays the top 20 differentially methylated m6A sites.


TABLE 1. The top 20 differently methylated m6A peaks in IvC.

[image: Table 1]
To understand the DMMS distribution profiles in those two groups, we mapped them to chromosomes. Chromosomes 4, 2, 7, and 11 were the top four chromosomes, harboring more than 200 DMMSs (Supplementary Figure 2A). However, when the number of DMMSs was normalized by the length of chromosomes, the top four with the highest relative densities were 11, 19, 7, and 4 (Figure 3A). Meanwhile, most DMMSs were within a CDS (Figure 3B). Further analyses showed that at sites with increased methylation, DMMSs within the 5’ UTR had the highest fold change, while among the sites with decreased methylation, DMMSs within the 3’ UTR had the highest fold change (Figure 3C), demonstrating the location preferences of methylation and demethylation within the genome.
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FIGURE 3. Distribution of differentially methylated N6-methyladenosine sites. (A) Relative occupancy of differentially methylated m6A sites in each chromosome normalized by length in IvC. (B) Pie chart showing the percentage of DMM peaks in five non-overlapping segments in IvC. (C) Statistics of fold change of DMM peaks in five segments. The histogram shows the mean of the fold change in IvC. Error bars represent the standard error of the mean. (D) Relative occupancy of differentially methylated m6A sites in each chromosome normalized by length in TvI. (E) Pie chart showing the percentage of DMM peaks in five non-overlapping segments in TvI. (F) Statistics of fold change of DMM peaks in five segments. The histogram shows the mean of the fold change in TvI. Error bars represent the standard error of the mean. (G) Relative occupancy of differentially methylated m6A sites in each chromosome normalized by length. (H) Pie chart showing the percentage of DMM peaks in five non-overlapping segments.


In TvI comparisons, 526 DMMSs were identified within 420 genes, of which 66.73% (351/526) were sites with increased methylation. The top 20 m6A sites with the most increased and decreased methylation are shown in Table 2.


TABLE 2. The top 20 differently methylated m6A peaks in TvI.

[image: Table 2]
Chromosomes 3, 1, 9, and 4 were the top four chromosomes harboring the most DMMSs (Supplementary Figure 2B). The top four with the highest relative densities were 9, 19, 18, and 3 (Figure 3D). Most DMMSs were within a CDS (Figure 3E). DMMSs within the 3’ UTR had the highest fold change among sites with increased methylation, while those near the start codon had the highest fold change among sites with decreased methylation (Figure 3F).

We further analyzed DMMSs with contrary methylation trends in IvC and TvI. In total, 94 DMMSs showed opposite trends. Of these, 42.55% (40/94) exhibited significantly increased methylation in IvC but decreased methylation in TvI.

Chromosomes 1, 2, 11, and 10 were the top four chromosomes harboring the most DMMSs (Supplementary Figure 3). The top four with the highest relative densities were 16, 10, 11, and 3 (Figure 3G). Most DMMSs were within a CDS (Figure 3H).



Differentially Methylated RNAs Are Involved in Important Biological Pathways

To explore the role of m6A in different groups, GO enrichment analyses and KEGG pathway analyses were used to analyze all protein coding genes containing DMMSs.

In IvC (Figure 4), for the BP category, genes with increased methylation of m6A sites were significantly (p < 0.05) enriched in the regulation of metabolic processes and cell death processes, such as macromolecule metabolic, cellular metabolic, and apoptotic processes (Figure 4A); genes with decreased methylation were highly enriched in metabolic processes, oxidation–reduction processes, transport, transmembrane transport, and others (Figure 4B). Regarding pathways, the former were significantly involved in apoptosis-associated pathways (e.g., TNF, MAPK, P53 signaling pathways) while the latter were involved in propanoate metabolism, oxidative phosphorylation, and others (Figures 4C,D). For the CC category, genes containing DMMSs were mainly enriched in the intracellular organelles, cytoplasm, and nucleus intracellular membrane-bound organelles. For the MF category, upregulation of m6A was notably enriched in genes involved in enzyme binding, actin binding, DNA binding, and RNA compound binding, while loss of m6A methylation was enriched in genes involved in catalytic activity, ion binding, coenzyme binding, and cofactor binding (Figures 4A,B). These results suggest that m6A has complicated roles in CI-AKI, with primary roles in metabolism, various pathways related to cell death, and oxidation.
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FIGURE 4. Gene ontology and Kyoto Encyclopedia of Genes and Genomes analyses of coding genes containing DMMSs in IvC. (A) Major gene ontology terms were enriched for the genes containing up-regulated m6A sites in IvC. (B) Major gene ontology terms were enriched for the genes containing down-regulated m6A sites in IvC. (C) Major enriched pathways for the genes containing up-regulated m6A sites in IvC. (D) Major enriched pathways for the genes containing down-regulated m6A sites in IvC.


In TvI (Figure 5), for the BP category, genes with increased methylation of m6A sites were significantly (p < 0.05) enriched in some development-associated processes, such as tissue, skeletal system, epithelium, and organ development (Figure 5A), while those with decreased methylation were highly enriched in acid metabolism processes, such as the oxoacid, organic acid, and carboxylic acid metabolic processes (Figure 5B). Regarding pathways, the former were significantly involved in gap junctions, protein digestion and absorption, and the Wnt pathway, while the latter were involved in metabolic processes, such as the PPAR signaling pathway (Figures 5C,D). For the CC category, genes containing DMMSs induced by cisplatin-induced AKI were mainly enriched in plasma membrane, cell periphery extracellular vesicular exosome, and extracellular organelles. For the MF category, increased methylation of m6A was notably enriched in calcium ion binding, protein binding, and channel activity, while decreased methylation of m6A was enriched in enzyme binding, cell adhesion molecule binding, and identical protein binding (Figures 5A,B). These results suggest that m6A methylation is involved in berberine alleviating CI-AKI in mouse kidneys.
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FIGURE 5. Gene ontology and Kyoto Encyclopedia of Genes and Genomes analyses of coding genes containing DMMSs in TvI. (A) Major gene ontology terms were enriched for the genes containing up-regulated m6A sites in TvI. (B) Major gene ontology terms were enriched for the genes containing down-regulated m6A sites in TvI. (C) Major enriched pathways for the genes containing up-regulated m6A sites in TvI. (D) Major enriched pathways for the genes containing down-regulated m6A sites in TvI.


Finally, GO enrichment and KEGG pathway analyses were conducted on genes containing m6A sites showing opposite methylation trends in IvC and TvI (Figure 6). For the BP category, genes with DMMSs were significantly (p < 0.05) enriched in hormone secretion processes, such as regulation of hormone secretion and peptide hormone secretion (Figure 6A). Pathway analyses demonstrated that genes with DMMSs were involved in platelet activation, complement and coagulation cascades, and gastric acid secretion (Figure 6B). For the CC category, genes containing DMMSs were mainly enriched in the cell periphery, plasma membrane, and extracellular matrix. For the MF category, genes were enriched in binding, cell adhesion molecule binding, and calcium ion binding (Figure 6A). These results suggest that berberine might resist the nephrotoxicity of cisplatin through different pathways.


[image: image]

FIGURE 6. Gene ontology and Kyoto Encyclopedia of Genes and Genomes analyses of coding genes containing DMMSs. (A) Major gene ontology terms were enriched for the genes containing m6A sites with reverse methylation trend between IvC and TvI. (B) Major enriched pathways for the genes containing m6A sites with reverse trend between IvC and TvI.




Conjoint Analyses of m6A Modification and Gene Regulation

RNA-seq was used to detect DEGs among the groups. In IvC, 4,469 genes were differentially expressed (fold change ≥ 2 and p < 0.05), including 1,655 downregulated genes and 2,814 upregulated genes (Figure 7). Conjoint analyses of DMGs and DEGs resulted in four groups of genes: 576 hypermethylated and upregulated genes, 422 hypomethylated and downregulated genes, 1 hypermethylated but downregulated gene, and 3 hypomethylated but upregulated genes (Figure 7A). In TvI, 350 genes were differentially expressed, including 84 downregulated genes and 266 upregulated genes. Conjoint analyses revealed 31 hypermethylated and upregulated genes, 20 hypermethylated but downregulated genes, and no hypomethylated upregulated or hypomethylated downregulated genes (Figure 7B).


[image: image]

FIGURE 7. Conjoint analysis of differentially methylated genes and differentially expressed genes. (A) Four-quadrant graph exhibiting the DEGs containing differentially methylated m6A peaks in IvC. (B) Four-quadrant graph exhibiting the DEGs containing differentially methylated m6A peaks in TvI. (C) Major gene ontology terms were significantly enriched for the genes containing m6A sites with reverse methylation and expression trends between IvC and TvI. (D) Major enriched pathways for the genes containing m6A sites with reverse methylation and expression trends between IvC and TvI.


To further analyze the role of m6A in alleviating the action of berberine, genes with opposite methylation and expression trends in IvC and TvI were selected (Table 3). Overall, 9 were hypermethylated and upregulated in IvC but hypomethylated and downregulated in TvI, and 12 were hypomethylated and downregulated in IvC but hypermethylated and upregulated in TvI. GO and pathway analyses were performed to uncover the biological processes associated with these genes (Figure 7C). These genes were found to be highly enriched in complement and coagulation cascades, platelet activation, and cytokine–cytokine receptor interaction (Figure 7D). For instance, FGA/FGB/FGG genes encoding fibrinogen (Martini et al., 2019; Vilar et al., 2020) were hypermethylated and upregulated in IvC but were hypomethylated and downregulated in TvI (Figure 8A). Slc12a1, the key gene that mediates the electroneutral movement of Na(+) and K(+) across cell membranes (Schiessl et al., 2013; Xue et al., 2014; Hao et al., 2018; Kawaguchi et al., 2018), was hypomethylated and downregulated in IvC but hypermethylated and upregulated in TvI (Figure 8B). Havcr1, also known as Kim-1, is a well-known biomarker for kidney injury (Lippi et al., 2018; Seibert et al., 2018; Song et al., 2019; Zdziechowska et al., 2020). Cisplatin induced hypermethylation and upregulation of Havcr1, while berberine reversed these effects (Figure 8C).


TABLE 3. Genes with contrary methylation and expression trends between IvC and TvI.
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FIGURE 8. Representative genes with opposite m6A methylation and expression trends between IvC and TvI. (A) Visualization of m6A-modified genes FGA in the control group, injury group, and treatment group. (B) Visualization of m6A modified genes Slc12a1 in the control group, injury group, and treatment group. (C) Visualization of m6A-modified genes Havcr1 in the control group, injury group, and treatment group. (D) Western blot images of FGA, Slc12a1, and Havcr1 in control group, injury group, and Havcr1 group. Error bars represent the standard deviation. *p < 0.05, ***p < 0.001, Student’s t-test.




Western Blotting Analyses of Protein Expression in FGA, Slc12a1, and Havcr1

Western blotting was conducted to detect the protein levels of FGA, Slc12a1, and Havcr1 in each group. Cisplatin induced an increase in Slc12a1 protein levels and a decrease in FGA and Havcr1 protein levels. However, berberine pretreatment reversed these effects (Figure 8D).




DISCUSSION

m6A methylation is considered a reversible dynamic modification in many species. Previous studies have shown that m6A modification can regulate cellular responses to stimuli by affecting mRNA transcription, splicing, localization, translation, stability, and posttranscriptional regulation of gene expression at the RNA level (Zhou et al., 2015; Fry et al., 2017). Evidence (Anders et al., 2018; Wang Y. et al., 2019; Zhou P. et al., 2019; Li et al., 2020; Liu et al., 2020; Xu et al., 2020) also suggests a strong relationship between m6A modification and kidney disease, thereby revealing an important biological role for m6A in the regulation of kidney injury.

In this study, a reliable cisplatin-induced AKI model was established in mice, and the model was tested by analyzing Scr, BUN, and kidney section images. The kidney injury resulted in dynamic m6A modifications and gene expression in the kidneys. Differentially methylated mRNAs were found to be involved in many biological pathways. m6A methylation was enriched in the CDS in all groups. In IvC, GO, and KEGG analyses of coding genes harboring DMMSs demonstrated that genes with increased methylation were primarily enriched in the pathways related to metabolic processes and cell death process, such as macromolecule metabolic processes, cellular metabolic processes, the TNF signaling pathway, and the MAPK signaling pathway, while decreases in methylation were mainly enriched in metabolic processes, oxidation, and transport, indicating that cisplatin induced complicated variation in m6A methylation. Several pathways have been thoroughly studied as factors affecting CI-AKI. However, we found that variation in metabolic processes constituted the foundation of the biological and pathological changes in CI-AKI.

Different m6A methylation sites were also detected in TvI. GO, and KEGG analyses of coding genes with DMMSs revealed that the genes with increases in methylation were primarily enriched in pathways associated with tissue, the skeletal system, and epithelium development, such as gap junctions and the Wnt signaling pathway. Genes with decreases in methylation were mainly enriched in the oxoacid metabolic process and organic metabolic process. These results provide evidence of a link between m6A and berberine-mediated regulation of kidney injury, showing that berberine attenuated CI-AKI by increasing the methylation of genes associated with tissue, the skeletal system, and epithelium development. These results should prove useful for directing future research into the underlying medical value of berberine in CI-AKI.

Furthermore, 94 DMMSs showed opposite methylation trends in IvC and TvI. The genes with those DMMSs were primarily enriched in pathways associated with hormone secretion and complement and coagulation cascades, which implies that berberine probably relieves CI-AKI by directly reversing some changes in m6A methylation.

Finally, conjoint analyses of m6A modifications and gene regulation provided a broad picture of CI-AKI and the impacts of berberine pretreatment. In total, 21 genes were found to show opposite m6A methylation and expression trends in IvC and TvI. Among these candidate genes, several drew our attention. For instance, FGA/FGB/FGG are the core genes encoding fibrinogen. Cisplatin may cause endothelial injury and inflammation, which can activate coagulation cascades (Ozkok and Edelstein, 2014). Thus, FGA/FGB/FGG were hypermethylated and upregulated in CI-AKI. However, berberine pretreatment significantly alleviated these trends. This result is consistent with one previous study (Riccioni et al., 2018). Slc12a1, also known as NKCC2, is the molecular target of loop diuretics, as it is expressed on the apical membrane of the thick ascending limb of Henle epithelial cells (Hao et al., 2018). It mediates the electroneutral movement of Na(+) and K(+), which is tightly coupled to the movement of Cl(–) across cell membranes (Schiessl et al., 2013; Xue et al., 2014; Kawaguchi et al., 2018). In our study, Slc12a1 was hypomethylated and downregulated by cisplatin. Berberine pretreatment maintained transmembrane ion exchange by hypermethylating and upregulating Slc12a1. Havcr1, also known as KIM-1, is a promising biomarker for predicting kidney injury (Lippi et al., 2018; Seibert et al., 2018; Song et al., 2019; Zdziechowska et al., 2020). It may reduce acute injury by mediating phagocytosis (Yang et al., 2015). In our study, it was hypermethylated and upregulated in CI-AKI. However, berberine reversed these trends. Consistently, the protein expression levels of FGA, Slc12a1, and KIM-1 were similar to the m6A methylation and gene expression levels. These results suggest that berberine has a protective effect in CI-AKI through different pathways.



CONCLUSION

We characterized the differential m6A methylome in normal, CI-AKI, and berberine-pretreated CI-AKI in mice. Our results suggest a strong association between m6A methylation and the regulation of CI-AKI. In addition, the candidate genes identified reveal the possible pathways by which berberine alleviates kidney injury. Altogether, our results provide a fundamental contribution to research into the mechanisms of and novel therapies for CI-AKI.
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Enhancer of zeste homolog 2 (EZH2) is a histone-lysine N-methyltransferase enzyme that catalyzes the addition of methyl groups to histone H3 at lysine 27, leading to gene silencing. Mutation or over-expression of EZH2 has been linked to many cancers including renal carcinoma. Recent studies have shown that EZH2 expression and activity are also increased in several animal models of kidney injury, such as acute kidney injury (AKI), renal fibrosis, diabetic nephropathy, lupus nephritis (LN), and renal transplantation rejection. The pharmacological and/or genetic inhibition of EZH2 can alleviate AKI, renal fibrosis, and LN, but potentiate podocyte injury in animal models, suggesting that the functional role of EZH2 varies with renal cell type and disease model. In this article, we summarize the role of EZH2 in the pathology of renal injury and relevant mechanisms and highlight EZH2 as a potential therapeutic target for kidney diseases.
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INTRODUCTION

Epigenetics refers to the heritable change of gene function and phenotype without alteration in a genes DNA sequence (Berger et al., 2009). The core function of epigenetics is to control access to the DNA genetic code both spatially and temporally to ensure orderly gene expression and silencing according to external signals. Epigenetic regulation involves DNA methylation, histone modification, chromatin recombination, and non-coding RNA (Rosner and Hengstschlager, 2012; Roy and Majumdar, 2012). These modifications control the fate of cells, regulate the normal growth, and development of individuals, and are closely related to the occurrence and development of various diseases such as cancers, diabetes, heart disease, and intestinal disease (Filion et al., 2010). The importance and diversity of histone post-translational modification have been widely studied in many epigenetic regulatory mechanisms. Histone modifications include acetylation, methylation, ubiquitination, hydroxylation, phosphorylation, and ADP ribosylation (Graff and Tsai, 2013; Hyun et al., 2017; Bochyńska et al., 2018; Worden et al., 2019). Methylation can occur in histone and non-histone proteins. Histones are proteins that are abundant in lysine and arginine and are found in eukaryotic cell nuclei. Among four core histone proteins (H2A, H2B, H3, and H4), histone H3 is one of the most important epigenetic markers in transcriptional regulation. The methylation of histone H3 mainly occurs on the arginine (R) and lysine (K) residues in its tail (Wei et al., 2009). Histone arginine residues are monomethylated or dimethylated (Blanc and Richard, 2017), while histone lysine can be monomethylated (me1), dimethylated (me2), or trimethylated (me3). Different methylation sites such as H3K4, H3K9, H3K27, H3K36, and H3K79 have been identified (Wang et al., 2009). Among those sites, trimethylation of lysine 27 in histone H3 (H3K27me3) is a key marker of gene silencing, found mainly in gene promoter and enhancer regions (Duan et al., 2020).

H3K27 trimethylation is mainly carried out by Polycomb Repressor Complex (PRC2; Tie et al., 1998; Sanchez-Beato et al., 2006; Yu et al., 2007; Veneti et al., 2017). PRC2 is a histone methyltransferase that mainly trimethylates the histone H3 lysine 27 (H3K27me3; Margueron and Reinberg, 2011; Di Croce and Helin, 2013). The PRC2 complex consists of four components: enhancer of zeste homolog 1 (EZH1) or enhancer of zeste homolog 2 (EZH2), compressor of zeste12 (Suz12), embryonic ectoderm development (EED), and RbAp46/48. EZH1 and EZH2 are the core components of PRC2, while EED can interact with EZH1 or EZH2 to maintain enzyme activity (Kim et al., 2013; Eich et al., 2020). EZH2 is an essential component of PRC2 methylation activity; it can also methylate some non-histone substrates, such as actin, GATA binding protein 4 (GATA4), android receiver (AR), and estrogen receiver (ER). EZH2 can silence tumor suppressor genes and play an important role in cell aging, fate selection, and differentiation (Jacobs and van Lohuizen, 2002; Plath et al., 2003; Martinez and Cavalli, 2006; Aloia et al., 2013). In addition, EZH2-mediated methylation of non-histones such as STAT3 is an important post-translational modification involved in many life processes, such as the cell cycle, DNA repair, cell aging, differentiation, apoptosis, and tumorigenesis (Kim et al., 2013; Eich et al., 2020).

Enhancer of zeste homolog 2 was discovered in 1996 using yeast two-hybrid experiments (Hobert et al., 1996) and its gene is located on the human chromosome 7q35. EZH2 occupies nearly 40 kb in the gene structure, which contains 20 exons, and the open reading frame is distributed on 19 exons (Cardoso et al., 2000). Studies have shown that EZH2 can inhibit the expression of tumor suppressor genes in normal cells, thereby promoting the abnormal proliferation of cells, and stimulating the metastasis of tumor cells. EZH2 exhibits gene amplification and higher levels of expression in many human malignancies, such as gastric cancer, colon cancer, breast cancer, lymphoid hematopoietic tumors, liver cancer, and nephroblastoma (Su et al., 2003; Mimori et al., 2005; Raman et al., 2005; Sudo et al., 2005; Matsukawa et al., 2006; Saramaki et al., 2006; Shi et al., 2007), and is closely related to tumorigenesis and tumor progression.

Increasing evidence shows that EZH2 is associated with a variety of kidney diseases and pathology. In addition to the abnormal expression and activation of EZH2 in renal tumors, its expression levels and activity were also increased in acute kidney injury (AKI; Zhou et al., 2018b), renal fibrosis (Zhou et al., 2016), diabetic nephropathy (DN; Jia et al., 2019b), lupus nephritis (LN; Rohraff et al., 2019), hyperuricemic nephropathy (Shi et al., 2019), and transplanted and aging kidneys (Li et al., 2016; Han and Sun, 2020). Moreover, pharmacological or genetic inhibition of EZH2 can interfere with pathologic fibrosis in these animal models of kidney disease. This article reviews the role of EZH2 in the pathology of renal disease and relevant mechanisms. We also highlight EZH2 as a potential target for ameliorating fibrosis in kidney disease (Table 1).


TABLE 1. EZH2 inhibition on kidney diseases in various in vitro and in vivo models.

[image: Table 1]


EZH2 AND RENAL CELL CARCINOMA

Renal cell carcinoma (RCC), also known as renal adenocarcinoma. originates from renal tubular epithelial cells and accounts for over 90% of adult renal malignancies. The worldwide incidence RCC has increased significantly in recent years (Shah et al., 2009). At present, the cause and pathogenesis of RCC are not clear. Epidemiology speculates that the pathogenesis is related to genetics, smoking, obesity, hypertension, and antihypertensive treatment (Grossman et al., 1999). About 70% of renal cancers are associated with gene expression inactivation caused by VHL gene deletion and mutation. VHL gene encodes an E3 ubiquitin ligase complex protein, which can degrade hypoxia inducible factor (HIF). HIF is continuously activated in RCC cells, promoting the transcription of a series of downstream target genes (Mallikarjuna et al., 2018). Recently, it has been reported that epigenetic modification, in particular, EZH2 activation, participates in the occurrence and development of RCC, which provides a new direction for the treatment (Bannister and Kouzarides, 2011).

Studies have demonstrated that EZH2 can promote the development and metastasis of RCC. EZH2 is overexpressed in numerous tumor entities including renal tumor cells (Kim and Roberts, 2016; Sun et al., 2018). EZH2 overexpression leads to increases in H3K27me3, with repression of tumor-suppressor genes such as E-cadherin (Liu et al., 2016). In vitro and in vivo studies confirmed that the abnormal increase of EZH2 can inhibit the expression level of E-cadherin, induce the epithelial stromal transformation of renal cancer cells, and promote the occurrence, development and recurrence of renal cancer. Inhibition of EZH2 with 3-DZNep can reverse these pathological responses (Liu et al., 2016). EZH2 also has growth promoting activity in RCC (Wagener et al., 2010) and can enhance the proliferation and invasion of renal tubular epithelial cells (Zhang et al., 2018). Moreover, EZH2 promotes cell proliferation, migration and angiogenesis by inhibiting expression of tumor suppressor genes such as p27Kip1 and enhancing expression of proto-oncogenes (Sakurai et al., 2012). Thus, inhibition of EZH2 can reduce the survival and invasion of clear cell renal cell carcinoma (ccRCC) cells and the growth of ccRCC in xenografted mice (Sun et al., 2018). Finally, EZH2 in combination with the DNA methyltransferase DNMT can methylate the VHL promoter and inhibit its expression in RCC (Schlesinger et al., 2007).



EZH2 AND ACUTE KIDNEY INJURY

Acute kidney injury is a common pathologic process with high mortality in hospitalized patients (Raimann et al., 2018). It can be caused by ischemia/reperfusion, septicemia, or nephrotoxins (i.e., radiocontrast agents, NSAIDs, etc.) (Zuk and Bonventre, 2016; Moledina et al., 2017; Wu et al., 2017). Acute injury to the kidney usually leads to death of renal tubular epithelial cells, activation of endothelial cells, infiltration of leukocytes, and ultimately renal dysfunction (Sato and Yanagita, 2018; Ronco et al., 2019). In mild injury, adaptive repair mechanisms can restore epithelial integrity, inhibit immune responses and reconstruct a healthy vascular system. On the contrary, severe or persistent damage can lead to inadequate repair (Sato and Yanagita, 2018; Ronco et al., 2019). Tubular cells may experience G2/M cell cycle arrest, senescence, apoptosis or necrosis, leading to release of pro-inflammatory factors (Guzzi et al., 2019). Emerging evidence has shown the role of EZH2-mediated histone modifications in AKI (Ho et al., 2017) (Bomsztyk and Denisenko, 2013).

The abnormal expression or activation of EZH2 is related to the pathogenesis of AKI Zhou et al., 2018b). Initially, it was found that EZH2 is involved in many cellular responses, such as apoptosis and inflammation (Wang Y. et al., 2018; Bamidele et al., 2019). The expression of EZH2 and H3K27me3 is up-regulated in ischemia-reperfusion and folic acid-induced AKI models (Zhou et al., 2018b). Inhibition of EZH2 with 3-DZNep can reduce renal dysfunction and tubular cell death (Zhou et al., 2018b). E-cadherin downregulation mediates disruption of cell-cell adhesion, activation of matrix metalloproteinases, and activation of ERK1/2, and it promotes activation of cell death receptor and regulation of mitochondrial damage. Inhibition of EZH2 can preserve expression of E-cadherin and tight junction protein ZO-1, inhibit expression of matrix metalloproteinase MMP-2 and MMP-9, and suppress phosphorylation of Raf-1 and ERK1/2 in renal tubular cells exposed to oxidative stress (Zhou et al., 2018b). This was confirmed by an in vitro study (Zhou et al., 2018b). In a murine model of cisplatin induced-AKI, inhibition of EZH2 expression by 3-DZNep could also reduce apoptosis of renal tubular cells and ameliorate acute renal injury by restoring expression of E-cadherin (Ni et al., 2019). Both in vitro and in vivo, cisplatin-induced renal tubular cell damage was accompanied by up-regulation of H3K27me3, while 3-DZNep treatment did not affect its expression (Ni et al., 2019). This suggests that 3-DZNeP-elicited renal protection in response to cisplatin exposure may not be through a H3K27me3-mediated mechanism. Recently, it was demonstrated that EZH2 can regulate renal injury by inducing oxidative stress as evidenced by the fact that EZH2 inhibition blocked the production of NOX4 dependent ROS through the ALK5/Smad2/3 signal pathway in an animal model of ischemia/reperfusion-induced AKI (Liu et al., 2020). In the same injury model, EZH2 inhibition also reduced renal dysfunction and tubular injury by regulating p38 signaling, apoptosis and inflammation (Liang et al., 2019). Therefore, EZH2 is an important mediator in the pathogenesis of AKI. Additional studies are needed to describe the mechanism of EZH2 in AKI in more detail.



EZH2 AND RENAL FIBROSIS

Renal fibrosis is a common pathological process in the progression of CKD to end-stage renal disease (ESRD). Renal interstitial fibrosis is considered an example of poor self-healing after injury (Iwano and Neilson, 1991; Inoue et al., 2015; Lovisa et al., 2015). It is mainly manifested by extracellular matrix (ECM) deposition, epithelial to mesenchymal transition (EMT), inflammatory response, and fibroblast activation and proliferation (Iwano and Neilson, 1991; Inoue et al., 2015; Lovisa et al., 2015). Although many studies have been conducted to elucidate its pathogenesis, there is still a lack of effective treatment for renal fibrosis (Boor et al., 2010; Nogueira et al., 2017).

Recent studies have demonstrated that EZH2 plays a critical role in the development of renal fibrosis. EZH2 expression levels are low in normal kidney tissue, but high in mice kidneys following injury and in human kidneys following disease (Zhou et al., 2015). Immunostaining showed that EZH2 was expressed both in tubular epithelial cells and renal interstitial fibroblasts (Zhou et al., 2015). Activation and proliferation of renal fibroblasts produces a large amount of ECM proteins, including fibronectin and collagen I. In vitro, pharmacological inhibition or siRNA mediated silencing of EZH2 reduced the activation of renal interstitial fibroblasts; in vivo, treatment with the EZH2 inhibitor 3-DZNep attenuated UUO-induced fibrosis in an animal model. The anti-fibrotic effect of EZH2 inhibition is related to the inhibition of expression of epidermal growth factor receptor (EGFR) and platelet-derived growth factor receptor (PDGFR) and deactivation of multiple intracellular signaling pathways, including TGFβ/Smad3, AKT and ERK1/2 (Zhou et al., 2015). EZH2 was also identified as a key regulator of epithelial-mesenchymal transition (EMT) in fibrotic kidneys (Zhou et al., 2018a). EZH2 inhibition elicits an anti-EMT effect related to preservation of E-cadherin expression, repression of transcription factors (i.e., Snail, twist), and deactivation of PTEN/Akt and β-catenin signaling pathways (Zhou et al., 2018a). Studies have also shown that EZH2 inhibition can effectively suppress the development of liver fibrosis (Zeybel et al., 2017), skin fibrosis (Tsou et al., 2019), atrial fibrosis (Song et al., 2019), pulmonary fibrosis (Xiao et al., 2016), and peritoneal fibrosis (Shi et al., 2020). These results suggest that EZH2 may serve as a promising therapeutic target for the treatment of fibrosis in many organ systems.



EZH2 AND DIABETIC NEPHROPATHY

Diabetic nephropathy is one of the most common chronic complications of diabetes (Alicic et al., 2017; Han et al., 2017; Feldman et al., 2019). The typical characteristics of DN are glomerular hypertrophy, proteinuria, progressive decrease of glomerular filtration rate, and renal fibrosis, which leads to loss of renal function. The pathological changes of diabetes are mainly composed of mesangial hyperplasia, thickening of basement membrane, occlusion of capillary lumen, disorder of podocyte structure, and decrease of podocyte number (Tung et al., 2018). However, the specific molecular mechanism of DN is not completely understood. Recent studies have shown that EZH2 activation is involved in the pathogenesis of DN. EZH2 can regulate oxidative stress in diabetic patients by inhibiting expression of Pax6, a transcription factor, and thus the expression of TxnIP, an endogenous antioxidant inhibitor (Siddiqi et al., 2016). The specific deletion of EZH2 in podocytes induced podocyte damage and dedifferentiation (Siddiqi et al., 2016) and sensitized mice to glomerular disease (Majumder et al., 2018). In human glomerular diseases such as focal segmental glomerulosclerosis and DN, H3K27me3 was decreased in podocytes. H3K27me3 and EZH2 are involved in inhibiting and maintaining the low-level and stable state of fibrosis and inflammation genes in mesangial cells, while H3K27me3 and EZH2 are inhibited by TGF-β, which increases the expression of genes that mediate glomerular mesangial dysfunction and DN, leading to renal dysfunction (Jia et al., 2019a). In contrast, the depletion or inhibition of EZH2 attenuated the increase of reactive oxygen species (ROS) in human renal tubular epithelial cells (HK-2) induced by high glucose (Zeng et al., 2018). Moreover, Wilm’s tumor 1 (WT1) can improve the β-catenin mediated damage of podocytes in DN by antagonizing EZH2, which is manifested in reducing the transformation of the stroma of DN podocytes, maintaining the structural integrity of DN podocytes, reducing apoptosis and oxidative stress of DN podocytes (Wan et al., 2017). These data illustrate that EZH2 activity is necessary for protection against podocyte damage in DN. This is opposite to what has been observed in the murine model of UUO-induced renal fibrosis (Zhou et al., 2015). Currently, it remains unclear about the underlying mechanism by which EZH2 plays distinct roles in different disease models and cells. Since multiple cell types are involved in the pathogenesis of DN, and EZH2 mediated gene regulation is cell-context specific, EZH2 may play the role of a double-edged sword in different cell types in DN (Brasacchio et al., 2009). Further investigation is required to elucidate the gene and signaling pathways regulated by EZH2 during DN development.



EZH2 AND HYPERURICEMIC NEPHROPATHY

Hyperuricemia (HUA) is a purine metabolic disorder, in which the blood uric acid level is higher than the normal level due to the increase of uric acid production and/or the decrease of uric acid excretion. HUA is an independent risk factor for CKD progression (Mok et al., 2012) and has a direct correlation with renal damage (Lin et al., 2014). 10–20% of patients with primary hyperuricemia have evidence of AKI and chronic kidney disease, including chronic uric acid nephropathy, acute uric acid nephropathy and uric acid stones. Long-term HUA can cause renal damage through the urate crystal dependent pathway. Uric acid crystals are deposited in the distal collecting duct and the renal interstitium, causing chronic interstitial nephritis, which may lead to renal interstitial fibrosis (Liu et al., 2015; Yuan et al., 2017; Johnson et al., 2018). In addition, long-term HUA can cause renal damage through an independent pathway of urate crystal formation. In this regard, it has been reported that uric acid can cause renal endothelial dysfunction, renin-angiotensin system (RAS) activation, inflammation, oxidative stress (Sanchez-Lozada et al., 2008; Yu et al., 2010; Filiopoulos et al., 2012), whereas lowering serum uric acid alleviates renal damage or delays its progression (Obermayr et al., 2008; Zhou et al., 2012; Kim et al., 2014).

Although the molecular mechanism of renal damage caused by elevated uric acid levels remains obscure, uric acid has been shown to induce activation of TGF-β receptor and transcription of TGF-β1 target genes (Böttinger, 2007), leading to activation of downstream signaling pathways such as EGFR and ERK1/2 (Joo et al., 2008; Lee et al., 2010). Interestingly, blocking EZH2 by 3-DZNep inhibits TGF-β1-induced activation of renal interstitial fibroblasts in vitro and attenuates ECM protein deposition and α-smooth muscle actin expression in obstructed kidneys (Zhou et al., 2015). Inhibition of EZH2 by 3-DZNep also significantly reduces blood uric acid levels by reducing the activity of serum purine oxidase (XOD) and alleviates HUA-induced renal damage through various mechanisms, including inhibition of the TGF-β1/Smad3 and EGFR/ERK1/2 signaling pathways. Moreover, 3-DZNep was effective in downregulating the levels of various pro-inflammatory chemokines/cytokines and reducing the apoptosis of renal tubular cells (Shi et al., 2019). Therefore, EZH2 may be a potential therapeutic target for reducing renal damage and delaying the development of CKD caused by HUA.



EZH2 AND LUPUS NEPHRITIS

Systemic lupus erythematosus (SLE) is a chronic autoimmune inflammatory disease characterized by loss of immune tolerance to autoantigens, production of autoantibodies, formation of immune complexes and deposition in different parts of the body, causing inflammation and multiorgan damage (Marshall and Vierstra, 2018). LN is one of the most common and serious complications of SLE, affecting up to 60% of lupus patients by some estimates. LN is thus considered an important cause of chronic kidney disease (Koutsokeras and Healy, 2014; Zhu et al., 2016). The pathogenesis of SLE and LN is complex and exact mechanism(s) are largely unknown. It is generally believed that SLE is caused by genetic, endocrine, environmental factors (infection, ultraviolet radiation, etc.), and abnormal activation of the immune system. Epigenetic changes have also been reported to contribute to the pathogenesis of lupus (Ballestar et al., 2006). In particular, various abnormal patterns of DNA methylation of immune cell types isolated from lupus patients have been found to be related to clinical heterogeneity, interspecific disease variability, lupus onset and remission (Teruel and Sawalha, 2017).

Similar to DNA methylation, histone modifications can lead to abnormal gene expression and contribute to the pathogenesis of SLE (Hu et al., 2008). It has been reported that unregulated EZH2 activation in CD4+ T cells leads to T cell activation and non-Th1 immune responses, prior to transcription activity, and is related to lupus activity. In addition, levels of two microRNAs (miR-101 and miR-26a) targeting and regulating EZH2 in CD4+ T cells of lupus patients were negatively correlated with lupus disease activity (Coit et al., 2016). EZH2 can mark and control functions and survival of effector T cells through microRNAs and the Notch signaling pathway (Zhao et al., 2016). In lupus patients, overexpression of EZH2 leads to the methylation of JAM-A (junctional adhesion molecule A), which may increase the migration of T cells and lead to the invasive exosmosis of T cells. Blocking EZH2 by 3-DZNep and GSK126 can effectively inhibit the adhesion of lupus T cells to human microvascular endothelial cells. In addition, overexpression of EZH2 results in methylation changes of genes involved in gene transcription, ubiquitination and immune response, indicating that EZH2 is involved in various cellular and physiological processes crucial to the survival and function of T cells (Tsou et al., 2018). Inhibition of EZH2 by 3-DZNep significantly reduced the number of pathogenic double negative T cells and production of cytokines and chemokines in lupus prone MRL/lpr mice. Splenomegaly and lymphadenopathy in mice treated with 3-DZNep were significantly reduced. Most importantly, inhibition of EZH2 by 3-DZNep in MRL/lpr mice can reduce renal damage and increase survival rate of MRL/lpr mice. Mice with 3-DZNep treatment have relatively stable albumin:creatinine ratios, and attenuated glomerulonephritis and crescent formation. Glomerular necrosis in the prevention group of mice was significantly relieved as well. Therefore, 3-DZNep elicited inhibition of EZH2 can effectively prevent the progression of renal damage in lupus (Rohraff et al., 2019). Additional studies are necessary to examine whether other EZH2 inhibitors or gene modulators are also effective in ameliorating the pathogenesis of LN.



EZH2 AND AGING KIDNEY

Aging is an irreversible phenomenon characterized by gradual decline of cell function and gradual structural changes of many organ systems. Age-related changes in kidney function include anatomical and physiological changes (Zhou et al., 2008). The histological changes in renal aging mainly include: renal mass reduction, glomerulosclerosis, renal tubular atrophy, renal interstitial fibrosis and arterial intimal fibrosis (Silva, 2005). The partial loss of renal function can be manifested as decreases in renal vascular elasticity, renal blood flow and glomerular filtration rate. At present, mechanisms of renal aging are incompletely studied. Increasing evidence indicates that renal aging is related to epigenetic changes (Painter et al., 2008; Au et al., 2013; Kooman et al., 2014).

Epigenetic histone modification plays a role in aging (Sen et al., 2016), especially trimethylation of 27 lysine (H3K27me3) of histone H3, which is directly related to life span and aging in different models (Jin et al., 2011; Ma et al., 2018). Previous studies have shown that EZH2 expression is related to abnormal expression of genes in aging animal models (Shumaker et al., 2006; Bracken et al., 2007; Chen et al., 2009). For example, overexpression of EZH2 can prevent stem cell failure and aging (De Haan and Gerrits, 2007) while pharmacological inhibition of EZH2 can dysregulate tissue regeneration in aged mice (Nishiguchi et al., 2018). Methylation of CpG islands related to aging may overlap with the regulatory regions of cancer genes such as c1ql3. EZH2 interacts with these regulatory regions in mice, and the occupancy of EZH2 may decrease with age at c1ql3. EZH2 is part of the protein mechanism of forming the aging epigenome (Mozhui and Pandey, 2017). A recent study found that H3K27me3 regulated the expression of Klotho in the kidney of aging mice. A decrease of Klotho levels is an important mechanism of aging. The epigenetic down-regulation of Klotho gene expression is at least partly due to the histone 3 modification of the Klotho promoter. Aging plays a role by up-regulating H3K27me3 and down-regulating hyperphosphorylation of Klotho and mTOR in renal tubules. Inhibition of EZH2 with GSK343 or EED226 was able to reduce H3K27me3 recruitment to the Klotho promoter (Han and Sun, 2020). The expression level of EZH2 decreased in older mice (Han and Sun, 2020). At present, no study has confirmed the obvious correlation between the expression of EZH2 and H3K27me3 in the kidney of aging mice or adult tissues (Margueron et al., 2008). Studies have pointed out that renal aging can up-regulate the ECM laminin genes by down-regulating 5mC and H3K27me3 in the promoter region of the ECM laminin gene. Reduction of H3K27me3 levels by 3-DZNep can inhibit expression of the laminin gene in the ECM, but administration of a more specific EZH2 inhibitor, GSK-126, did not inhibit expression of the laminin gene in ECM (Denisenko et al., 2018). Therefore, the exact mechanism(s) by which EZH2 contributes to renal aging needs further investigation.



