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Chemical modifications are a specific and efficient way to regulate the function of biological macromolecules. Among them, RNA molecules exhibit a variety of modifications that play important regulatory roles in various biological processes. More than 170 modifications have been identified in RNA molecules, among which the most common internal modifications include N6-methyladenine (m6A), n1-methyladenosine (m1A), 5-methylcytosine (m5C), and 7-methylguanine nucleotide (m7G). The most widely affected RNA modification is m6A, whose writers, readers, and erasers all have regulatory effects on RNA localization, splicing, translation, and degradation. These functions, in turn, affect RNA functionality and disease development. RNA modifications, especially m6A, play a unique role in renal cell carcinoma disease. In this manuscript, we will focus on the biological roles of m6A in renal diseases such as acute kidney injury, chronic kidney disease, lupus nephritis, diabetic kidney disease, and renal cancer.
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Introduction

The kidney functions as an essential excretory device adept in the intricate regulation and maintenance of the physicochemical milieu of the human body. By finely tuning the balance of water, electrolytes, and other vital substances, this organ elegantly stabilizes the internal environment of the body and could rightfully be considered a linchpin of homeostasis (1). Severe or persistent kidney damage often leads to tubular degeneration, inflammation, renal fibrosis, and ultimately chronic kidney disease (CKD) or end-stage renal disease (2). It is well known that both acute kidney injury (AKI) and CKD have become important clinical problems and global public health issues, affecting more than 750 million people worldwide (3). It is estimated that 17 million hospitalized patients experience AKI each year, with a significant increase in mortality, length of stay and the development of other complications (4). The population prevalence of chronic kidney disease exceeds 10% and in high-risk subpopulations exceeds 50% (5). Kidney diseases pose a serious burden on global health as well as on healthcare systems.

A growing number of studies suggest that RNA modifications play an integral role in the development of renal diseases. RNA modifications are chemical modifications that occur at different atoms of bases and are of numerous types; more than 170 chemical modifications have been identified on RNA to date, and more than half are methylation modifications. The distribution sites involve a variety of RNAs, including messenger RNA (mRNA), non-coding RNA (ncRNA), and different types of bases (A, C, G, U) (6–8). Highly dynamic RNA modifications play an important role in regulating RNA fate and are fundamental mechanisms for regulating the cellular transcriptome and proteome (9).

Many important modifications have been identified on mRNA and ncRNA, such as N6-methyladenosine (m6A) modification, N1-methyladenosine (m1A) modification, 5-methylcytosine (m5C) modification, 7-methylguanosine (m7G) modification, etc. (Figure 1). Among them, the study about m6A modification is more in-depth, and a review of the literature shows that there are three main types of molecules involved in the modification: methyltransferases (i.e., writing proteins), demethylases (i.e., erasure proteins) and methyl-binding proteins (i.e., reading proteins), which perform catalysis, erasure and recognition, respectively. They act as a complex whole to dynamically regulate RNA localization, splicing, translation and degradation, which in turn affects RNA function and disease (10) (Figure 2).
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FIGURE 1
 Distribution of multiple post-transcriptional modifications on different RNA isoforms (A–D). Specific modification moieties are prominently labeled in post-transcriptional modifications.
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FIGURE 2
 A functional overview of m6A modifications during the RNA life cycle. (A) METTL3, METTL14, WTAP, VIRMA, RBM15/15B, CBLL1 and ZC3H13 are combined to form the writer complex to catalyze the methylation of m6A. The demethylase FTO and ALKBH5 are the m6A eraser. Several m6A reader proteins are involved in regulating multiple aspects of mRNA metabolism, such as XIST-mediated gene silencing (B), alternative splicing (C), nuclear export (D), translation (E/F), and decay (F).


In the next sections, we will briefly describe the regulatory mechanisms and functions of major RNA modifications in eukaryotic cells, such as m6A, m5C, m7G, and m1A. We also highlight the biological and clinical roles of m6A modifications in renal diseases, such as AKI, CKD, diabetic kidney disease (DKD), lupus nephritis (LN), and renal cell carcinoma (RCC).



m6A

Methylation at the 5′ Cap is widely recognized as playing important roles in maintaining mRNA stability, precursor splicing, polyadenylation, transport, and translation initiation, and is a common modification found in the vast majority of eukaryotes. In addition, along with poly A binding protein, the changes at 3′ poly A have a role in outgoing nuclear transport, translation initiation, and mRNA structural stability maintenance (11). However only the head and tail of mRNA undergo these modifications, and the majority of these internal changes are m6A methylation changes. The term “m6A” refers to the dynamic and reversible methylation modification (N6-adenylation) that occurs on the 6th N of RNA adenylate and affects a variety of mRNA metabolic steps, including splicing, translation, nuclear export, and stability (Figure 2). m6A has the ability to influence gene expression and thus biological activities such as cell self-renewal, differentiation, invasion, and apoptosis (12).