EZH2 AND KIDNEY TRANSPLANTATION REJECTION

Currently, renal transplantation is the most effective treatment for ESRD. However, acute rejection (AR) is a common adverse reaction after kidney transplantation, usually occurring weeks to months after transplantation. Rejection after transplantation is caused by the recipient’s immune system. Recognition of the graft as a foreign body stimulates secretion of various inflammatory factors to attack the graft. Eliminating the foreign body reaction and maintaining the stability of the internal environment would improve the long-term survival of the transplanted kidney. Transplantation rejection includes T-cell-mediated rejection and antibody mediated rejection (Haas et al., 2018). Acute T-cell mediated rejection is an inflammatory reaction, involving extensive T lymphocytes infiltration of the allograft and activation (Yang C. et al., 2015). T cell mediated AR of renal transplantation includes mononuclear interstitial infiltration and tubulitis with intima-intimal arteritis. Epigenetic modification is involved in T cell-mediated AR of renal transplantation (Cuddapah et al., 2010).

Enhancer of zeste homolog 2 plays an important role in maintaining T cell numbers and functions. It has been documented that EZH2 is essential for the expansion of T-effector cells (Yang X. P. et al., 2015) as well as differentiation and characteristic maintenance of regulatory T cells necessary for maintaining immune homeostasis (DuPage et al., 2015). EZH2 can also stimulate the expression of T cell multifunctional cytokines by activating the Notch pathway, and promoting T cell survival by Bcl-2 expression (Zhao et al., 2016). In addition, EZH2 can protect key T cell development regulators from DNA methylation so that they can be activated in a subsequent differentiation stage (Wang C. et al., 2018). Treatment with 3-DZNep, a EZH2 inhibitor can induce selective apoptosis of alloantigen-activated T cells and arrest persistent graft-versus-host disease (GVHD) in mice after allogeneic bone marrow transplantation (He et al., 2012). A recent study was the first to demonstrate the relationship between EZH2 and allograft rejection. EZH2 in T cells was increased after kidney transplantation in a rat model of kidney transplantation; inhibition of EZH2 by DZNep reduced AR, reduced injury and inflammatory infiltration of the transplanted kidney. The cellular mechanisms are related to the inhibition of activation and proliferation of alloreactive T cells, impairment of production of inflammatory factors, and increased apoptosis of alloreactive T cells in the transplanted kidney and peripheral blood) (Li et al., 2016). However, the specific mechanism(s) of EZH2 in AR of renal transplantation remains to be further studied.



CONCLUSION AND PERSPECTIVES

Enhancer of zeste homolog 2 is highly expressed in renal tumors and many kidney diseases. Abnormal expression or activation of EZH2 can lead to development and progression of renal tumors and several kidney diseases as indicated in this review. The molecular mechanisms of EZH2-mediated renal pathology are associated with renal tubular cell injury, podocyte dedifferentiation, renal interstitial fibroblast proliferation, production of multiple cytokines/chemokines and infiltration of inflammatory cells. Because EZH2 regulates expression of diverse genes and activation of multiple signaling pathways associated with pathogenesis of disease, its functional role may vary with cell types, tissues and disease models. In this context, EZH2 activation has been shown to contribute to renal tubular cell death, but protects against podocyte injury. Therefore, further studies are necessary to elucidate the detailed mechanistic actions of EZH2 in the pathogenesis and progression of kidney diseases.

Given that preclinical studies have demonstrated that EZH2 inhibitors attenuate some renal diseases in animal models, EZH2 inhibitors alone, or in combination with other drugs may provide beneficial effects to ameliorate or prevent kidney diseases. This is encouraged by recent approval of tazemetostat (EPZ-6438), one of EZH2 inhibitors, for treatment of adult patients with relapsed or refractory (R/R) follicular lymphoma by the FDA (Gulati et al., 2018). Among the 203 patients who were evaluated for efficacy, responses were seen in 24% patients who had received tazemetostat administered as a single agent in both tumor types and in EZH2 mutant and WT tumor (Gulati et al., 2018). In addition to tazemetostat, other EZH2 inhibitors such as GSK126 and CPT-1205 are being tested in treating lymphoma and several other solid tumor types (Eich et al., 2020). Currently, there are still no clinical trials of EZH2 inhibitors for the treatment of kidney disease of any underlying cause. Based on the evidence showing the efficacy of EZH2 inhibitors in animal models of kidney disease, clinical trials assessing the effect of EZH2 inhibition may hold out the promise of treatment for some forms of progressive kidney disease in humans. However, since genetic and pharmacological inhibition of EZH2 potentiates podocyte injury in murine models of glomerular disease (Majumder et al., 2018), EZH2 inhibitors may not be suitable for treatment of renal diseases associated with podocyte injury.
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Several clinical and experimental studies have documented a compelling and critical role for the full-length matrix metalloproteinase-2 (FL-MMP-2) in ischemic renal injury, progressive renal fibrosis, and diabetic nephropathy. A novel N-terminal truncated isoform of MMP-2 (NTT-MMP-2) was recently discovered, which is induced by hypoxia and oxidative stress by the activation of a latent promoter located in the first intron of the MMP2 gene. This NTT-MMP-2 isoform is enzymatically active but remains intracellular in or near the mitochondria. In this perspective article, we first present the findings about the discovery of the NTT-MMP-2 isoform, and its functional and structural differences as compared with the FL-MMP-2 isoform. Based on publicly available epigenomics data from the Encyclopedia of DNA Elements (ENCODE) project, we provide insights into the epigenetic regulation of the latent promoter located in the first intron of the MMP2 gene, which support the activation of the NTT-MMP-2 isoform. We then focus on its functional assessment by covering the alterations found in the kidney of transgenic mice expressing the NTT-MMP-2 isoform. Next, we highlight recent findings regarding the presence of the NTT-MMP-2 isoform in renal dysfunction, in kidney and cardiac diseases, including damage observed in aging, acute ischemia-reperfusion injury (IRI), chronic kidney disease, diabetic nephropathy, and human renal transplants with delayed graft function. Finally, we briefly discuss how our insights may guide further experimental and clinical studies that are needed to elucidate the underlying mechanisms and the role of the NTT-MMP-2 isoform in renal dysfunction, which may help to establish it as a potential therapeutic target in kidney diseases.
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INTRODUCTION

Matrix metalloproteinases (MMPs) are a large family of zinc-containing endopeptidases that participate in multiple cellular processes beyond extracellular matrix (ECM) remodeling and in kidney diseases (Tan and Liu, 2012; Parrish, 2017). Regarding the MMPs known as gelatinases, the full-length MMP-2 (FL-MMP-2) is synthesized and was originally thought to be only secreted, but later it was found to be only inefficiently targeted to the secretory pathway (Ali et al., 2012). The FL-MMP-2 can be activated by extracellular proteolysis and intracellularly by direct chemical modification by peroxynitrite/oxidative stress (Viappiani et al., 2009; Kandasamy et al., 2010; Sariahmetoglu et al., 2012).

In the renal ECM, FL-MMP-2 has a role in the regulated turnover of the tubular epithelial basement membrane (Cheng et al., 2006). However, enhanced FL-MMP-2 synthesis distorts the basement membrane architecture and results in progressive renal injury (Cheng et al., 2006), cardiac remodeling and contractile dysfunction (Jacob-Ferreira and Schulz, 2013). The regulation and role of FL-MMP-2 have been extensively studied in both kidney (Tan and Liu, 2012; Dimas et al., 2017; Mansour et al., 2017; Narula et al., 2018) and cardiac injuries (Coker et al., 1999; Wang et al., 2002; Sawicki et al., 2005; Sung et al., 2007; Ali et al., 2010). Besides ECM proteins, FL-MMP-2 also cleaves vasoactive peptides, chemokines, and intracellular sarcomere and nuclear proteins (Fernandez-Patron et al., 1999, 2000; Martinez et al., 2004; Denney et al., 2009; Jacob-Ferreira and Schulz, 2013; DeCoux et al., 2014).

A novel N-terminal truncated isoform of MMP-2 (NTT-MMP-2) was recently discovered, which is induced by hypoxia and oxidative stress by the activation of a latent promoter in the first intron of the MMP2 gene, thereby generating a 5′-truncated mRNA transcript (Lovett et al., 2012). This NTT-MMP-2 isoform is enzymatically active but lacks the secretory sequence and the inhibitory propeptide, remains intracellular in the mitochondria, triggers mitochondrial-nuclear stress signaling via nuclear factor-κβ (NF-κβ) and nuclear factor of activated T cells (NFAT), and induces innate immune response genes (Lovett et al., 2012).

This perspective presents the findings about the discovery of the NTT-MMP-2 isoform, its functional and structural differences as compared with the FL-MMP-2 isoform, the alterations in the kidney of transgenic mice expressing the NTT-MMP-2 isoform, insights into the epigenetic regulation of the latent promoter located in the first intron of MMP2 gene that support the activation of the NTT-MMP-2 isoform, and highlights the role of the NTT-MMP-2 isoform in renal and cardiac diseases.



THE FL-MMP-2 AND THE NOVEL NTT-MMP-2 ISOFORM

The structure of the 68 kDa FL-MMP-2 is a short N-terminal signal sequence for secretory vesicle processing, a propeptide domain responsible for the enzyme latency, a highly conserved zinc-binding catalytic domain and hemopexin and fibronectin domains, which binds to ECM substrates (Turck et al., 1996; Morgunova et al., 1999). The FL-MMP-2 latency is maintained by the presence of a cysteine residue of the prodomain extended along the catalytic site, the “cysteine-switch” mechanism. The mRNA transcript of FL-MMP-2 is translated, and a portion of enzymatically inactive full-length protein is secreted by vesicles to the extracellular space, where occurs the proteolytic activation of the latent MMP-2 protein by other MMPs, ending in an active 62 kDa MMP-2 after cleavage of the inhibitory prodomain. In the ECM, the active enzyme degrades ECM components, such as collagen IV, laminin, and elastin (Turck et al., 1996; Morgunova et al., 1999).

The intracellular MMP-2 was first observed distributed in a pattern consistent with sarcomeric and sarcolemmal in cardiomyocytes (Coker et al., 1999), and the cleavage of sarcomeric troponin I by the 68 kDa FL-MMP-2 following acute ischemia-reperfusion injury (IRI) of the heart was later reported (Wang et al., 2002). Next, myosin light chain-1 (Sawicki et al., 2005), α-actinin (Sung et al., 2007), and titin (Ali et al., 2010) were reported as intracellular targets of the FL-MMP-2 in cardiomyocytes, leading to impaired heart contractility. This intracellular 68 kDa FL-MMP-2 is able to escape the secretory pathway (Ali et al., 2012), and is activated by the cysteine-switch opening by reactive oxygen species and peroxynitrite (Viappiani et al., 2009), and its activity was shown to be further modulated by its phosphorylation in cardiomyocytes (Sariahmetoglu et al., 2007, 2012).

Regarding kidney diseases, most of the studies focused on the extracellular or intracellular roles of the FL-MMP-2, mainly its deleterious action in the tubular basement membrane (Cheng et al., 2006). A novel intracellular MMP-2 isoform with 65 kDa (NTT-MMP-2) was recently discovered, which is generated by the activation of an alternate promoter in the first intron of the MMP2 gene (Lovett et al., 2012). This novel isoform was first observed in the hearts of both FL-MMP-2 transgenic mice and aging wild-type mice (Lovett et al., 2012). Cardiomyoblasts submitted to mitochondrial stress generated with transient inhibition of oxidative phosphorylation induced the NTT-MMP-2 isoform expression on mitochondria-enriched cell fractions (Lovett et al., 2012). The NTT-MMP-2 is functionally and structurally distinct from the FL-MMP-2 (Figure 1).
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FIGURE 1. Differences in the structure, activation, and biological targets/outcomes between (A) the 68 kDa full-length isoform of MMP-2 (FL-MMP-2) and (B) the 65 kDa N-terminal truncated isoform of MMP-2 (NTT-MMP-2).


While the FL-MMP-2 is present in the cytoplasm or ECM, and in cells of control conditions, the NTT-MMP-2 is intracellular, predominantly located at or near the mitochondria, and its transcription is induced only in conditions of tissue damage (Lovett et al., 2012). Transfection of the NTT-MMP-2 cDNA in cardiomyoblasts resulted in increased luciferase reporter activity for NF-kβ, NFAT, and response elements for interferon regulatory factors (IRFs) and induced innate immune response transcription factors and chemokines/cytokines, thereby activating a proinflammatory, pro-apoptotic innate immune response (Lovett et al., 2012).



EPIGENETIC REGULATION OF THE NTT-MMP-2 ISOFORM EXPRESSION

The transcriptional start site for the FL-MMP-2 isoform is located in the 5′ flanking region of MMP2, and transcription from this site encodes the FL-MMP-2 beginning at M1 amino acid in the first exon of the MMP2 gene (Lovett et al., 2012). Transcription of NTT-MMP-2 starts with activation of a latent promoter induced by hypoxia and oxidative stress, in an alternate transcriptional start site located at the 3′ end of the first intron of the MMP2, which encodes the NTT-MMP-2 isoform beginning at M77 amino acid located within the second exon of MMP2 (Lovett et al., 2012).

Figure 2 shows the promoter region of the MMP2 with the transcriptional start site as indicated by the Eukaryotic Promoter Database (Dreos et al., 2013) and highlights the overlap of the first intron with several epigenomics data from the Encyclopedia of DNA Elements (ENCODE) (Consortium, 2012) and GENCODE consortium (Frankish et al., 2019), including ENCODE registry of candidate cis-regulatory elements (cCREs), DNase I hypersensitivity clusters (Thurman et al., 2012), chromatin immunoprecipitation-sequencing (ChIP-seq) data for histone marks, and transcription factor ChIP-seq clusters (Consortium, 2012). This approach using epigenomics data to identify gene regulatory regions was recently performed elsewhere (Linhares et al., 2020).
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FIGURE 2. UCSC Genome Browser view of the promoter and the first intron of the MMP2 gene showing the overlap with several epigenomics data from the ENCODE Project, including the ENCODE registry of candidate cis-regulatory elements (cCREs), DNase I hypersensitivity clusters, ChIP-seq data for three histone marks on seven cell lines, and Transcription Factor ChIP-seq clusters. The transcriptional start site in the promoter region of MMP2 gene is indicated by the Eukaryotic Promoter Database (EPDnew). Highlighted (in light blue) is a region with an enhancer-like signature (E1817412/enhP) identified by the ENCODE cCREs in the first intron of MMP2, which overlaps with a DNase I hypersensitivity cluster, and with ENCODE ChIP-seq data for the histone modification H3K4me1, for the histone acetyltransferase EP300, and for the hypoxia-induced transcription factors FOS, JUND, and MAFK.




HISTONE MODIFICATIONS AND THE NTT-MMP-2 ISOFORM EXPRESSION

The trimethylation of histone H3 on lysine 4 (H3K4me3) is associated with promoters (Rosenbloom et al., 2012). The acetylation of histone H3 on lysine 27 (H3K27ac) is often found near active regulatory elements such as enhancers and distinguishes active from poised enhancers containing the monomethylation of histone H3 on lysine 4 (H3K4me1) alone (Creyghton et al., 2010).

H3K4me1 is commonly associated with distal enhancers, but it is also present at promoter regions proximal to transcriptional start site (Cheng et al., 2014; Bae and Lesch, 2020). Noteworthy, H3K4me1 peak density was recently examined around promoters in human and mouse germ cells (Bae and Lesch, 2020). H3K4me1 was found to exhibit either a bimodal pattern at active promoters, where it flanks H3K4me3, or a unimodal pattern at poised promoters, where it coincides with both H3K4me3 and trimethylation at lysine 27 of histone H3 (H3K27me3). H3K4me1 distribution was proposed as a key feature of the poised epigenetic state and poising at promoters (Bae and Lesch, 2020).

Interestingly, a region with enhancer-like signature (E1817412/enhP) identified by the ENCODE cCREs in the first intron of the MMP2 gene overlaps with a DNase I hypersensitivity cluster, and with ENCODE ChIP-seq data for the histone modification H3K4me1, for the histone acetyltransferase EP300, and for the transcription factors FOS, JUND, and MAFK, which are known to cooperate in hypoxia-induced gene transcription (Figure 2). Hypoxic conditions were shown to induce the transcriptional activation of c-fos in HeLa cells (Muller et al., 1997). Notably, c-Jun was shown to functionally cooperate with hypoxia-inducible factor 1 (HIF-1) transcriptional activity in different cell types (Alfranca et al., 2002). In this context, the small Maf protein, MafG, possess a basic leucine zipper domain that is required for homodimer or heterodimer complex formation with other transcription factors. MafG was shown to interact with HIF-1α, a key factor in hypoxic response, and it was suggested to regulate the hypoxic response by detaining HIF-1α in the nucleus (Ueda et al., 2008). These data further support the presence of the poised promoter located in the first intron of the MMP2 gene and suggest that it may be affected by a putative enhancer element activated by the binding of well-known hypoxia-induced transcription factors in the activation of the NTT-MMP-2 expression. However, this hypothesis remains to be tested.



DNA METHYLATION AND THE NTT-MMP-2 ISOFORM EXPRESSION

DNA methylation consists of the addition of the methyl group in cytosines followed by guanines, named CpG dinucleotides. CpG islands are regions enriched in CpG dinucleotides that are normally located in gene promoters and that are implicated in the regulation of gene expression (Gardiner-Garden and Frommer, 1987; Jones, 2012). ENCODE data show a CpG island located in the promoter/exon 1 of the MMP2 gene (Figure 2), which are not methylated in most of the ENCODE cell lines. However, there is no CpG methylation data by Methyl 450K Bead Arrays from ENCODE, which overlap with the latent promoter region in the intron 1 of the MMP2 gene (Supplementary Figure 1).

DNA methylation represses gene transcription when located in promoter regions and activates transcription when located in gene body (Jones, 2012). Methylation pattern is known to differ between promoters and alternative promoters in the same gene and among different tissues, indicating a dynamic physiological change in DNA methylation. Thus, DNA methylation may have a significant role in the differential use of alternative promoters, which may be related to the functional differentiation of promoters with or without CpG islands (Cheong et al., 2006). Moreover, intragenic DNA methylation has a major role in regulating alternative promoters in gene bodies (Maunakea et al., 2010). While there are no DNA methylation data from ENCODE for the intron 1 of the MMP2 gene, there are other CpG islands in this region (Supplementary Figure 1). However, it is unknown whether the overlap of the intron 1 region with DNA methylation may affect the NTT-MMP-2 expression.

The NTT-MMP-2 isoform is induced by hypoxia (Lovett et al., 2012), which is present in cancer and other diseases (Ivan and Kaelin, 2017). The cells sense and adapt to hypoxia by activating hypoxia-inducible transcription factors, but the cells differ in their transcriptional response to hypoxia (Ivan and Kaelin, 2017). A probable explanation is that the hypoxia-inducible transcription factors do not bind to CpG dinucleotides that are methylated. Therefore, the specific DNA methylation patterns of a cell established under normoxic conditions determine the hypoxia-inducible binding profiles for the transcription factors, and define how cell types response to hypoxia (D’Anna et al., 2020). Taken together, these processes could explain the mechanism for regulating the latent promoter located in the intron of the MMP2 gene in the condition of hypoxia by DNA methylation. However, these hypotheses remain to be proved.



FUNCTIONAL ASSESSMENT OF THE NTT-MMP-2 ISOFORM

Cardiac-specific transgenic mice expressing the NTT-MMP-2 isoform were generated to determine its functional significance (Lovett et al., 2013). These mice developed progressive cardiomyocyte and ventricular hypertrophy associated with systolic heart failure. The NTT-MMP-2 transgenic hearts also showed more severe injury following ex vivo IRI. Therefore, this NTT-MMP-2 isoform induced by oxidative stress directly contributed, in the absence of superimposed injury, to cardiomyocyte hypertrophy, inflammation, systolic heart failure, and enhanced susceptibility to IRI (Lovett et al., 2013).

Further studies evaluated the effects of the presence of the NTT-MMP-2 isoform (Lovett et al., 2014). At 4 to 5-month-old transgenic mice, the NTT-MMP-2 expression was located in the mitochondria and in the Z-line of the sarcomere. When compared with wild-type mice, transgenic mice expressing the NTT-MMP-2 isoform presented impaired myocardial contraction, without decreasing myofilament force, but affecting calcium transients. However, the FL-MMP-2 impaired cardiomyocyte contractility by decreasing myofilament force. Thus, the FL-MMP-2 and NTT-MMP-2 have distinctive pathophysiological mechanisms in the cardiomyocyte by impairing different intracellular processes (Lovett et al., 2014).

Transgenic mice expressing the NTT-MMP-2 isoform specifically in the renal proximal tubule cells were generated to evaluate the effects of this isoform (Ceron et al., 2017). At 4 months of age, the NTT-MMP-2 transgenic mouse kidneys presented tubular epithelial cell necrosis, mitochondrial loss of organized cristae, and mitochondrial permeability transition, mitophagy observed at ultrastructural analysis. At 8 months old, transgenic mice expressing the NTT-MMP-2 isoform presented severe structural kidney abnormalities, as tubular atrophy, necrosis of tubular epithelial cells, and mononuclear cell infiltration and evidence of mitochondrial reactive oxygen species production. Glomerular changes were not present. At this time point, transgenic mice expressing the NTT-MMP-2 isoform also had a decrease in renal function compared with wild-type mice (Ceron et al., 2017).



NTT-MMP-2 AND RENAL DYSFUNCTION AND KIDNEY DISEASES

Delayed graft function, a clinical example of renal acute IRI, is a complication of renal transplantation, which results from tubular epithelial cell injury and has consequences as post-transplantation dialysis, increased incidence of acute rejection, and poorer long-term outcomes (Moeckli et al., 2019; Nieuwenhuijs-Moeke et al., 2020). The extent of tubular epithelial injury and the expression of both FL-MMP-2 and NTT-MMP-2 were analyzed in renal biopsies of controls and patients diagnosed with delayed graft function, and these expressions were correlated with the amount of tubular damage in patients (Wanga et al., 2015). While FL-MMP-2 expression was diffusely found in control kidney biopsies, NTT-MMP-2 was found located in a pattern characteristic of mitochondria only in biopsies of patients with delayed graft function (Wanga et al., 2015).

The mitochondrial NTT-MMP-2 isoform was also evaluated in acute kidney injury, a frequent complication in severely ill patients that may progress to chronic kidney disease. Mitochondria dysfunction increases oxidative stress and cause tubular inflammation, one of the major fibrotic processes in renal diseases (Maekawa and Inagi, 2019; Husain-Syed et al., 2020). Wild-type mice and transgenic NTT-MMP-2 mice were submitted to 40 min of unilateral renal IRI, and the contralateral non-clamped kidney was evaluated for systemic inflammatory responses (Ceron et al., 2017). At 96 h following IRI, the contralateral kidney of wild-type mice presented normal morphology, while the kidney subjected to IRI presented a mild degree of tubular dilatation, inflammation, and cast formation. However, the contralateral kidney of NTT-MMP-2 transgenic mice showed mild to moderate degrees of injury, and the kidneys subjected to IRI showed more extensive injury, with massive cast formation, tubular dilatation, and cellular inflammation than the wild-type kidneys subjected to IRI (Ceron et al., 2017).

Three weeks after IRI, the differences between wild-type and NTT-MMP-2 transgenic mice were more prominent. While IRI and contralateral of wild-type mice showed moderate injury, the kidney of NTT-MMP-2 mice subjected to IRI showed extensive mononuclear cell infiltration, fibrosis, and tubular epithelial cell dropout (Ceron et al., 2017). Moreover, the contralateral kidneys showed cellular inflammation, fibrosis, tubular dilatation, and tubular epithelial cell dropout, indicating a sustained systemic inflammatory response. These findings suggest that the NTT-MMP-2 sensitizes the kidneys to more severe IRI (Ceron et al., 2017).

The NTT-MMP-2 was also showed to induce sustained systemic inflammatory response after IRI, which was not observed in the wild-type kidneys. The kidney of the NTT-MMP-2 transgenic mice present enhanced expression of OAS-1, IRF-7, and CXCL-10 at 96 h following IRI when compared with IRI kidneys of the wild-type mice and the contralateral kidneys, suggesting the induction of a systemic inflammatory response by NTT-MMP-2. This enhanced expression of innate immunity genes and a sustained release of danger-associated molecular patterns were persistent 3 weeks following the IRI in the kidney subjected to the injury and the contralateral kidney of NTT-MMP-2 transgenic mice (Ceron et al., 2017).

The NTT-MMP-2 also participates in chronic kidney disease. The HypoE/SR-B1 Mx1-Cre mice is a mice model of accelerated atherogenesis, which develops a diffuse atherosclerosis, chronic kidney disease and ischemic cardiomyopathy were given a high-fat diet (Wang et al., 2014; Luk et al., 2016). After 22 days of high-fat diet, an increased expression of both FL-MMP-2 and NTT-MMP-2 was associated with tubular epithelial cell necrosis, kidney inflammation, and elevated plasma blood urea nitrogen levels when compared with normal diet-fed mice (Ceron et al., 2017).

Normal aging also leads to a decline in the kidney function. While the mechanisms are not fully known, oxidative stress and inflammation may participate in the aging changes in organ functions (Panickar and Jewell, 2018). NTT-MMP-2 was increased in the renal proximal tubules in aged mouse (14 months old wild-type mice), but it was absent at 4 months old wild-type mice. No differences were observed in FL-MMP-2 expression as a function of increasing age. The NTT-MMP-2 was suggested to be a link between the inflammatory state and the declined renal function that occurs on the aging process (Ceron et al., 2017).

Diabetic nephropathy is a complication of diabetes mellitus and a frequent cause of chronic kidney disease. The participation of both MMP-2 isoforms was also examined in diabetic nephropathy (Kim et al., 2017). The increased expression of the FL-MMP-2 and NTT-MMP-2 was observed in HK2 cells cultured in high glucose or 4-hydroxy-2-hexenal (an oxidative stress inductor). However, the pretreatment of HK2 cells with the antioxidant/NF-κB inhibitor pyrrolidine dithiocarbamate inhibited only the NTT-MMP-2 expression. In the murine model of type 1 diabetes mellitus induced by streptozotocin, NTT-MMP-2 was intensely expressed in the diabetic kidneys, while FL-MMP-2 was present in control and diabetic kidneys. Finally, an increase in both MMP-2 isoforms was found in renal biopsies of patients with diabetic nephropathy (Kim et al., 2017).

To explore the possible mechanisms of aging in renal function, the FL-MMP-2 and NTT-MMP-2 were examined in two mouse models of chronic kidney disease, the streptozotocin-induced model of type 1 diabetes mellitus, and the 5/6 nephrectomy model of chronic kidney disease in mice aged 8 weeks (young mice) or 14 months (old mice). The expression of both isoforms was increased independently of mice age in both mouse models. However, only the NTT-MMP-2 expression was increased in mice aged 14 months, which was associated with the tubulointerstitial fibrosis development in chronic kidney disease (Rhee et al., 2018).

The temporal and spatial locations of both MMP-2 isoforms were examined in a mouse model of type 1 diabetes mellitus induced by streptozotocin and in the db/db mouse model of type 2 diabetes mellitus. Both the FL-MMP-2 and NTT-MMP-2 were increased earlier in the kidney of streptozotocin mice than in db/db mice. However, while FL-MMP-2 was located in the cortices and outer medullae, NTT-MMP-2 was located only in the cortices. Moreover, the levels of nitrotyrosine, a marker of nitrosative stress, were increased similarly to the NTT-MMP-2 isoform (Kim et al., 2018).



NTT-MMP-2 AND HEART INJURY

Diabetic cardiomyopathy is a condition associated with enhanced reactive oxygen species production and mitochondrial dysfunction (Cieluch et al., 2020). The expression of FL-MMP-2 and NTT-MMP-2 was increased both in H9C2 cells exposed to high glucose media and in the heart of streptozotocin-induced diabetes mouse model. The FL-MMP-2 was located in the cardiomyocyte sarcomeres, and the NTT-MMP-2 mainly in the subsarcolemmal space, where mitochondria are abundant. The degree of mitochondrial damage was positively correlated to NTT-MMP-2 expression, and the decreased left ventricular systolic function observed in diabetic mice was associated with the increased expression of both MMP-2 isoforms (Lee H. W. et al., 2019).

Increased cardiac MMP-2 activity was found in hearts of mice treated with doxorubicin, in part, by upregulating NTT-MMP-2. Cardiotoxicity was attenuated by MMP inhibitors (Chan et al., 2021). Regarding MMPs inhibitors, they are shown to be protective in different models of renal and cardiac diseases, including type 1 diabetes (Yaras et al., 2008), in vivo renal injury (Labossiere et al., 2015; Lee T. F. et al., 2019), and other models of cardiac injury and cardiovascular dysfunction (Kandasamy et al., 2010; Rizzi et al., 2010; Guimaraes et al., 2011; Castro et al., 2012). In this context, FL-MMP-2 and NTT-MMP-2 are relevant targets of pharmacological intervention.



CONCLUSION AND PERSPECTIVES

We provide insights into the epigenetic regulation of the latent promoter located in the first intron of MMP-2, which support the activation of the NTT-MMP-2 isoform. Moreover, we reviewed recent evidence for the presence of NTT-MMP-2 in renal dysfunction and in kidney and cardiac diseases. Noteworthy, both the FL-MMP-2 and NTT-MMP-2 isoforms can be activated in tissue injury/oxidative stress models. However, FL-MMP-2 is directly activated by oxidative stress whereas there is transcriptional activation and expression of NTT-MMP-2. Further studies should consider that these isoforms would act in different time frames, subcellular locales, and protein targets in the development of tissue injuries and diseases. Taken together, these findings may help to understand how hypoxia and oxidative stress trigger NTT-MMP-2 expression, which are relevant pathophysiological mechanisms to several diseases. Our insights may guide further experimental and clinical studies that are needed to elucidate the underlying mechanisms and the role of NTT-MMP-2 in renal dysfunction. We expect that these future efforts may help to establish the NTT-MMP-2 as a potential therapeutic target in kidney diseases.
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Acute kidney injury (AKI) is a severe kidney disease defined by partial or abrupt loss of renal function. Emerging evidence indicates that non-coding RNAs (ncRNAs), particularly long non-coding RNAs (lncRNAs), function as essential regulators in AKI development. Here we aimed to explore the underlying molecular mechanism of the lncRNA H19/miR-130a axis for the regulation of inflammation, proliferation, and apoptosis in kidney epithelial cells. Human renal proximal tubular cells (HK-2) were induced by hypoxia/reoxygenation to replicate the AKI model in vitro. After treatment, the effects of LncRNA H19 and miR-130a on proliferation and apoptosis of HK-2 cells were investigated by CCK-8 and flow cytometry. Meanwhile, the expressions of LncRNA H19, miR-130a, and inflammatory cytokines were detected by qRT-PCR, western blot, and ELISA assays. The results showed that downregulation of LncRNA H19 could promote cell proliferation, inhibit cell apoptosis, and suppress multiple inflammatory cytokine expressions in HK-2 cells by modulating the miR-130a/BCL2L11 pathway. Taken together, our findings indicated that LncRNA H19 and miR-130a might represent novel therapeutic targets and early diagnostic biomarkers for the treatment of AKI.
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INTRODUCTION

Acute kidney injury (AKI), characterized by persistent oliguria and elevated serum creatinine, is a frequent complication accompanied by high mortality, long-term hospitalization, and decreased kidney filtration function ability (Zafrani et al., 2016). Sepsis is a common cause of AKI, and previous studies found that severe sepsis could result in 60% AKI incidence clinically (Gómez and Kellum, 2016). The pathogenesis of sepsis-induced AKI includes inflammation, oxidative stress, and tubular epithelial response (Zhao et al., 2016). Hypoxia, a common cause of AKI, may contribute to tubular epithelial cell necrosis and immune responses (Potteti et al., 2016). Therefore, elucidating the underlying mechanisms of AKI and exploring novel therapeutic targets or early diagnostic biomarkers are important for the treatment of AKI.

Long non-coding RNAs (LncRNAs) are a class of non-protein-coding RNAs > 200 bp in length (Ye et al., 2020). LncRNAs are previously reported to be regulators involved in multiple cellular and disease progresses, including cell differentiation, cell proliferation, and apoptosis (Jiang et al., 2015; Wang et al., 2017; Villa et al., 2019). The abnormal expressions of certain lncRNAs are found to be indicators of immune system diseases (Atianand and Fitzgerald, 2014; Stachurska et al., 2014). Moreover, LncRNAs are also reported to play a crucial regulatory role in AKI (Yu et al., 2016; Ignarski et al., 2019). LncRNA H19, first described in 1991, was found to be predominantly located in extra embryonic tissues and the embryo proper (Poirier et al., 1991; Zhou et al., 2019). Previous studies also indicated that lncRNA H19 regulated tumor carcinogenesis, angiogenesis, and metastasis. For example, Cao proved the functions of LncRNA H19 in inflammation and endothelial cell injury (Cao et al., 2019). Interestingly, dysregulation of LncRNA H19 was also found in the embryonic renals of mice with maternal hyperglycemia which may lead to kidney diseases (Lorenzen and Thum, 2016). Moreover, Xie showed that lncRNA-H19 expression was significantly upregulated in TGF-β2-induced HK-2 cell fibrosis and unilateral ureteral obstruction (UUO)-induced renal fibrosis in vivo, indicating that H19 upregulation contributes to renal fibrosis (Xie et al., 2016).

MicroRNAs (miRNAs) are approximately 22-nt endogenous RNAs which play important regulatory roles in animals and plants by targeting mRNAs for cleavage or translational repression (Bartel, 2004). Emerging evidence shows that in addition to LncRNAs, miRNAs also exert crucial functions by regulating a lot of signaling pathways in various cell processes. miR-130a, a member of the miR-130 family, has been reported to regulate cell proliferation, apoptosis, and inflammation and is related to renal diseases (Muralidharan et al., 2017; Li et al., 2020). However, few studies have focused on LncRNA H19 and miR-130a expressions and their functions in modulating AKI development.

Therefore, in the present study, we systematically investigated the expressions and functions of LncRNA H19 and miR-130a in vitro via the hypoxia-induced human renal proximal tubular cell (HK-2) model. The results showed that downregulation of LncRNA H19 could promote cell proliferation, inhibit cell apoptosis, and suppress multiple inflammatory cytokine expressions in HK-2 cells by modulating the miR-130a/BCL2L11 pathway. Our findings indicated that LncRNA H19 and miR-130a might represent novel therapeutic targets and early diagnostic biomarkers for the treatment of AKI.



MATERIALS AND METHODS


Cell Culture and Hypoxia/Reoxygenation Treatment

The cells used in this study including human kidney epithelial cell line HK-2 and human kidney cell line HEK-293 were purchased from ATCC (American Type Culture Collection, United States). Cells were cultured in RPMI 1640 Medium supplemented with 10% heat-inactivated fetal bovine serum (FBS) and 1% penicillin–streptomycin (Sigma-Aldrich Inc., St. Louis, MO, United States). The incubation conditions were at 37°C, 5% CO2, and humidified atmosphere. For hypoxia/reoxygenation (H/R) treatment, HK-2 cells were cultured in a low glucose concentration medium for 48 h, removed, washed with PBS two times and inhaled pure oxygen (100% oxygen) for 15 min, and placed in an airtight container with 95% N2 and 5% CO2 for 3 h, then reoxygenated (95% air and 5% CO2) with the addition of fresh low glucose DMEM with 10% FBS at 37°C, for a total 3 h of reoxygenation. The H/R model was used for the functional experiments.



Plasmid Construction and Cell Transfection

For downregulation of H19, the small interfering RNA (siRNA) against H19 (si-H19) and its negative control (si-nc) were designed and cloned into the pAdTrack-CMV vector by GenePharma (Shanghai, China). The resulting plasmids were transfected into K-293T cells for viral packaging. At 72 h post transfection, virus-containing supernatants were collected and then used for infection of HK-2 cells via Polybrene. To yield the BCL2L11 overexpression plasmid pcDNA3.1-BCL2L11, the cDNA sequence of human BCL2L11 (Gene ID: 10018) was amplified by PCR, followed by digestion and subsequent insertion into the pcDNA3.1 vector (Invitrogen, Carlsbad, CA, United States). The miR-130a mimics, miR-130a inhibitor, and their negative controls (nc) were designed and synthesized by GenePharma (Shanghai, China). The cell transfection experiments were performed using Lipofectamine 2000 reagent according to the manufacturer’s instructions (Invitrogen, Carlsbad, CA, United States).



Quantitative Real-Time PCR (qRT-PCR)

RNA extraction was isolated from cells using TRIzol reagent (Thermo Fisher Scientific, Inc., Waltham, MA, United States) followed by treatment with RNase-free DNase I. Approximately 1 μg amount of total RNA was transcribed into cDNA using a High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Carlsbad, CA, United States) according to the manufacturer’s instructions. The glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and U6 small nuclear RNA (U6 snRNA) were used as two internal references for normalization of mRNA and miRNA, respectively. The primers used in this study are listed in Supplementary Table 1. PCR was performed in a 20-μl reaction volume containing 10 μl of 2 × AceQ Universal SYBR qPCR Master Mix (Vazyme, Shanghai, China), 2 μl of cDNA, 1 μl of each primer (10 μM), and 6 μl of ddH2O. The PCR reactions were detected by an ABI 7500 System (Applied Biosystems, Carlsbad, CA, United States) using the following program: 95°C for 3 min, followed by 40 cycles of 95°C for 10 s, 60°C for 30 s, and 72°C for 10 s. All experiments were performed in biological triplicates (n = 6), and data were representative of three independent experiments. Data were calculated with the (2–ΔΔCt) method and compared with the corresponding internal reference. The statistically significant differences were determined by Student’s t-test for unpaired comparisons between different groups using GraphPad Prism software (version 7.0). The P < 0.05 was considered as statistically significant.



Western Blot

Ice-cold Triton X-100 lysis buffer supplemented with a protease inhibitor cocktail (Sigma-Aldrich, Shanghai, China) was used to lyse cells and extract total protein. The protein concentration was determined by the BCA assay according to the supplier’s instructions (Pierce, Appleton, WI, United States). The protein samples were loaded and separated by 10% SDS-polyacrylamide gel electrophoresis (SDS-PAGE; Solarbio Life Sciences, Beijing, China), then transferred to PVDF membranes (PVDF; Solarbio Life Sciences, Beijing, China). The non-specific sites were blocked with 5% skimmed milk diluted in Tris-buffered saline with 0.05% Tween (TBST) for 1 h at RT. Then, membranes were incubated with diluted first antibody (1:1000; Abcam Inc., Cambridge, MA, United States) at 4°C overnight. The primary antibodies used were listed as the following: anti-BCL2L11 (1:1000, MA5-14848, Sigma, United States); anti-Bax (1:1000, ab182733, Abcam, United Kingdom); anti-Cyto-c (1:1000, ab133504, Abcam, United Kingdom); anti-Bcl-2 (1:1000, MA5-11757, Sigma, United States); anti-Caspase 3 (1:1000, 31A1067, Santa Cruz Biotechnology, United States); and anti-GAPDH (1:1000, ab181602, Abcam, United Kingdom). The next day, after washing three times with TBST, membranes were incubated with a second antibody (horseradish peroxidase-conjugated anti-rabbit IgG; 1:5,000; Abcam Inc., Cambridge, MA, United States), followed by reaction with chemiluminescent substrate. Finally, the immunoblots were visualized using an ImageQuant LAS 4000 mini (GE Healthcare, Piscataway, NJ, United States). All experiments were performed in biological triplicates (n = 6), and data were representative of three independent experiments.



ELISA Assay

The expression levels of inflammatory factors IL-1β, IL-6, IL-10, and tumor necrosis factor-alpha (TNF-α) were quantitatively detected by ELISA assay. Briefly, culture supernatants were collected at different times post-transfection and later determined by standard ELISA kits (Thermo Fisher Scientific, Inc., Waltham, MA, United States) according to the manufacturer’s instructions. The optical density (OD) values at 450 nm were read using a microplate reader (Bio-Tek Instruments, Winooski, VT, United States). The concentrations were obtained according to the linear standard curve established by standard solutions. All experiments were performed in biological triplicates (n = 6), and data were representative of three independent experiments.



CCK-8 Assay

Briefly, after transfection and H/R administration treatment, HK-2 cells were seeded at 1 × 103 cells/well in 96-well plates. Cell viabilities were determined using the Cell Counting Kit-8 (CCK-8; Beyotime, Shanghai, China), at different time points. At each time point, 100 μl CCK-8 (Beyotime Biotechnology, Shanghai, China) was added to each well of a 96-well plate, which was then placed in a 37°C, 5% CO2 incubator for a further 2 h. The absorbance value at 450-nm wavelength was read on a microplate reader (Bio-Tek Instruments, Winooski, VT, United States). All experiments were performed in biological triplicates (n = 6), and data were representative of three independent experiments.