The biological behavior of m6A is powerfully influenced by the concerted action of the write protein, the erase protein, and the read protein. These pivotal proteins collaboratively and intricately sculpt the epitranscriptome, playing a non-trivial role in shaping the phenotypic blueprint of cells, tissues, and organisms. For the m6A methyltransferase, which catalyzes the change from A to m6A on mRNA, Methyltransferase-like protein 3 (METTL3) and Methyltransferase-like protein 14 (METTL14) form a writing complex (13, 14) (Figure 2). m6A binding proteins that identify m6A methylation and start functional signaling include YTH m6A RNA binding protein 1–3 (YTHDF1-3), YTH domain containing 1–2 (YTHDC1-2), and insulin-like growth factor 2 mRNA-binding protein 1/2/3(IGF2BP1/2/3). Fat mass and obesity-associated protein (FTO) and alpha-ketoglutarate-dependent dioxygenase ALKB homolog 5 (ALKBH5), which are two protein demethylases, can remove m6A alterations from RNA, reversing and regulating the methylation-dependent process (15).


Writers

METTL3 was shown to be a crucial component of the m6A mRNA methyltransferase complex in the 1990s. Later, it was discovered that METTL14 is one of the complex’s fundamental components (16, 17). In the complex machinery of methyltransferase METTL3, where precision is paramount, the catalytically active center would be incomplete without the indispensable structural scaffold effortlessly provided by METTL14. The tight-knit orchestration between these interdependent proteins is vital to the flawless execution of methyltransferase activity, thereby intricately regulating the epitranscriptomic landscape. Accessory units including Wilms tumor 1-associated protein (WTAP), vir like m6A methyltransferase associated (VIRMA), RNA binding motif protein 15A/15B (RBM15A/RBM15B), zinc finger CCCH-type containing 13(ZC3H13), and HAKAI (a potential E3 ubiquitin ligase) are also present in larger methyltransferase complete complexes (18–21) (Figure 2). Further research revealed that methyltransferase-like protein 16 (METTL16) also functions by itself in mammals as a m6A reader protein, although it only methylates a small subset of RNAs with particular RNA structures, such as U6 snRNA (22).

In addition to being a key component of METTL3, which identifies the sequence motif GGACU and employs s-adenosylmethionine (SAM) as a methyl donor to add methyl to its adenosine residues, the writer protein of m6 A is primarily responsible for the m6A methylation modification of bases on mRNA (23). The METTL14 subunit of the m6A methyltransferase complex serves as the complex’s primary supporting component and speeds up m6A RNA methylation catalysis (24). WTAP is a regulatory member of the METTL3/METTL14 methyltransferase complex that modulates METTL3/METTL14 complex aggregation to transcriptional and pre-mRNA-processed areas of nuclear scatter (14, 25, 26). The WTAP/METTL3 catalytic complex can be directed to an existing m6A site, creating a new m6A marker nearby and serving as a recruiter (27).



Readers

In the intricate choreography of biological processes, the methylation of the mRNAs that undergo m6A changes is a crucial and finely orchestrated step, where reading proteins bearing the methyl mark are indispensable. These epitranscriptomic readers perform specific and tailored functions, enabling the mRNAs to execute their biological tasks with utmost precision and efficacy, thereby perpetuating the complex web of life. Eukaryotic initiation factors (eIFs), IGF2BPs, and proteins with the YTH structural region make up the majority of reading proteins. These reading proteins primarily operate by specifically binding to the m6A methylation area, reducing homologous binding to RNA-binding proteins, and changing RNA secondary structure, which in turn affects protein-RNA interactions.