Cell Apoptosis Analysis

Cell apoptosis was determined using the Annexin V-FITC apoptosis detection kit (Beyotime Biotechnology, Shanghai, China). Data analysis was conducted using BD FACSDiva Software version 6.1.3 (BD Biosciences, San Jose, CA, United States). Briefly, after transfection and H/R treatment, HK-2 cells were seeded at 1 × 105 cells into 6-well plates and incubated at 37°C under 5% CO2 in a humidified atmosphere for 48 h. Cells were then washed twice with ice-cold PBS and incubated with Annexin V-FITC/PI staining solution according to the manufacturer’s protocol. All experiments were performed in biological triplicates (n = 6), and data were representative of three independent experiments.



Dual-Luciferase Reporter Assay

The dual-luciferase reporter plasmids including H19-mutant and BCL2L11-mutant were constructed by Genscript (Nanjing, China). The lncRNA H19 and 3′-UTR of BCL2L11 cDNA fragments containing the potential binding sequences of miR-130a sites were amplified from PCR and inverted into the pGL3 vector (Promega, Madison, WI, United States). For dual luciferase assay, HEK-293T cells were cultured in 24-well plates transiently co-transfected with luciferase vectors, miR-130a mimics, or miR-nc. Lipofectamine 2000 reagent (Invitrogen, Carlsbad, CA, United States) was used for plasmid and siRNA transfection. Luciferase activity assays were performed using the Dual-Luciferase Reporter Assay System (Promega, Madison, WI, United States) in line with the manufacturer’s protocol. All experiments were performed in biological triplicates (n = 6), and data were representative of three independent experiments.



Biotin-Labeled miR-130a Pull-Down Assay

The RNA pull-down assay was performed as described (Teng et al., 2016). Briefly, biotin-labeled miR-130a (biotin-miR-130a) and biotin-labeled negative control (biotin-nc) were purchased from GenePharma (Shanghai, China) and transfected into HEK-293 cells, respectively. 48 h after transfection, cells were harvested and lysed. Samples (50 μl) were aliquoted for input and then thoroughly mixed with Dynabeads M-280 Streptavidin (Invitrogen, Carlsbad, CA, United States) by incubating overnight rotating at 4°C following the manufacturer’s protocol. Beads were washed and treated in RNase-free solutions, then incubated with equal volumes of biotinylated miR-130a for 15 min at room temperature using gentle rotation. Lastly, the bead-bound target mRNAs were extracted and purified for next qRT-PCR analysis. Simultaneously, total fragmented chromatin (Input) was extracted and purified as a control. All experiments were performed in biological triplicates (n = 6), and data were representative of three independent experiments.



Mitochondrial Membrane Potential Analysis

The mitochondrial membrane potential analysis was carried out as described (Chen et al., 2020). Briefly, after treatment, the transfected cells were incubated with 10 mM 5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethylbenzimidazolylcarbocyanine iodide (JC-1) (Beyotime, Shanghai, China) for 30 min at 37°C. Then, the fluorescence-labeled cells were washed with PBS and fluorescence was measured at 530 nm excitation and 590 nm emission. Mitochondrial membrane potential was represented by the ratio of fluorescence (530/590 nm). All experiments were performed in biological triplicates (n = 6), and data were representative of three independent experiments.



Statistical Analysis

Statistical analyses for biological data were carried out using the SPSS statistical software (SPSS, Chicago, IL, United States) and GraphPad Prism software 7.0 (GraphPad Software, San Diego, CA, United States). All results were expressed as mean ± standard deviation (SD). Statistical comparisons between two groups were evaluated with Student s t-test (unpaired t-test, two-tailed). Significance between multiple groups was determined by one-way analysis of variance followed by either Dunnett’s or Tukey’s multiple-comparison test. Statistical significance was defined as a P-value less than 0.05.



RESULTS


LncRNA H19 Regulates Cell Proliferation, Apoptosis, and Inflammatory Cytokine Expressions in HK-2 Cells Under H/R Conditions

As shown in Figure 1A, H/R treatment could significantly suppress HK-2 cell proliferation in vitro, and cell viability was inhibited to a minimum level 8 h post reoxygenation treatment (∗P < 0.05). Meanwhile, the HK-2 cell apoptosis rate was significantly promoted, reaching the highest level at 8 h (∗P < 0.05; Figure 1B). At the same time windows, the LncRNA H19 expressions were detected by qRT-PCR. The results showed that the relative expressions of LncRNA H19 in HK-2 cells gradually increased after H/R treatment, reaching the highest level 8 h post reoxygenation treatment (∗P < 0.05; Figure 1C). The expressions of inflammatory cytokines (IL-1β, IL-6, IL-10, and TNF-α) regulated by LncRNA H19 in HK-2 cell under H/R conditions were also monitored by qRT-PCR and ELISA assays, respectively. The results showed that the mRNA/protein expression levels of IL-1β, IL-6, and TNF-α were significantly increased, while the expressions of IL-10 were significantly reduced in HK-2 cells under H/R conditions, compared with those from the untreated control groups (∗P < 0.05; Figures 1D,E).
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FIGURE 1. LncRNA H19 regulates cell proliferation, apoptosis, and inflammatory cytokine expressions in HK-2 cells under H/R conditions. (A) HK-2 cell viability analysis after H/R treatment. (B) HK-2 cell apoptosis assay after H/R treatment. (C) Relative expressions of LncRNA H19 after H/R treatment. (D,E) mRNA/protein expression levels of inflammatory cytokines in HK-2 cells after H/R treatment. H/R, hypoxia/reoxygenation treatment; Control, untreated cells; IL-1β, interleukin-1β; IL-6, interleukin-6; IL-10, interleukin-10; TNF-α, tumor necrosis factor α. All experiments were performed in biological triplicates (n = 6), and data were representative of three independent experiments. The results were expressed as mean ± standard deviation (SD). Statistical comparisons between two groups were evaluated with Student’s t-test. *P < 0.05, compared with the control groups.




Downregulation of LncRNA H19 Promotes Cell Proliferation, Inhibits Apoptosis, and Modulates Inflammatory Cytokines Expressions in HK-2 Cells Under H/R Treatment

In a pilot experiment, transient transfection efficiency was assessed by transfections with Ad-nc and Ad-siH19 vectors and subsequent measurement of LncRNA H19 gene expressions by qRT-PCR. As demonstrated in Figure 2A, the relative gene expression levels of LncRNA H19 in the Ad-siH19 group were significantly lower than those detected from Ad-nc and control groups (∗P < 0.05). After H/R administration, the CCK-8 assay results indicated a significant decline in proliferating HK-2 cells in H/R-treated groups, although it was partially reversed by transfection of the Ad-siH19 vector (∗P < 0.05; #P < 0.05; Figure 2B). Meanwhile, HK-2 cell apoptosis was significantly induced after H/R treatment, although the variations could be partially reversed by Ad-siH19 transfection (∗P < 0.05; #P < 0.05; Figure 2C). At the same time windows, the inflammatory cytokine expressions were also monitored. As demonstrated in Figures 2D,E, the mRNA/protein expression levels of IL-1β, IL-6, and TNF-α were significantly increased, while IL-10 expressions were decreased in the H/R or H/R+Ad-nc groups, compared with those from untreated groups (∗P < 0.05). However, transfection with Ad-siH19 could reverse H/R-induced variations in inflammatory cytokine expressions (∗P < 0.05; #P < 0.05). These observations indicated that LncRNA H19 plays an anti-proliferative and apoptotic role in HK-2 cells under H/R conditions.
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FIGURE 2. Downregulation of LncRNA H19 promotes cell proliferation, inhibits apoptosis, and modulates inflammatory cytokine expressions in HK-2 cells under H/R treatment. (A) Relative expressions of LncRNA H19 after recombinant adenovirus vector transfection. (B) HK-2 cell viability analysis after H/R treatment. (C) HK-2 cell apoptosis assay after H/R treatment. (D,E) mRNA/protein expression levels of inflammatory cytokines in HK-2 cells after H/R treatment. H/R, hypoxia/reoxygenation treatment; Control, untreated cells; Ad-nc, Ad-siRNA-NC; Ad-siH19, Ad-siRNA-H19; IL-1β, interleukin-1β; IL-6, interleukin-6; IL-10, interleukin-10; TNF-α, tumor necrosis factor α. All experiments were performed in biological triplicates (n = 6), and data were representative of three independent experiments. The results were expressed as mean ± standard deviation (SD). Statistical comparisons between two groups were evaluated with Student’s t-test. *P < 0.05, compared with the control groups; #P < 0.05, compared with the H/R groups.




Negative Regulation Between lncRNA H19 and miR-130a Expression in HEK-293 Cells

A biological prediction website Starbase was used to predict the target binding site of lncRNA H19 (Li et al., 2014). The bioinformatics analysis results revealed promising binding sites of miR-130a within LncRNA H19 sequences, indicating a potential link between lncRNA H19 and miR-130a (Figure 3A). Afterward, the dual-luciferase reporter assay confirmed that the co-transfection of HEK-293 cells with wild-type LncRNA H19 and the miR-130a mimics resulted in significantly decreased luciferase activity as compared with the miR-nc group (∗P < 0.05; Figure 3B). Meanwhile, the relative expression of LncRNA H19 was significantly lower in the miR-130a mimics group than those in the miR-nc group (∗P < 0.05; Figure 3C). However, LncRNA H19 expression was remarkably increased after transfection with the miR-130a inhibitor (#P < 0.05; Figure 3C). Then, RNA pull-down assay was performed to detect the interplay between lncRNA H19 and miR-130a. Interestingly, almost little of lncRNA H19 in the miR-130a-WT pulled-down pellet was observed when compared with negative control (biotin-nc), but more enrichment of LncRNA H19 was detected in the miR-130a pulled-down pellet (∗P < 0.05; Figure 3D). The Pearson correlation analysis results also reflected that the expression of miR-130a was negatively correlated with LncRNA H19 (r2 = 0.2786, P = 0.0389; Figure 3E). In addition, the relative expression of miR-130a was observed to be gradually decreased in HK-2 cells after H/R treatment, reaching the highest level 8 h post reoxygenation (∗P < 0.05; Figure 3F). Taken together, these results suggest that lncRNA H19 may modulate the expression of miR-130a, indicating miR-130a as a direct target of LncRNA H19.
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FIGURE 3. Reciprocal inhibition between LncRNA H19 and miR-130a in HEK-293 cells. (A) Putative binding sites of miR-30a within LncRNA H19 mRNA, and the sequences of wild-type and mutant-type vectors. (B) The relative luciferase activities of luciferase reporters containing WT or mutant LncRNA H19 were assayed 48 h after co-transfection with miR-30a mimics or miR-nc. (C) The relative expressions of LncRNA H19 after transfection with miR-130a mimics or inhibitor. (D) The expression level of LncRNA H19 mRNA was measured by RT-qPCR in the sample pulled down by biotinylated miR-130a. (E) The correlation analysis between LncRNA H19 and miR-130a. (F) The relative expressions of miR-130a after H/R treatment. All experiments were performed in biological triplicates (n = 6), and data were representative of three independent experiments. The results were expressed as mean ± standard deviation (SD). Statistical comparisons between two groups were evaluated with Student’s t-test. *P < 0.05, compared with the control groups; #P < 0.05, compared with the other control groups.




Upregulation of miR-130a Partially Counteracted LncRNA H19-Induced Cell Proliferation, Apoptosis, and Inflammatory Cytokines Expression in HK-2 Cells After H/R Treatment

As demonstrated in Figure 4A, transfection with Ad-siH19 remarkably increased the expression level of miR-130a after H/R administration, whereas this change could be offset by co-transfection of the miR-130a inhibitor (∗P < 0.05; #P < 0.05). After H/R administration, the CCK-8 assay results showed significant inhibition in HK-2 cell proliferation (∗P < 0.05; Figures 2B, 4B). However, after transfection with Ad-siH19, a much less significant decrease in cell viability was observed, which was partially rescued by co-transfection with the miR-130a inhibitor (∗P < 0.05; #P < 0.05; &P < 0.05; Figure 4B). As shown in Figures 2C, 4C,D, H/R administration could induce significant cell apoptosis in HK-2 cells. However, a significant decrease of cell apoptosis in HK-2 cells was observed when transfected with Ad-siH19, which was partially reversed by co-transfection with the miR-130a inhibitor (∗P < 0.05; #P < 0.05; &P < 0.05). In addition, as demonstrated in Figures 4E,F, a significant enhanced mRNA/protein expression levels of IL-1β, IL-6, and TNF-α and meanwhile a decrease expression levels of IL-10 were observed in the H/R group, compared to those detected from untreated groups (∗P < 0.05). Moreover, co-transfection with Ad-siH19 and miR-nc inhibited the expression levels of IL-1β, IL-6, and TNF-α while it increased the expression levels of IL-10. The variations in inflammatory factors induced by Ad-siH19 could be counteracted through transfection with Ad-siH19 and miR-130a inhibitor (∗P < 0.05; #P < 0.05).
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FIGURE 4. Upregulation of miR-130a partially counteracts LncRNA H19-induced cell proliferation, apoptosis, and inflammatory cytokine expression in HK-2 cells after H/R treatment. (A) The relative expressions of miR-130a after transfection with Ad-siH19 and miR-130a mimics. (B) HK-2 cell viability analysis after H/R treatment. (C,D) HK-2 cell apoptosis analysis after H/R treatment. (E,F) mRNA/protein expression levels of inflammatory cytokines in HK-2 cells after H/R treatment. H/R, hypoxia/reoxygenation treatment; Control, untreated cells; IL-1β, interleukin-1β; IL-6, interleukin-6; IL-10, interleukin-10; TNF-α, tumor necrosis factor α. All experiments were performed in biological triplicates (n = 6), and data were representative of three independent experiments. The results were expressed as mean ± standard deviation (SD). Statistical comparisons between two groups were evaluated with Student’s t-test. *P < 0.05, compared with the control groups; #P < 0.05, compared with the H/R groups; &P < 0.05, compared with the H/R+si-H19 groups.




miR-130a Targets BCL2L11 Gene in HEK-293 Cells

The bioinformatics website TargetScan was used to predict the potential targets for miR-130a (Agarwal et al., 2015). As indicated in Figure 5A, the binding sites of BCL2L11 were found within miR-130a miRNA. The dual-luciferase reporter analysis results also demonstrated that co-transfection of HEK-293 cells with wild-type BCL2L11 3’-UTR and miR-130a mimics resulted in significantly inhibited luciferase activity, as compared to the miR-nc group (∗P < 0.05; Figure 5B). Meanwhile, both mRNA/protein expression levels of BCL2L11 were significantly reduced in the miR-130a mimic group compared with the miR-nc group (∗P < 0.05; Figures 5D,E). However, the inhibitory effect was remarkably reversed by transfection with the miR-130a inhibitor (#P < 0.05; Figures 5D,E). The RNA pull-down assay further verified that BCL2L11 could be pulled down and enriched by the biotinylated miR-130a, which confirmed the interaction between miR-130a and BCL2L11 (∗P < 0.05; Figure 5C). The correlation results in Figure 5F showed an inverse relationship between BCL2L11 expression and miR-130a (r2 = 0.3335; P = 0.0242). Altogether, these results identified BCL2L11 as a direct target of miR-130a.
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FIGURE 5. miR-130a targets the BCL2L11 gene in HEK-293 cells. (A) Putative binding sites of BCL2L11 within miR-130a mRNA, and the sequences of wild-type and mutant-type vectors. (B) The relative luciferase activities of luciferase reporters containing WT or mutant BCL2L11 were assayed 48 h after co-transfection with miR-30a mimics or miR-nc. (C) The expression level of BCL2L11 mRNA was measured by RT-qPCR in the sample pulled down by biotinylated miR-130a. (D,E) The relative mRNA/protein expressions of BCL2L11 after transfection with miR-130a mimics or inhibitor. (F) The correlation analysis between miR-130a and BCL2L11. All experiments were performed in biological triplicates (n = 6), and data were representative of three independent experiments. The results were expressed as mean ± standard deviation (SD). Statistical comparisons between two groups were evaluated with Student’s t-test. *P < 0.05, compared with the control groups; #P < 0.05, compared with the other control groups.




Upregulation of BCL2L11 Partially Reverse the Inhibition Effect on Cell Apoptosis Induced by Downregulation of LncRNA H19 After H/R Treatment

The protein expression changes of BCL2L11, Bax, Cyto-c, Bcl-2, and Caspase-3 were detected by western blot analysis. As indicated in Figure 6A, the protein expressions of BCL2L11, Bax, Cyto-c, and Caspase-3 significantly increased while Bcl-2 decreased after H/R treatment, compared with those detected from the untreated group. After transfection of Ad-siH19, BCL2L11, Bax, Cyto-c, and Caspase-3 were reduced while Bcl-2 was increased. However, the variations induced by Ad-siH19 could be counteracted through co-transfection with the BCL2L11 vector (∗P < 0.05; #P < 0.05; &P < 0.05). Subsequently, the mitochondrial membrane potential analysis was carried out. The mitochondria-mediated apoptosis was restrained by co-transfection with Ad-siH19 and BCL2L11, as evidenced by enhanced mitochondrial membrane potential (∗P < 0.05; #P < 0.05; &P < 0.05; Figure 6B).
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FIGURE 6. Upregulation of BCL2L11 partially reverses the inhibition effect on cell apoptosis induced by downregulation of LncRNA H19 after H/R treatment. (A) The protein expression analysis of BCL2L11, Bax, Cyto-c, Bcl-2, and Caspase-3 by western blot assay. HK-2 cells were co-transfected with Ad-siH19 and pcDNA3.1-BCL2L11 after H/R treatment. (B) Mitochondrial membrane potential analyzed by JC-1 fluorescent probe in HK-2 cells after H/R treatment. H/R, hypoxia/reoxygenation treatment; Control, untreated cells; Ad-siH19 (siH19), Ad-siRNA-H19; vector, pcDNA3.1 vector; BCL2L11, Bcl-2 like protein 11; GAPDH, glyceraldehyde-3-phosphate dehydrogenase. All experiments were performed in biological triplicates (n = 6), and data were representative of three independent experiments. The results were expressed as mean ± standard deviation (SD). Statistical comparisons between two groups were evaluated with Student’s t-test. *P < 0.05, compared with the control groups; #P < 0.05, compared with the H/R groups; &P < 0.05, compared with the H/R+si-H19 groups.




DISCUSSION

Acute kidney injury is a frequent complication accompanied by high mortality, long-term hospitalization, and decreased kidney filtration function ability (Zafrani et al., 2016). The pathogenesis of sepsis-induced AKI includes inflammation, oxidative stress, and tubular epithelial response (Zhao et al., 2016). LncRNAs are previously reported to be regulators involved in multiple cellular and disease progresses, including cell differentiation, cell proliferation, and apoptosis (Jiang et al., 2015; Wang et al., 2017; Villa et al., 2019). However, there were still few studies on lncRNA in AKI. In the present study, we systematically investigated the expressions and functions of LncRNA H19 and miR-130a in vitro via a hypoxia-induced human renal proximal tubular cell (HK-2) model. The results showed that downregulation of LncRNA H19 could promote cell proliferation, inhibit cell apoptosis, and suppress multiple inflammatory cytokine expressions in HK-2 cells by modulating the miR-130a/BCL2L11 pathway.

Recently, accumulating reports suggested that certain LncRNAs and miRNAs were associated with pathogenesis and development of AKI (Brandenburger et al., 2018; Brandenburger and Lorenzen, 2020; Yan et al., 2020). Our results showed that lncRNA H19 was significantly increased while miR-130a was decreased in HK-2 cells under H/R treatment. Moreover, downregulation of LncRNA H19 could promote hypoxia-induced HK-2 cell proliferation but inhibit apoptosis; however, the variation could be reversed by co-transfection with the miR-130a inhibitor. Some studies showed that LncRNA H19 could participate in the regulation of various biological processes such as cell proliferation, apoptosis, and metabolism (Zhang et al., 2018, 2019; Wang et al., 2019; Zhou et al., 2020); others also indicated that lncRNA H19 regulated tumor carcinogenesis, angiogenesis, and metastasis (Lorenzen and Thum, 2016; Xie et al., 2016; Cao et al., 2019). For example, Cao proved the functions of LncRNA H19 in inflammation and endothelial cell injury (Cao et al., 2019). Interestingly, dysregulation of LncRNA H19 was also found in the embryonic renals of mice with maternal hyperglycemia which may lead to kidney diseases (Lorenzen and Thum, 2016). Moreover, Xie showed that lncRNA-H19 expression was significantly upregulated in TGF-β2-induced HK-2 cell fibrosis and UUO-induced renal fibrosis in vivo, indicating that H19 upregulation contributes to renal fibrosis (Xie et al., 2016). However, the underlying molecular mechanism of LncRNA H19 in AKI is still unclear. In the present study, LncRNA H19 was observed to be upregulated in hypoxia-induced HK-2 cellular model and knockdown LncRNA H19 promotes cell proliferation, inhibits apoptosis, and modulates inflammatory cytokine expressions in HK-2 cells under H/R treatment (Figures 1, 2), indicating that LncRNA H19 plays regulatory roles in AKI progression.

Emerging evidence showed that LncRNAs function as miRNA sponges to modulate the depression of miRNA targets (Thomson and Dinger, 2016). Recently, miR-130a, a well-documented miRNA, has been reported to regulate cell proliferation, apoptosis, and inflammation and is related to renal diseases (Muralidharan et al., 2017; Li et al., 2020). However, the relationship between LncRNA H19 and miR-130a in AKI development and progress has not been reported yet. In our present study, based on the results of bioinformatics analysis (Figures 3A, 5A), dual-luciferase reporter assay (Figures 3B, 5B), RNA pull-down assay (Figures 3D, 5C), and Pearson correlation analysis (Figures 3E, 5F), we demonstrated that miR-130a was a direct target of LncRNA H19 and negatively regulates its downstream target protein BCL2L11, which has been well documented as a pro-apoptosis protein (Luo and Rubinsztein, 2013; Dai and Grant, 2015; Zhang et al., 2016).

Inflammation is related to the pathogenesis or development of AKI (Sato and Yanagita, 2018). AKI was also considered to be associated with intra-renal and systematic inflammation (Rabb et al., 2016). Clinical data suggested that AKI often results in an abnormal repair process as a result of hypoxia treatment and leads to aberrant inflammatory cytokine expressions and chronic renal dysfunction (Kurts et al., 2013; Anders and Schaefer, 2014). Interestingly, our results demonstrated that the in vitro expression levels of pro-inflammatory cytokines IL-1β, IL-6, and TNF-α were increased while anti-inflammatory cytokine IL-10 level was decreased in HK-2 cells after H/R treatment (Figures 1D,E, 2D,E). Consistent with previous studies, in vivo expression levels of IL-1β, IL-6, and TNF-α were increased in the AKI mouse model while IL-10 was decreased (Shi et al., 2017; Sakai et al., 2019). Moreover, knockdown of LncRNA H19 increased IL-10 expression while it inhibited IL-1β, IL-6, and TNF-α expressions. The variation of cytokine expressions induced by LncRNA H19 could be partially reversed by co-transfection with the miR-130a inhibitor (Figures 4E,F).

Recent studies have also provided more and more evidenced proofs on the important functions of ncRNAs in renal disease or kidney cancers. For example, Shi demonstrated a high expression of lncRNA H19 in the diabetic kidney and in TGF-β2-induced fibrosis in HMVECs, and inhibition of H19 attenuated kidney fibrosis and restored the normal kidney structure (Shi et al., 2020); Zhu suggested that lncRNAHIF1A-AS2 promotes renal carcinoma cell proliferation and migration via the miR-130a-5p/ERBB2 pathway (Zhu et al., 2020); Ai verified that miR-130a-3p facilitates the TGF-β1/Smad pathway in renal tubular epithelial cells and may participate in renal fibrosis by targeting SnoN, which could be a possible strategy for renal fibrosis treatment (Ai et al., 2020). However, the precise mechanism by which LncRNA H19 and miR-130a regulate the AKI process remains unknown, and in vivo studies and clinical data revealing the role of LncRNA H19 and miR-130a in AKI pathogenesis are still limited and much needed. Therefore, we intend to address these deficiencies in the future research.



CONCLUSION

In conclusion, here we for the first time explored the relationship and interplay of the LncRNA H19/miR-130a/BCL2L11 regulation axis in the human renal proximal tubular cell (HK-2) cellular process under H/R conditions. As indicated in Figure 7, the expressions of LncRNA H19 were gradually increased in HK-2 cells after H/R treatment. By systematically investigating the expressions and functions of LncRNA H19 and miR-130a via the hypoxia-induced HK-2 model, we speculated that LncRNAs H19 might function as miRNA sponges to modulate the depression of miR-130a targets. The results of bioinformatics analysis (Figures 3A, 5A), dual-luciferase reporter assay (Figures 3B, 5B), RNA pull-down assay (Figures 3D, 5C), and Pearson correlation analysis (Figures 3E, 5F) further demonstrated that miR-30a was a direct target of LncRNA H19 and negatively regulates its downstream target, a pro-apoptosis protein BCL2L11. The upregulation of LncRNA H19 could also regulate multiple inflammatory cytokine expressions in HK-2 cells by modulating the miR-130a/BCL2L11 pathway. All these results have demonstrated that LncRNA H19 presented pro-apoptotic and anti-proliferative effects in HK-2 cells via a miR-130a/BCL2L11-dependent mechanism during H/R treatment (Figure 7). Our findings indicated that LncRNA H19 and miR-130a might represent novel therapeutic targets and early diagnostic biomarkers for the treatment of AKI.
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FIGURE 7. Potential mechanism elucidating the relationship and interplay of the LncRNA H19/miR-130a/BCL2L11 regulation axis in the human renal proximal tubular cell (HK-2) cellular process under H/R conditions. The expressions of LncRNA H19 were increased in HK-2 cells after H/R treatment. Further, the LncRNA H19 might function as miRNA sponges to modulate the depression of miR-130a targets, which negatively regulates its downstream target pro-apoptosis protein BCL2L11. Moreover, the upregulation of LncRNA H19 also affects multiple inflammatory cytokine expressions in HK-2 cells by modulating the miR-130a/BCL2L11 pathway.
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DNA Methylation Sustains “Inflamed” Memory of Peripheral Immune Cells Aggravating Kidney Inflammatory Response in Chronic Kidney Disease
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The incidence of chronic kidney disease (CKD) has rapidly increased in the past decades. A progressive loss of kidney function characterizes a part of CKD even with intensive supportive treatment. Irrespective of its etiology, CKD progression is generally accompanied with the development of chronic kidney inflammation that is pathologically featured by the low-grade but chronic activation of recruited immune cells. Cumulative evidence support that aberrant DNA methylation pattern of diverse peripheral immune cells, including T cells and monocytes, is closely associated with CKD development in many chronic disease settings. The change of DNA methylation profile can sustain for a long time and affect the future genes expression in the circulating immune cells even after they migrate from the circulation into the involved kidney. It is of clinical interest to reveal the underlying mechanism of how altered DNA methylation regulates the intensity and the time length of the inflammatory response in the recruited effector cells. We and others recently demonstrated that altered DNA methylation occurs in peripheral immune cells and profoundly contributes to CKD development in systemic chronic diseases, such as diabetes and hypertension. This review will summarize the current findings about the influence of aberrant DNA methylation on circulating immune cells and how it potentially determines the outcome of CKD.
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INTRODUCTION

Over the past decades, the incidence of chronic kidney disease (CKD) has rapidly increased worldwide (GBD Chronic Kidney Disease Collaboration, 2020), likely due to the huge changes in human living habits and the environment. A subset of CKD is characterized by a gradual loss of kidney function over time even with intensive supportive treatment and thereby irreversibly progresses to end-stage renal disease (ESRD). Epidemiological studies have revealed that all stages of CKD are correlated with greater risks of cardiovascular morbidity, premature death rates, declined quality of life, and tremendous economic burden (Cockwell and Fisher, 2020). In 2017, the number of deaths caused by CKD reached 1.2 million, known as the 12th leading causes of global death (DALYs GBD and Collaborators H, 2018). Undoubtedly, CKD is one of the biggest threats to global health as well as one of the top challenges to limited medical resources in most countries. Because multiple factors contribute to the disease progression, current therapeutic strategies to manage CKD mostly rely on the control of the detectable abnormalities, like proteinuria, hyperglycemia, hypertension, and so on. However, a proportion of CKD still progresses to ESRD even when these mentioned disadvantages are fully under control. For example, compelling evidence from multiple large-scale clinical trials remains insufficient to definitively conclude a relative risk reduction by intensive glycemic control for long-term diabetic kidney disease (DKD) exposures, which are generally accompanied by chronic hyperglycemia (Hemmingsen et al., 2011). A more in-depth understanding of the underlying molecular mechanisms implicated in the pathogenesis of CKD remains necessary for the development of novel therapeutic strategies.

Chronic kidney inflammation in the process of CKD is featured by the diffusive interstitial infiltration of various immunocytes, including T lymphocytes, B lymphocytes, neutrophils, and monocytes. In general, the function of leukocytes trafficking to the kidney is to eliminate pathogens, remove necrotic cells and tissue debris from the original insult, and finally facilitate kidney tissue repair. The infiltrated leukocytes produce abundant cytokines and growth factors to establish an inflammatory milieu. Meanwhile, they also secrete anti-inflammatory and pro-regenerative cytokines to promote inflammation resolution as well as tissue repair (Peiseler and Kubes, 2019). Usually, transient activation of kidney recruited immune cells is beneficial for tissue repair and functional recovery because they are helpful in removing the pathogenic factors of kidney injury. However, the accumulation of recruited leukocytes in the renal interstitial compartment promotes chronic inflammation and ultimately leads to renal fibrosis (Gieseck et al., 2018). Emerging evidence has identified altered the trafficking of pathogenic immune cells as crucial drivers of tubulointerstitial inflammation and tissue destruction in the progression of CKD (Schnaper, 2017; Tang and Yiu, 2020). Therefore, the recruited leukocytes might facilitate or undermine the kidney repair process under different conditions. An intriguing issue is which underlying mechanism determines the role of recruited immune cells in the kidney.



CKD IS AN INFLAMMATORY DISEASE

Chronic inflammation is generally characterized by persistent production of pro-inflammatory cytokines from both circulating and resident effector cells (Anderton et al., 2020). Emerging evidence has demonstrated that systemic chronic inflammation (SCI) is a major pathological event implicated in the development of most chronic diseases or pathological conditions (e.g., chronic heart disease, diabetes mellitus, and CKD; Furman et al., 2017, 2019; Bennett et al., 2018). Under SCI, the low-grade but persistent activation of effector immune cells consistently compromise the normal tissue at the cellular level by direct contact or paracrine of pro-inflammatory cytokines (Kotas and Medzhitov, 2015). Of note, a gradual loss of renal function per se can initiate SCI in disease progression, which is commonly mixed with some other inflammatory conditions, including diabetes mellitus, hypertension, and obesity. For example, DKD is the leading cause of CKD, which has also been considered as an inflammatory disease (Tuttle, 2005). In the condition of DKD, hyperglycemia-induced oxidative stress pathologically activates circulating immune cells, which infiltrate into the involved kidney and aggravate tissue inflammation by abundant production of pro-inflammatory cytokines and chemokines (Donate-Correa et al., 2020). The accumulation of macrophages in the kidney has been correlated to a decline of renal function in DKD patients (Klessens et al., 2017). Furthermore, these infiltrated cells account for the huge release of cytokines, growth factors, reactive oxygen species (ROS), and metalloproteinases, which initiate and amplify the irreversible process of renal fibrogenesis (Matoba et al., 2019). Another common cause of CKD is hypertension that is likewise featured by progressive SCI (Harrison et al., 2011; Chen et al., 2019b). In the progression of hypertension-associated kidney involvements, predominant accumulation of different immune cells, including antigen-presenting cells and T cells, can be detected at the early stage of kidney inflammatory response (Loperena et al., 2018; Norlander et al., 2018). In the pathogenesis, hypertension-associated influence initially activates dendritic cells (DCs) in the kidney largely by promoting the exuberant formation of isoketals. The activated DCs produce abundant cytokines, including interleukin (IL)-6, IL-1β, and IL-23, to recruit T cells from secondary lymphoid organs to the kidney (Kirabo et al., 2014). Meanwhile, hypertension per se can promote T cell infiltration into the kidney by increasing glomerular perfusion pressure (Evans et al., 2017). As a vicious cycle, infiltrated T cells enhance the production of angiotensin (ANG) II and further aggravate hypertension-associated kidney involvements (De Miguel et al., 2010). Collectively, regardless of its pathogenesis, SCI plays a detrimental role in the progression of CKD by promoting renal infiltration of circulating immune cell and aggravating chronic kidney inflammation. It is of clinical significance to further understand the regulatory mechanism of immune cells recruitment in the context of CKD progression.



ABERRANT DNA METHYLATION PARTICIPATES IN CKD DEVELOPMENT

DNA methylation is a common type of epigenetic modification that reversibly affects gene expression without changes in the sequence of nucleotides (Berger et al., 2009; Chen and Riggs, 2011). This process of adding a methyl group to the cytosine is catalyzed by DNA methyltransferases (DNMT), including DNMT1, DNMT3A, and DNMT3B. Generally, DNMT3A and DNMT3B are the major de novo DNA methyltransferases, whereas DNMT1 acts as a maintenance enzyme, restoring hemi-methylated DNA to full methylation after replication (Jones and Liang, 2009; Jones, 2012). In the course of cell division, DNA demethylation occurs in the absence of DNMT1 activation. On the other hand, active DNA demethylation can be induced by the mammalian ten-eleven translocation (TET) family, which catalyzes the stepwise oxidation of 5-methylcytosine in DNA to 5-hydroxymethylcytosine (5hmC; Ambrosi et al., 2017). In somatic cells, functional DNA methylation mostly occurs in clusters of CpG dinucleotides (termed CpG islands), and approximately 60–70% of human gene promoters contain a CpG island (Saxonov et al., 2006; Illingworth et al., 2010). DNA methylation is generally believed to induce transcriptional downregulation, either by impairing the interaction between transcription factors and their targets or by recruiting transcriptional repressors with specific affinity for the methylated DNA. At present, known transcriptional repressors can be classified into three families: the methyl-CpG binding domain (MBD) proteins (Hendrich and Bird, 1998; Defossez and Stancheva, 2011), the UHRF proteins (Hashimoto et al., 2008), and the zinc finger proteins (Hudson and Buck-Koehntop, 2018). In brief, DNA methylation, by altering DNA accessibility to gene promoters, induces transcriptional suppression while demethylation is associated with transcriptional activation.

In recent decades, a surge in epigenome-wide association studies (EWAS) has highlighted that DNA methylation can be markedly influenced by environmental exposures, like CKD and SCI (Ligthart et al., 2016; Heintze, 2018). A Renal Insufficiency Cohort (CRIC) identifies enhanced DNA methylation in genes of IQ motif and Sec7 domain 1 (IQSEC1), nephronophthisis 4 (NPHP4), and transcription factor 3 (TCF3) in participants with stable renal function while compared to those with rapid loss of eGFR (Wing et al., 2014). Meanwhile, differential DNA methylation profiles between the two groups can also be detected in the genes associated with oxidative stress and inflammation. Using whole blood DNA, recent EWAS on a large CKD cohort demonstrated that abnormal DNA methylation of 19 CpG sites is significantly associated with CKD development. Importantly, five of these differential methylated sites are also associated with fibrosis in renal biopsies of CKD patients (Chu et al., 2017). The concordant DNA methylation changes can be further identified in the kidney cortex. In animal studies, targeting DNA methylation, either global or gene-specific, can effectively attenuate renal inflammation and fibrosis in progressive CKD (Tampe et al., 2014, 2015; Yin et al., 2017). For example, low-dose hydralazine induces promoter demethylation in the gene of RAS protein activator like 1 (RASAL1), and subsequently attenuates renal fibrosis in the context of AKI to CKD (Tampe et al., 2017). Although hydralazine is an anti-hypertensive medication, the optimum demethylating activity seems to be independent of its blood pressure-lowering effect. Consistently, altered DNA methylation patterns in the renal outer medulla have been shown to induce differential gene expression regulating metabolism and inflammation in the hypertension animal model (Liu et al., 2018), further supporting that DNA methylation is involved in chronic kidney inflammation and a subsequent loss of kidney function. A number of studies have also highlighted the importance of DNA methylation in the pathogenesis of polycystic kidney disease (PKD; Li, 2020). For instance, downregulation of PKD1 in kidney tissue by hypermethylation may contribute to cyst formation and progression (Woo et al., 2014). Given its relevance to environmental influences, DNA methylation has been intensively explored in DKD. Cumulative evidence suggests that progressive loss of renal function is closely correlated to abnormal DNA methylation in DKD subjects (Swan et al., 2015; Qiu et al., 2018; Gluck et al., 2019; Gu, 2019; Kim and Park, 2019; Park et al., 2019). A recent genome-wide analysis of DNA methylation on 500 DKD subjects reveals that DNA methylation-mediated gene expression likely determines the disease phenotypes, including glycemic control, albuminuria, and kidney function decline. Importantly, further functional annotation analysis indicates that distinct DNA methylation patterns are involved in the pathogenesis of DKD-associated inflammation (Sheng et al., 2020). Collectively, DNA methylation participates in the development of CKD and chronic kidney inflammation in particular.



DNA METHYLATION IN PERIPHERAL IMMUNE CELLS

Chronic kidney inflammation occurs in the process of CKD development regardless of its pathogenesis. Pathologically, it is featured in the cumulative infiltration of diverse immune cells from the circulation into the tubulointerstitial compartment. The recruited immune cells are major participants in the progression of chronic kidney inflammation. Upon infiltration, these cells produce abundant chemokines to establish a pro-inflammatory milieu; meanwhile, they also secrete anti-inflammatory cytokines and pro-regenerative growth factors to promote inflammation resolution as well as tissue fibrosis (Gieseck et al., 2018; Tang and Yiu, 2020). It is of clinical interest to understand the underlying mechanism that regulates the intensity and the time length of the inflammatory response in these circulating immune cells. The current status of epigenetic research acknowledges that altered DNA methylation induces permissive or negative expressions of target genes, which result in pathogenic activation of effector immune cells and the consequential loss of inflammatory homeostasis (Stylianou, 2019). Compelling evidence has revealed that circulating immune cells experience dynamic epigenetic changes in their response to the challenge of either acute insult or chronic pathogenic factors (Keating et al., 2016). The epigenetic “memory” of the previous stimuli can sustain for a long time and affect the future gene expression profile even after their migration from the circulation into the involved kidney. Recent emerging findings support the fact that an aberrant DNA methylation pattern of diverse peripheral immune cells is closely associated with CKD development in multiple disease settings (summarized in Table 1).



TABLE 1. Summary of main changes in DNA methylation in CKD development with immune cells.
[image: Table1]

Firstly, we have recently reported that chronic hyperglycemia induces over-expression of DNMT1 and subsequent aberrant DNA methylation of multiple regulator genes of the mechanistic target of rapamycin (mTOR) in peripheral blood mononuclear cells (PBMCs). These effector cells in turn activate and migrate into the involved kidney with the abundant secretion of inflammatory cytokines, resulting in persistent kidney inflammatory injuries and progressive fibrosis (Chen et al., 2019a). By adoptive transfer, we confirm that circulating PBMCs with “inflammatory memory” can aggravate DKD progression in the recipient animals. Of clinical importance, we demonstrate that the inhibition of DNA methylation by targeting DNMT1 promotes the regulatory phenotype of circulating immune cells and improves the diabetic inflammatory state and the long-term outcome of DKD. Aberrant DNA methylation is also observed in PBMCs from lupus nephritis (LN) patients. Hypomethylated CpG sites can be detected in the promoter region of interferon (IFN)- and toll-like receptor (TLR)-related genes, which are highly associated with the pathogenic inflammatory condition of LN progression (Mok et al., 2016; Zhu et al., 2016). These findings highly support the fact that the differential methylation of genes regulating the inflammatory activity of PBMCs has a causal role in the pathogenesis of LN. In addition, we have observed that mRNA expression of DNMT3B is notably increased in PBMCs isolated from immunoglobulin A nephropathy (IgAN) patients (Xia et al., 2020).

Based on these findings, we propose that SCI occurs and progresses in the condition of CKD derived from multiple primary and secondary diseases, such as hyperglycemia, hypertension, autoimmune disorder, and chronic infection. These chronic stimuli substantially alter the DNA methylation profile of circulating immune cells, leading to enhanced activities of pro-inflammatory genes and a cell-type switch toward inflammatory effectors. The altered DNA methylation might act as “epigenetic memory” and sustain in circulating immune cells for a long time. It thereby pathologically and persistently activates the inflammatory response of immune cells, which continue to participate in chronic tissue injury after their kidney recruitments. It might partly explain why a subset of CKD is characterized by ongoing kidney inflammation and irreversibly progresses to ESRD even when treatment targets have been achieved, like glycemic recovery and blood pressure control (Figure 1). Of note, leukocytes are composed of a variety of circulating immune cells and DNA methylation affects genes transcription activity by a cell type-specific manner. Although emerging evidence has revealed abnormal DNA methylation in both B cells (Absher et al., 2013; Fali et al., 2014; Scharer et al., 2019; Breitbach et al., 2020; Wardowska, 2020) and neutrophils (Lande et al., 2011; Coit et al., 2015b, 2020) in the condition of SLE, there is a lack of data derived from studies with kidney involvements by far. Therefore, we next discuss the potential role of DNA methylation in CKD development with a focus on T cell and monocyte lineages.

[image: Figure 1]

FIGURE 1. A model of DNA methylation in peripheral immune cells in the pathogenesis of CKD development. Chronic pathogenic conditions induce aberrant DNA methylation in peripheral immune cells, leading to enhanced activities of pro-inflammatory genes and a cell-type switch toward “inflamed” effectors. Normally, renal recruitment of circulating immune cells can facilitate adaptive repair and improve the outcome of kidney damage. On the other hand, peripheral immune cells with “inflamed” DNA methylation profile may constantly migrate into the diseased kidney and overact tissue inflammation, which consequentially results in maladaptive repair and CKD progression. CKD, chronic kidney disease; Neu, neutrophil; DC, dendritic cell; Mϕ, macrophage.




DNA METHYLATION IN T CELL LINEAGES

Upon antigen stimulation, naïve T cells differentiate into several lineages, including T helper (Th)1, Th2, Th17, and regulatory T (Treg) cells. Th1 cells control intracellular bacterial infection, while Th2 cells initiate antibody response against the extracellular pathogens. During the polarization of CD4+ T cells toward Th1, DNA hypomethylation occurs in Th1 cytokine genes (such as interferon gamma, IFNγ) whereas Th2 cytokine genes achieve DNA methylation, and vice versa in the polarization of Th2 cells. Evidence showed that the imbalance of Th1/Th2 cytokine profiles play a crucial role in the pathogenesis of IgAN (Suzuki and Suzuki, 2018). In the early stage of IgAN studied in ddY mice, strong polarization toward Th1 can be observed (Suzuki et al., 2007). A genome-wide screening for DNA methylation shows that the ratio of IL-2 to IL-5 is significantly elevated, indicating a Th1 shift of CD4+ T cells in IgAN (Sallustio et al., 2016). In brief, this Th1/Th2 polarization is associated with three specific aberrantly methylated DNA regions in peripheral CD4+T cells from IgAN patients. Low methylation levels are observed in genes involved in T cell receptor (TCR) signaling, including tripartite motif-containing 27 (TRIM27) and dual-specificity phosphatase 3 (DUSP3). Meanwhile, a hypermethylated region can be detected in the miR-886 precursor and is associated with decreased CD4+ T cell proliferation following TCR stimulation. Therefore, aberrant DNA methylation causes reduced TCR signal strength and the low activation of CD4+ T cells in the pathogenesis of IgAN.

Th17 cells are characterized by the signature production of cytokines such as IL-17A and IL-17F and the expression of the key transcription factor retinoic orphan receptor γt (RORγt; Cua et al., 2003). Due to their pro-inflammatory phenotype, Th17 cells are capable of protecting against infections on mucosal surfaces (Park et al., 2005) but contribute to the development of renal inflammatory diseases (Turner et al., 2010). On the other hand, Treg cells are characterized by the expression of forkhead box P3 (Foxp3) and the production of anti-inflammatory cytokines (e.g., IL-10 and transforming growth factor-β; Lu et al., 2017) and usually have a pivotal role in dampening chronic kidney inflammation (Chen et al., 2016; Sharma and Kinsey, 2018). Changes in epigenetic status at the Foxp3 and IL17 gene loci are essential for the polarization of CD4+ T cells toward the Treg or Th17 cells (Yang et al., 2015; Lu et al., 2016). Peripheral CD4+ T cells from SLE patients were presented with decreased expression of regulatory factor X 1 (RFX1), which causes DNA demethylation in the IL17A locus of CD4+ T cells and thereby promotes Th17 cell differentiation (Zhao et al., 2018). On the other hand, abnormal epigenetic regulation of Foxp3 in Treg cells has been documented in SLE patients, which suggests that hypermethylation of the Foxp3+ promoter region is associated with a decreased proportion of Treg cells and increased disease activity (Zhao et al., 2012). Of clinical significance, DNA methylation levels of the Foxp3 promoter region can be markedly suppressed by effective treatment, which consequently downregulates Foxp3 expression and promotes CD4+CD25+ Treg cells.

In addition, recent EWAS has revealed that unique DNA methylation patterns in CD4+ T cells are closely related to disease activity. In SLE, the DNA methylation state in peripheral naïve CD4+ T cells is significantly different between patients with and without renal involvement (Coit et al., 2015a). Increased DNA methylation in multiple IFN-regulated genes is closely associated with the onset of LN. Moreover, a lupus susceptibility gene, the type-I interferon master regulator gene (IRF7), is specifically demethylated as shown in patients with LN. Consistently, the modification of DNA methylation, by targeting DNMT1 expression in CD4+ T cells, contributes to the development of LN-like glomerulonephritis in animals (Strickland et al., 2015).

As described above, abnormal epigenetics is implicated in the pathogenesis of hypertensive renal injury due to its influence on immune homeostasis. It is known that high salt intake is the major cause of hypertension and intriguingly associated with obesity, independent of energy intake (Ma et al., 2015). An intriguing question is whether and how environmental influences, like unhealthy diet, might induce aberrant epigenetic changes in immune cells that subsequently participate in hypertension-associated kidney inflammatory involvement. The Dahl salt-sensitive (SS) rat is a genetic model of hypertension and renal disease that is accompanied with immune cell activation in response to a high-salt diet (Mattson et al., 2006). In SS rats, a high-salt diet induced increasing global methylation rate in circulating and kidney T cells, of which differentially methylated regions (DMRs) are more prominent in animals with a pronounced hypertensive phenotype. Importantly, the application of decitabine, a hypomethylating agent, significantly attenuates hypertension and renal inflammatory injury in SS rats (Dasinger et al., 2020). In-depth RNA-seq analysis on kidney T cells has revealed the upregulation of multiple inflammatory and oxidative genes in response to a high-salt diet, which are inversely correlated with DNA methylation levels. These genes are known to play an important role in the development of salt sensitivity in the SS rat (Zheleznova et al., 2016). Collectively, these findings thereby highlight the important role of DNA methylation in linking the influence of abnormal environment/diet to the clinical manifestations of hypertension-associated involvements, which might be at least partly mediated by pathologically activated T cells.



DNA METHYLATION IN MONOCYTE LINEAGES

Monocytes, representing the mononuclear phagocyte system, are the largest type of circulating immune cells and can differentiate into macrophages (Mϕ) and myeloid lineage dendritic cells (DCs). Multiple lines of evidence have confirmed the fundamental roles of monocyte lineage in the inflammatory progression of CKD (Heine et al., 2012; Kinsey, 2014; Bowe et al., 2017). Generally, Mϕ can be divided into two subsets, classically activated Mϕ (M1) and alternatively activated Mϕ (M2), depending on their activation paradigm and cellular functions. The classic M1 macrophages commonly produce pro-inflammatory cytokines and cytotoxic mediators contributing to acute and chronic tissue inflammation. On the other hand, M2 macrophages are mostly implicated in inflammation resolution, tissue remodeling, and fibrogenesis by secreting various anti-inflammatory cytokines, growth factors, and proangiogenic cytokines (Wang et al., 2014; Tian and Chen, 2015). In the context of DKD, Mϕ constitutes a major part of infiltrated leucocytes and their accumulation is associated with the progression of diabetic status and renal pathological changes (Chow et al., 2004; Tesch, 2010). Importantly, M1/M2 ratio is positively associated with the progression of chronic inflammation into pathogenic fibrosis during CKD development (Tang et al., 2019; Zhang et al., 2019). Recent studies have revealed an essential role of epigenetic regulation in the phenotype switch of M1 and M2. For example, DNMT3B plays an important role in regulating macrophage polarization and is expressed relatively less in M2 compared to M1 (Yang et al., 2014). Deletion/inhibition of DNMT1, either pharmacologically or genetically, contributes to M2 alternative activation in obesity (Wang et al., 2016), which is known as a typical type of SCI. Under the pathological conditions of hyperlipidemia and type 2 diabetes mellitus, DNA methylation alterations steer the Mϕ phenotype toward pro-inflammatory M1 as opposed to the tissue repairing M2 phenotype by differentially methylating gene promoters of M1 and M2 (Babu et al., 2015).

Besides differentiation into Mϕ, monocytes can be classified into various subsets with diverse inflammatory phenotypes based on their cell surface markers expression (Zawada et al., 2012), which similarly can be interfered with in the stage of CKD. Accumulation of uremic toxins during CKD progression induces aberrant DNA methylation that affects some transcription regulators that are important for monocyte differentiation (Zawada et al., 2016). Similar to other chronic diseases, CKD can promote a pro-inflammatory phenotype of monocytes via the DNA hypomethylation of CD40, which activates and contributes to inflammatory involvements and disease progression (Yang et al., 2016). DCs can be generally divided into two groups, myeloid dendritic cells (mDCs) and plasmacytoid dendritic cells (pDCs; Kitching and Ooi, 2018). Although the majority of DCs within the kidney are cDCs, active pDCs can migrate and contribute to tissue inflammation in nephritic kidneys (Fiore et al., 2008; Tucci et al., 2008). Myeloid DCs (mDCs, BDCA1+ or BDCA3+ DCs) are also shown to increase in the renal tubulointerstitium of patients with LN (Fiore et al., 2008). DNA methylome of peripheral DCs reveals that global DNA hypermethylation in LN patients is associated with severe kidney involvement (Wardowska et al., 2019). Taken together, current evidence supports the fact that aberrant DNA methylation induces an inflammatory switch of monocyte lineage, which contributes to the development of chronic kidney inflammation in multiple chronic disease settings, like obesity, hypertension, diabetes, lupus, and CKD.



SUMMARY AND PERSPECTIVES

In summary, a variety of pathological conditions induce an aberrant DNA methylation profile in circulating immune cells with a cell-type specific manner, leading to a phenotype switch toward the inflammatory side (Figure 2). These “inflamed” immune cells sustain enhanced inflammatory activity upon the recruitment into diseased kidneys and consequentially participate in chronic kidney inflammation and CKD progression. DNA methylation-targeted treatment by either inhibiting methylation (e.g., 5-azacytidine) or activating demethylation (e.g., hydralazine) have been explored to ameliorate kidney injury in several preclinical studies (Table 2), though some of the interventions have nephrotoxic potential in the clinical setting. A series of novel therapeutic methods, such as modified oligonucleotide inhibitors and small RNA molecules targeting DNMTs, have yet to be tested in the setting of kidney disease (Xu et al., 2016). Meanwhile, there is a lack of intervention strategies specifically targeting immune cells. Given its complex roles in cell biology, clinicians should comprehensively assess the therapeutic value, as well as the potential risk of targeting DNA methylation in immune cells. An in-depth understanding of DNMTs functions in different scenarios might help to develop effective strategies to restore immune homeostasis with consideration of the timing, the signaling intensity, and the disease settings. In future mechanistic research, it remains necessary to clarify the causal relationship between DNA methylation and CKD development, since it is technically hard to separate “driver” events from “passenger” events in the setting of SCI. A combined application of current cutting-edge technologies, like single-cell epigenomic methods of ATAC-seq (Mezger et al., 2018) and single-cell RNA-seq (Kolodziejczyk et al., 2015), may be able to provide a solution to this problem.
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FIGURE 2. The relevant DNA methylation profiles in immune cells from CKD patients are summarized by different chronic pathogenic conditions, including LN, IgAN, hypertensive kidney injury, DKD, and uremia. Demethylation or methylation of certain genes regulates immune cell phenotype shift/differentiation, or pro/anti-inflammation signal, therefore contributes to uncontrolled kidney inflammation and CKD progression. The mechanism boxed off with solid lines is documented in CKD with different etiology, whereas the one with dashed lines is speculated to relate to the development of kidney diseases founded on circumstantial evidence. CKD, chronic kidney disease; LN, lupus nephrites; IgAN, IgA nephropathy; DKD, diabetic kidney disease; CVD, cardiovascular disease; Treg, regulatory T; Th, T helper; NE, neutrophil; DC, dendritic cell; TCR, T cell receptor; M1, classically activated macrophage; M2, alternatively activated macrophage; IFN, interferon; Foxp3, forkhead box P3; DNMT, DNA methyltransferase; MBD, methyl-CpG binding domain; RFX, regulatory factor X; HRES-1, human T cell lymphotropic virus-related endogenous sequence-1; IRF, interferon regulatory factor; GALNT18, polypeptide nacetylgalactosaminyltransferase 18; TRIM27, tripartite motif-containing 27; DUSP3, dual-specificity phosphatase 3; VTRNA2-1, vault RNA 2-1.




TABLE 2. Summary of existing potential treatment of CKD targeting on DNA methylation.
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Background and Objective: Acute kidney injury (AKI) is a complication of sepsis. Pyroptosis of gasdermin D (GSDMD)-mediated tubular epithelial cells (TECs) play important roles in pathogenesis of sepsis-associated AKI. Long non-coding RNA (lncRNA) maternally expressed gene 3 (MEG3), an imprinted gene involved in tumorigenesis, is implicated in pyroptosis occurring in multiple organs. Herein, we investigated the role and mechanisms of MEG3 in regulation of TEC pyroptosis in lipopolysaccharide (LPS)-induced AKI.

Materials and Methods: Male C57BL/6 mice and primary human TECs were treated with LPS for 24 h to establish the animal and cell models, respectively, of sepsis-induced AKI. Renal function was assessed by evaluation of serum creatinine and urea levels. Renal tubule injury score was assessed by Periodic acid-Schiff staining. Renal pyroptosis was assessed by evaluating expression of caspase-1, GSDMD, and inflammatory factors IL-1β and IL-18. Cellular pyroptosis was assessed by analyzing the release rate of LDH, expression of IL-1β, IL-18, caspase-1, and GSDMD, and using EtBr and EthD2 staining. MEG3 expression in renal tissues and cells was detected using RT-qPCR. The molecular mechanisms of MEG3 in LPS-induced AKI were assessed through bioinformatics analysis, RNA-binding protein immunoprecipitation, dual luciferase reporter gene assays, and a rescue experiment.

Results: Pyroptosis was detected in both LPS-induced animal and cell models, and the expression of MEG3 in these models was significantly up-regulated. MEG3-knockdown TECs treated with LPS showed a decreased number of pyroptotic cells, down-regulated secretion of LDH, IL-1β, and IL-18, and decreased expression of GSDMD, compared with those of controls; however, there was no difference in the expression of caspase-1 between MEG3 knockdown cells and controls. Bioinformatics analysis screened out miR-18a-3P, and further experiments demonstrated that MEG3 controls GSDMD expression by acting as a ceRNA for miR-18a-3P to promote TECs pyroptosis.

Conclusion: Our study demonstrates that lncRNA MEG3 promoted renal tubular epithelial pyroptosis by regulating the miR-18a-3p/GSDMD pathway in LPS-induced AKI.

Keywords: acute kidney injury, renal tubular epithelial cells, pyroptosis, MEG3, GSDMD, sepsis, miR-18a-3p


INTRODUCTION

Sepsis, a syndrome characterized by systemic inflammation caused by infection, has become a global health problem (Singer et al., 2016; Rhodes et al., 2017). Acute kidney injury (AKI) is one of the most common complications in patients with sepsis (Bouchard et al., 2015). Septic patients with AKI show a 6-day longer hospital stay and 3.4-fold increased risk of mortality compared with those of septic patients without AKI (Søvik et al., 2019). The mechanism of sepsis-related AKI is complicated and poorly understood at the clinical and research levels (Gyawali et al., 2019). Therefore, more studies are needed to help diagnose and prevent sepsis-related AKI.

Renal tubular epithelial cells (TECs) are the main cell type in kidney tissue; therefore, programmed death of these cells is the main pathophysiological process of AKI (Krautwald and Linkermann, 2014). Studies have shown that pyroptosis of TECs plays an important role in the pathogenesis of sepsis-related AKI (Ye et al., 2019; Zhou et al., 2020). The classic pathway of pyroptosis involves inflammasome-mediated activation of caspase-1, which leads to the cleavage of gasdermin D (GSDMD) into the active N-terminal and formation of a cell membrane pore; these events promote the production and release of pro-inflammatory mediators, such as IL-1β and IL-18, thereby producing a waterfall-level inflammatory response (Shi et al., 2015; Broz and Dixit, 2016). The active N-terminal of GSDMD is an indispensable “molecular switch” required to open membrane pores and release inflammatory factors. Indeed, stimulation with lipopolysaccharide (LPS) cannot effectively promote the release of IL-1β, IL-18, and other pro-inflammatory mediators after a GSDMD knockout (Sborgi et al., 2016). Moreover, a genetic knockout of GSDMD can significantly improve renal function and alleviate renal tissue inflammation in AKI mice (Miao et al., 2019). Therefore, it is particularly important to explore the regulatory mechanisms of GSDMD in TEC pyroptosis during sepsis-related AKI.

Long non-coding RNAs (lncRNAs), which are RNAs having a length of more than 200 nucleotides, are involved in the regulation of various biological processes such as the cell cycle, apoptosis, and pyroptosis (Mahmoud et al., 2019; He et al., 2020; Simion et al., 2020). LncRNA maternally expressed gene 3 (MEG3), an imprinted gene related to tumorigenesis (Braconi et al., 2011; He et al., 2017), is involved in pyroptosis occurring in multiple organs, such as that occurring during hyperbaric oxygen lung injury (Zou et al., 2020), atherosclerotic endothelial injury (Zhang Y. et al., 2018), or cerebral ischemia/reperfusion injury (Liang et al., 2020). MEG3 shows up-regulated expression in renal tissue and renal TECs of patients with AKI (Yang et al., 2018). However, the role of MEG3 in TEC pyroptosis occurring during sepsis-related AKI is unknown. In this study, we used in vivo and in vitro models to examine the role and mechanisms of MEG3 in pyroptosis occurring during LPS-induced AKI. The findings obtained in our present study will provide new targets for the clinical diagnosis and prevention of septic AKI.



MATERIALS AND METHODS


Mouse Model

Adult male C57 mice, weighing about 22–28 g, were purchased from the Animal Experimental Center at the Chongqing Medical University. Mice were randomly divided into four groups and injected intraperitoneally with normal saline or LPS (Sigma-Aldrich, United States) that was diluted with saline to the concentrations of 10, 20, and 40 mg/kg. Blood and renal tissues were collected at 24 h after the injection. For specimen collection, the mice were anesthetized by intraperitoneal injection with sodium pentobarbital; then, 1.5 ml blood was collected from the eye orbit, and the thoracic cavity was opened for cardiac perfusion. Renal-tissue specimens were obtained from both kidneys, the kidney capsule was removed, and part of the kidney was fixed in 4% paraformaldehyde for renal pathological tissue staining; the remaining part was stored at –80°C for subsequent analyses.



Cell Model

Human primary renal TECs and epithelial cell medium were purchased from Sciencell, United States. Epithelial cells were cultured in a constant-temperature incubator maintained at 37°C and 5% CO2, in an epithelial cell medium containing 2% fetal bovine serum, 1% epithelial cell growth factor, and 1% penicillin/streptomycin; cells within four generations were used for experiments. When the cells were at 90% confluence, PBS (used as vehicle control) or LPS (diluted in PBS to the concentrations of 15, 30, or 60 μg/ml) was added into the culture medium. Cells and cellular supernatants were collected after continuous culture for 24 h.



Assessment of Renal Function

Collected blood was stored in a refrigerator at 4°C for 1 h, then centrifuged at 4°C in a low-temperature centrifuge (at 3,000 rpm for 10 min); supernatants were then collected and used for the detection of serum creatinine and urea nitrogen levels using a Beckman 5800 automatic analyzer (Beckman, Germany).



PAS Staining

Renal tissues were fixed overnight in 4% paraformaldehyde, then washed in distilled water, dehydrated, embedded in paraffin, and sectioned at 4 μm, and then soaked in anhydrous ethanol, 95% ethanol, and 70% ethanol, for 5 min in each. To observe the degree of renal pathological injury, Periodic acid-Schiff (PAS) staining was performed as follows. The sections were immersed in periodate oxidation solution for 10 to 20 min, then washed twice with distilled water, stained with Schiff solution for 10 to 30 min at 37°C, and washed again with distilled water for 5 min. Nuclei were stained with hematoxylin for 3 to 5 min, differentiated in hydrochloric-acid alcohol, and washed with tap water until the nuclei turned blue. The sections were then dehydrated, and sealed with PermountTM Mounting Medium. Two nephrologists, under double-blinded conditions, observed, and scored each specimen using a light microscope at 200×, and each specimen was randomly observed using at least 10 non-repetitive fields. The extent of tubular injury was assessed by estimating the percentage of renal tubular epithelial tissue necrosis as follows: 0 points for no injury; 1 point (0–10%) and 2 points (11–20%) for mild injury; 3 points (21–40%) and 4 points (41–60%) for moderate injury; and 5 points (61–75%) and 6 points (>75%) for severe injury.



Western Blotting

After protein was extracted from renal tissues and cells, protein concentration was determined using the BCA method. After denaturation, 30–80 μg protein was separated using 12% SDS-PAGE. Proteins were transferred to PVDF membranes using wet transfer. The membranes were blocked in 5% skim milk at room temperature for 1.5 h, and then incubated overnight at 4°C with the following primary antibodies specific for: IL-1β (1:1000, #12242, Cell Signaling, Shanghai, China); IL-18 (1:1000, ab71495, Abcam, Shanghai, China); caspase-1 (1:500, GTX14367, GeneTex, United States); GSDMD (1:500, orb390052, Biorbyt, Cambridge, United Kingdom); and β-actin (1:5000, AC004, ABclonal, Wuhai, China). The membranes were then washed and incubated at room temperature in the dark for 2 h with the following secondary antibodies: anti-mouse IgG (H + L, DyLightTM 800 Conjugate, 1:15000, #5257, Cell Signaling, Shanghai, China) and anti-rabbit IgG (H + L, DyLightTM 680 Conjugate, 1:15000, #5366, Cell Signaling, Shanghai, China). A two-color infrared fluorescence imaging system was used to visualize protein bands. Protein concentration in the bands was quantified using ImageJ and normalized against that of β-actin, used as loading control.



RT-qPCR

Total RNA was extracted from kidney tissues and cells using Trizol, and RNA was quantified using OD 260 nm. cDNA reverse transcription and amplification were performed using the Hairpin-itTM microRNA and U6 snRNA Normalization RT-PCR Quantitation Kit, or Custom gene qRT-PCR Quantitation Kit (GenePharma, Suzhou, China). Relative gene expression was assessed using the 2–ΔΔ Ct formula, with U6 or GAPDH used as housekeeping genes. The primer sequences were as follows:
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Lactate Dehydrogenase Release Rate (LDH%)

Cells were seeded in 96-well plates, and the wells were designated into the following groups: control wells, treatment wells, maximum-release wells, and spontaneous release wells. In the maximum-release group, 1 μl Triton X-100 was added to each well. The spontaneous release wells contained only cell-free media. After 30 min of continuous culture, supernatants were collected from all the wells and centrifuged at 4°C for 15 min. Then, 20 μl supernatant obtained from each well was added into the corresponding well of a new 96-well plate; 25 μl matrix solution and 5 μl coenzyme I application solution were then added to each well, and the plate was agitated in a water bath at 37°C for 15 min. Consequently, 25 μl 2, 4-dinitrophenylhydrazine was added to each well, and the plate was incubated in a water bath at 37°C for an additional 15 min. NaOH solution was diluted to 0.4 mol/l, and 250 μl of this diluted solution was added to each well and mixed by shaking. The plate was allowed to incubate at room temperature for 3 min, and LDH release rate was analyzed using a multifunctional enzyme label analyzer at 450 nm and calculated as follows: LDH release rate = (measured well OD value-spontaneous well OD value)/(maximum release well OD value-spontaneous well OD value) × 100%.



ELISA

Cells were inoculated into 24-well plates, and cell-culture supernatants were collected after treatment. ELISA kits (Human IL-18 and IL-1β ELISA Kits from RayBiotech, United States) were used for detection. The standard-curve formula was determined using the OD value of the gradient concentration standard, and the final concentration of each well was calculated according to this formula.



EtBr and EthD2 Staining

Two different red nucleic-acid dyes, EtBr (molecular weight of 394 Da) and EthD2 (molecular weight of 1293 Da), were used to detect membrane pores. TECs were seeded into the wells of a 24-well plate. After the TECs were treated, they were washed three times with PBS, fixed using 4% paraformaldehyde at room temperature for 15 min, and then washed again with PBS. The positive-control group was treated with PBST (PBS solution containing 1% Triton) and drilled at room temperature for 20 min. The cells were stained with DAPI nuclear stain in the dark for 5 min, and then treated with EtBr (25 μg/ml, Sigma, United States) or EthD2 (25 μg/ml, Thermo Fisher, United States). Images were acquired using a fluorescence microscope (Nikon, Japan) at 200×.



Transfection of siRNA, Inhibitor and Mimic

siRNA, inhibitor and mimic were designed and synthesized by Shanghai Jima, China. Human renal TECs were transfected using Lipofectamine TM 3000 transfection reagent. Cells were used at 70% confluence. For transfection, siRNA, inhibitor, mimic, or transfection reagent was mixed with Opti-MEMTM medium. The mixture containing siRNA, inhibitor or mimic was added to the mixture containing transfection reagent. After standing at room temperature for 15 min, each mixture was added to the cell medium. Subsequent treatments were administered at 48 h after transfection.



Double Luciferase Reporter Assay

LncMEG3 wild-type and mutant plasmids, and GSDMD wild-type and mutant plasmids were constructed using a pMIRGLO vector. pMIRGLO-lncMEG3-WT and miR-18a-3p mimic, pMIRGLO-lncMEG3-WT and NC mimic, pMIRGLO-lncMEG3-Mut and miR-18a-3p mimic, pMIRGLO-lncMEG3-Mut and NC mimic, pMIRGLO-GSDMD-WT and miR-18a-3p mimic, pMIRGLO-GSDMD-WT and NC mimic, pMIRGLO-GSDMD-Mut and miR-18a-3p mimic, and pMIRGLO-GSDMD- Mut and NC mimic were co-transfected into human embryonic kidney cells (HEK293) using LipofectamineTM 3000. After 24 h, the cells were collected and lysed. Fluorescence activity was detected according to the instructions of the Dual-Luciferase® Reporter Assay System (Promega, United States).



RIP Assay

RNA immunoprecipitation (RIP) kit (BersinBiotech, Guangzhou, China) was used for RIP analysis. First, cultured primary human renal TECs were collected and lysed with a complete RIP lysis buffer. The cell lysate was then incubated overnight with magnetic beads (Abcam, Shanghai, China) containing either Ago2 antibody or negative control IgG antibody at 4°. The next day, the magnetic beads were washed with washing solution for 3 times, and then protease K buffer was used to remove the proteins. Finally, RNA was extracted for qRT-PCR.



Statistical Analyses

IBM SPSS 23 statistical software was for data analysis; measurement data were expressed as mean ± standard deviation. One-way ANOVA was used after homogeneity of variance test for multiple-group comparison, and unpaired t test was used after normal distribution test for comparison between two groups. P < 0.05 indicated statistically significant difference.



RESULTS


MEG3 Is Up-regulated in the Kidneys of LPS-AKI Mice

First, we established our LPS-AKI mouse model to assess the expression levels of MEG3 in the kidney. Compared with those in saline-treated mice, serum creatine and urea levels in LPS-treated mice had increased significantly (Figures 1A,B). Concurrently, PAS staining of renal tissue demonstrated that renal epithelial cells obtained from mice in the saline-treated group showed a close and orderly arrangement, with normal cell morphology, complete brush border, and clear lumen; in the LPS-treated group, we observed degeneration of the tubular epithelial vacuoloid, swelling, disappearance of the brush margin, tubular deposition, and infiltration of inflammatory cells. The renal-tubule injury score, obtained by scoring the degree of renal-tubule injury, was significantly increased in LPS mice compared with that of saline-treated mice (Figures 1C,D). These results show that renal function was impaired in mice after treatment with LPS. Next, we used western blotting to assess the expression levels of caspase-1, GSDMD, and inflammatory cytokines IL-1β and IL-18, in renal tissues during renal pyroptosis in mice. The expression levels of caspase-1, cleaved caspase-1, GSDMD, GSDMD-N, IL-1β, and IL-18 in the renal tissues of LPS-treated mice were significantly increased compared with those of the saline-treated mice (Figures 1E–H), indicating that renal pyroptosis occurred in mice after treatment with LPS. Using RT-qPCR, we also found that the level of MEG3 in the LPS-treated group had increased in a concentration-dependent manner, consistent with the degree of renal damage and pyroptosis (Figure 1I). These results suggest that MEG3 played a role in renal pyroptosis during septic AKI.
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FIGURE 1. Increased expression of pyroptosis-associated proteins and MEG3 in kidneys of mice with LPS-induced AKI (n = 6). (A) Serum creatinine level in mice with LPS-induced AKI and control saline-treated mice. (B) Serum urea nitrogen levels in mice with LPS-induced AKI and control saline-treated mice. (C) PAS staining of mouse kidneys (200×). (D) Score of renal tubular injury in mice. (E–H) Expression of caspase-1, cleaved caspase-1, GSDMD, GSDMD-N, IL-1β, and IL-18 in renal tissues of mice. (I) Expression level of MEG3 mRNA in mouse kidney tissue. **P < 0.01, compared with normal saline-treated group; all values are expressed as mean ± standard deviation (SD).




MEG3 Expression Is Up-Regulated in LPS-Induced Primary Human TECs

In order to delineate the relationship between MEG3 expression and TEC pyroptosis after LPS-induced injury, we established the model of LPS-induced injury in primary human TECs. Our results indicate that the levels of LDH in the supernatants of LPS-treated cells were significantly increased compared with those in PBS-treated controls (Figure 2A). The results of ELISA showed that the levels of inflammatory cytokines IL-1β and IL-18 in the supernatants of LPS-treated cells were also significantly increased compared with those in PBS-treated controls (Figures 2B,C). The results of our western blotting analysis showed that the levels of caspase-1, cleaved caspase-1, GSDMD, and GSDMD-N in LPS-treated cells were significantly increased compared with those of PBS-treated controls (Figures 2D–F). These findings indicate that pyroptosis occurred in primary human TECs after treatment with LPS. Similarly, RT-qPCR analysis showed that the levels of MEG3 in the LPS-treated cells had increased in a concentration-dependent manner (Figure 2G). These results further suggest that MEG3 may have a potential function in TEC pyroptosis after LPS-induced injury.
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FIGURE 2. Increased expression of MEG3 in primary human renal tubular epithelial cells treated with LPS. (A) LDH% in TECs supernatants. (B,C) Release of IL-1β and IL-18 in TECs supernatants. (D–F) Protein expression of caspase-1, cleaved caspase-1, GSDMD, and GSDMD-N in TECs. (G) Expression level of MEG3 mRNA in TECs. *P < 0.05, **P < 0.01, and compared with the PBS group.




Knockdown of MEG3 Inhibits LPS-Induced Pyroptosis in Primary Human TECs

To verify the effect of MEG3 on LPS-induced primary human TEC pyroptosis, we transfected MEG3 siRNA into primary human TECs. Our results indicate that the relative mRNA level of MEG3 in TECs transfected with siMEG3 was reduced by approximately 73% compared with that in TECs transfected with NC siRNA (Figure 3A). Next, we detected pyroptosis using nucleic-acid dyes EtBr and EthD2 in in TECs transfected with siMEG3 and in NC siRNA-transfected controls. During the process of pyroptosis, cells form a membrane pore having a diameter of approximately 20 nm. The nucleic-acid dye EtBr, which possesses small molecular weight, can pass through the membrane pore, but the large-molecular—weight EthD2 cannot. Therefore, cells positive for EtBr and negative for EthD2 staining are considered to be undergoing pyroptosis (Wang et al., 2017; Feng et al., 2018). Our results show that the number of pyroptotic TECs was significantly increased after treatment with LPS (60 μg/ml; the same concentration was used in subsequent experiments), but reduced after transfection with siMEG3, compared with that in the NC siRNA-transfected group (Figure 3B). The levels of LDH, IL-1β, and IL-18 were significantly reduced in the supernatants of siMEG3-transfected cells compared with those of NC siRNA-transfected group (Figures 3C–E). These results suggest that knockdown of MEG3 in TECs could reduce LPS-induced pyroptosis. In siMEG3-transfected TECs, LPS induced a significant decrease in the expression of GSDMD precursor and active form, but no difference was observed in the expression of caspase-1 precursor and active form (Figures 3F–H). Based on these results, we speculate that the mechanism of MEG3-mediated promotion of pyroptosis may occur through regulation of GSDMD expression rather than regulation of its activation.
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FIGURE 3. Knockdown of MEG3 in TECs inhibited LPS-induced pyroptosis. (A) MEG3 mRNA levels transfected with siRNA. (B) siRNA-transfected TECs stained with EtBr and EthD2. (C) LDH% in supernatants obtained from siRNA-transfected TECs. (D–G) Release of IL-1β and IL-18 in supernatants obtained from siRNA-transfected TECs. (F–H) Protein expression of caspase-1, cleaved caspase-1, GSDMD, and GSDMD-N in siRNA-transfected TECs. **P < 0.01, compared with the respective control group.




miR-18a-3P Is Decreased in LPS-AKI

Long non-coding RNAs are a newly discovered type of regulatory RNAs that competitively regulate the expression of target genes by interfering with miRNAs. To explore the mechanism of MEG3-mediated regulation of GSDMD expression, we used http://www.targetscan.org/vert_72/and http://carolina.imis.athena-innovation.gr/diana_tools/web/index.php?r=lncbasev2%2Findex to predict miRNAs regulated by MEG3 and targeting GSDMD expression. Three miRNAs related to inflammation (miR-18a-3P, miR-541-3P, and miR-654-5P) were screened out using our functional review. We then assessed the expression of each miRNA in the renal tissues of our LPS-AKI mice. Our results indicate that only miR-18a-3P expression was significantly decreased (Figure 4A). We also found that miR-18a-3P expression was down-regulated in LPS-induced primary human TECs, but increased after transfection with siMEG3 compared with that after transfection with siNC (Figure 4B). This result indicates that MEG3 may regulate GSDMD through miR-18a-3P.
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FIGURE 4. miR-18a-3P is decreased in LPS-AKI. (A) Expression levels of miRNA in renal tissues of LPS-AKI mice (40 mg/kg). (B) Expression levels of miR-18a-3p in siRNA-transfected TECs. **P < 0.01, compared with the respective control group.




Overexpression of miR-18a-3P Inhibits LPS-Induced Pyroptosis in Primary Human TECs

In order to verify the effect of miR-18a-3P on LPS-induced primary human TEC pyroptosis, we transfected an miR-18a-3P mimic into primary human TECs. Compared with NC mimic, the relative mRNA expression level of miR-18a-3P increased by approximately 20-fold after transfection with a miR-18a-3P mimic (Figure 5A). We also found that the expression level of GSDMD in primary human TECs was significantly decreased in the miR-18a-3P mimic group after treatment with LPS compared with that of the NC mimic group (Figures 5B–D). At the same time, the levels of LDH, IL-1β, and IL-18 were significantly reduced in the cell supernatant after LPS treatment was also significantly reduced after transfection ofmiR-18a-3P mimic (Figures 5E–G). These results suggest that overexpression of miR-18a-3P inhibits LPS-induced pyroptosis in primary human TECs.
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FIGURE 5. Overexpression of miR-18a-3P inhibits LPS-induced pyroptosis in primary human TECs. (A) Expression level of miR-18a-3p mRNA in TECs transfected with mimic. (B) GSDMD mRNA expression level in TECs transfected with mimic. (C,D) Protein expression levels of GSDMD and GSDMD-N in TECs transfected with mimic. (E) LDH% in supernatants obtained from TECs transfected with mimic. (F,G) Release of IL-1β and IL-18 in supernatants obtained from TECs transfected with mimic. **P < 0.01, compared with the respective control group.




Knocking Down miR-18a-3p Reversed the Inhibitory Effect of siMEG3 on Pyroptosis in Primary Human TECs

To verify whether knockdown of miR-18a-3p could reversed the inhibitory effect of siMEG3 on pyroptosis in primary human TECs, we transfected siMEG3 and miR-18a-3p inhibitor separately or simultaneously. First, we detected that the inhibitory efficiency of miR-18a-3P inhibitor reached 66% (Figure 6A). Then, we continued to detect that, miR-18a-3P inhibitor transfection significantly offset the decrease in GSDMD mRNA and protein levels caused by siMEG3 transfection in LPS-induced primary human TECs (Figures 6B–D). Consistently, we also found that knocking down miR-18a-3P also significantly offset the reduction in LDH% and IL-1β and IL-18 release caused by siMEG3 transfection (Figures 6E–G). These results indicate that MEG3 regulates LPS-induced primary human TEC pyroptosis through miR-18a-3P.
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FIGURE 6. Knocking down miR-18a-3p reversed the inhibitory effect of siMEG3 on pyroptosis in primary human TECs. (A) Expression level of miR-18a-3p mRNA in TECs transfected with inhibitor. (B) GSDMD mRNA expression level in TECs transfected with siMEG3 and miR-18a-3P inhibitor separately or together. (C,D) Protein expression levels of GSDMD and GSDMD-N in TECs transfected with siMEG3 and miR-18a-3P inhibitor separately or together. (E) LDH% in supernatants obtained from TECs transfected with siMEG3 and miR-18a-3P inhibitor separately or together. (F,G) Release of IL-1β and IL-18 in supernatants obtained from TECs transfected with siMEG3 and miR-18a-3P inhibitor separately or together. *P < 0.05, **P < 0.01, and compared with the respective control group.




MEG3 Binds to miR-18a-3P, and miR-18a-3P Binds to GSDMD

In order to detect the targeted binding relationships between MEG3 and miR-18a-3P, and between miR-18a-3P and GSDMD, we constructed the pMIRGLO-lncMEG3-WT, pMIRGLO-lncMEG3-Mut, pMIRGLO-GSDMD-WT, and pMIRGLO-GSDMD-Mut plasmids, and used bioinformatics analysis to predict the base binding sites between MEG3 and miR-18a-3P, and between miR-18a-3P and GSDMD (Figures 7A,B). Firstly, double-luciferase activity indicated that, miR-18a-3p mimic significantly inhibited the luciferase activity of MEG3 and GSDMD wild-type carriers, but had no inhibitory effect on mutant carriers (Figures 7C,D). In addition, through RIP assay, it was found that MEG3, miR-18a-3P and GSDMD were all significantly up-regulated in Ago2-RIP compared with the negative control IgG-RIP (Figures 7E–G). These results indicate that MEG3 can directly bind to miR-18a-3p and miR-18a-3p can directly bind to GSDMD.
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FIGURE 7. MEG3 directly binds to miR-18a-3p, and miR-18a-3p directly binds to GSDMD. (A) Binding and mutation sites of MEG3 and miR-18a-3p bases. (B) Binding and mutation sites of miR-18a-3p and GSDMD bases. (C) Dual-luciferase activity of MEG3 and miR-18a-3p. (D) Dual luciferase activity of miR-18a-3p and GSDMD. (E) Relative expression of MEG3 in RIP assay. (F) Relative expression of miR-18a-3p in RIP assay. (G) Relative expression of GSDMD in RIP assay. **P < 0.01, compared with the respective control group.




DISCUSSION

In this study, we verified that pyroptosis occurred in both the in vivo and in vitro models of LPS-induced septic AKI. Our findings indicate that MEG3 expression was up-regulated during pyroptosis. Our results, obtained using the in vitro model, show that MEG3 played an important role in LPS-induced TEC pyroptosis, and that direct targeting of miR-18a-3p in regulation of GSDMD expression was involved in this pyroptotic mechanism.

Multiple mechanisms are involved in the development of septic AKI including renal hemodynamic abnormalities, inflammatory responses, and oxidative stress (Prowle and Bellomo, 2015; Shum et al., 2016; Khajevand-Khazaei et al., 2019). The inflammatory response is a major factor leading to impairment of renal function (Peerapornratana et al., 2019; Poston and Koyner, 2019). Studies on immune inflammatory cells have shown that pyroptosis, the most important cell-death pathway in septic AKI, produces pro-inflammatory mediators and triggers an inflammatory response (Doitsh et al., 2014). The activity of the inflammatory factor caspase-1 cleaves GSDMD, which exposes the GSDMD active N-terminal domain that inserts into the phospholipid structure of cellular intima, forming micropores of approximately 20 nm. This allows water to enter the cell, causing cell swelling and membrane rupture, and leading to the release of numerous pro-inflammatory mediators. This phenomenon is known as the classical pyroptotic pathway (Fink and Cookson, 2019). In previous studies, we examined indicators of pyroptosis in a rat model of ischemia/reperfusion AKI. Our results confirmed that pyroptosis occurs in renal TECs during AKI, which was closely related to AKI severity (Yang et al., 2014). Subsequent studies using mouse models of LPS-, cisplatin-, ischemia/reperfusion, and contrast-agent—induced AKI have reported that renal function and cell damage are considerably reduced by disruption of pyroptosis (Zhang Z. et al., 2018; Miao et al., 2019; Ye et al., 2019). In this study, we detected increased expression of caspase-1 precursor and its active form, GSDMD and its N-terminal, and inflammatory cytokines IL-1β and IL-18, in LPS-induced mouse kidneys and primary human TECs. Based on these findings, we conclude that pyroptosis is likely the main mechanism involved in pathogenesis of AKI.

Long non-coding RNAs, which are non-protein-coding RNAs, are involved in the regulatory mechanisms of various diseases (Zhang et al., 2017), including the injury and repair mechanisms of AKI (Liu Z. et al., 2019). The lncRNA MEG3 was initially found to be a tumor suppressor that can inhibit the proliferation of tumor cells (Benetatos et al., 2011), but has also been found recently to regulate pyroptosis (Zhang Y. et al., 2018; Liang et al., 2020; Zou et al., 2020). Multiple studies have shown that MEG3 is involved in regulating inflammatory-response mechanisms in various diseases such as acute pancreatitis (Xue et al., 2020), chronic obstructive pulmonary disease (Lei et al., 2021), and ultraviolet skin injury (Zhang et al., 2019). Disrupting the expression of MEG3 can reduce the production of inflammatory factors via various pathways. In addition, MEG3 also plays a key regulatory role in kidney diseases such as ischemic reperfusion-induced AKI (Yang et al., 2018), diabetic nephropathy (Zha et al., 2019), and transplanted kidney injury (Pang et al., 2019). In addition, one study has found that MEG3 expression is increased in the blood of septic patients (Na et al., 2020). In this study, we detected significant upregulation of MEG3 expression in both in vivo and in vitro models of septic AKI; this upregulation of MEG3 expression occurred in a concentration-dependent manner and was consistent with pyroptosis. We detected LPS-induced TEC pyroptosis after transfection of siMEG3, and found that knockdown of MEG3 reduced pyroptosis. Knockdown of MEG3 also affected the expression of GSDMD precursor and N-terminal, but did not change the expression of caspase-1 precursor and active form. These findings indicate that regulation of MEG3 in TEC pyroptosis occurred via regulation of GSDMD expression.

Long non-coding RNAs also function as ceRNAs and regulate other mRNA transcripts by competing for miRNAs, which can degrade target mRNAs and are, thereby, involved in regulation of gene expression (Song et al., 2016; Liu Y. et al., 2019). We used bioinformatics analysis to explore the specific miRNAs targeted by MEG3 in regulation of GSDMD expression. Our results indicate that three miRNAs could be paired with both MEG3 and GSDMD bases, and were functionally related to inflammation. We evaluated the expression of these miRNAs in the kidneys of our LPS mice, and found that only the expression of miR-18a-3p was negatively correlated with that of MEG3. Previous studies have reported that miR-18a-3p is down-regulated in the cruciate ligament of patients with osteoarthritis (Li et al., 2017). In vitro studies have shown that miR-18a-3p is involved in the regulation of pathological mechanisms of osteoarthritis (Ding et al., 2020). These studies suggest that miR-18a-3p plays a role in regulating inflammation. Therefore, we evaluated the role of miR-18a-3p in LPS-induced TEC pyroptosis. Our results show that knockdown of MEG3 significantly increased miR-18a-3p expression in LPS-induced TECs, and that a miR-18a-3p mimic reduced the expression of GSDMD and the release of inflammatory factors. Moreover, our results also show that knocking down miR-18a-3P can reverse the inhibitory effect of siMEG3 on pyroptosis in primary human TECs. Finally, we used a luciferase reporter gene and an RIP assay to evaluate the direct target-binding relationship between MEG3 and miR-18a-3P, and between miR-18a-3P and GSDMD. Our results indicate that MEG3 regulated GSDMD expression by acting as a ceRNA of miR-18a-3p.

In conclusion, we found that GSDMD-mediated TEC pyroptosis played an important role in the pathophysiological process of septic AKI. To the best of our knowledge, this study is the first to report that lnc can promote TEC pyroptosis by regulating the miR-18a-3p/GSDMD pathway. Our present study provides experimental and theoretical basis for further studies examining the mechanisms of renal TECs death in septic AKI, and provides a potential molecular target for clinical prevention and therapy. However, we only verified and explored the role and mechanism of MEG3 in LPS-induced TEC pyroptosis. In our future studies, we will investigate this mechanism using additional in vivo models and clinical cases.
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Kidney renal clear cell carcinoma (KIRC) is the most common malignant kidney tumor as its characterization of highly metastatic potential. Patients with KIRC are associated with poor clinical outcomes with limited treatment options. Up to date, the underlying molecular mechanisms of KIRC pathogenesis and progression are still poorly understood. Instead, particular features of Cancer-Associated Fibroblasts (CAFs) are highly associated with adverse outcomes of patients with KIRC, while the precise regulatory mechanisms at the epigenetic level of KIRC in governing CAFs remain poorly defined. Therefore, explore the correlations between epigenetic regulation and CAFs infiltration may help us better understand the molecular mechanisms behind KIRC progression, which may improve clinical outcomes and patients quality of life. In the present study, we identified a set of clinically relevant CAFs-related methylation-driven genes, NAT8, TINAG, and SLC17A1 in KIRC. Our comprehensive in silico analysis revealed that the expression levels of NAT8, TINAG, and SLC17A1 are highly associated with outcomes of patients with KIRC. Meanwhile, their methylation levels are highly correlates with the severity of KIRC. We suggest that the biomarkers might contribute to CAFs infiltration in KIRC. Taken together, our study provides a set of promising biomarkers which could predict the progression and prognosis of KIRC. Our findings could have potential prognosis and therapeutic significance in the progression of KIRC.
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INTRODUCTION
The global incidence of kidney cancer is increasing. Approximately 400,000 new cases of kidney cancer are diagnosed worldwide in 2018 (Bray et al., 2018; Hoefflin et al., 2020). KIRC is the most prevalent type of kidney cancer with an increasing prevalence (Frew and Moch, 2015). Among kidney cancers, KIRC is the leading cause of cancer-related death, mainly due to its highly metastatic potential and high relapse rate (Kaelin, 2009; Jemal et al., 2011; Jonasch et al., 2012). Meanwhile, KIRC is relatively resistant to traditional chemotherapy and radiotherapy (Jonasch et al., 2012). Therapeutic options for patients with metastatic KIRC are limited, and the prognosis remains dismal. Up to now, there is a lack of biomarkers for diagnosis/prognosis prediction and drug targets for therapeutic intervention of KIRC. The overall prognosis of patients with KIRC is still limited, indicating the need for the improvement of therapeutic strategies directed at potential molecular targets (Li et al., 2017). Thus, it is essential and meaningful to identify reliable new biomarkers for better understand the prognosis and progression of KIRC, and further develop novel therapeutic strategies against KIRC.
Recent studies have emphasized the role of the tumor microenvironment or stromal infiltrates in tumor progression and response to various therapies of tumors. Stromal cell infiltration plays a crucial role in tumorigenesis, progression, metastasis, and clinical outcomes. Cancer-associated fibroblasts (CAFs) are of outstanding importance in tumor stromal infiltration. CAFs are the predominant and critical component in the tumor stromal, and their primary function is to provide a microenvironment for promoting tumor cell characteristics associated with increased aggressiveness. Cancer is associated with CAFs at all stages of cancer progression, including initiation, growth, and metastasis of tumor, and they are considered as a niche response to tissue damage caused by cancer cells. CAFs produce various tumor-associated components and play a role in regulating tumor extracellular matrix, tumor cell metabolism, and immune infiltration of the tumor microenvironment (Kalluri, 2016; Curtis et al., 2019). CAFs were proposed to have a protumor effect in kidney cancer. The study by Xu et al. showed that CAFs were involved in tumor progression by influencing cell proliferation, migration, and drug resistance in kidney tumors (Xu et al., 2015; Errarte et al., 2020). In particular, the symbiotic correlation between tumor cells and CAFs was proposed in KIRC, and CAFs seem to be involved in the initial phases of KIRC progression (Bakhtyar et al., 2013; López, 2013; Errarte et al., 2020). However, resulting from a lack of proper experimental models to study CAFs in KIRC, the role of CAFs in KIRC remains to be further explored.
DNA methylation is one of the widely studied epigenetic modifications (Egger et al., 2004; Feinberg, 2007; Bock and Lengauer, 2008) and plays crucial roles in tumorigenesis and progression across tumors. Furthermore, variation of DNA methylation status has been demonstrated to be associated with clinical features of patients with tumor (Morris and Maher, 2010; Morris and Latif, 2017). Previous studies have proposed that DNA methylation status contributes to progression and clinical outcomes of patients with kidney cancers suggesting that DNA methylation has the potential to be prognostic biomarkers and therapeutic targets for KIRC (Ellinger et al., 2011; Ricketts et al., 2014; Eggers et al., 2012; Patrício et al., 2013; Xiao et al., 2013; He et al., 2013). The aberrant DNA methylations have been shown as independent prognostic markers for kidney cancers (Yamada et al., 2006; Morris et al., 2010; Atschekzei et al., 2012; Van Vlodrop et al., 2017). DNA methylation status was proposed to have the potential to improve outcomes of patients with KIRC as well as diagnosis, prognosis, and clinical treatment of KIRC (Evelönn et al., 2019; Angulo et al., 2021). DNA methylation studies relevant to KIRC to date are still limited. No study has reported DNA methylation in CAFs-related genes as prognostic markers for patients with KIRC.
In the present study, we sought to investigate the potential role of CAFs-related DNA methylation genes in clinical outcomes of patients with KIRC. The CAFs-related DNA methylation genes were screened using database-based bioinformatic analysis, and their associations with clinical features were evaluated.
METHODOLOGY
Dataset Download and Processing
The gene expression, DNA methylation and relevant clinical datasets for human KIRC samples were generated by The Cancer Genome Atlas (TCGA). The RNA expression dataset was obtained from Xena UCSC, containing 530 cases (Goldman et al., 2018). The gene expression dataset of normal kidney tissues was downloaded from GTEx database (The Genotype-Tissue Expression project). The DNA methylation dataset was obtained from TCGA database and arranged using R language.
Gene Ontology Analysis
GO analysis was conducted according to differentially expressed genes using the R package clusterprofiler in R language. The GO terms included three categories: Biological process (BP), cellular component (CC) and molecular function (MF).
Stromal and Immune Infiltration Assessment
The stromal and immune infiltrations were evaluated by MCPCounter. Using MCPCounter R package in R, the stromal and immune cell infiltration levels of KIRC samples were calculated.
Eight immune cells and two stromal cells were quantified in human KIRC samples.
Correlation Analysis
To examine the correlation between DNA methylation status of relevant genes and their RNA expression, we performed correlation analysis using datasets from TCGA database. Spearman’s correlation coefficient were performed to assess the strength of the relationship between two variables. The analysis was carried out using R language.
Survival Analysis
To examine the clinical significance of DNA methylation status of relevant genes and their RNA expression in KIRC, survival analysis was carried out. For transcriptional regulatory mechanism at epigenetic level, hypermethylation should be accompanied by a reduction of its gene expression. Conversely, hypomethylation should overlap with upregulation of its gene expression. We combined gene expression levels and their methylation status, and then the joint Kaplan-Meier survival analysis of methylation and expression was conducted. Kaplan-Meier analysis was performed and compared using the logrank test. A value of p < 0.05 was used to indicate statistical significance. Bioinformatic analyses and statistical analyses were conducted using R language. Survival and survminer packages were used for Kaplan–Meier curves in R language. Survival package was used for computing survival analyses. Survminer package was used for summarizing and visualizing the results of survival analyses.
Methylation-Driven Gene Screening
The correlations between DNA methylation status of relevant genes and their RNA expression levels were assessed using Spearman’s correlation coefficient. |r | > 0.3 and p < 0.05 served as the screening threshold.
Statistical Analysis
Group comparisons in bioinformatic analysis were carried out by Wilcox test and Kruskal-Wallis test. We performed survival analysis using Kaplan-Meier method with the logrank test. Spearman’s correlation test was performed to examine the correlation coefficients in the study. A value of p < 0.05 was used to indicate statistical significance.
RESULTS
Evaluation of Clinical Relevance of CAFs in KIRC
To clarify the biological functions of differentially expressed genes (Figure 1A) between normal and tumor tissues of KIRC, differential gene analysis was carried out using datasets from GTEx and TCGA databases. The corresponding relationship table between tumor samples and normal samples was downloaded from the differential analysis section of GEPIA database (http://gepia.cancer-pku.cn/help.html). The TCGA tumor samples, TCGA paired adjacent normal samples and GTEX normal samples were arranged and used for the analysis. Then gene ontology (GO) analysis was performed. The R package clusterprofiler was used for the analysis (Yu et al., 2012). As shown in Figure 1B, we observed that the tumor microenvironment-related terms (such as cell adhesion and extracellular matrix related terms) were significantly enriched in categories Biological process (BP), Cellular Component (CC) and Molecular Function (MF), respectively. These results suggested that tumor microenvironment changes might contribute to KIRC tumorigenesis. The importance of tumor microenvironment sets the basis for our following CAFs relevant study in KIRC. To specifically study the role of CAFs in KIRC, we firstly evaluated the infiltration level of CAFs in KIRC using MCPCounter (Becht et al., 2016). As shown in Figure 2A, the quantification of the abundance of eight immune cells and two stromal cells was performed using KIRC transcriptomic dataset downloaded from the TCGA database. In order to explore the importance of CAFs in KIRC, we performed a series of analyses to examine the relationship between CAFs and clinical features of KIRC. To investigate the correlation between CAFs and survival of patients with KIRC. We then examined the association between CAFs and the survival conditions of patients using Kaplan-Meier survival analysis. The survival analysis showed that the infiltration of CAFs was significantly negatively correlated with the overall survival of KIRC patients (Figure 2B, logrank test). We next investigated the relationship between CAFs and histologic grade. As shown in Figure 2C, a trend of positive correlation was observed between CAFs infiltration level and the histologic grade. Higher infiltration level of CAFs was accompanied by a relative higher tumor histologic grade than lower CAFs infiltration level. Furthermore, we examined the correlation between CAFs infiltration level and tumor stage. The result showed that CAFs infiltration level had a significant positive correlation with tumor T stage, referring to the size and extent of the primary tumor (Figure 2D). Meanwhile, the CAFs infiltration in KIRC was also evaluated using XCell (Aran et al., 2017). Similar outcomes were obtained. We observed a negative correlation between CAFs and survival of patients in Kaplan-Meier analysis (Supplementary Figure S1A), as well as positive correlations between CAFs and tumor histologic grade/tumor T stage (Supplementary Figures S1B,C). Taken together, these findings suggest that increased CAFs infiltration was associated with aggressive clinical features of KIRC. All in all, results demonstrate that CAFs were involved in the progression and development of KIRC. Therefore, CAFs have potential clinical implication for diagnosis, prognosis, and treatment of KIRC.
[image: Figure 1]FIGURE 1 | Functional annotation of differentially expressed genes between KIRC tumor and normal tissues. (A) Heat map of differentially expressed gene analysis. The ordinate represents the differentially expressed genes while the normal and tumor samples is represented in the abscissa. The blue color indicates lower expression, and the red color indicates higher expression. (B) The GO analysis of differentially expressed genes between normal and tumor tissues.
[image: Figure 2]FIGURE 2 | The relationship between CAFs infiltration level and clinical features of patients with KIRC. (A) The evaluation of immune and stromal infiltration levels of KIRC based on MCPCounter algorithm. (B) Kaplan-Meier survival analysis according to infiltration level of CAFs in KIRC. (C) Association between CAFs infiltration level and KIRC histologic grade. (D) Association between CAFs infiltration level and KIRC pathological T grade.
Identification of CAFs-Related Methylation-Driven Genes in KIRC
To investigate the influence of DNA methylation on CAFs, we firstly identified differentially methylated genes in KIRC (Figure 3A) (|logFC | > 0.2, p < 0.05). Through the correlation analysis between methylation status and CAFs infiltration level, we screened the CAFs-related methylated genes. We then examine the correlations between the methylation level of CAFs-related methylated genes and their mRNA expression levels. According to a cutoff value of r > 0.3, p < 0.05. We identified nine CAFs-related methylation-driven genes (Figure 3B). Furthermore, the correlation between CAFs infiltration level and the methylation levels, as well as mRNA expression levels of CAFs-related methylation-driven genes, were shown in Figures 3C,D. We observed positive correlations between CAFs infiltration level and methylation status of PDZK1IP1, NAT8, TINAG, SLC17A1, and GGT1. Methylation status of HTR2B, TMEM173, C10orf55, and ITGA5 were negatively correlated with CAFs infiltration level. The correlations between CAFs infiltration level and RNA expression levels of CAFs-related methylation-driven genes were examined. In contrast, RNA expression levels of PDZK1IP1, NAT8, TINAG, SLC17A1, and GGT1 were demonstrated to exhibit negative correlations with CAFs infiltration level. RNA expression levels of HTR2B, TMEM173, C10orf55 and ITGA5 were positively correlated with CAFs infiltration level. Overall, we identified a set of CAFs-related methylation-driven genes that might contribute to the tumor microenvironment via regulating CAFs infiltration.
[image: Figure 3]FIGURE 3 | Screening of CAFs related methylation-driven genes. (A) Heat map of differentially methylated gene analysis. The ordinate represents the differentially methylated genes while the normal and tumor samples is represented in the abscissa. The blue color indicates lower methylation levels, and the red color indicates higher methylation levels. (B) Flowchart of CAFs related methylation-driven genes screening (top). Spearman’s correlation between RNA expression level of CAFs related methylation-driven genes and their methylation status (bottom). (C) Spearman’s correlation between CAFs infiltration level and methylation status of CAFs related methylation-driven genes. (D) Spearman’s correlation between CAFs infiltration level and RNA expression of CAFs related methylation-driven genes.
Survival Significance of CAFs-Related Methylation-Driven Genes
To investigate the role of CAFs-related methylation-driven genes on the survival of patients with KIRC, Kaplan-Meier survival analysis was performed using DNA methylation status of CAFs-related methylation-driven genes. Survival in high methylation and low methylation group was compared using the log-rank test to determine whether the difference was significant. As shown in Figure 4A, we observed significant differences in survivals according to the methylation status of NAT8, TINAG, SLC17A1, HTR2B, TMEM173, C10orf55, SLC17A1, and GGT1. The hypermethylation status of NAT8, TINAG, SLC17A1, and C10orf55 were accompanied by worse survival conditions of patients with KIRC. In contrast, we observed that the hypomethylation status of HTR2B, TMEM173, and ITGA5 were accompanied by worse survival conditions of patients with KIRC. We then examined the correlations between RNA expression of CAFs-related methylation-driven genes and survival of patients. As shown in Figure 4B, expression levels of PDZK1IP1, NAT8, TINAG, SLC17A1, GGT1, and HT2B were significantly positively associated with survival of patients with KIRC. Furthermore, we integrated the DNA methylation dataset with RNA expression profiling. We then assessed the correlation between methylation status/RNA expression of CAFs-related methylation-driven genes and survival of patients. Patients with hypermethylation status and low expression levels of NAT8, TINAG, and SLC17A1 demonstrated a significantly shorter survival compared with those with hypomethylation status and high expression levels (Figure 4C). These results suggest that NAT8, TINAG and SLC17A1 RNA expression levels and DNA methylation status are associated with the survival of patients with KIRC.
[image: Figure 4]FIGURE 4 | Survival analysis of CAFs related methylation-driven genes in KIRC. (A) Kaplan-Meier survival analysis according to methylation status of CAFs related methylation-driven genes. (B) Kaplan-Meier survival analysis according to RNA expression of CAFs related methylation-driven genes. (C) Kaplan-Meier survival analysis of methylation status combine with RNA expression of CAFs related methylation-driven genes.
Clinical Significance of CAFs-Related Methylation-Driven Genes
To further illustrate the clinical role of NAT8, TINAG and SLC17A1, we assessed the correlations between NAT8, TINAG and SLC17A1, and clinical features. We observed that the DNA methylation levels of NAT8, TINAG and SLC17A1 were significantly associated with histologic grade and T stage of KIRC. The DNA methylation levels of NAT8, TINAG and SLC17A1were significantly higher in high-grade than in the low-grade of tumors (Figure 5A). A similar trend of correlation was observed in the T stage. As shown in Figure 5B, DNA methylation levels of NAT8, TINAG and SLC17A1 was accompanied by an increasing tumor T stage. We then examined the correlations between RNA expression levels of NAT8, TINAG and SLC17A1, and clinical features. In contrast, an opposite trend was observed for the analysis. RNA expression levels of NAT8, TINAG, and SLC17A1 were negatively correlated with histologic grade and the T stage of KIRC. Decreasing RNA expression levels of NAT8, TINAG, and SLC17A1 were associated with lower tumor grade of KIRC (Figure 5C). Meanwhile, a higher tumor T stage was accompanied by reductions of RNA expression levels of NAT8, TINAG, and SLC17A1 (Figure 5D). Taken together, We identified three clinically relevant CAFs-related methylation-driven genes containing NAT8, TINAG and SLC17A1. NAT8, TINAG, and SLC17A1 RNA expression levels and DNA methylation status are correlated with the histologic grade and T stage of patients with KIRC. We proposed that manipulation the expression of NAT8, TINAG and SLC17A1 at epigenetic level might contribute to CAFs-mediated KIRC severity.
[image: Figure 5]FIGURE 5 | Association between clinical features and NAT8, TINAG, and SLC17A1. (A) Association between KIRC histologic grade and methylation status of NAT8, TINAG, and SLC17A1. (B) Association between KIRC pathological T grade and methylation status of NAT8, TINAG, and SLC17A1. (C) Association between KIRC histologic grade and RNA expression levels of NAT8, TINAG, and SLC17A1. (D) Association between KIRC pathological T grade and RNA expression levels of NAT8, TINAG, and SLC17A1.
DISCUSSION
In the present study, we evaluated the infiltration level of CAFs in KIRC based on a databased bioinformatic analysis. We observed the high correlations between CAFs and clinical features in KIRC. By correlating the methylation-driven genes in KIRC, the specific CAFs related methylation-driven genes were identified. Furthermore, we identified three clinically relevant CAFs-related methylation-driven genes, NAT8, TINAG, and SLC17A1. The RNA expression and methylation status of NAT8, TINAG, and SLC17A1were highly involved in clinical features of KIRC.
NAT8 belongs to the GCN5-related N-acetyltransferase superfamily (Chambers et al., 2010) that transfer the acetyl group of acetyl-coenzyme A to an acceptor substrate (Dyda et al., 2000). It has been demonstrated that NAT8 was associated with kidney disease (Luo et al., 2021; Juhanson et al., 2008). NAT8 is specifically and almost exclusively expressed in the kidney and liver (Supplementary Figure S2A) (dataset from The Human Protein Atlas) (Uhlén et al., 2015). It has been proposed that NAT8 might contribute to kidney injury via influencing acetylation pathways (Chambers et al., 2010). To date, there have been relatively few studies relevant to the biological function of NAT8 in KIRC. In particular, no relevant study identified the biological role of NAT8 in CAFs-mediated tumor microenvironment alteration. In the present study, we identified the significant correlation between NAT8 expression and CAFs infiltration level, and its clinical importance in KIRC.
TINAG encodes an extracellular matrix protein that is expressed in tubular basement membranes. Mutation of the TINAG gene is involved in nephronophthisis via influencing cell survival (Xie et al., 2011). Consistent with the previous study, we observed that TINAG is highly enriched in the kidney at both RNA and protein levels (Supplementary Figure S2B; Kanwar et al., 1999). TINAG can interact with extracellular matrix proteins (Kalfa et al., 1994; Kumar et al., 1997; Kanwar et al., 1999). It is able to regulate the adhesion of epithelial cells from kidney tubules suggesting that TINAG is crucial for communication between the cell and extracellular microenvironment (Kalfa et al., 1994; Yoshioka et al., 2002). Our knowledge of the role of TINAG is still incomplete. Particularly, the understanding of its biological function in the tumor microenvironment of KIRC is still vague. This study identified the clinical significance of the TINAG RNA expression pattern and its DNA methylation in KIRC.
SLC17A1 is the solute carrier family 17 member 1 which is expressed on the apical membrane of renal tubular cells. As the first identified member family SLC17 phosphate transporter family, SLC17A1 is proposed to mediate sodium and inorganic phosphate co-transport and believed to be the voltage-driven organic anions transporter which is highly involved in renal insufficiency (Busch et al., 1996; Hollis-Moffatt et al., 2012; Iharada et al., 2010). However, the role of SLC17A1 in the tumor microenvironment is still unknown.
Various therapeutic strategies concentrating on the tumor microenvironment are being developed and implemented in recent years. Indeed, the clinical trials are already showing promising results in KIRC (Nunes-Xavier et al., 2019). Starting from the importance of CAFs in the tumor microenvironment, the analyses of our study explored the potential biomarkers involving CAFs infiltration. In particular, we identified a set of clinically relevant CAFs-related methylation-driven genes. We are not only aim to explore the biomarkers for CAFs infiltration but also more interested in its regulation at the epigenetic level. In conclusion, our study offers a layer of CAFs regulation at the epigenetic level that can change tumor microenvironment, also may provide a therapeutic strategy to affect CAFs infiltration via manipulating clinical relevant CAFs-related methylation-driven genes in KIRC.
We performed the whole analysis based on TCGA dataset, therefore, the limitations of TCGA database should be taken into account. A limitation of the study is the relatively small amount of the cohort of KIRC dataset in TCGA database. Another limitation is that the TCGA used the Illumina 450 k BeadChip array which interrogates only about 450,000 CpG dinucleotides which only partially contains the CpGs in human genome. The incomplete coverage of the data would significantly restrict the relevant epigenetic analysis and a big amount of information of modified genes are missed when we combined the gene expression dataset and DNA methylation dataset. This might result in an analysis bias. Therefore, an improvement is urgently needed to develop analysis strategy to better use the datasets.
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The role of N6-methyladenosine (m6A)-modifying proteins in cancer progression depends on the cell type and mRNA affected. However, the biological role and underlying mechanism of m6A in kidney cancer is limited. Here, we discovered the variability in m6A methyltransferase METTL3 expression was significantly increased in clear cell renal cell carcinoma (ccRCC) the most common subtype of renal cell carcinoma (RCC), and high METTL3 expression predicts poor prognosis in ccRCC patients using a dataset from The Cancer Genome Atlas (TCGA). Importantly, knockdown of METTL3 in ccRCC cell line impaired both cell migration capacity and tumor spheroid formation in soft fibrin gel, a mechanical method for selecting stem-cell-like tumorigenic cells. Consistently, overexpression of METTL3 but not methyltransferase activity mutant METTL3 can promote cell migration, spheroid formation in cell line and tumor growth in xenograft model. Transcriptional profiling of m6A in ccRCC tissues identified the aberrant m6A transcripts were enriched in cancer-related pathways. Further m6A-sequencing of METTL3 knockdown cells and functional studies confirmed that translation of ABCD1, an ATP-binding cassette (ABC) transporter of fatty acids, was inhibited by METTL3 in m6A-dependent manner. Moreover, knockdown of ABCD1 in ccRCC cells decreased cancer cell migration and spheroid formation, and upregulation of ABCD1 acts as an adverse prognosis factor of kidney cancer patients. In summary, our study identifies that METTL3 promotes ccRCC progression through m6A modification-mediated translation of ABCD1, providing an epitranscriptional insight into the molecular mechanism in kidney cancer.
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INTRODUCTION

Globally, in 2018, there were an estimated 403,000 new cases of renal cell carcinoma (RCC) and 175,000 deaths (Bray et al., 2018). Inactivation of the von Hippel-Lindau tumor suppressor (pVHL) is the best-known oncogenic event in clear cell renal cell carcinoma (ccRCC) (Hsieh et al., 2017). VHL is critical for targeting the α-subunit of hypoxia-inducible factor (HIF) for oxygen-dependent proteolysis (Maxwell et al., 1999; Jaakkola et al., 2001), thus providing a direct molecular link between VHL-associated tumorigenesis and oxygen sensing via HIF. However, Vhl deletion in mice failed to elicit tumor formation (Rankin et al., 2006; Kapitsinou and Haase, 2008), suggesting that additional mechanisms are essential. Previous studies including ours have proven that ccRCC is also an epigenetic disease driven by DNA hypermethylation and aberrant histone modifications (Dalgliesh et al., 2010; Cancer Genome Atlas Research Network, 2013; Chen et al., 2016). Very recently, a third component has emerged: the so-called epitranscriptome which is defined as the chemical modifications of RNA that regulate and alter the activity of RNA molecules. It remains largely unknown whether RNA modifications are involved in kidney tumorigenesis. One study has showed that the mutation of Vhl and TP53, two most important genes in development of ccRCC is associated with the change of N6-methyladenosine (m6A) regulatory genes (Zhou J. et al., 2019), suggesting that m6A modification may play an important role in ccRCC. Exploring the epitranscriptomic mechanisms during kidney tumorigenesis may lead to new promising therapeutic strategies.

One of the best-studied RNA modifications linked to cancer is m6A, which influences a broad spectrum of functions in RNA metabolism, including RNA stability, splicing, processing, localization, and translation initiation (Fu et al., 2014; Roundtree et al., 2017; Huang et al., 2020a). Actually, m6A installed by the m6A methyltransferases complex is a dynamical and reversible biological process. m6A modifications of a transcript are deposited by “writers,” the methyltransferase complex, which is composed of two core components METTL3 and METTL14 (Bokar et al., 1997; Liu et al., 2014), and other accessory regulatory subunits, such as WTAP, and KIAA1429 (Ping et al., 2014; Schwartz et al., 2014), and catalyzed by the demethylases, or erasers for depositing and removing them, including FTO and ALKBH5 (Jia et al., 2011; Zheng et al., 2013). And it can be recognized by m6A-binding proteins known as “readers” such as YTHDF1/2, YTHDC1/2 (Du et al., 2016; Xiao et al., 2016; Hsu et al., 2017).

In addition, METTL3 as the first discovered core methyltransferase subunit, plays a major catalytic role in m6A methylation process. It was first discovered in 1997 isolated from a HeLa cell nuclear extract that exhibited methyltransferase activity (Bokar et al., 1997; Liu et al., 2014). As the core catalytic component in the methyltransferase complex, loss of METTL3 disrupts numerous physiological processes such as spermatogenesis (Xu et al., 2017), hematopoiesis (Lee et al., 2019), embryonic development (Aguilo et al., 2015), T cell homeostasis (Li H. B. et al., 2017), and memory formation (Zhang et al., 2018). In addition, METTL3 functions as an oncogene or a suppressor gene in many types of cancers by affecting different m6A levels of target RNAs (Cui et al., 2017; Vu et al., 2017; Chen et al., 2018; Cheng et al., 2019; Lan et al., 2019; Wanna-Udom et al., 2020). Although, Li et al. (2017) has reported that low expression of METTL3 was related to activations of adipogenesis and mTOR pathways in ccRCCs, the molecular mechanism of METTL3 in regulating of kidney cancer progression via an m6A methyltransferase dependent manner remains largely unclear.

Herein, we compared the m6A mRNA profiles between normal and ccRCC cancer tissues and characterized a significant association between m6A and kidney cancer progression. Mechanistically, we identified that METTL3 promotes tumor migration and tumor spheroid formation (stem-cell-like tumorigenic cells), and ABCD1 is an m6A target of METTL3 to treat or prevent kidney cancer metastases. Collectively, our results indicate that METTL3 is a candidate therapeutic target that compromises stem-like tumorigenic cells.



MATERIALS AND METHODS


Clear Cell Renal Cell Carcinoma Specimens and Cell Lines

Primary ccRCC and adjacent kidney tumor samples from two patients involved in this study were obtained from Peking Union Medical College Hospital after pathologic diagnosis. The study was approved by the Ethics Committee of our institutes. Informed consent was obtained from each participant. The ccRCC cell lines used in this study, A498 and 786-O were cultured in DMEM medium (HyClone), 10% fetal bovine serum (FBS, BI), 100 U/ml penicillin, and 100 μg/ml streptomycin in a humidified atmosphere with 5% CO2 at 37°C.



Establishment of Stable Knockdown and Overexpression Cells

Stable knockdown of target genes was achieved by lentivirus-based short hairpin RNA delivery. The sequences that resulted in successful knock down are shown in Supplementary Table 1. Overexpression cells were established by using a modified pLVX-IRES-ZsGreen plasmid. The wild-type and mutant METTL3 plasmids were kindly provided by Pro. Yungui Yang (Beijing Institute of Genomics, Chinese Academy of Sciences) (Yang et al., 2019). Lentiviruses were packaged in HEK293T cells through cotransfecting every shRNA plasmid with packing vectors (PsPAX2, pMD2.G) by X-tremeGENETM Transfection Reagents (Roche). The lentivirus particles were harvested at 24 and 48 h and directly infected A498 cells under polybrene for 24 h after passage through 0.45 μm syringe filters (Corning). Then, transfected A498 cells were selected for 7 days using 2 μg/ml puromycin or 10 μg/ml blasticidin.



RNA Extraction and Quantitative PCR Analysis

Total RNA was extracted by using TRIzol reagent (Invitrogen) following the manufacturer’s protocol. For mRNA expression quantification, 1 μg of total RNA was converted to cDNA using the RevertAid First Strand cDNA Synthesis Kit (Invitrogen). Quantitative real-time PCR using the KAPA SYBR FAST Universal qPCR Kit (Applied Biosystems) was performed on a 7500 Fast Real-time PCR system (Applied Biosystems). Quantitative PCR primers sequences are listed in Supplementary Table 1.



Western Blot Analysis

Western blot analysis was performed following the standard protocol. Total protein from the cell lines was prepared with ice-cold cell lysis buffer (Beyotime Institute of Biotechnology) and quantified using BCA protein assay reagent (Thermo). The primary antibodies used in this study are shown in Supplementary Table 2.



Liquid Chromatography-Tandem Mass Spectrometry

In brief, 100–200 ng of mRNA was digested by 0.1 U Nuclease P1 (Sigma) and 1.0 U Calf Intestinal Phosphatase (New England Biolabs) and incubated at 37°C overnight. The sample was then filtered (MW cutoff: 3 kDa, Pall, Port Washington), and subjected to LC-MS/MS. The nucleosides were separated by reversed-phase ultra-performance liquid chromatography on an Agilent C18 column with online mass spectrometry detection using a G6410B triple quadrupole mass spectrometer (Agilent Technologies) in the positive ion mode. The m6A levels were calculated as the ratio of m6A to A based on the calibrated concentrations according to the standard curve obtained from pure nucleoside standards running with the same batch of samples.



N6-Methyladenosine ELISA

To detect overall levels of m6A in different samples, the m6A ELISA (EpiGentek) was performed according to the manufacturer’s instructions. In brief, about 300 ng of total RNA was used as an input. Then RNA samples were captured and detected by spectrophotometer (Bio-Rad) at 450 nm. The level of m6A methylation was calculated according to the manufacturer’s instructions.



Cell Viability Assay

We used CCK8 assay (Lab Lead) to study the impact of METTL3 knock down in A498 and 786-O cell lines. The cells were seeded in 96-well plates in a density of 1000 cells/well and were cultivated at 37°C in 5% CO2. The cell viability was then measured at 24, 48, and 72 h time point.



Transwell Migration Assay

Transwell migration assays were performed using 24-well Transwell inserts with an 8 μm pore size (Corning). Briefly, in total, 1 × 104 cells in 200 μl of culture medium without FBS were added to the upper chamber, while 500 μl of medium supplemented with 10% FBS was added to the lower chamber and incubated for 12–24 h at 37°C. The cells invading the lower chamber were fixed with 4% paraformaldehyde for 30 min, stained with 0.1% crystal violet solution for 30 min at room temperature, and counted under an upright microscope (five fields per chamber).



Cell Invasion Assay

For cell invasion assay, BioCoatTM Matrigel invasion chamber was used according to the manufacturer’s instruction (Corning). Briefly, 2 × 104 cells were resuspended in 200 μl of DMEM medium without FBS, and seeded in the upper portion of the invasion chamber. The lower portion of the chamber contained 500 μl of medium supplemented with 10% FBS. After 16–24 h, non-invasive cells were removed from the upper surface of the membrane with a cotton swab. The invasive cells on the lower surface of the membrane were stained with crystal violet, and counted in four separate areas with an upright microscope.



Three-Dimensional Fibrin Gel Culture of Tumor Cells

A 3D fibrin gel culture was performed according to a previously described method (Liu et al., 2012). Briefly, fibrinogen (Sea Run Holdings) was dissolved in T7 buffer (pH 7.4, 50 mM Tris, 150 mM NaCl) to obtain a concentration of 2 mg/ml. The proper volume of the fibrinogen solution and the cell solution were mixed, resulting in 1 mg/ml (90 Pa) fibrinogen. Fifty microliters of cell/fibrinogen mixtures was seeded into each well of a 96-well plate with 1 μl of thrombin (0.1 U/μl) and then incubated at 37°C for 30 min. Finally, 200 μl of DMEM containing 10% FBS and antibiotics was added to the plate. After culture for 1, 3, or 5 days, the cells were counted by an upright microscope.



Tumor Xenograft Model

A498 cells (1 × 106 cells) were resuspended in 100 μl of PBS and subcutaneously injected into the axillary fossa of nude mice (BALB/c-nude, 4 weeks old). The tumor volume was calculated with the formula V = 0.5 ab2, where a is the longest tumor axis and b is the shortest tumor axis. The animal protocol was approved by the animal ethics committee of the Beijing Institute of Genomics, Chinese Academy of Sciences.



m6A-RNA Immunoprecipitation Sequencing and MeRIP-qPCR

The MeRIP experiment was performed according to the reported protocols. Briefly, total RNA was extracted by TRIzol reagent (Invitrogen). mRNA was isolated by a Dynabeads® mRNA Purification Kit (Invitrogen) and fragmented to approximately 100 nt by an RNA fragmentation kit (Ambion). The m6A primary antibody (Synaptic Systems) was incubated with PierceTM Protein A Magnetic Beads (Thermo Fisher Scientific) for 1 h at 4°C. The fragmented RNA (∼100 nt) was incubated with the antibody-bead mixture for 4 h at 4°C and then washed five times with IP buffer. The samples were eluted with m6A nucleotide solution and purified with the phenol-chloroform method. For high-throughput sequencing, the purified RNA fragments from MeRIP and the input RNA were used for library construction with the KAPA Stranded RNA-Seq Library Preparation Kit and sequenced with Illumina HiSeq X Ten. For MeRIP-qPCR, the relevant enrichment of m6A of ABCD1 in each sample was analyzed by RT-qPCR.



Dual Luciferase Reporter Assay

Cells were seeded into the individual wells of a six-well plate and co-transfected with vectors according to the X-tremeGENETM Transfection Reagents (Roche) protocol. After 48 h, the firefly and Renilla luciferase activities were measured by a Dual Luciferase Reporter Assay System (Promega). Each group was analyzed in triplicate.



N6-Methyladenosine-miCLIP–Seq

Single-nucleotide-resolution mapping of m6A of A498 cells was carried out according to previously published studies (Chen et al., 2015; Linder et al., 2015) with some modifications. Briefly, the mRNA of A498 cells were purified by Dynabeads mRNA Purification Kit (Life Technologies) and fragmented to about 100 nt by the fragmentation reagent (Life Technologies). 2 μg of fragmented mRNAs were incubated with 5 μg of anti-m6A antibody (Abcam) in 300 μl immunoprecipitation buffer (50 mM Tris, pH 7.4, 100 mM NaCl, 0.05% NP-40) at 4°C for 2 h. The mixture was then irradiated three times with 0.15 Jcm–2 at 254 nm by a CL-1000 Ultraviolet Crosslinker (UVP), and then incubated with Dynabeads Protein A (Life Technologies) at 4°C for 2 h. After washing, end-repair and linker ligation, the enriched RNA were isolated from the beads by proteinase K digestion, and extracted by phenol–chloroform. Purified RNAs were reverse transcribed by Superscript III reverse transcriptase (Life Technologies). The cDNA from last step was with size selection on a 6% TBE-Urea gel (Life Technologies), and circularization and re-linearization by CircLigase II (Epicenter) and BamHI (NEB), respectively. Then the cDNA was amplified by AccuPrime SuperMix 1 enzyme (Life Technologies) for 20 cycles and sequenced by Illumina HiSeq X Ten according to the manufacturer’s instructions.



Bioinformatic Analysis

In order to measure the variance of gene expression, we calculated the coefficient of expression variation by using the standard deviation divided by the mean (Brown, 1998).

Sequencing reads were aligned to the human genome GRCh37/hg19 by HISAT2, and the m6A peaks were detected by MACS peak-calling software (version 2.1.2) with the default options except for “–nomodel, –keepdup all.” A stringent cutoff threshold for a q-value of 1 × 10–5 was used to obtain high-confidence peaks. m6A motifs were identified by using Homer software. Differential gene expression was calculated by R package DEseq2 using HT-seq reads of input samples counted by HT-Seq python package (version 0.9.1), with a fold-change cutoff of 2.0 and a p-value cutoff of 5 × 10–2. Gene ontology (GO) analysis was performed using Metascape (Zhou et al., 2019), and GO terms with p < 0.05 were defined as significant. Network analysis was performed using ConsensusPathDB (CPDB) software (Kamburov et al., 2013; Herwig et al., 2016).



Statistical Analysis

All the data related to cell and animal experiments were evaluated with GraphPad Prism software. Measured data are represented as the mean ± standard deviation (SD). Unpaired parametric two-tailed Student’s t-test was used to calculate statistical significance. Overall survival was analyzed with the Kaplan-Meier method using the log-rank test to determine significance. p-values < 0.05, p-values < 0.01 and p-values < 0.001 were considered statistically significant (∗, ∗∗, ∗∗∗).



RESULTS


The Expression Variability of N6-Methyladenosine-Modifying Genes, Especially METTL3, Is Increased in Clear Cell Renal Cell Carcinoma

To explore the potential role of m6A modification in ccRCC, we first examined the mean expression of m6A-modifying genes using RNA-seq data from The Cancer Genome Atlas (TCGA). We found that the mean expression of either the m6A-modifying gene set (Figure 1A) or each individual gene (data not shown) did not change significantly in the tumor tissues compared to the normal tissues. However, tumors comprise a heterogeneous collection of cells that can differentially promote progression, metastasis and drug resistance. Intratumor and/or intertumor variability in gene expression has been increasingly shown to be functionally important. Consistent with this scenario, the expression variance of multiple m6A-modifying genes especially METTL3, significantly increased during kidney tumorigenesis (Figures 1B,C). Indeed, according to Li et al. (2017) and Zhou et al. (2019) studies, the expression level of METTL3 with high copy number variations showed large heterogeneity in different ccRCC cohorts. To further confirm this finding, we detected the m6A-modifying protein levels of seven pairs of tumor and adjacent normal tissues. The expression of m6A-related proteins between the normal and tumor tissues varied among the patients, and the variance of METTL3 was the most dramatic (Figure 1D). Kaplan-Meier analysis showed that patients with increased METTL3 expression had a poor overall survival in TCGA Kidney Clear Cell Carcinoma (TCGA-KIRC) cohort (Figure 1E), indicating its role in promoting kidney tumorigenesis.
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FIGURE 1. The expression variability of m6A-modifying genes is increased in ccRCC, especially METTL3. (A) The mean expression of the m6A-modifying gene set was not significantly changed in the ccRCC tumor tissues compared to the normal tissues from TCGA Data Portal. (B,C) The coefficient of expression variation of m6A-modifying genes in the ccRCC tumor tissues compared to the normal tissues (unpaired two samples Wilcoxon test). (D) The protein levels of m6A-modifying proteins in seven paired tumor tissues and matched normal tissues from ccRCC patients was determined by western blots (left). β-actin was used as a loading control. The relative expression ratio of m6A-modifying proteins between tumors and normal tissues after normalization to β-actin expression (right). (E) Kaplan-Meier survival curves using TCGA Data Portal showed that the expression level of METTL3 can predict the clinical outcome of ccRCC patients. p-values were calculated by the log-rank test. n, the number of cases.




METTL3 Promotes Clear Cell Renal Cell Carcinoma Progression in an m6A-Methyladenosine Methyltransferase-Dependent Manner

To further investigate the roles of METTL3 in ccRCC, we established a stable METTL3 knockdown cell line in A498 and 786-O cells (Figure 2A). Liquid chromatography-tandem mass spectrometry (LC-MS/MS) and ELISA assay confirmed that the level of m6A in the shMETTL3-1 and shMETTL3-2 cells was significantly decreased (Figure 2B and Supplementary Figure 1A). Functionally, knockdown of METTL3 reduced the cell viability and suppressed their ability in cell migration and invasion (Supplementary Figures 1B,C and Figure 2C). While overexpression of METTL3 but not the kinase inactive mutant METTL3 promoted (Figure 2D). Additionally, stable knockdown of METTL3 effectively suppressed tumor growth as reflected by the significant reduction of tumor size when compared with the shRNA control (Figures 2E,F). But the overexpression of METTL3 rather than the kinase inactive mutant METTL3 could promote the tumor growth in vivo xenograft tumor mice models (Figures 2G,H). Therefore, METTL3 is required for kidney cancer progression in an m6A methyltransferase-dependent manner.
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FIGURE 2. METTL3 promotes ccRCC progression in an m6A methyltransferase-dependent manner. (A) Western blot of METTL3 in A498 and 786-O cells transduced with lentiviruses expressing scrambled short hairpin RNA (shCon) and two independent shRNAs targeting METTL3 (shMETTL3-1 and shMETTL3-2). β-actin was used as a loading control. (B) m6A ratio determined by LC-MS/MS in the control and METTL3 knockdown A498 cells. Error bars represent the standard deviation (SD) of three biological replicates. (C,D) Transwell assays of A498 and 786-O cells transduced with shRNAs targeting METTL3 (C) and METTL3-overexpressing virus (D) and quantitatively analyzed (right) (scale bar, 500 μm). EV, control empty virus; METTL3-OE, METTL3-expressing virus; METTL3-Mut, methyltransferase inactivated METTL3-expressing virus. Error bars represent the SD of the mean (n = 5). (E) Growth curves of xenograft tumors derived from shCon or shMETTL3-2 A498 cells. (F) Xenograft tumors formed by shCon or shMETTL3-2 A498 cells in nude mice. (G) Growth curves of xenograft tumors derived from A498 cells transduced with METTL3-expressing virus (METTL3-OE), METTL3-Mut-expressing virus (METTL3-Mut) and control empty virus (EV). Error bars represent the SD of the mean (n = 5). (H) Xenograft tumors formed by METTL3-OE, EV, or METTL3-Mut A498 cells in nude mice.




METTL3 Is Critical for Stem Cell-Like Tumor-Repopulating Cell Maintenance

To further evaluate the functional consequences of the expression variability of METTL3 and identify specific subpopulations that are phenotypically relevant to tumor progression, we used a soft three dimensional (3D) fibrin gel culture system to generate stem cell-like tumor-repopulating cells (TRCs) (Liu et al., 2012; Liu J. et al., 2018). Similarly, A498 ccRCC cells were trapped individually in the gel and grew into spheroid-like shapes resembling stem-like TRCs (Figure 3A). Notably, the protein level of METTL3 was higher in the TRCs than in the 2D rigid dish-cultured cells (Figure 3B). To further test whether the spheroids formed in the soft 3D fibrin gel may share some features of a stem cell, we examined a panel of stem cell markers by RT-qPCR. Consistently, we found that the gene expression of METTL3 was also upregulated in the cells cultured in the soft 3D fibrin gel (Figure 3C). Furthermore, a panel of stem cell makers, Nanog, Nestin, Oct4, and Sox2, were also upregulated in the cells from the soft 3D fibrin gel compared with the control cells (Figure 3C). More importantly, knockdown of METTL3 compromised the colony formation of TRC spheroids, and overexpression of METTL3 but not the kinase inactive mutant METTL3 promoted colony formation (Figures 3D,E). Therefore, METTL3 is also required for TRC colony formation in an m6A methyltransferase-dependent manner.
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FIGURE 3. Upregulation of stem cell-associated genes including METTL3 in A498 spheroid cells cultured in 3D fibrin gel. (A) A single A498 cell grew into a multicellular tumor spheroid within a 90 Pa 3D fibrin gel during the culture course from Day 1 to Day 5 (scale bar, 500 μm). (B) The protein level of METTL3 from A498 cells cultured in 2D rigid dishes or 90 Pa fibrin gels was examined by western blot. β-actin was used as a loading control. (C) Stem cell markers and hTERT expression in A498 cells were quantified by RT-qPCR. The same mRNA sample of A498 tumor spheroid cells was used as above. A498 cells cultured in 2D rigid dishes were used as controls. Mean ± SD, *p < 0.05, compared with the 2D cells. (D,E) Sphere formation analysis of A498 cells transduced with METTL3-targeting virus (D) and METTL3-expressing virus (E), normalized to the number of spheroid cells at day 1. Error bars represent the SD of the mean (n = 3).




M6A-Methyladenosine Methylomes Are Profoundly Reprogrammed During Clear Cell Renal Cell Carcinoma Tumorigenesis

We next sought to determine the m6A-dependent mechanism by which METTL3 loss impedes ccRCC progression. First, we evaluated the genome-wide m6A methylomes during ccRCC tumorigenesis by m6A sequencing (MeRIP-seq) with the tumor and matched normal tissues from two ccRCC patients except the seven patients in Figure 1 and Supplementary Table 3. In both the tumor tissues and the normal tissues of the two patients, m6A-seq analysis identified high overlapping 10,434–13,169 m6A peaks from 7,038 to 8,214 m6A-modified genes (Supplementary Table 4). Consistent with previous studies, the m6A peaks were significantly enriched in the RGACH motif (R = G/A; H = A/C/U) (Figure 4A), and were abundant in coding regions (CDSs), 3′UTRs, and near stop codons in all the samples (Figures 4B,C). Then, to determine the biological relevance of m6A modification in ccRCC tumorigenesis, we first overlapped the 5,952 m6A genes shared in the normal tissues with the 5,988 modified genes shared in the tumor tissues as shown in Figure 4D. And the 1,180 m6A genes that only existed in m6A genesNormal group were regarded as the normal specific genes, while the 1,216 m6A genes that only existed in m6A genesTumor group were considered as the tumor specific genes (Figure 4D). The representative tracks of normal or tumor m6A specific genes were shown in Figure 4E. Interestingly, gene ontology (GO) enrichment analysis revealed that the 1,180 normal-specific m6A genes were involved in maintenance of kidney function, such as kidney development, nephron epithelium development, and regulation of body fluid levels (Figure 4F). The GO terms of the 1,216 tumor-specific genes with m6A peaks were multiple cancer-related pathways, such as immune-related pathways, regulation of GTPase activity and cell junction assembly (Figure 4F). To test whether the change in m6A modification level is correlated with the change in transcript level, we performed RNA-seq of the two patients (Supplementary Figure 2A). There were more downregulated genes in the tumor tissues than in the normal tissues (Supplementary Table 5 and Supplementary Figure 2B). Intriguingly, the downregulated genes also showed significant enrichment in key pathways for maintenance of kidney function, and the upregulated genes showed enrichments in cancer-related pathways (Supplementary Figures 2C,D). We next examined whether the changes in transcript levels were correlated with the changes in m6A modification. As shown in Figure 4G, we identified a positive correlation between the change in the m6A modification level and that of the mRNA expression level. Thus, m6A targets and transcripts showed dynamically controlled abundance during ccRCC tumorigenesis.
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FIGURE 4. m6A methylomes are profoundly reprogrammed during ccRCC tumorigenesis. (A) The consensus motif identified from m6A-seq peaks in the normal and ccRCC tissues. (B) The normalized distribution of m6A peaks generated from the normal and tumor tissues across the mRNAs. (C) Pie chart of m6A peak proportions in the indicated regions in the normal and tumor tissues. (D) Venn diagram of the m6A-modified genes detected in the normal and tumor tissues. (E) Profile of IP and input reads of representative normal-specific and tumor-specific m6A peaks in ADAMTS16 and CD53. Levels were normalized by the number of reads in the normal and tumor samples, and the values on the left side of the track represent the range of IP and input level. (F) GO pathway analysis of genes with normal-specific and tumor-specific m6A modification. (G) Cumulative distribution for the gene expression changes between the normal and tumor tissues for upregulated m6A methylation genes (red) and downregulated m6A methylation genes (black).




METTL3 Selectively Targets Genes Including Regulators of Fatty Acid Metabolism

To determine which of the deregulated m6A modified transcripts could be direct targets of METTL3, we assessed the transcriptome-wide mRNAs with m6A in the shCon and shMETTL3 ccRCC cells. Consistent with previous studies, the RGACH motif (R = G/A; H = A/C/U) was highly enriched within m6A sites in both the shCon and shMETTL3 cells (Figure 5A). M6A peaks in both groups were predominantly located in the CDS, stop codon and 3′UTR (Figures 5B,C). Compared to those in the shCon cells, genes with loss of m6A peaks in the shMETTL3 cells were identified as candidate METTL3 targets (shCon-specific genes). In order to obtain the potential targets of METTL3, we overlapped the m6A genes in the shCon group with those in the shMETTL3 group, and there were 583 m6A genes which were only existed in the shCon group regarded as METTL3 targets (shCon-specific genes). As shown in Figure 5D, these potential METTL3 targets were significantly enriched in cancer-related terms including phosphate metabolism, mitochondrion organization, apoptosis and cellular response to stress. And some of them have been found to be targets of METTL3 in other studies such as SOCS1, GLI1, MAFA, and MGMT (Li et al., 2017; Cai et al., 2019; Wang et al., 2020; Shi et al., 2021). Next, we sought to determine whether the candidate METTL3 targets in the ccRCC cell line are relevant to ccRCC patients. Eighty out of 583 candidate METTL3 targets were preferentially methylated in the tumor tissues of ccRCC patients (Figure 5E). ConsensusPathDB (Kamburov et al., 2013; Herwig et al., 2016) network analysis of these 80 genes further found enrichment for multiple metabolic pathways, such as fatty acid beta-oxidation, fatty acid catabolic process, and ribonucleotide catabolic process (Figure 5F and Supplementary Tables 6, 7).


[image: image]

FIGURE 5. Identification of METTL3 downstream targets in ccRCC. (A) Predominant consensus motif identified in the shCon and shMETTL3 A498 cells. (B) The normalized distribution of m6A peaks across all mRNA transcripts after METTL3 knockdown. (C) The fractions of the m6A peaks in the control and METTL3 knockdown A498 cells within the indicated regions. (D) GO pathway analysis of the candidate METTL3 targets in the ccRCC cell line. (E) Schematic of the selection for the downstream targets of METTL3 in the ccRCC cell lines and the ccRCC tissues. (F) CPDB analysis of 80 candidate targets. P-values were calculated according to Fisher’s exact test, cutoff p < 0.01.




ABCD1 Is a Key Downstream Target of METTL3 in Clear Cell Renal Cell Carcinoma

Among the genes enriched in metabolic pathways, we focused on ABCD1, as ABCD1 was identified from multiple metabolic pathways in the ConsensusPathDB network analysis. ABCD1 is a member of the superfamily of ATP-binding cassette (ABC) transporters that is located in the human peroxisome membrane (Tanaka et al., 2002; Morita et al., 2006). As shown in Figure 6A, the m6A-seq data demonstrated that the m6A peak of ABCD1 in the 5′UTR was markedly increased in tumor tissues and diminished upon METTL3 knockdown in the A498 cells. We also confirmed that the m6A abundance decreased after METTL3 knockdown by MeRIP-qPCR in the A498 cells (Figure 6B). However, we found that METTL3 knockdown did not significantly change the mRNA level of ABCD1 (Figure 6C). Since previous studies have found that m6A modification in the 5′UTR could promote cap-independent translation (Meyer et al., 2015), we measured the protein level of ABCD1. Western blot assays showed that the protein level of ABCD1 decreased upon METTL3 knockdown (Figure 6D). To further confirm the reduced ABCD1 protein level is due to the methylation of specific sites, we performed single nucleotide resolution m6A profiling (miCLIP–seq) of A498 cells and found the 7 m6A motifs within the 5′UTR of ABCD1. We then cloned the ABCD1 5′UTR region, including wild-type (WT) or mutant (A-to-T mutation) m6A sites into a luciferase reporter vector to identify the function of these m6A motifs in the regulation of ABCD1 translation (Figure 6E). As shown in Figure 6F, the luciferase activity was increased in ABCD1 5′UTR wild-type but not in mutant samples. Additionally, knockdown of ABCD1 compromised both tumor migration and tumor sphere formation (Figures 6G–I), which was phenotypically similar to METTL3 knockdown. Moreover, by using TCGA ccRCC RNA-Seq data, we found patients with high ABCD1 expression were associated with poor overall survival (Figure 6J). These results demonstrated that both METTL3 and its downstream targets, such as ABCD1, have potential as therapeutic targets in ccRCC.
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FIGURE 6. ABCD1 is a key downstream target of METTL3 in ccRCC. (A) The read distribution in the 5′UTR of ABCD1 mRNA of the normal and tumor tissues, and the shCon and shMETTL3 A498 cells. The values on the left side of the track represent the range of normalized IP and input levels. (B) m6A enrichment in the 5′UTR of ABCD1 mRNA in the METTL3 knockdown A498 cells verified by MeRIP-qPCR. Error bars represent the SD of the mean. (C) ABCD1 mRNA expression levels in the shCon and shMETTL3 A498 cells verified by RT-qPCR. Error bars represent the SD of the mean. (D) ABCD1 protein levels upon knockdown of METTL3 in A498 cells determined by western blotting. β-actin was used as a loading control. (E) pGL4.10 luciferase reporter constructs containing fragments of the human ABCD1 5′UTR with wild-type m6A sites (WT-5′UTR) or mutant (A-to-T mutation) m6A sites (Mut-5′UTR) are shown. The position of the m6A sites is numbered relative to the first nucleotide of the 5′UTR. (F) Relative luciferase activity in control constructs (EV) or constructs containing the wild-type 5′UTR of ABCD1 (WT-5′UTR) or mutant m6A sites of ABCD1 (Mut-5′UTR). Firefly luciferase activity for each construct was first normalized to the co-transfected Renilla luciferase construct and then normalized to the control constructs (EV). (G) Western blot of ABCD1 in the A498 cells transduced with lentiviruses expressing scrambled short hairpin RNA (shCon) and two independent shRNAs targeting ABCD1 (shABCD-1 and shABCD1-2). β-actin was used as a loading control. (H) (left) and quantitatively analyzed (right) (scale bar, 500 μm). Error bars represent (SD) three biological replicates. (I) Sphere-formation analysis of A498 cells transduced with ABCD1-targeting virus, normalized to the number of spheroid cells on day 1. Error bars represent the SD of the mean (n = 3). (J) Kaplan-Meier survival curves of ccRCC patients based on ABCD1 mRNA expression in TCGA database. Patients were assigned to two subgroups according to the median ABCD1 mRNA expression (log-rank test).




DISCUSSION

Paradoxically, the m6A methyltransferase METTL3 was reported to have dual roles in cancer (Huang et al., 2020b), acting as an oncogene in AML (Barbieri et al., 2017), breast (Niu et al., 2019), and liver cancers (Chen et al., 2018), and as a tumor suppressor in glioblastoma (Cui et al., 2017) and endometrial cancers (Liu et al., 2018). However, the direct role of METTL3 via an m6A methyltransferase dependent manner in ccRCC remains unclear. Although there has been a report showing that METTL3 impairs ccRCC progression in Caki-1 and Caki-2 cell lines through epithelial to-mesenchymal transition (EMT) and PI3K-Akt-mTOR pathways (Li et al., 2017), other studies identified METTL3 predicts a poor overall survival of ccRCC patients in TCGA datasheet (Chen et al., 2020; Zheng et al., 2020), implying that METTL3 might be an oncogene. In our study, we revealed an important role of METTL3 in regulation of kidney cancer progression. Firstly, we found that the expression variance but not the mean expression level of METTL3 increased significantly during kidney tumorigenesis. Clinical data from TCGA showed that higher expression of METTL3 predicted poor prognosis in ccRCC patients which are consistent with the previously studies. Further functional studies showed that METTL3 was critical for maintaining stem cell-like tumorigenic cells in an m6A-dependent manner. MeRIP-seq and GO analysis showed that the m6A abundance of METTL3 targets related to metabolic processes is dynamically regulated during kidney tumorigenesis. In particular, ABCD1, an ABC transporter, was methylated in its 5′UTR. Consistent with recent findings (Meyer et al., 2015), we demonstrated that depletion of METTL3 decreased the m6A methylation level in the 5′UTR of ABCD1 and reduced the protein level but not the mRNA level. To further demonstrate the regulation of ABCD1 translation efficiency is due to the methylation of specific sites, we performed miCLIP-seq and found 7 m6A sites in ABCD1 5′UTR. Mutation of these m6A sites in the 5′UTR of ABCD1 has no effect on translation efficiency, but the wild-type one increased the reporter protein level. These results suggested that METTL3 promoted kidney tumorigenesis through enhancing of ABCD1 translation in an m6A dependent manner, providing an epitranscriptional insight into the mechanism of kidney cancer progression.

N6-methyladenosine modification could affect the fate of the modified coding and non-coding RNAs in almost all vital bioprocesses, including cancer promotion and progression (Barros-Silva et al., 2020; Huang et al., 2020b; Yang et al., 2020). This study uncovered the crosstalk between complex cancer-associated metabolic reprogramming and epitranscriptomics in kidney cancer. Previous studies including ours have shown that the oncometabolite R-2-hydroxyglutarate (R-2HG) accumulates at high concentrations in ccRCC (Shim et al., 2014; Chen et al., 2016). R-2HG acts as a competitive inhibitor of α-ketoglutarate (α-KG), binding to the active sites of specific enzymes such as α-KG-dependent dioxygenases including DNA “erasers” (TETs) and histone modifiers (Xu et al., 2011) as well as m6A “eraser” (FTO and ALKBH5) (Thalhammer et al., 2011; Su et al., 2018). Thus, the m6A modification level of the transcripts is susceptible to changes in the concentrations of metabolites and/or oncometabolites. Additionally, the genes with m6A modifications are crucial regulators of cell metabolic pathways such as glycolysis, mitochondrial respiratory chain complex activity, and hypoxia. We found that METTL3 selectively targets multiple genes involved in cell metabolism, such as ABCD1. ABCD1 plays a role in the biosynthesis of fatty acids by beta-oxidation and mitochondrial function (van Roermund et al., 2011; Baarine et al., 2015). Morphologically, ccRCC cells show high levels of lipids and glycogens (Gebhard et al., 1987), indicating altered fatty acid and glucose metabolism in the development of ccRCC. Cell-based assays demonstrated that reductive carboxylation of glutamine generates citrate needed for the growth of mitochondrion-defective tumor cells (Metallo et al., 2011; Mullen et al., 2011), and reductive carboxylation of α-KG to citrate for cell growth can be promoted by hypoxia and HIF1 (Wise et al., 2011). Collectively, the crosstalk between cancer-related metabolic reprogramming and m6A modifications has a critical role in kidney tumorigenesis.



DATA AVAILABILITY STATEMENT

The data used in this study can be accessed from the National Genomics Data Center, Beijing Institute of Genomics, Chinese Academy of Sciences, under accession numbers HRA000258 and HRA000259 that are accessible at http://bigd.big.ac.cn/gsa-human.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by the Ethics Committee of Peking University First Hospital. The patients/participants provided their written informed consent to participate in this study. The animal study was reviewed and approved by Ethics Committee of the Beijing Institute of Genomics, Chinese Academy of Sciences.



AUTHOR CONTRIBUTIONS

WC supervised and conceptualized the study. YS and YD performed most of the experiments and bioinformatics analysis. JZ and JQ participated in bioinformatics and statistical analyses. MZ, ZX, and YX were responsible for clinical sample collection and analyses. YS and WC wrote the manuscript. All authors have read and approved the final manuscript.



FUNDING

This work was supported by the CAS Strategic Priority Research Program (XDA16010102 to WC), National Key R&D Program of China (2018YFC2000100 and 2019YFA0110900 to WC), and National Natural Science Foundation of China (31800695 to YS).



ACKNOWLEDGMENTS

We acknowledge Yungui Yang and Ying Yang for their guidance in m6A-associated experiments. We also appreciate Yusheng Chen for his kind technical support in the bioinformatic analysis.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcell.2021.737498/full#supplementary-material

Supplementary Figure 1 | METTL3 promotes ccRCC progression related to Figure 2. (A) Bar plotting showing the m6A level in total RNA in the control and METTL3 knockdown cells by using m6A ELISA assay. Error bars represent the SD of three replicates. (B) Cell viability of A498 and 786-O cells transduced with shRNAs targeting METTL3. (C) Cell invasion assays of A498 and 786-O cells transduced with shRNAs targeting METTL3 (scale bar, 500 μm), and quantitatively analyzed (right), Error bars represent the SD of the mean.

Supplementary Figure 2 | Gene expression analysis of normal and ccRCC tissues related to Figure 4. (A) Heatmap showing the correlation of RNA-seq data between normal and ccRCC tissues from the 2 patients. (B) The volcano plot of the differentially expressed genes (DEGs) between the normal and ccRCC tissues. (C,D) GO pathway analysis of the upregulated genes (C) and the downregulated genes (D) in the ccRCC tissues.
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Supplementary Table 5 | Differentially expressed gene summary of the two patients in this work.

Supplementary Table 6 | List of the 80 candidates in this work.

Supplementary Table 7 | CPDB analysis results of the 80 candidates in this work.



REFERENCES

Aguilo, F., Zhang, F., Sancho, A., Fidalgo, M., Di Cecilia, S., Vashisht, A., et al. (2015). Coordination of m(6)A mRNA methylation and gene transcription by ZFP217 regulates pluripotency and reprogramming. Cell Stem Cell 17, 689–704. doi: 10.1016/j.stem.2015.09.005

Baarine, M., Beeson, C., Singh, A., and Singh, I. (2015). ABCD1 deletion-induced mitochondrial dysfunction is corrected by SAHA: implication for adrenoleukodystrophy. J. Neurochem. 133, 380–396. doi: 10.1111/jnc.12992

Barbieri, I., Tzelepis, K., Pandolfini, L., Shi, J., Millan-Zambrano, G., Robson, S. C., et al. (2017). Promoter-bound METTL3 maintains myeloid leukaemia by m(6)A-dependent translation control. Nature 552, 126–131. doi: 10.1038/nature24678

Barros-Silva, D., Lobo, J., Guimaraes-Teixeira, C., Carneiro, I., Oliveira, J., Martens-Uzunova, E. S., et al. (2020). VIRMA-dependent N6-methyladenosine modifications regulate the expression of long non-coding RNAs CCAT1 and CCAT2 in prostate cancer. Cancers 12:771. doi: 10.3390/cancers12040771

Bokar, J. A., Shambaugh, M. E., Polayes, D., Matera, A. G., and Rottman, F. M. (1997). Purification and cDNA cloning of the AdoMet-binding subunit of the human mRNA (N6-adenosine)-methyltransferase. RNA 3, 1233–1247.

Bray, F., Ferlay, J., Soerjomataram, I., Siegel, R. L., Torre, L. A., and Jemal, A. (2018). Global cancer statistics 2018: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 68, 394–424. doi: 10.3322/caac.21492

Brown, C. E. (1998). Applied Multivariate Statistics In Geohydrology and Related Sciences. New York: Springer, 248.

Cai, J., Yang, F., Zhan, H., Situ, J., Li, W., Mao, Y., et al. (2019). RNA m(6)A Methyltransferase METTL3 promotes the growth of prostate cancer by regulating hedgehog pathway. Onco Targets Ther. 12, 9143–9152. doi: 10.2147/OTT.S226796

Cancer Genome Atlas Research Network (2013). Comprehensive molecular characterization of clear cell renal cell carcinoma. Nature 499, 43–49. doi: 10.1038/nature12222

Chen, J., Yu, K., Zhong, G., and Shen, W. (2020). Identification of a m(6)A RNA methylation regulators-based signature for predicting the prognosis of clear cell renal carcinoma. Cancer Cell Int. 20:157. doi: 10.1186/s12935-020-01238-3

Chen, K., Lu, Z., Wang, X., Fu, Y., Luo, G. Z., Liu, N., et al. (2015). High-resolution N(6) -methyladenosine (m(6) A) map using photo-crosslinking-assisted m(6) A sequencing. Angew. Chem. 54, 1587–1590. doi: 10.1002/anie.201410647

Chen, K., Zhang, J., Guo, Z., Ma, Q., Xu, Z., Zhou, Y., et al. (2016). Loss of 5-hydroxymethylcytosine is linked to gene body hypermethylation in kidney cancer. Cell Res. 26, 103–118. doi: 10.1038/cr.2015.150

Chen, M., Wei, L., Law, C. T., Tsang, F. H., Shen, J., Cheng, C. L., et al. (2018). RNA N6-methyladenosine methyltransferase-like 3 promotes liver cancer progression through YTHDF2-dependent posttranscriptional silencing of SOCS2. Hepatology 67, 2254–2270. doi: 10.1002/hep.29683

Cheng, M., Sheng, L., Gao, Q., Xiong, Q., Zhang, H., Wu, M., et al. (2019). The m(6)A methyltransferase METTL3 promotes bladder cancer progression via AFF4/NF-kappaB/MYC signaling network. Oncogene 38, 3667–3680. doi: 10.1038/s41388-019-0683-z

Cui, Q., Shi, H., Ye, P., Li, L., Qu, Q., Sun, G., et al. (2017). m(6)A RNA methylation regulates the self-renewal and tumorigenesis of glioblastoma stem cells. Cell Rep. 18, 2622–2634. doi: 10.1016/j.celrep.2017.02.059

Dalgliesh, G. L., Furge, K., Greenman, C., Chen, L., Bignell, G., Butler, A., et al. (2010). Systematic sequencing of renal carcinoma reveals inactivation of histone modifying genes. Nature 463, 360–363. doi: 10.1038/nature08672

Du, H., Zhao, Y., He, J., Zhang, Y., Xi, H., Liu, M., et al. (2016). YTHDF2 destabilizes m(6)A-containing RNA through direct recruitment of the CCR4-NOT deadenylase complex. Nat. Commun. 7:12626. doi: 10.1038/ncomms12626

Fu, Y., Dominissini, D., Rechavi, G., and He, C. (2014). Gene expression regulation mediated through reversible m(6)A RNA methylation. Nat. Rev. Genet. 15, 293–306. doi: 10.1038/nrg3724

Gebhard, R. L., Clayman, R. V., Prigge, W. F., Figenshau, R., Staley, N. A., Reesey, C., et al. (1987). Abnormal cholesterol metabolism in renal clear cell carcinoma. J. Lipid Res. 28, 1177–1184.

Herwig, R., Hardt, C., Lienhard, M., and Kamburov, A. (2016). Analyzing and interpreting genome data at the network level with ConsensusPathDB. Nat. Protoc. 11, 1889–1907. doi: 10.1038/nprot.2016.117

Hsieh, J. J., Purdue, M. P., Signoretti, S., Swanton, C., Albiges, L., Schmidinger, M., et al. (2017). Renal cell carcinoma. Nat. Rev. Dis. Prim. 3:17009. doi: 10.1038/nrdp.2017.9

Hsu, P. J., Zhu, Y., Ma, H., Guo, Y., Shi, X., Liu, Y., et al. (2017). Ythdc2 is an N(6)-methyladenosine binding protein that regulates mammalian spermatogenesis. Cell Res. 27, 1115–1127. doi: 10.1038/cr.2017.99

Huang, H., Weng, H., and Chen, J. (2020a). The biogenesis and precise control of RNA m(6)A methylation. Trends Genet. 36, 44–52. doi: 10.1016/j.tig.2019.10.011

Huang, H., Weng, H., and Chen, J. (2020b). m(6)A modification in coding and non-coding RNAs: roles and therapeutic implications in cancer. Cancer Cell 37, 270–288. doi: 10.1016/j.ccell.2020.02.004

Jaakkola, P., Mole, D. R., Tian, Y. M., Wilson, M. I., Gielbert, J., Gaskell, S. J., et al. (2001). Targeting of HIF-alpha to the von Hippel-Lindau ubiquitylation complex by O2-regulated prolyl hydroxylation. Science 292, 468–472. doi: 10.1126/science.1059796

Jia, G., Fu, Y., Zhao, X., Dai, Q., Zheng, G., Yang, Y., et al. (2011). N6-methyladenosine in nuclear RNA is a major substrate of the obesity-associated FTO. Nat. Chem. Biol. 7, 885–887. doi: 10.1038/nchembio.687

Kamburov, A., Stelzl, U., Lehrach, H., and Herwig, R. (2013). The ConsensusPathDB interaction database: 2013 update. Nucleic Acids Res. 41, D793–D800. doi: 10.1093/nar/gks1055

Kapitsinou, P. P., and Haase, V. H. (2008). The VHL tumor suppressor and HIF: insights from genetic studies in mice. Cell Death Differ. 15, 650–659. doi: 10.1038/sj.cdd.4402313

Lan, Q., Liu, P. Y., Haase, J., Bell, J. L., Huttelmaier, S., and Liu, T. (2019). The critical role of RNA m(6)A methylation in cancer. Cancer Res. 79, 1285–1292. doi: 10.1158/0008-5472.CAN-18-2965

Lee, H., Bao, S., Qian, Y., Geula, S., Leslie, J., Zhang, C., et al. (2019). Stage-specific requirement for Mettl3-dependent m(6)A mRNA methylation during haematopoietic stem cell differentiation. Nat. Cell Biol. 21, 700–709. doi: 10.1038/s41556-019-0318-1

Li, H. B., Tong, J., Zhu, S., Batista, P. J., Duffy, E. E., Zhao, J., et al. (2017). m(6)A mRNA methylation controls T cell homeostasis by targeting the IL-7/STAT5/SOCS pathways. Nature 548, 338–342. doi: 10.1038/nature23450

Li, X., Tang, J., Huang, W., Wang, F., Li, P., Qin, C., et al. (2017). The M6A methyltransferase METTL3: acting as a tumor suppressor in renal cell carcinoma. Oncotarget 8, 96103–96116. doi: 10.18632/oncotarget.21726

Linder, B., Grozhik, A. V., Olarerin-George, A. O., Meydan, C., Mason, C. E., and Jaffrey, S. R. (2015). Single-nucleotide-resolution mapping of m6A and m6Am throughout the transcriptome. Nat. Methods 12, 767–772. doi: 10.1038/nmeth.3453

Liu, J., Dou, X., Chen, C., Chen, C., Liu, C., Xu, M. M., et al. (2020). N (6)-methyladenosine of chromosome-associated regulatory RNA regulates chromatin state and transcription. Science 367, 580–586. doi: 10.1126/science.aay6018

Liu, J., Eckert, M. A., Harada, B. T., Liu, S. M., Lu, Z., Yu, K., et al. (2018). m(6)A mRNA methylation regulates AKT activity to promote the proliferation and tumorigenicity of endometrial cancer. Nat. Cell Biol. 20, 1074–1083. doi: 10.1038/s41556-018-0174-4

Liu, J., Tan, Y., Zhang, H., Zhang, Y., Xu, P., Chen, J., et al. (2012). Soft fibrin gels promote selection and growth of tumorigenic cells. Nat. Mater. 11, 734–741. doi: 10.1038/nmat3361

Liu, J., Yue, Y., Han, D., Wang, X., Fu, Y., Zhang, L., et al. (2014). A METTL3-METTL14 complex mediates mammalian nuclear RNA N6-adenosine methylation. Nat. Chem. Biol. 10, 93–95. doi: 10.1038/nchembio.1432

Liu, Y., Liang, X., Dong, W., Fang, Y., Lv, J., Zhang, T., et al. (2018). Tumor-repopulating cells induce PD-1 expression in CD8(+) T cells by transferring kynurenine and AhR activation. Cancer Cell 33, 480–494.e7. doi: 10.1016/j.ccell.2018.02.005

Maxwell, P. H., Wiesener, M. S., Chang, G. W., Clifford, S. C., Vaux, E. C., Cockman, M. E., et al. (1999). The tumour suppressor protein VHL targets hypoxia-inducible factors for oxygen-dependent proteolysis. Nature 399, 271–275. doi: 10.1038/20459

Metallo, C. M., Gameiro, P. A., Bell, E. L., Mattaini, K. R., Yang, J., Hiller, K., et al. (2011). Reductive glutamine metabolism by IDH1 mediates lipogenesis under hypoxia. Nature 481, 380–384. doi: 10.1038/nature10602

Meyer, K. D., Patil, D. P., Zhou, J., Zinoviev, A., Skabkin, M. A., Elemento, O., et al. (2015). 5′ UTR m(6)A promotes cap-independent translation. Cell 163, 999–1010. doi: 10.1016/j.cell.2015.10.012

Morita, M., Kurisu, M., Kashiwayama, Y., Yokota, S., and Imanaka, T. A. T. P. - (2006). binding and -hydrolysis activities of ALDP (ABCD1) and ALDRP (ABCD2), human peroxisomal ABC proteins, overexpressed in Sf21 cells. Biol. Pharmaceut. Bull. 29, 1836–1842. doi: 10.1248/bpb.29.1836

Mullen, A. R., Wheaton, W. W., Jin, E. S., Chen, P. H., Sullivan, L. B., Cheng, T., et al. (2011). Reductive carboxylation supports growth in tumour cells with defective mitochondria. Nature 481, 385–388. doi: 10.1038/nature10642

Niu, Y., Lin, Z., Wan, A., Chen, H., Liang, H., Sun, L., et al. (2019). RNA N6-methyladenosine demethylase FTO promotes breast tumor progression through inhibiting BNIP3. Mol. Cancer 18:46. doi: 10.1186/s12943-019-1004-4

Ping, X. L., Sun, B. F., Wang, L., Xiao, W., Yang, X., Wang, W. J., et al. (2014). Mammalian WTAP is a regulatory subunit of the RNA N6-methyladenosine methyltransferase. Cell Res. 24, 177–189. doi: 10.1038/cr.2014.3

Rankin, E. B., Tomaszewski, J. E., and Haase, V. H. (2006). Renal cyst development in mice with conditional inactivation of the von Hippel-Lindau tumor suppressor. Cancer Res. 66, 2576–2583. doi: 10.1158/0008-5472.CAN-05-3241

Roundtree, I. A., Evans, M. E., Pan, T., and He, C. (2017). Dynamic RNA modifications in gene expression regulation. Cell 169, 1187–1200. doi: 10.1016/j.cell.2017.05.045

Schwartz, S., Mumbach, M. R., Jovanovic, M., Wang, T., Maciag, K., Bushkin, G. G., et al. (2014). Perturbation of m6A writers reveals two distinct classes of mRNA methylation at internal and 5′ sites. Cell Rep. 8, 284–296. doi: 10.1016/j.celrep.2014.05.048

Shi, J., Chen, G., Dong, X., Li, H., Li, S., Cheng, S., et al. (2021). METTL3 promotes the resistance of glioma to temozolomide via increasing MGMT and ANPG in a m(6)A dependent manner. Front. Oncol. 11:702983. doi: 10.3389/fonc.2021.702983

Shim, E. H., Livi, C. B., Rakheja, D., Tan, J., Benson, D., Parekh, V., et al. (2014). L-2-Hydroxyglutarate: an epigenetic modifier and putative oncometabolite in renal cancer. Cancer Discov. 4, 1290–1298. doi: 10.1158/2159-8290.CD-13-0696

Su, R., Dong, L., Li, C., Nachtergaele, S., Wunderlich, M., Qing, Y., et al. (2018). R-2HG exhibits anti-tumor activity by targeting FTO/m(6)A/MYC/CEBPA signaling. Cell 172, 90.e23–105.e23. doi: 10.1016/j.cell.2017.11.031

Tanaka, A. R., Tanabe, K., Morita, M., Kurisu, M., Kasiwayama, Y., Matsuo, M., et al. (2002). ATP binding/hydrolysis by and phosphorylation of peroxisomal ATP-binding cassette proteins PMP70 (ABCD3) and adrenoleukodystrophy protein (ABCD1). J. Biol. Chem. 277, 40142–40147. doi: 10.1074/jbc.M205079200

Thalhammer, A., Bencokova, Z., Poole, R., Loenarz, C., Adam, J., O’Flaherty, L., et al. (2011). Human AlkB homologue 5 is a nuclear 2-oxoglutarate dependent oxygenase and a direct target of hypoxia-inducible factor 1alpha (HIF-1alpha). PLoS One 6:e16210. doi: 10.1371/journal.pone.0016210

van Roermund, C. W., Visser, W. F., Ijlst, L., Waterham, H. R., and Wanders, R. J. (2011). Differential substrate specificities of human ABCD1 and ABCD2 in peroxisomal fatty acid beta-oxidation. Biochim. Biophys. Acta 1811, 148–152. doi: 10.1016/j.bbalip.2010.11.010

Vu, L. P., Pickering, B. F., Cheng, Y., Zaccara, S., Nguyen, D., Minuesa, G., et al. (2017). The N(6)-methyladenosine (m(6)A)-forming enzyme METTL3 controls myeloid differentiation of normal hematopoietic and leukemia cells. Nat. Med. 23, 1369–1376. doi: 10.1038/nm.4416

Wang, Y., Sun, J., Lin, Z., Zhang, W., Wang, S., Wang, W., et al. (2020). m(6)A mRNA methylation controls functional maturation in neonatal murine beta-cells. Diabetes 69, 1708–1722. doi: 10.2337/db19-0906

Wanna-Udom, S., Terashima, M., Lyu, H., Ishimura, A., Takino, T., Sakari, M., et al. (2020). The m6A methyltransferase METTL3 contributes to transforming growth factor-beta-induced epithelial-mesenchymal transition of lung cancer cells through the regulation of JUNB. Biochem. Biophys. Res. Commun. 524, 150–155. doi: 10.1016/j.bbrc.2020.01.042

Wise, D. R., Ward, P. S., Shay, J. E., Cross, J. R., Gruber, J. J., Sachdeva, U. M., et al. (2011). Hypoxia promotes isocitrate dehydrogenase-dependent carboxylation of alpha-ketoglutarate to citrate to support cell growth and viability. Proc. Natl Acad. Sci. U.S.A. 108, 19611–19616. doi: 10.1073/pnas.1117773108

Xiao, W., Adhikari, S., Dahal, U., Chen, Y. S., Hao, Y. J., Sun, B. F., et al. (2016). Nuclear m(6)A reader YTHDC1 regulates mRNA splicing. Mol. Cell 61, 507–519. doi: 10.1016/j.molcel.2016.01.012

Xu, K., Yang, Y., Feng, G. H., Sun, B. F., Chen, J. Q., Li, Y. F., et al. (2017). Mettl3-mediated m(6)A regulates spermatogonial differentiation and meiosis initiation. Cell Res. 27, 1100–1114. doi: 10.1038/cr.2017.100

Xu, W., Yang, H., Liu, Y., Yang, Y., Wang, P., Kim, S. H., et al. (2011). Oncometabolite 2-hydroxyglutarate is a competitive inhibitor of alpha-ketoglutarate-dependent dioxygenases. Cancer Cell 19, 17–30. doi: 10.1016/j.ccr.2010.12.014

Yang, X., Liu, Q. L., Xu, W., Zhang, Y. C., Yang, Y., Ju, L. F., et al. (2019). m(6)A promotes R-loop formation to facilitate transcription termination. Cell Res. 29, 1035–1038. doi: 10.1038/s41422-019-0235-7

Yang, X., Zhang, S., He, C., Xue, P., Zhang, L., He, Z., et al. (2020). METTL14 suppresses proliferation and metastasis of colorectal cancer by down-regulating oncogenic long non-coding RNA XIST. Mol. Cancer 19:46. doi: 10.1186/s12943-020-1146-4

Zhang, Z., Wang, M., Xie, D., Huang, Z., Zhang, L., Yang, Y., et al. (2018). METTL3-mediated N(6)-methyladenosine mRNA modification enhances long-term memory consolidation. Cell Res. 28, 1050–1061. doi: 10.1038/s41422-018-0092-9

Zheng, G., Dahl, J. A., Niu, Y., Fedorcsak, P., Huang, C. M., Li, C. J., et al. (2013). ALKBH5 is a mammalian RNA demethylase that impacts RNA metabolism and mouse fertility. Mol. Cell 49, 18–29. doi: 10.1016/j.molcel.2012.10.015

Zheng, Z., Mao, S., Guo, Y., Zhang, W., Liu, J., Li, C., et al. (2020). N6methyladenosine RNA methylation regulators participate in malignant progression and have prognostic value in clear cell renal cell carcinoma. Oncol. Rep. 43, 1591–1605. doi: 10.3892/or.2020.7524

Zhou, J., Wang, J., Hong, B., Ma, K., Xie, H., Li, L., et al. (2019). Gene signatures and prognostic values of m6A regulators in clear cell renal cell carcinoma - a retrospective study using TCGA database. Aging 11, 1633–1647. doi: 10.18632/aging.101856

Zhou, Y., Zhou, B., Pache, L., Chang, M., Khodabakhshi, A. H., Tanaseichuk, O., et al. (2019). Metascape provides a biologist-oriented resource for the analysis of systems-level datasets. Nat. Commun. 10:1523. doi: 10.1038/s41467-019-09234-6


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Shi, Dou, Zhang, Qi, Xin, Zhang, Xiao and Ci. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




[image: image]


OPS/images/fphys-12-663216/fphys-12-663216-g001.jpg
Scr
(umol/l)
3

(4
o>
N

P

*%

&=
N P »©
LPS(mg/kg)

SUN
(mmol/l)

50+
*%*
404 T
*%
30+
*%
204
10+
0-
é&& ] » »©
LPS(mg/kg)

Relative protein expression

in expression

Relative prote

- @B saline
0 LPS(10 mg/kg)
B8 LPS(20 mg/kg)
LPS(40 mg/kg)

@8 saline

0 LPS(10 mg/kg)

@8 LPS(20 mg/kg)
LPS(40 mg/kg)

Relative protein expression

Injury score

Q,
S,
EO

MEG3/GAPDH
mRNA

kil
é\(& S '19 W
° LPS(mg/kg)

@B saline

0 LPS(10 mg/kg)

@ LPS(20 mg/kg)
LPS(40 mg/kg)

\XQ.\‘
go
(<]
8+ %k
T
6 *k
4- *%
24
0-
M
90

LPS(mg/kg)





OPS/images/fphys-12-663216/fphys-12-663216-g002.jpg
- 404
* % —
=" 30+
£
** o))
£ 20
(%
=
=l 10+
N ey S o o
g
LPS(ug/ml) <
D
LPS (ug/ml)
PBS
15 30 60
cleaved caspase-1 ‘ x_ - } 20kDa
35kDa

GSDMD-N ‘

B-actin | e — & —— | 42kDa

F
c
S
) 2.51 *%
8 - @8 PBS
S 2.0 o @ LPS(15 ug/ml)
= @B LPS(30 ug/mi)
B 157 LPS(60 ug/ml)
q, *%
D 1.0
g
*%
g 0.5+ - k%
=
< 0.0
S S B
,be ,be
R R
&3 3
< (9
S
Q)
\0""

o

*%

£ S

LPS(ug/ml)

E

=)
)
Q

=)
—
Q
*
*

°
-
2

o
=)
Ul

0.00-

Relative protein expression

Q
0%
20

-
[=2] © (=)
1 1 1

MEG3/GAPDH
mRNA

S,
Y
P
*
*

40+
*%
=" 30
=
—
=)
£ 20
)
0
=1 104
0-
& K o K
LPS(ug/ml)
@B PBS

0 LPS(15 ug/ml)
@ LPS(30 ug/ml)

*k LPS(60 ug/ml)
*% -
“9,\‘
Y
©
T
N\ L S
LPS(ug/ml)





OPS/images/fphys-12-663216/fphys-12-663216-g003.jpg
A
I *%
S
<"
3z
8 E 0.5
Lsu — —
0.0 T
.S\C’ @05
2 q,\@
B
PBS LPS+siNC LPS+siMEG3 positive
EtBr
EthD2 B

-
=" 30 = 304
60+ E E
X =2 >
T 40 £ 204 —_ £ 20
(m) (% ©
20- - =1 101 ‘ = 10-
L o - oL i
X y ) % o o o
L & & & & % S ¢ ®
v x2 RN o S
3 2 38 2
V' ] <
o3 Y Vv
F v 6 H
c
c (]
® 0.5-
caspase-1 | Y e =% | '% 0.8- 4 &8 PBS
— 1 ‘ | o &8 PBS S 0.4 LPS
-’ -
cleaved caspase —— E | LPS x ” T s T mm LPS+siNC
GSDMD | L m—— | 3 Bl [PS:#siNG £ % Z T LPS+SIMEGS
j - = LPS+siMEG3 9 -
= =2 . [e] Ve
GSDMD-N ' - | £ S
— E. o 0.14
B-actin I —— e | o= >
2 ® 0.0
LPS - + + + ® E B B
siNC - - + - & Q,be Q,ba
SIMEG3 - - * & &
Q’b
R






OPS/images/fphys-12-663216/fphys-12-663216-g004.jpg
**

3l
T T T .SCG
0 S 0 oo z U
- - o OL..NM
(7]

VNyW

o 9N/de-egL-yiw

(0]
S w
i
[
e
.
9.
&
%
—
K7
B
&
&@
k
X - o
.
%\w\
- o a = o %

uoissaldxa YNy W aAje|dy
<





OPS/images/fphys-12-637480/fphys-12-637480-g002.jpg
RFX1

Olra]

LN

sl

1 B lymphocyte
6=

-

Ol e |

QO vemethyiation
@ veryiion

_ DNMT1andMBD2)

=z

[ keported

Speculation

Hypertensive injury

T lymphocyte .

3
= More DMG and
H greater, proportion Hypertensive
2 7| ofhypermethylated Kidney injury
El regions

CKD/CVD

S-adenosylhomocysteine/homocysteine

DNMT1]

Proinflammatory M1 genes

Anti-inflammatory.
proangiogenic M2 genes

CD14+CD40 Monocyte.






OPS/images/fphys-12-637480/fphys-12-637480-t001.jpg
Disease Subjects (References) Immune cells Mechanism Gene(s) modified

DKD 20 Chinese patients with DKD (Chen et al., ~ Peripheral blood mononuclear  DNMT11 Upstream regulators of mTOR
2019) cell pathway
181 Pima Indians with diabetes (Qu et ., Blood leukocytes - CDGAP, FKBPL, and ATF68
2018)
N 30 patients with lupus (Zhu et al,, 2016)  Peripheral blood mononuclear  ~ MX1, GPRB4, E2F2
cell
322 women of European descent with Peripheral blood mononuclear - HIF3A, IF144, PRR4
lupus, 80 of whom had LN (Mok etal.,  cell, GD4* T cells
2016)
56 patients with lupus (Coit et al,, 20152)  Naive CD4* T cells - IRF7
SJL mice (Strickland et al,, 2015) CD4"Tcells DNMTH | GD70, CDAOL, K1
51 patients with lupus (Wardowska et al.,  Dendiitic cells DNMT1 1, MBD2! IRFs
2019)
54 female lupus patients (32 patients o Neutrophis - GALNT18

European American ancestry and 22
patients of African American ancestry; Coit

etal, 2020)
IgAN 30 patients with IgAN (¥a et al., 2020) Peripheral blood mononuclear  DNMT3B1, C1GALT1
cell
24 patients with IgAN (Sallustio et al., CD4" T cells - TRIM27, DUSP3, VTRNA2-1
2016)
Hypertensive injury  SS/MCW (JrHsdMow) rats, SS/CRL Toells - -
(UrHsdMowiCr) rats (Dasinger et al., 2020)
CKD/CVD 27 patients with GVD/CKD (Yang etal.,  Monocytes DNMT1} CD4o
2016)

CKD, chronic kidney disease; LN, lupus nephites; IgAN, IgA nephropathy; DKD, diabetic kidney disease; CVD, cardiovascular disease; DNMT, DNA methyltransferase; mTOR,
mammalian target of rapamycin; CDGAP, Cdc42 GTPase-activating protein; FKBPL, FK506-binding protein-lie; ATF6B, activating Transcription Factor 6 Beta; MX1, myxovirus
resistant 1; GPR84, G protein-coupled receptor 84; E2F2, E2F transcription factor 2; HIF3A, hypoxia-inducible factor 3o gene; IFI4d, interferon induced protein 44; PRRA, proline-
rich protein 4; IRF, interferon regulatory factor; Kirl.; GALNT18 polypeptide nacetylgalactosaminyltransferase 18; C1GALTI, core 1 synthase, glycoprotein-N-acetylgalactosamine
3-beta-galactosylransferase 1; TRIM27, tripartite mott-containing 27; DUSP3, dual-specificity phosphatese 3; VIRNA2-1, vault RNA 2-1.





OPS/images/fphys-12-637480/fphys-12-637480-t002.jpg
Drugs Target Model Effect References
5-azacytidine DNMT inhibitor Mouse folic-acid-induced AKI Fibrosis} Bechtel et al., 2010
Mouse db/db DKD Renal functiont, proteinurial Zhang et al., 2017

Renal injuryl
Hydralazin Demethylating activity: Mouse UUO Fibrosis) Tampe et al,, 2015

induction of TET3,

BMP7 Normalization of aberrant
Rasalt methylation, which is
dependent on Tet3-mediated

hydroxymethylation
Decitabine DNMT inhibitor
5-deoxy-5'-methylthioadenosine ~Indirect inhibitor of

methylransferases

Mouse IRI, Mouse HRASAL1-pTreTight
transgenic

Mouse streptozotocin -induced DKD,
mouse UUO, COL4A3-deficient Alport
mice, mouse 5/6 nephrectomy-induced
CKD

Mouse UUO

Mouse MRL/Ipr lupus

RASALT promoter
demethylationt, Fibrosisl,
Renal functiont

Fibrosis}

Fibrosisl
19G deposition and cellular
infitration i the kidney|

Tampe et al., 2017

Tampe et al,, 2014

Bechtel et al., 2010
Yang etal., 2013

DNMT, DNA methyltransferase; AKI, acute Kidney injury; DKD, diabetic Kicney disease; TET, ten-eleven translocation; UUO, unilateral ureteral obstruction; IR, ischemia-reperfusion
injury; RASALT, RAS protein activator lie 1; BMP7, bone morphogenetic protein 7.





OPS/images/fphys-12-663216/cross.jpg
3,

i





OPS/images/fphys-12-637480/crossmark.jpg
©

2

i

|





OPS/images/fphys-12-637480/fphys-12-637480-g001.jpg
Normal condition

» Type 2 disbetes
> Hypertension
> Cardiovascula diseases

| _periphera

Healthy immune cells

=N 1CAC

limmune cells

w”yé‘g 2 * |

@ Umenicee Renal recruitment of Immune cells
5

Thymus

Induction of Aberrant
DNA methylation in

A 00®

2|8 %K

monocyte pe MO

Immune cells with
“inflamed” memor = g0

‘Adaptive repair
CKD improvement

Maladaptive repair

CKD progression






OPS/images/fgene-11-584460/fgene-11-584460-g002.jpg
2
£1

Injury Control Treatment Injury 0

! ! ' !
o8 1 i | ,—|0'19 - i . Control
: , 0.05 4 ! Injury
— Treatment 60 ! i St i Treatment
= |njury : : : :
s i i ' i
N = Control 50 ! ! ! i
I ! ' I
I i ' i
! ! ' !
! ! ' I
€ Gow : : ! : :
B Treatn g | i ! i
= :
& Cmy 8 i i i i
T o . Contre % i | 1 '
3 ! ! ' !
a i i ' i
! ! ' !
I I ' !
; | i ' 1
i i ' I
i i ' i
! ! ' !
I l 0 I I I I
i i ' i
I ! ' I
i i ' i
; ! ! ' !
00 . . . 0 Ny _ y
1 - . - 5UTR cDs JUTR 5'UTR Start Codon CDS Stop Codon  3'UTR

3 4 5
Number of mBA Peaks per Gene

e 5'UTR e 5'UTR 5'UTR
“ Start codon . Start codon Start codon
m=s CDS == CDS CDS
=== Stop codon === Stop codon Stop codon
s 3'UTR = 3'UTR 3UTR






OPS/images/fgene-11-584460/fgene-11-584460-g003.jpg
-i!i!i!i!i

log2(fold change) of Injury vs. Control

L & b Lo .mnow & oo

SUTR  StnCoden  COS SwpCodon  JUTR

»

| .l-i!i.i.i

1og2(fold change) of Treatment vs. Injury
1
o

5 & L o o

Hypermetnylaied

SUTR StanCodon cos StopCodon  JUTR

53SEESSSSEEEEEEEEEE5s

!! Il !!"“. il

FEERREEEIES

H





OPS/images/back-cover.jpg
Advantages
of publishing
in Frontiers






OPS/images/fgene-11-584460/fgene-11-584460-g004.jpg
GO term
i

coganede
Iotracetutar cepanatie
nuieus.
intraceuiar part
otracetutar
eguia
regutation of

roguaton
PorIve (egulation of Bokogical proces

Tegutanin of macromsiecie welabol: process {

B

transporter activity
Substrate-specific transpoter actinity
proten
rant

sk
Sy

"

00 by
catalytic actmity
bading

cell

ol pant

GO term

intracetutar part 4

erroptasm
orgmate

et

focakzation

focalzaton

Vingle-organan matsbol: eo<ess 1
metanols peoty

e
—_—
o e ——
e e e |
B —
- ————— N

Transcriptional misregulation in cancer -

TNF signaling pathway =

Pathway Analysis
[ ]

Reguiation of actin cyloskeletcn - @)

Proteoglycans in cancer - @

T votecuse ncten

Pattways in cancer =

53 signaling pathway -
MAPK signaling pathwary -
HTLV-linfection =

ECM-roceptor interacsion =

4

Giyoxylate and dicarboxylate metabolksm -
GYCORImINOGHTan DOSYNINesHs -
chondronn sulfate / dermatan sulfate
Fatty acid dogradason =

Endocrin and other factorreguiated |
COICRM (QADINPICN

5 ]
EnrichmentScore (-og10(Pvalue))

Pathway Analysis
[ ]

3 4 5
EnrichmentScore (-log10(Pvalue))

7

® 15

@ 0
@





OPS/images/fphys-11-579296/fphys-11-579296-t004.jpg
Downregulated/upregulated
miRNAs

Downregulated miRNAs

Upregulated miRNA

KEGG ID

mmu04012
mmu04010
mmu04390
mmu04310
mmu04014
mmu04151
mmu04930
mmu04152
mmu04066

Pathway

ErbB signaling pathway
MAPK signaling pathway
Hippo signaling pathway
Wt signaling pathway

Ras signaling pathway
PI3K-Akt signaling pathway
Type Il diabetes melitus
AMPK signaling pathway
HIF-1 signaling pathway

Count

<0001
<0.01
<0.01
<0.01
<0.01
<0.05
<0001
<0.05
<0.05





OPS/images/fgene-12-736156/fgene-12-736156-g003.gif





OPS/images/fphys-11-579296/fphys-11-579296-t005.jpg
Downregulated/
upregulated miRNAs

Downregulated miRNAs

Upregulated miRNA

Go D

0043065

0043525

2001235

2001237

0043524

Term Count

Positive regulation of 28
apoptotic process

Positive regulation of 10
neuron apoptotic

process

Positive regulation of 7
apoptotic signaling

pathway

Negative regulation of 5
extrinsic apoptotic

signaling pathway

Negative regulation of 8
neuron apoptotic

process

<001

<001

<001

<001

<0.05

Genes

INGS, ERBB4, WT1, TGFB2, PYCARD, IL18, TRP53INP1, UNC5C,
PHLDA1, NET1, KCNMA1, EEF1A2, STK4, ATF6, TRIM3S,
TNFSF10, ITGAG, RPSBKA2, RIPK1, GSK3B, CASP12, SMPD1,
LRPG, MAPK8, TRP73, ABL1, BIN1, and SLC9AT

KCNMAT, NCF2, GRIK2, GSK38, IL1B, TFAP2A, MAPKS, ABL1,
TGFB2, and ATF2

INGS, TRP63, TRPS3INP1, MAPKS, CAMK2B, CTSC, and TRP73

SH3RF1, ITGAB, RBICC1, TCF7L2, and ACVR1

HIF1A, SET, KDM2B, FYN, GABRB2, MECP2, PPT1, and SIX4





OPS/images/fgene-12-736156/fgene-12-736156-g004.gif





OPS/images/fgene-11-584460/cross.jpg
3,

i





OPS/images/fgene-12-736156/fgene-12-736156-g005.gif





OPS/images/fgene-11-584460/fgene-11-584460-g001.jpg
400

100x

*k%k

*kk

*kk

250+

200+

T T
(=3 o
0 o
- -

(7/10wn)108

Treatment

20pum

*:

100um

*kk

)

™ N -
9109s Aunful sejnqny

200+

00+

T
o
0
-—

(/1Iown)NN





OPS/images/fphys-12-663216/fphys-12-663216-t001.jpg
Primer name

mmu-MEG3 (F)
mmu-MEGS (R)
hsa-MEGS3 (F)
hsa-MEGS3 (R)
mmu-miR-18a-3P (F)
mmu-miR-18a-3P (R)
mmu-miR-541-3P (F)
mmu-miR-541-3P (R)
mmu-miR-654-5P (F)
mmu-miR-654-5P (R)
hsa-miR-18a-3P (F)
hsa-miR-18a-3P (R)
hsa-GSDMD (F)
hsa-GSDMD (R)
mmu-GAPDH (F)
mmu-GAPDH (R)
hsa-GAPDH (F)
hsa-GAPDH (R)
mmu-U6 (F)
mmu-U6 (R)

hsa-U6 (F)

hsa-U6 (R)

Base sequence

5 -CGCGAGGACTTCACGCACAA-3

5 -TCTGTGTCCGTGTGTCCAGG-3'

5" -CTGCCCATCTACACCTCACG-3

5 -ATCCTTTGCCATCCTGGTCC-3

5" -TCCAGACTGCCCTAAGTGC-3

5 -CAGTGCGTGTCGTGGAGT-3

5" -ATCAGACTATGGCGAACACAGAA-3
5 -TATCCTTGTTCACGACTCCTTCAC-3
5 -TGGTAAGCTGCAGAACATGTGT-3

5 -ATCCAGTGCAGGGTCCGAGG-3

5 -TGATACTGCCCTAAGTGCTCC-3'

5 -CAGTGCCGTGTCGTGGAGT-3'

5 -TGATACTGCCCTAAGTGCTCC-3'

5 -GGCTCAGTCCTGATAGCAGTG-3'

5 -GAGAAACCTGCCAAGTATGATGAC-3
5 -AGAGTGGGAAGTTGCTGTTGAAG-3
5 -CATGAGAAGTATGACAACAGCCT-3
5 -AGTCCTTCCACGATACCAAAGT-3

5" -CAGCACATATACTAAAATTGGAACG-3'
5 -ACGAATTTGCGTGTCATCC-3

5" -CAGCACATATACTAAAATTGGAACG-3'
5 -ACGAATTTGCGTGTCATCC-3






OPS/images/fphys-11-579296/fphys-11-579296-t001.jpg
miRNA ID Logg{fold change) p

mmu-miR-3969 5.7669 <001
mmu-miR-3970 56343 <001
mmu-miR-25-5p -5.7129 <001
mmu-miR-7224-3p <001
mmu-miR-1981-3p <0.01
mmu-miR-292a-5p <005
mmu-let-71-2-3p <005
mmu-miR-1191b-5p <0.05
mmu-miR-669n <005
mmu-miR-3474 <005

mmu-miR-6538

<0.05






OPS/images/fgene-12-736156/crossmark.jpg
©

|





OPS/images/fphys-11-579296/fphys-11-579296-t002.jpg
miRNA ID

mmu-miR-6538
mmu-miR-7224-8p
mmu-let-71-2-3p
mmu-miR-1981-3p
mmu-miR-7661-8p
mmu-miR-1947-5p
mmu-miR-3095-3p
mmu-miR-547-3p
mmu-miR-704
mmu-miR-7648-8p
mmu-miR-6967-3p
mmu-miR-324-5p
mmu-miR-1a-3p
mmu-miR-6960-5p
mmu-miR-3064-5p
mmu-miR-3474
mmu-miR-696
-204-3p

mmu-mi

Log;(fold change)

<0.001
<001
<0.05
<0.05
<0.05
<005
<0.05
<0.05
<0.05
<0.05
<0.05
<0.05
<0.05
<0.05
<0.05
<0.05
<0.05
<0.05





OPS/images/fgene-12-736156/fgene-12-736156-g001.gif





OPS/images/fphys-11-579296/fphys-11-579296-t003.jpg
miRNA ID

mmu-miR-1981-3p
mmu-miR-3474
mmu-miR-7224-3p
mmu-miR-6538
mmu-let-76-2-3p

Upregulated/downregulated

Down
Down
Down
Down
Up





OPS/images/fgene-12-736156/fgene-12-736156-g002.gif





OPS/images/fphys-12-663216/fphys-12-663216-g005.jpg
A > B *k

25+ 8+ *%
S 20 o=
o o
o < 151 <
s Z O
] x o [
x a —_
£ =7 n
O]
04
LPS - + + +
6"8. mimic NC - - + -
R mimic miR-18a-3P - = = *
é\é‘
C D
c
2
R 3 _ *% *%
GSDMD | — | § 1 = = am PBS
: 8 LPS
GSDMD-N e g S o.6. = N
- [ @B LPS+mimic NC
B-actin | — e e— e | .qE, 0.4 *k *k LPS+mimic miR-18a-3P
° o
LPS = + + + 8 .
mimic NC - - + - g C
mimic miR-18a-3P - - - + '-3
©
o 9069 R
(<3 Q
06
E F G
1001 *% *% 40+ *% *% 401
*% *%
501 =" 30 = 30-
s £ E
o~ 60- 5 <
E £ 20+ —_— £ 20
= s 2 -
—— 1 J| 10-
20- = 101 =
0- 0- 0-
& & & 8 < 2 & £ ¥ S © R
" T Q vV " P 4 v O o
& N & N & N
& & & § & §
& & & <& & &
¥ & % & V &
< & &
V . WV






OPS/images/fphys-12-663216/fphys-12-663216-g006.jpg
0o e 2.01 * *%
= -
o? < o 1.5
c < o :
o X < < %%
v E Q2 o
4 ox * .
€ = =
7 0.5+
0 L
0.0' T T
LPS + + + +
SIMEG3 = + - +
inhibitor miR-18a-3P - = + +
C D e .
@l LPS @8 LPS+inhibitor miR-18a-3P
GSDMD | = ¥ 2 _5 LPS+SiMEG3 LPS+siMEG3+inhibitor miR-18a-3P
3 0.4' * % * %
GSDMD-N | = M—— o * * *%
o 0.3 * %
x Y. *%
R Q
B-actin | e en— — — pt *%
"D 0.2- T
LPS + + + + "é -
SiIMEG3 - + - g 0.1 o -
miR-18a-3P inhibitor - ' + E
i
Q
(14
E *% F * % G *%
100+ * ** 504 ; » 40- * o
80 *¥ — 40- el *k
£ = 30
2 60- - o 301 - £
T - =)
3 40 < 20 _ 0%20-
[} b
- ~
20 . - 10 =I 10+
0- . . 0- T T "
LPS * + + + -LPS * * * * LPS + . +
SIMEG3 . + . + SIMEG3 . & - & SIMEG3 . + =
inhibitor miR-18a-3P - - + + inhibitor miR-18a-3P - - + +

inhibitor miR-18a-3P - - +





OPS/images/fphys-12-663216/fphys-12-663216-g007.jpg
MEG3WT 5 AGGCCGGAGGGTGTGAGGGCAGA_ 3 B GSDMD WT 5 UGGCAGCUCUCCAGCAGGGCAGA_3
NEEEAR NN
miR-18a-3P  3- GGUCUUCCUCGUGAAUCCCGUCA 5 miR-18a-3P 3+ GGUCUUCCUCGUGAAUCCCGUCA 5

MEG3 MUT 5 AGGCCGGAGGGTGTGCGTGACTA 3. GSDMD MUT 5. UGGCAGCUCUCCAGCCGTGACTA 3:

-
[3,]

1
-
(3]

1

@@ NC mimic
miR-18a-3P mimic

@8 NC mimic
*k miR-18a-3P mimic
-

*%

-
o
1

-

-
o
1

o
2]
L
o
2]

o
=)
N

0.0-

Relative luciferase activity
|
Relative luciferase activity
1

-
N
%
4,
%
%» |

476‘0
%,
Cs,
)
%
@
Cs,
%,

50+

2500 *% 5000-

40+ el

*% 2000
304
15004 3000
20

1000 2000+

500 1000

in Ago2 RIP vs IgG RIP

(&
”

4000 ——

Relative expression of MEG3 M

in Ago2 RIP vs IgG RIP

N
&

Relative expression of miR-18a-3P

Relative expression of GSDMD

in Ago2 RIP vs IgG RIP





OPS/xhtml/Nav.xhtml




Contents





		Cover



		EPIGENETIC REGULATION IN RENAL DEVELOPMENT, PHYSIOLOGY AND DISEASE



		Editorial: Epigenetic Regulation in Renal Development, Physiology and Disease



		Author Contributions



		Funding



		References









		Extracellular Vesicles From High Glucose-Treated Podocytes Induce Apoptosis of Proximal Tubular Epithelial Cells



		Introduction



		Materials and Methods



		Cell Culture and Treatment



		EV Isolation



		Transmission Electron Microscopy



		Nanoparticle Tracking Analysis



		Western Blot Analysis



		EV Uptake Experiment



		Flow Cytometry



		TUNEL Staining



		miRNA Extraction and Sequencing



		Validation of miRNAs by Quantitative Reverse Transcription-Polymerase Chain Reaction



		Target Gene Prediction and Functional/Pathway Enrichment Analysis



		Statistical Analysis









		Results



		EV Characterization



		Podocytes EVs Were Taken up by PTECs



		EVs From HG-Treated Podocytes Induced Apoptosis of PTECs



		Differential Expression of EV miRNA



		Target Gene Prediction



		Functional and Pathway Enrichment Analysis









		Discussion



		Data Availability Statement



		Author Contributions



		Funding



		Footnotes



		References









		Integrated Analysis of m6A Methylome in Cisplatin-Induced Acute Kidney Injury and Berberine Alleviation in Mouse



		INTRODUCTION



		MATERIALS AND METHODS



		Animals and Tissue Collection



		Serum Levels of Creatinine and Blood Levels of Urea Nitrogen



		Histopathology Analyses



		RNA MeRIP-seq and Data Analyses



		RNA-Seq and Data Analyses



		Western Blotting



		Statistical Analyses









		RESULTS



		Establishment of a Reliable CI-AKI Mouse Model



		General Features of m6A Methylation



		Distribution of Differentially Methylated m6A Sites



		Differentially Methylated RNAs Are Involved in Important Biological Pathways



		Conjoint Analyses of m6A Modification and Gene Regulation



		Western Blotting Analyses of Protein Expression in FGA, Slc12a1, and Havcr1









		DISCUSSION



		CONCLUSION



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		FOOTNOTES



		REFERENCES









		Histone Methyltransferase EZH2: A Potential Therapeutic Target for Kidney Diseases



		INTRODUCTION



		EZH2 AND RENAL CELL CARCINOMA



		EZH2 AND ACUTE KIDNEY INJURY



		EZH2 AND RENAL FIBROSIS



		EZH2 AND DIABETIC NEPHROPATHY



		EZH2 AND HYPERURICEMIC NEPHROPATHY



		EZH2 AND LUPUS NEPHRITIS



		EZH2 AND AGING KIDNEY



		EZH2 AND KIDNEY TRANSPLANTATION REJECTION



		CONCLUSION AND PERSPECTIVES



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		REFERENCES









		Epigenetic Regulation of the N-Terminal Truncated Isoform of Matrix Metalloproteinase-2 (NTT-MMP-2) and Its Presence in Renal and Cardiac Diseases



		INTRODUCTION



		THE FL-MMP-2 AND THE NOVEL NTT-MMP-2 ISOFORM



		EPIGENETIC REGULATION OF THE NTT-MMP-2 ISOFORM EXPRESSION



		HISTONE MODIFICATIONS AND THE NTT-MMP-2 ISOFORM EXPRESSION



		DNA METHYLATION AND THE NTT-MMP-2 ISOFORM EXPRESSION



		FUNCTIONAL ASSESSMENT OF THE NTT-MMP-2 ISOFORM



		NTT-MMP-2 AND RENAL DYSFUNCTION AND KIDNEY DISEASES



		NTT-MMP-2 AND HEART INJURY



		CONCLUSION AND PERSPECTIVES



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		SUPPLEMENTARY MATERIAL



		REFERENCES









		Long Non-coding RNA H19 Augments Hypoxia/Reoxygenation-Induced Renal Tubular Epithelial Cell Apoptosis and Injury by the miR-130a/BCL2L11 Pathway



		INTRODUCTION



		MATERIALS AND METHODS



		Cell Culture and Hypoxia/Reoxygenation Treatment



		Plasmid Construction and Cell Transfection



		Quantitative Real-Time PCR (qRT-PCR)



		Western Blot



		ELISA Assay



		CCK-8 Assay



		Cell Apoptosis Analysis



		Dual-Luciferase Reporter Assay



		Biotin-Labeled miR-130a Pull-Down Assay



		Mitochondrial Membrane Potential Analysis



		Statistical Analysis









		RESULTS



		LncRNA H19 Regulates Cell Proliferation, Apoptosis, and Inflammatory Cytokine Expressions in HK-2 Cells Under H/R Conditions



		Downregulation of LncRNA H19 Promotes Cell Proliferation, Inhibits Apoptosis, and Modulates Inflammatory Cytokines Expressions in HK-2 Cells Under H/R Treatment



		Negative Regulation Between lncRNA H19 and miR-130a Expression in HEK-293 Cells



		Upregulation of miR-130a Partially Counteracted LncRNA H19-Induced Cell Proliferation, Apoptosis, and Inflammatory Cytokines Expression in HK-2 Cells After H/R Treatment



		miR-130a Targets BCL2L11 Gene in HEK-293 Cells



		Upregulation of BCL2L11 Partially Reverse the Inhibition Effect on Cell Apoptosis Induced by Downregulation of LncRNA H19 After H/R Treatment









		DISCUSSION



		CONCLUSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		REFERENCES









		DNA Methylation Sustains “Inflamed” Memory of Peripheral Immune Cells Aggravating Kidney Inflammatory Response in Chronic Kidney Disease



		Introduction



		CKD Is an Inflammatory Disease



		Aberrant DNA Methylation Participates in CKD Development



		DNA Methylation in Peripheral Immune Cells



		DNA Methylation in T Cell Lineages



		DNA Methylation in Monocyte Lineages



		Summary and Perspectives



		Author Contributions



		Funding



		References









		Long Non-coding RNA MEG3 Promotes Renal Tubular Epithelial Cell Pyroptosis by Regulating the miR-18a-3p/GSDMD Pathway in Lipopolysaccharide-Induced Acute Kidney Injury



		INTRODUCTION



		MATERIALS AND METHODS



		Mouse Model



		Cell Model



		Assessment of Renal Function



		PAS Staining



		Western Blotting



		RT-qPCR



		Lactate Dehydrogenase Release Rate (LDH%)



		ELISA



		EtBr and EthD2 Staining



		Transfection of siRNA, Inhibitor and Mimic



		Double Luciferase Reporter Assay



		RIP Assay



		Statistical Analyses









		RESULTS



		MEG3 Is Up-regulated in the Kidneys of LPS-AKI Mice



		MEG3 Expression Is Up-Regulated in LPS-Induced Primary Human TECs



		Knockdown of MEG3 Inhibits LPS-Induced Pyroptosis in Primary Human TECs



		miR-18a-3P Is Decreased in LPS-AKI



		Overexpression of miR-18a-3P Inhibits LPS-Induced Pyroptosis in Primary Human TECs



		Knocking Down miR-18a-3p Reversed the Inhibitory Effect of siMEG3 on Pyroptosis in Primary Human TECs



		MEG3 Binds to miR-18a-3P, and miR-18a-3P Binds to GSDMD









		DISCUSSION



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		REFERENCES









		Promising Epigenetic Biomarkers Associated With Cancer-Associated-Fibroblasts for Progression of Kidney Renal Clear Cell Carcinoma



		Introduction



		Methodology



		Dataset Download and Processing



		Gene Ontology Analysis



		Stromal and Immune Infiltration Assessment



		Correlation Analysis



		Survival Analysis



		Methylation-Driven Gene Screening



		Statistical Analysis









		Results



		Evaluation of Clinical Relevance of CAFs in KIRC



		Identification of CAFs-Related Methylation-Driven Genes in KIRC



		Survival Significance of CAFs-Related Methylation-Driven Genes



		Clinical Significance of CAFs-Related Methylation-Driven Genes









		Discussion



		Data Availability Statement



		Author Contributions



		Funding



		Publisher’s Note



		Supplementary Material



		References









		The RNA N6-Methyladenosine Methyltransferase METTL3 Promotes the Progression of Kidney Cancer via N6-Methyladenosine-Dependent Translational Enhancement of ABCD1



		INTRODUCTION



		MATERIALS AND METHODS



		Clear Cell Renal Cell Carcinoma Specimens and Cell Lines



		Establishment of Stable Knockdown and Overexpression Cells



		RNA Extraction and Quantitative PCR Analysis



		Western Blot Analysis



		Liquid Chromatography-Tandem Mass Spectrometry



		N6-Methyladenosine ELISA



		Cell Viability Assay



		Transwell Migration Assay



		Cell Invasion Assay



		Three-Dimensional Fibrin Gel Culture of Tumor Cells



		Tumor Xenograft Model



		m6A-RNA Immunoprecipitation Sequencing and MeRIP-qPCR



		Dual Luciferase Reporter Assay



		N6-Methyladenosine-miCLIP–Seq



		Bioinformatic Analysis



		Statistical Analysis









		RESULTS



		The Expression Variability of N6-Methyladenosine-Modifying Genes, Especially METTL3, Is Increased in Clear Cell Renal Cell Carcinoma



		METTL3 Promotes Clear Cell Renal Cell Carcinoma Progression in an m6A-Methyladenosine Methyltransferase-Dependent Manner



		METTL3 Is Critical for Stem Cell-Like Tumor-Repopulating Cell Maintenance



		M6A-Methyladenosine Methylomes Are Profoundly Reprogrammed During Clear Cell Renal Cell Carcinoma Tumorigenesis



		METTL3 Selectively Targets Genes Including Regulators of Fatty Acid Metabolism



		ABCD1 Is a Key Downstream Target of METTL3 in Clear Cell Renal Cell Carcinoma









		DISCUSSION



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		REFERENCES























OPS/images/fphys-12-640700/fphys-12-640700-t001.jpg
Inhibitors or Knockout
mice

Models

Effects and mechanisms

References

shEZH2, 3-DZNep

EZH2 siRNA

EZH2 siRNA

shRNA EZH2, EPZ011989
EZH2 siRNA, 3-DZNeP
EZH2 siRNA, 3-DZNeP
EZH2 siRNA, 3-DZNeP
EZH2 siRNA, 3-DZNeP
3-DZNeP, GSK126, EZH2
SiRNA

3-DZNeP, EZH2 siRNA
3-DZNeP, EZH2 shRNA

EPZ-6438, EZH2 KO mice

EZH2 siRNA

EZH2 siRNA, 3-DZNeP,
GSK126

siEZH2, EPZ005687

EZH2 siRNA, 3-DZNeP

3-DZNeP
3-DZNeP

3-DZNeP

RCC cell lines; Tumor xenograft in nude
mice

RCC cell lines

RCC cell lines

RCC cell lines; Tumor xenograft in nude
mice
I/R induced AKI

I/R or FA induced AKI

Cisplatin induced AKI

I/R induced AKI

Cultured NRK-49F cells; Mouse model
of UUO

Cultured TKPT cells; Mouse model of
uuo

Streptozotocin (STZ) -induced DN

Adriamycin nephrotoxicity; SNx

Rat MCs (RMC)s;
Streptozotocin-induced rat model of
type 1 diabetes and DN.

HK-2cells; High-fat diet induced mice
model of DN

Murine podocyte cell line;
Streptozotocin-induced rat model of
diabetes

NRK-49F and HK2 cells;
Hyperuricemia-induced CKD
MRL/Ipr mice

T cells; mouse model of allogeneic
bone marrow transplantation

Rat model of renal transplantation

Inhibit migration and invasion and up-regulate the
expression of E-cadherin; Inhibit tumor growth and prolong
survival

Prevent cell proliferation and invasion potential of 786-O
cells

Reduce the proliferation of RCC without inhibiting the tumor
suppressor p27Kip1

Inhibit survival, invasion and growth of ccRCC cells with
BAP1 mutation

Reduce acute kidney injury via targeting EZH2/p38
signaling pathway

Reduce renal dysfunction and renal tubular cell death;
Prevent renal tubular injury

Suppress acute kidney injury via an E-cadherin-dependent
mechanism

Alleviate I/R injury and block the activation of oxidative
stress and pyroptosis

Attenuate fibrosis; Reduce the activation of renal interstitial
fibroblasts

Attenuate renal fibrosis; Inhibit TGF-p1-induced EMT

Increase the glomerular TxnIP expression, induce podocyte
injury, and increase oxidative stress and proteinuria

Sensitize mice to glomerular disease; Increase podocyte
injury and dedifferentiation

Destroy the low level, stable state of fibrosis and
inflammatory genes in MCs. Inhibition and up-regulation of
genes that cause glomerular MC and podocyte dysfunction

Rescue SIRT1 expression and block ROS accumulation

Inhibit podocyte migration; reduce podocyte apoptosis

Decrease serum uric acid levels; Alleviate renal pathological
damages

Reduce lupus associated kidney damage
Attenuate graft-versus-host disease (GVHD)

Ameliorate early acute renal allograft rejection

(Liu et al., 2016).

(Zhang et al., 2018).

(Sakurai et al., 2012)

(Sun et al., 2018)

(Liang et al., 2019)

(Zhou et al., 2018b)

(Nietal., 2019)

(Liu et al., 2020)

(zZhou et al., 2015)

(Zhou et al., 2018a)

(Siddigi et al., 2016)

(Majumder et al., 2018)

(Jia et al., 2019a)

(Zeng et al., 2018)

(Wan et al., 2017)

(Shi et al., 2019)

(Rohraff et al., 2019)
(He etal., 2012)

(Lietal., 2016)





OPS/images/fgene-12-637148/cross.jpg
3,

i





OPS/images/fphys-11-579296/fphys-11-579296-g002.jpg
NG-PTECs HG-PTECs
PKHE7 DAPI






OPS/images/fgene-11-584460/fgene-11-584460-t001.jpg
Gene name

BC061237
BC061237
Krt20
Krt20
Krt20
1700001FO9Rik
Ccdc85b
Gm3543
Serpina3n
Gm3543
Alms1
Tas2r119
Ctnna2
Afm
Slcbada
Nat1

Pzp

Dpf3

Dgkg

Dpf3

Gene ID

385138
385138
66809
66809
66809
71826
240514
100041849
20716
100041849
236266
57254
12386
280662
64452
17960
11287
70127
110197
70127

Fold change

1489
816.8
498.7531381
498.0274348
483.5165816
383.8
328.5877193
318
316.3
254
503.6
385.6
220.8
1951
126.7
123.5
111.1290323
99.2
95.3
94.3

Regulation

Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down

Chromosome

chr14
chr14
chr11
chr11
chr11
chr14
chr19
chr14
chr12
chr14
chré

chr15
chré

chrb

chr10
chr8

chré

chri2
chr16
chr12

Peak start

44504106
44500121
99430752
99429021
99432181
43346701
5454141
41982201
104414261
41982133
85694833
32177288
77600041
90518931
76163688
67490861
128526621
83215461
22479365
83214541

Peak end

44504291
44500197
99430920
99429078
99432343
43346790
5454580
41982290
104414329
41982180
85694951
32177620
77600380
90519060
76163769
67491460
128526720
83215800
22479426
83214840

Peak length

185
76
168
57
162
89
439
89
68
47
118
332
339
129

p-value

1.48521E-12
3.23828E-13
9.96013E-10
9.08594E-10
2.59398E-09
5.98092E-15
3.36868E-11
1.38739E-12
7.77029E-14
4.03611E-10
4.2803E-10
9.86777E-14
1.836972E-13
1.23171E-10
7.19208E-10
2.54765E-10
8.47489E-15
3.4897E-12
1.61986E-10
1.03615E-10





OPS/images/fphys-11-579296/fphys-11-579296-g003.jpg
NG-PTECs

Pas NG pado s e HopotoEvs
I I T e
8 8 . o
|

E I 8 'k

Annexin V-FITC

HG-PTECs

ras Jr— [—— [r—

fwwwn e 0w [owE] | fomex w6

Anne>

NG-podo-EVs

g
H

HG-podo-EVs

TUNEL

NG-PTECs
DAPI

NG-podo-EVs.

MA-podo-EVs

HG-podo-EVs

2 o=
g
0815 I
£ 10
é 5
.
< NG-PTECs  HG-PTECs
Lao
8 30.
4
§20 e ¥
210fx x x
g
2o
NGPTECs © HGFTECS
HG-PTECs






OPS/images/fgene-11-584460/fgene-11-584460-t002.jpg
Gene name

Syt15
Celf5
Cav3
Npffr2
Kenf1
Amy2a4
Metap2
Tbc1d10c
Cx3er1
Bhlhe22
Fag

Fag

DvI3

Fgb
Slc2ab5
Gm21994
Fga

Fga
Mpped1
Calcb

Gene ID

319508
319586
12391
104443
382571
100043684
56307
108995
13051
59058
99571
99571
13544
110135
56485
102637277
14161
14161
223726
116903

Fold change

63.6
48.7
46.9
441
19.08571429
18.27027027
18.03125
17.81081081
16.29090909
16.16216216
12.77879342
11.67778106
7.87254902
7.239726027
6.895348837
6.525504152
5.909136445
5.251931475
5.03943662
4.906439854

Regulation

Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down

Chromosome

chr14
chr10
chré
chrb
chr12
chr3
chr10
chr19
chr9
chr3
chr3
chr3
chr16
chr3
chr4
chr2
chr3
chr3
chr15
chr7

Peak start

34228038
81469443
112459821
89682741
17174961
113279836
93858488
4184361
120051221
18055801
83008647
83010063
20622461
83049701
150143641
1560254517
83031021
83026162
83856361
114721974

Peak end

34228320
81469523
112459925
89583200
17175260
113279860
93858660
4184740
120051460
18056180
83008741
83010180
20522660
83049803
150143960
150255160
83031620
83026260
83856840
114722161

Peak length

282
80
104
459
299
24
172
379
239
379
94
117
199
102
319
643
599
108
479
187

p-value

1.59789E-06
1.68151E-06
3.0379E-06
5.67547E-06
3.61832E-06
1.19296E-06
2.64599E-06
4.61772E-06
1.12074E-09
1.39035E-06
2.1945E-09
1.6791E-09
8.52622E-06
2.426E-08
9.64308E-09
3.39444E-07
1.55539E-08
8.18498E-12
6.39334E-11
6.45098E-12





OPS/images/fphys-11-579296/crossmark.jpg
©

2

i

|





OPS/images/fgene-11-584460/fgene-11-584460-t003.jpg
Gene
name

Akap12
Amical
Fga

Fgb

Fag
Haver1
Inhbb
Lep
Miph
Egfle
Gbp4
Gnaz
Pppiria
Ranbp3l
Slc12a1
Slc16a7
Snai2
Tfap2b
Tmem?207
Tnfsf10
Tril

Gene ID

83397
270152
14161
110135
99571
171283
16324
16846
1715631
54156
17472
14687
58200
223332
20495
20503
20583
21419

100043057

22035
66873

m6A regulation &
gene regulation in
IvC

Up
Up
Up
up
Up
Up
Up
Up
Up
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down

m6A regulation &
gene regulation in
Tvl

Down
Down
Down
Down
Down
Down
Down
Down
Down
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up

Chromosome

chr10
chr9
chr3
chr3
chr3
chr11
chr
chré
chr
chrX
chrb
chr10
chr15
chr15
chr2
chr10
chr16
chr
chr16
chr3
chré

Peak start

4353141
45107681
83031021
83042246
83010063
46756128
119422161
29073261
90950081
166538413
105118221
75015621
103537841
8967948
125152504
125230591
14708181
19212053
26504161
27342154
53818361

Peak end

4353240
45108040
83031620
83042340
83010180
46756260
119422248
29073500
90950420
166538734
105118499
75015980
103537992
8968040
125152633
125230700
14708720
19212140
26504620
27342427
53819000

P-value in IVC

5.00E-05
0.00335
5.00E-05
5.00E-05
5.00E-05
5.00E-05
5.00E-05
5.00E-05
5.00E-05
5.00E-05
5.00E-05
2.00E-04
5.00E-05
5.00E-05
5.00E-05
5.00E-05
5.00E-05
5.00E-05
5.00E-05
5.00E-05
5.00E-05

FDR in IvC

0.00196624
0.052867
0.00196624
0.00196624
0.00196624
0.00196624
0.00196624
0.00196624
0.00196624
0.000154677
0.000154677
0.00635985
0.00196624
0.00196624
0.00196624
0.00196624
0.00196624
0.00196624
0.00196624
0.00196624
0.00196624

P-value in Tvl

5.00E-05
2.00E-04
5.00E-05
5.00E-05
5.00E-05
5.00E-05
5.00E-05
5.00E-05
5.00E-05
5.00E-05
0.00195
0.00045
5.00E-05
5.00E-05
5.00E-05
5.00E-05
5.00E-05
5.00E-05
5.00E-05
5.00E-05
5.00E-05

FDR in Tvl

0.000154677
0.000571614
0.000154677
0.000154677
0.000154677
0.000154677
0.000154677
0.000154677
0.000154677
0.00196624
0.0357303
0.00121049
0.000154677
0.000154677
0.000154677
0.000154677
0.000154677
0.000154677
0.000154677
0.000154677
0.000154677






OPS/images/fphys-11-579296/fphys-11-579296-g001.jpg
D63 | - i .

canen ]

" MApodoEVs

e o o
§iF
& & <
<~ Ry N
1N Mean: 136554 £ Mean: 1486 +5.30m Mean: 1601 £ 6.70m
i~ £
g .
g |
) 8
e s i T T S

St o)

NG-podo-EVs HG-podo-EVs MA-podo-EVs





OPS/images/fphys-12-640700/cross.jpg
3,

i





OPS/images/fphys-11-579296/fphys-11-579296-g006.jpg
mmu-miR-1981-3p. mmu-miR-3474 mmu-miR-7224-3p mmu-miR-6538 mmu-let-7f-2-3p
Targes i e miAvak  Tager i s Targe ik

‘A0S mADE





OPS/images/fgene-11-584460/fgene-11-584460-g005.jpg
A

GO term

GO term

G-protein coupled peptide receptor activity 4
receptor binding 4

passive transmembrane transporter activity -
channel activity 4

voltage-gated potassium channel activity 4
extracellular matrix structural constituent 4
platelet-derived growth factor binding -
binding 4

protein binding q

calcium ion binding -

extracellular space 4

synapse -

extracellular region 4

extracellular region part 4

extracellular matrix -

collagen trimer 4

proteinaceous extracellular matrix 4
plasma membrane

cell periphery -

plasma membrane part -

cellular component movement 4
multicellular organismal process

renal system process 4

single—organism process

cell adhesion 4

biological adhesion

organ development 4

epithelium development 4

skeletal system development 4

carbon-carbon lyase activity §
gamma-catenin binding

arachidonic acid monooxygenase activity q
arachidonic acid epoxygenase activity 4
catalytic activity -

receptor binding 4

protein binding §

identical protein binding q

cell adhesion molecule binding

enzyme binding -

=]

o

50 75
Enrichment Score

platelet alpha g ledq

apical plasma membrane §

apical part of cell §

vesicle o

membrane-bounded vesicle 4
extracellular region

extracellular region part -

extracellular membrane-bounded organelle §
extracellular organelle q

extracellular vesicular exosome

small molecule metabolic process
regulation of hormone levels q

organic substance transport 4

fatty acid metabolic process
single—organism cellular process
localization q

carboxylic acid metabolic process 4
organic acid metabolic process 4
monocarboxylic acid metabolic process
oxoacid metabolic process

=
o

50
Enrichment Score

Ontology

. Biological process
. Cellular component
. Molecular function

Ontology

. Biological process
. Cellular component
. Molecular function

Whnt signaling pathway -

Salivary secretion -

Renin secretion -

Protein digestion and absorption -

Platelet activation -

Long-term depression - @

Glycosaminoglycan biosynthesis - _

chondroitin sulfate / dermatan sulfate

Gap junction -
Focal adhesion -

CcAMP signaling pathway -

2.25

Propanoate metabolism -

Endocrine and other factor-regulated _
calcium reabsorption

PPAR signaling pathway -

Oxidative phosphorylation -

Proximal tubule bicarbonate reclamation -

Citrate cycle (TCA cycle) -

Starch and sucrose metabolism -

Glycolysis / Gluconeogenesis -

Drug metabolism - cytochrome P450 -

Chemical carcinogenesis - @

Pathway Analysis
o
® Pvalue

0.005

© 0.004

0.003

® 0.002

0.001

o
SelectionCounts
* 3
® 4
®s
o %
o
® ®:

250 275 300 325
EnrichmentScore (-log10(Pvalue))

& SelectionCounts
* 6

o ®

@

® ®

5 ® =

® Pvalue
0.0100

0.0075
0.0050

0.0025
@

2 3 4 5
EnrichmentScore (-log10(Pvalue))





OPS/images/fcell-09-737498/fcell-09-737498-g004.jpg
Cc SUTR

430, start
_6.43% Start

" 9.37%

Stop
codon
20.47%
Patient 1-N
5'UTR

3UTR 5.56% Sart

21.92% ___codon
' 8.55%

Stop
codon
19.64%

Patient 2-N

Tumor-specific m°A gene

Patient 1-N [ 0,

Patient 1-T | un

o)

0w

Patient 2-N | o

Patient 2-T | isa

A m°A motif B
— Patient |-N = Patient 2-N
%A@ pree o e
Patient 1-N 159
%A& P
E‘ 101
Patient 1-T g |
g
p value=le-53
Patient 2-N
0.0
mﬁACg p value=le-61 S'UTR CDS 3'UTR
Distribution of m°A modifications on mRNA
Patient 2-T
D E Normal-specific m°A gene
m°A genes, o 1
Patient 1-N [
Patient 1-T | . !
Patient 2-N [ ) !
1000 8
Patient 2-T |
m°A genes
ADAMTSI16
F Normal-specific m°A genes ( #=1180)  Tumor-specific m°A genes ( n=1216 )
-log,, (p valuc) -log,, (p value)
161412108 6 420 0 2 4 6 8

Kidney development _

Nephron epithelium development _
Morphogenesis of a branching epithelium _
Cellular response to hormone stimulus _
Nephron tubule development || N
Mesonephros development _

Regulation of body fluid levels | N

Nephric duct development -

Monovalent inorganic cation homeostasis [ NI

4

_ Regulation of cytokine p
_ Regulation of GTPase activity
_ Regulation of cell junction assembly
I My eloid leukocyte mediated immunity
_ Carbohydrate derivative transport
_ Regulation of adherens junction
_ I-kappaB kinase/NF-kappaB signaling
I Actin filament bundle assembly

_ Cell activation involved in immune response

3'UTR 8.26% start
19.95% _—codon
' 11.26%
Stop
codon
18.85%

Patient 1-T

Stop

codon
21.18%
Patient 2-T
- [P
= INPUT

IR |

|

F e )

CDs3

— m°A up genes = m°A down genes

0.8 1

0.5 4

0.4 4

Cumulative fraction

0.0 4

=20 -15  -10

-5 -0 510

DEG:s ( log, fold change ( Tumor/Normal ))





OPS/images/fphys-11-579296/fphys-11-579296-g007.jpg
e oo, cnscriion, DN -ttt | IR
canscripion, DNA-temied | IR ssition of snsrpion, DN Atempes | I
‘sition o nssiption, DNA-tanpicd | N st of cosrpon DN et N
o reulation of wancrpeion, DNA-terplacd — N e ]

o e A —

H [ — - H o s | —

38 metaljon bindiog ~ NI o DNA bind { NI | Catery.
onamaer pros il resa s speitic o = I Wbioioicl prosess Sy DA i | W o e
e e o i |

P ki - E— ueleus - E—
suleopesn | fe——
s v J i

syopse | ol {m
seurona it b | P oy fi
0 s

HE R o
~Logl0(P value) ~Logl0(P value)





OPS/images/fgene-11-584460/fgene-11-584460-g006.jpg
GO term

metal ion binding <

on activity 5
structural molecule activity <
matrix i 1

chloride channel regulator activity <
protein homodimerization activity 5
protein binding <

calcium ion binding <

cell adhesion molecule binding <
binding 4

cell surface 4

membrane 4

plasma membrane part 4

apical part of cell 4

synapse-

extracellular space <

extracellular matrix 5

extracellular region part 4

plasma membrane 4

cell periphery <

regulation of hormone levels <
tissue development 5

skeletal system development 5
hormone transport 4

of peptide h <
biological adhesion <

hormone secretion 4

cell adhesion 4

peptide hormone secretion §
regulation of hormone secretion <

00 25 50 75
Enrichment Score
Pathway Analysis
Wht signaling pathway - @
Platelet activation - @  SelectionCounts
O ¥
Long-term potentiation= ® 3
4
Long-term depression = [ ) o
®s
Glycosaminoglycan biosynthesis - _ o . 6
chondroitin sulfate / dermatan sulfate
Glutamatergic synapse - [ ] Pvalue
Gastric acid secretion - @ 0.03
0.02
C and coagul G .
0.01
Circadian entrainment - ([ ]
Aldosterone synthesis and secretion = [ )
2 3 4

EnrichmentScore (-log10(Pvalue))

Ontology

. Biological process
. Celiular component
I Motecutar function





OPS/images/fcell-09-737498/fcell-09-737498-g005.jpg
m°A frequency

m°A motif’ C
5'UTR
start codon
550% 7640,
shCon p value=le-87 &
shMETTL3 p value=le-69
Distribution of m°A modifications on mRNA shCon
1.5+ ' + == shCon
| | — shMETTL3 5S'UTR  start codon

4.42% / 6.43%

/
e

shMETTL3
S'UTR DS 3'UTR
F
Fatty acid catabolic process
METTLS3 targets Tumor-specific m°A genes

o

T L

>

A

a

Regulation of striated mus
tissue development

GO of shCon-specific m°A genes

-log,, (p value )

S
(5]
<

Negative lation of phospt bolic process

Mitochondrion organization

Negative regulation of peptidyl-tyrosine phosphorylation

4

lation of ic signaling pathway

POF &

G protein-coupled receptor internaliztion

Regulation of cellular response to stress

Negative lation of 11

Response to steroid homone

4

ide triphospt bolic process

Regulation of oxidoreductase activity
Cellular component maintenance

Regulation of protein stability

Ribonucleotide catabolic process

Fatty acid beta-oxidation

Negative regulation of
defense response

a

N

¢ =

Negative regulation of toll-like receptor
signaling pathway

Striated muscle tissue development





OPS/images/fphys-11-579296/fphys-11-579296-g004.jpg
m
:"Emﬁ u a M: m mm i i = : m ww M?zmma % m E M

WEE R !Eéﬁi






OPS/images/fgene-11-584460/fgene-11-584460-g007.jpg
A 10

T T 6 T T T T
Hyper-down 1 : |
Hyper-down 0 | Hyper-up 31
| I
| |
4r I "
I e
5 1 1
& & I 1 ¥ oA
% % 2 - : :.. : *:
| t-. .
z = . H
(O] (] I 1
8’ _____________________________ g’ I |
@© 0 c Of ! !
e c I I
O bk o o o e o e, ST A 2 — o — — — — — — — — — — |9 | |
o T @ |booss os sooeal e s o es as See
—_ —_ e Uge e =5 -
° ° ST
o~ o~ =2} LA - ool
o)) o " . ! . !
o o ! 3 !
-5 J o e 1
| I
& 1 1
—4 1 I
| I
Hypo-down 20 | I Hypo-up 0
Hypo-down 422 Hypo-up 3 : :
_10 L | L L L _6 I 1 I I I I L
-8 -6 -4 =2 4 6 —4 -3 -2 -1 0 1 2 3

log2 Fold change (Gene expression)

growth factor activity
symporter activity

one activity

molecular function regulator
structural molecule activity

log2 Fold change (Gene expression)
Pathway Analysis
TGF-beta signaling pathway -

Staphylococcus aureus infection = L3

binding

signaling receptor binding
rotein binding

molecular adaptor activity
protein binding, bridging
secretory granule

side of membrane

0.004

Platelet activation - 0.003

0.002
Long-term potentiation - .

0.001

GO term

cell surface

cytoplasmic region

blood microparticle 4

extracellular region

cortex

cell
extracellular space

extracellular region part

platelet alpha granule 4

Ontology

. Biological process
. Cellular component
. Molecular function

Long-term depression - .

Cytokine-cytokine receptor interaction -

Complement and coagulation cascades -

. ® 15
® 20
@ 2
@ o

platelet activation
protein transport
hormone transport

. . hormone secretion
regulation of extrinsic apoptotic signaling

Apoptosis-

regulation of h:
guiation of het 0

tide h

ypi cel
adhesion

pepi
establishment of protein localization

regulation of peptide h

=y

4
Enrichment Score

Adipocytokine signaling pathway - @

Adherens junction- e

3 4 5
EnrichmentScore (-log10(Pvalue))





OPS/images/fcell-09-737498/fcell-09-737498-g006.jpg
= [P INPUT
200 9 1
5
0 J __L_ ‘T:
200 9 ‘ol
s =]
Patient1-N S
g
0 g
200 9 )
3
0 _..L.‘ 3
Patient]1-T 27 0
0 d
2009
o pr -~
. 200 9
Patient2-N ’ D
2003
0J ,& -
Patient2-T 200 7
5003
0 A‘ F
shCon 500 2
3
0 o
Su(b: v"r)
E
R3]
‘S
— 0d. ‘_‘ 2
shMETTL3 500 9 °
e
=
]
0J (="
i
ABCDI
H shCon shABCDI-1
4“ o % NS . .‘ - ~
P oaw s, - .
¥ ” .
e T ¢ y \
- ‘- " { < X
>l - R i
. . & % P ; \-«.“ i -
, FASRGE v
T > PR f
. A 3 B e
e Moy s
I -
0.8 1 e
) 0.6
=
£
2=
S % 041
o=
9 .\"
L =
z <
BT 024
°
o
0.0
shCon shABCDI1-1 shABCDI1-2

.0 .
54
0

shCon shMETTL3-1 shMETTL3-2

-— - ABCDI

"N [ -actin

EV WT-5"UTR Mut-5"UTR

shABCDI-2
~ ’ s ,.
s .
S
. s
v .' ‘» bt
‘ 4

o

ability

Overall Survial prob

Log-rank : p = 0.0034

Migrating cells per field

Relative ABCD1 mRNA expression

20

10

1.0

ns

ns

shCon shMETTL3-1

shMETTL3-2

30 120 157 162 183 252 310

WT-5"UTR

30 120 157 162 183 252 310

Mut-5"UTR

ABCDI

B -actin

shCon shABCDI1-1

—High ABCDI

m'\aﬂ‘_h Low ABCDI
0.54

0 T T
0 1000 2000

T
3000

T
4000

Survival time (days)

T
5000

shABCDI-2





OPS/images/fphys-11-579296/fphys-11-579296-g005.jpg
& 2

mmumiR-3474

lative oxpression

Lt
1o
os
o

gy

e 722439

elative expression

iR 8538
_relvempression






OPS/images/fgene-11-584460/fgene-11-584460-g008.jpg
Treatment-1
Treatment-2
Treatment-3
Treatment-4
Injury-1
Injury-2
injury-3
Injury-4
Control-1
Control-2
Control-3
Control-4

Treatment vs. Injury

Injury vs. Control

Treatment-1
Treatment-2
Treatment-3
Treatment-4
Injury-1
Injury-2
Injury-3
Injury-4
Control-1
Control-2
Control-3
Control-4

Treaimant vs. oy

Iy vs. Contol

Treatment-1
Treatment-2
Treatment-3
Treatment-4
Injury-1
Injury-2
Injury-3
Injury-4
Control-1
Control-2
Contrel-3
Control-4
Tratments, Inury

Injury vs. Coritol

e

e}

o-ssan

)

)

)
[ ] ——

dffeps,_peak_1397 difreps_psak 1383

E—

Harvcel

SR Ra 14944

FGA

Control Injury Treatment

Slc12al1 | — o e— 121 kDa

FGA s s s 95 kDa

- - w——  39KkDa

.. o= JL Tubulin | S SRS s S0 kDa

u L A
-z

] b \ N N N 1 a— L l_
EEE) @ s

"] 11 \ T R B 175 L L 1 1 b TR L
CEE) G

o Ll i g 1 i | L1 L 1 1 i | TH ol b L
D o sl

- ' 1 y L

=]

=]

]

:; M i1 sl . ey n TR | 1 T [ 2'0
S “ il 0 i i i " Y Y [ (H] 1 1 1 1 T Ll wed
" H it N L N T i ' L 1 i [TH L1 wed

i IH !I \ STV ' NIV 7 | ' 1 1 | o [

aeps_peak 1243
1

aiteps_peac 13173

[ o . - e m o i e oy e e e e e o o e e o | R S A

afiens peck_1245

-
a
1

Slc12al

3 A i M.
- - : - 0.5-
= Y A -—
il i I Lo nd
P L i 1 ! nbd
. P i i " nd 0.0-
o 4 A i
i | A L 1 f [y

B

1 1
s e 25 e e
B R T
om 1 ] | 1 | —

Haver1

EA Control
o Injury *kk
E3 Treatment TPy






OPS/images/fcell-09-737498/cross.jpg
3,

i





OPS/images/fcell-09-737498/fcell-09-737498-g001.jpg
= C 3
7o RNA-seq of KIRC from TCGA Expression variation of m*A-modifying genes in ccRCCs 5
z 9] 2,008 T oL
- » P
e - = 00.07 METTL3 £ :
s 5 £10.06 E]
2 é‘ 0.05 FTO < 240
s 4 : g 1003 METTL14 £
2 , © <
H s F YTHDC2 ¥
s 34 . » 2%
5 YTHDCI g5 44 .
2 . g0 . ole
8 2- WTAP =g
g ALKBHS BE ¢
£ 17 s
3 YTHDF2 g
£ o] YTHDF1 . *
< T & Normal Tumor
= Normal Tumor Tumor  Normal =
(num (N )=100; num (T )=523)
p L 2 3 4 5 6 1 'g E
NT NT NT NT NT NT NT S6 - B — Low METTL3 ( n=266)
. d . ——High METTL3 ( n=266 )
eSS | )
£ =
34 - 3
I 714 2 3
(=] o
2 & 0.5
I e E 3
a2 9 &
2 E]
————— e @ a
L
o
RSN s Jo T — o JLogmank p=0.016
v I 1 U 1 1
= § Q °> 0 1000 2000 3000 4000 5000
k= «(‘\' &g\/\ Qgﬂv' é &






OPS/images/fcell-09-737498/fcell-09-737498-g002.jpg
NN
& & é\é‘ g shCon ShMETTL3-1 SIMETTL3-2 2
B § N ;5 04 4% i AT " " - ¥ 1=
= y ' ¢ 5
o | I METTLS S 03 oo RrTrw o’ 4 Vi « -
=+ . 2 R { ¥ =
<| [ ——_ctin E 02 < [he ik L Ceomigiod 3
£ | VA g 2
o — METTL3 < 01 ' . BN % E=
© =~ b7 N % g
= . < o0 S ¥ &
S| eweme (oactin | A \ o s
PO
< <
IR
1000 <hCor T e
E ~ b5 ShMETTL3-1 shMETTL3-2 =
E oo ML RS i —
L 600 o * BISPLS o
£ 1§ 3 =
El pog VAVES O
T 400 " 28 g ik o
> ! o VTt -
g 200 ‘ e K
~ 0+ 1
0 10 =
F
hCan ' . ‘ e 00 D EV METTL3-OE METTL3-Mut 2
¥ . 0 =
. e, %
ShMET uj-:’ B 9 TR T e 2
S [ =
z ¥ "\‘i o % 3
N e )
Ay b >
~ 30001 - METTL3-OE A g
G £ - iV : S &
E -+ METTL3-Mut =
1]
£
E * | %%
5 MI'TTI ()r MF.Tﬂ,}-.\'iUI

Migrating cells per field

: ve :
METTL3-OF . ; Wi " 5 )

§ 5
vl T s ®a Ly

METTL3-Mut a - ‘ g W





OPS/images/fcell-09-737498/fcell-09-737498-g003.jpg
C 1o+ £ mm A498in2D

Day:1 Doy DS s | B A498in 3D
2 8
vl
g 6
P 2 64
:'{’3 :3 — 2 *¥
2 4 2 -
5]
— — - 24
-1
hTERT Nanog Nestin  Oct4  Sox2 METTL3
ok ns
D E *
2D 3D 06y ——m—— 0.8-
B 2
s s  METTL3 s >~ 064
o 0.44 g8
S% 23 04
s o 2 0.2 =3
- @  [-actin 28 22 024
£ = 2
;: ~
0.04 0.0

shCon shMETTL3-1 shMETTL3-2 EV  METTL3-OE METTL3-Mut





OPS/images/fphys-12-818190/crossmark.jpg
©

2

i

|





OPS/images/cover.jpg
EDITED BY: Xiao-ming Meng and Haiyong Chen
PUBLISHED IN: Frontiers in Physiology, Frontiers in Genetics and
Frontiers in Cell and Developmental Biology

P frontiers Research Topics





OPS/images/fphys-12-632398/fphys-12-632398-g007.jpg
1 Human Kidney

LncRNA H19
(ceRNA)





OPS/images/fphys-12-632398/fphys-12-632398-g003.jpg
—| HRluc H

H19

=

\

H19

miR-130a: 3 UACGGGAAAAUUGUAACGUGAC &’

wt: 5° CCCCTTTTGAATTTGCACTA 3"

Relative luciferase activity of LncRNA H19

Ce
I
3
r 3
[&]
1.9 OmiR-nc 5
' ks T B miR-130a °© 2
0.9 % 1
0.6 * & )
0.3 20
= (¥] 2 (¢}
g '\Q"Q 3""9 o‘p
0.0 x &3' .@5{‘ &
WT mut &P
NAPY
&
& ¢
F
?=0.2786 1.2
. p=0.0389

H19 mut: 5CCCCTTTTGAATAACGUGTA 3¢
o E
T 12 S
9 ?
S 09 <10,
€ X 8 ®
e Q
g 0.6 g 6
& . 2]
2 03 r 4
® S
g 0.0 o 2
R\ '00 “‘.9® '-g 0
& 8 s 0
o & o
.\(\'
S

5

10

Relative H19 expression

15

nc O 1 4
Reoxygenation time (h)

Relative miR-130a expression





OPS/images/fphys-12-632398/fphys-12-632398-g004.jpg
Relative mRNA expression

1.5;

1.0;

0.51

Relative expression of miR-130a

0.0-
» & O o L
O IR T
(o) 6\ .\o ,(\{o
& & X S
N X
R SNRCSR
& X
Rl
RO\
@Q.

6\

Control

H/R

B 150

Cell viability (%)

Comp-PE-A
Comp-PE-A

Comp-PE-A

T T T yey T T

2 2
0 10 10 10 10 0 10 10

Comp-FITC-A

Il control
H/R
B H/R+si-H19

H/R+si-H19+miR-130a inhibitor-nc

B H/R+si-H19+miR-130a inhibitor

T

— *

*#8.
*H&
*H# *#
*# *# T
T

*# *#

T *HE&

1%

IL-1p

IL-6 IL-10

Comp-FITC-A

—

*# x#

TNF-o

*H&

H/R+si-H19

Comp-FITC-A

=
£
—
(2]
o
~—
e
=
]
=
©
[
Z
=)
S
()
(14

D . 50
X
o 40 X
E§ *H&
o 30 s
()
S 20
&
o 10
<
L
© F P S
o o &9 &
9 x?2 O Q&
NS
Oy ’b\(‘ oD
> &
& &
& N
LR
N
)
% &
&
S

H/R+si-H19+mir-
130a inhibitor-nc

H/R+si-H19+mir-
130a inhibitor

Comp-PE-A
Comp-PE-A

Comp-FITC-A Comp-FITC-A

H control
H/R
M H/R+si-H19
1500 H/R+si-H19+miR-130a inhibitor-nc
B H/R+si-H19+miR-130a inhibitor
1000+ 4T< . ’T‘
= T *H#&
— *#&
500- T 28 s _—
T A e T
X
04

IL-1p

IL-6 IL-10 TNF-o,





OPS/images/fphys-12-632398/fphys-12-632398-g005.jpg
o
=

9
<)

1171271049 10 JusawydLiuD aAlje|9y
&

-
)

9
<)

<
o

[1 miR-nc
l miR-130a

|

mut

1

*—-.

E

H

ol =B @9 &8 9
-~ o o o o

11127108 Jo AiAnoe aseiayion
01}

Hluc+

UACGGGAAAAUUGUAACGUGAC 5'

L1Ldd ] |
BCL2L11 mut: 5' UUCCUUUACGUUAACGTGUG 3'

| HRlue H BcL2L11
BCL2L11 wt: 5 UUCCUUUACGUUUUGCACUG 3'

miR-130a: 3

0.0242
15

r’=0.3335

12

Relative expression of BCL2L11

© ©® © % N ©
=

B0CL-YIW Jo uoissaidxa aAlje|ay

4 ® N « O

L112109 Jo uoissaidxa uiajoid anne|ay

- I
- [a)
o a.
Q <
& (U]

) N - o
117127109 0 uoissaidxa aAlje|ay

()]





OPS/images/fphys-12-632398/fphys-12-632398-g006.jpg
8 = % Q o ©
D X 3 m 2 = %
NN 9 e = & o
. X O (o) (&) o
aéo\ x\' x\' x‘°\' m < 8 . S 10 s 1.5, g
S A QAT AT S 7 < x 5 © 1o,
S 4 o 6 % 8 ® S
BCL2L11 [ = s o - s 5 e 2 2 40! o S 8
* * * S " —
CE VS Bl —— g = 3 *#8& [ o
Bove o . & 3 2 [ oy c M £ 05l LS - *#8
y £ o 2 : 2 e - s 4
Cyto-c T D c— — — 8 4l S 2 2 *# *# o * c
2 q>J s o .§ 21 *# *#
BCL-2 | T — e o O B oo & 2 & = 3 _go.o-\% S N g o
— 2 S O & N T OO SN E RO SN 'O &N :
S @ XN NSRS 8 & A A B g S T o & N
Caspase-3 [ "SEES S 5 & ¥R N & 5 & & s & % é‘g\ PN g & & & z &P ™
e € F & &2 R R & & 0 5 & 5
GAPDH | M —— FANNS & .gi‘q S S X = & &
& & & Nar N 2
Q@ D D Q¥ D &
& & & & & &
B Control H/R H/R+si-H19 H/R+si-H19+vector H/R+si-H19+BCL2L11
}
()]
£ _ 20
s 2
g 2 15
T 2
& E 4
O o 10; *#&
o>
D «
oI 5.
© O
Flv
g ol
N 9 & N
O & P8 X
N N ) 9V
(o) 2) N v
© & N Q?o
X R
RS
&
X





OPS/images/fgene-12-637148/fgene-12-637148-g002.jpg
Scale
chr16:

MMP2

CpG Islands

Layered H3K4Me3

Layered H3K27Ac

Layered H3K4Me1

DNase Signal

0

DNase Clusters

Cons 100 Verts

kbt |
mJI

h 38
| 55,479,000 | 55,479,500 | 55,480,000 | 55,480,500 | 55,481,000 | 500 | 55,482,000 |
GENCODE v32 Comprehensive Transcript Set (only Baslc dlspla ed by default)

55,483,000 |

lli

MIMP2 =
MMP2
VIMP2
CpG Islands (Islands < 300 Bases are Light Green;
= P { 9 ;
Promoters from EPDnew human version 006
MMP2 1w

E Candidate Cis-Regulatory Elements (cCRES) combined from all
£1817404/prom NI E1817407/enhr MAN - lste Cle-Regulatory Elements ((CRES) combiged flom ol o
£1817405/prom IE—-. £1817408/enhP I E1817412/enh
E1817406/enhP I E1817409/prom

Found Near ters) on 7 cell lines from ENCODE

K27Ac Mark (Of und Near Regulatorv Elements) on 7 cell lines from ENCODE

H3K4Me1 Mark (Often Found Near Regulatory Elements) on 7 cell lines from ENCODE

DNase | Hypersensitivity Signal Colored by Similarity from ENCODE

i

Clusters from ENCODE (95 cell types)

SIN3A I 1/9 1

.|
ranscriotion Factor ChiP-sea Clusters (340 factors, 129 cell types) from ENCODE 3
RA 1/5 I ,3,1 15U (s Rt
EP300 3/53 TBP1 [ 11172 L
EZH: 1/15 HDACZ_ 1/9 1 NRF1 [ i 4/8 L JUND
NR2F2 I 1/3 | RBM39 1/2 MAFK

_ 17/81 s

% E— 2/ S
1 14 5 Epaoo— 253 1t
1/2 ' FOXA1

1/8  FOXA2 t‘ 2/

[

CTCF

MX|1 . 1/4 S

EGR1 I 2/7 1
HNRNPLL 12
TAF 1 I— 1/10

HES
BHLHE40 1/7 i

KDM4A I 1 1

CEBPB 4/6 KLLi
100 vertebrates Basewise Conservation by PhyloP

FOS_ 7 M mmim
4





OPS/images/fphys-12-632398/cross.jpg
3,

i





OPS/images/fphys-12-632398/fphys-12-632398-g001.jpg
>

Cell viability (%)

Relative expression of H19 ©

120

90

60

30

0 1 4 8
Reoxygenation time (h)

0 1 4 8
Reoxygenation time (h)

N W A~ O

—

Oh 1lh

||||||

4h 8h

[ control
BHR :

0

Relative mRNA expression ©

I]] I‘II [ [

IL-1B IL-6 IL-10  TNF-o

(o]
o

»
o

Apoptosis rate (%)
NOB
o o

0 1 4 8

Reoxygenation time (h)

m

1500;

-
o
o
o

(3,
o
o

[ control
BHR

*

Relative amout (pg/ml)

J ni la -

IL-1B IL-6 IL-10  TNF-o





OPS/images/fphys-12-632398/fphys-12-632398-g002.jpg
Relative expression of H19 >

Relative mRNA expression O

-
N

= 2 B
W @

S
(=)

[ control
B HR

vy

120

[Lo]
o

Cell viability (%)
W (2]
o o

o

B H/R+Ad-nc
[0 H/R+si-H19

IL-1p

IL-10

TNF-o

ﬂll “ [aa rlllﬁ

m

Relative amout (pg/ml)

Control

C

< 50 L,
o 40
e
w 30
7
Comp-FITC-A Comp-FITC-A 8 2 o
H/R+Ad-nc H/R+si-H19 o
2 10
SRR
A <
° &
<
SR
00
Qg Qg
15007 [J control B H/R+Ad-nc
HHR ] H/R+si-H19
1000+ T X
5004 ﬂ *#t
ﬂnﬂ -
IL-1p IL-10 TNF-o





OPS/images/fgene-12-637148/fgene-12-637148-g001.jpg
68 kDa FL-MMP-2 isoform

Intracellular activation
by redoxstress

@
Transle?ted = T2t
Inactive s
%"&Qe@ds Intracellular targets
a &do‘.,\& \ myocyte contractile apparatus
D and structural proteins,
% nuclear proteins
4 Extracellular matrix,
:oc"‘s.,% vasoactive peptides,
"e%/"ro % / chemokinesand other targets,
Ss tissue remodeling

and dysfunction

2. e

Extracellular
proteolytic activation

65 kDa NTT-MMP-2 isoform

Induced by hypoxia and
oxidative stress

l
o

\

NFkB/NFAT/IRF signalling
Pro-inflammatory, pro-apoptotic innate
immune response

Translated
active

Cytosol and migrates at
or near mitochondria,
including the
mitochondria-associated
membrane