The delicately poised phenomenon of mRNA translation is facilitated by an intricate interplay between effectors (molecules that directly cause a specific response or effect in cells) and regulators (molecules control and modulate the activity of effectors or other cellular processes). Among these, YTHDF1, a crucial reader protein, stands out as a master orchestrator, selectively binding to eIF3 and facilitating the translation efficiency of m6A-modified RNA targets (28). Transcript breakdown occurs when YTHDF2 co-localizes with proteins from the dead enolase complex and delocalization complex at the p-body of the mRNA attenuation site, where it carries its target mRNA. YTHDF3 aids RNA translation and RNA degradation by interacting with YTHDF1 and YTHDF2, respectively, and building partnerships with YTHDF2 (29–32). IGF2BP is a crucial regulator of targeting RNA translation, stability, splicing, and intracellular localization by direct binding of its KH structural domain to m6A RNA and targeting mRNA transcripts by identifying the consistent GG(m6A)C sequence. Under usual conditions, enhances target mRNA stability by interacting with mRNA regulators including ELAVL1 and matri3 (33).



Erasers

Within the intricate landscape of epitranscriptomic modifications lies an important player, the eraser protein, which functions as a demethylase, skillfully plucking off the methyl group borne by m6A with the aid of ferrous iron, a coenzyme, and α-ketoglutarate, a co-substrate. This finely optimized interplay between enzyme and substrate underscores the delimited precision with which epigenetic regulation is governed, illuminating the remarkable intricacies that lie beneath the surface of molecular biology (34). The primary m6A demethylases are FTO and ALKBH5, among others.

The FTO protein, also known as fat mass and obesity-associated protein, is a member of the ALKB protein family and has been related to obesity (35). The University of Chicago group led by Professor Chuan He made the initial discovery that the FTO protein is a substantial demethylating enzyme in 2011 (36). ALKBH5, another essential demethylating enzyme, alters mRNA by demethylating it in the nucleus (37). The level of m6A modification on mRNA significantly increased when the cell line’s ALKBH5 was knocked down.



Distribution and dynamic regulation of m6A modifications

At the core of the complex and fascinating landscape of epitranscriptomics lies m6A, the most abundant and widespread chemical modification that adorns the mRNA skyline. As detection technologies have evolved, an impressive array of RNA species, including but not limited to transfer RNA (tRNA), ribosomal RNA (rRNA), small nuclear RNA (snRNA), and diverse non-coding RNAs (ncRNAs), have been reported to harbor this ubiquitous modification, underscoring the vital and far-reaching implications of this epigenetic alteration and its role in the myriad molecular interactions that govern the intricate machinery of life (38)(Figure 1). According to research, m6A modification is the most prevalent internal alteration linked to eukaryotic mRNAs and is involved in practically all stages of mRNA metabolism, including splicing, export and translation, and mRNA breakdown (Figure 2).

m6A is asymmetrically distributed on mRNA, and it is usually clustered near the stop codon, the 3′ untranslated region (3’UTR), and the long internal exon, with some occurring in the 5′ untranslated region (5 ‘UTR) and at the transcription start site. Only a small number of RNAs have both m6A modifications in the 5’ UTR region, CDS region, and 3′ UTR region. m6A has a conserved modification motif RRACH (R for A or G, H for A, U, or C) and methylation occurs at the sixth nitrogen atom of adenine, and this modification is dynamic and reversible (39).

m6A modifications play a crucial role in RNA splicing. It has been shown that m6A modification can regulate splicing factors binding to RNA, affecting splicing position and splicing efficiency. Splicing is the step of removing introns and joining exons after RNA transcription. Pre-mRNAs must undergo 5′ end and 3′ end modifications (5′-capping, 3′-polyadenylation) as well as splicing to form mRNAs in eukaryotic cells. Besides, pre-mRNA introns have many m6A sites, which are more numerous than in mature mRNAs (40).

As mentioned above, METTL3, which is the catalytic subunit in Writer, is localized to nuclear patches enriched in mRNA splicing factors, particularly concentrated on mRNA, which undergoes selective splicing, suggesting a potential regulatory role for m6A in mRNA splicing. It has been shown that m6A modification of transcripts is altered when METTL3 is absent, leading to abnormal splicing of important spermatogenic regulatory genes such as Sohlh1 and Dazl (41). WTAP deletion can also lead to altered mRNA isoforms that significantly reduce the ability of METTL3 to bind to RNA, thereby affecting mRNA splicing (18).

The m6A Reader affects mRNA splicing as well. As a nuclear m6A reader, YTHDC1, one of the Reader’s constituent proteins, binds to m6A directly. Moreover, it interacts with splicing regulators including SRC associated in mitosis of 68 Kd (SAM68), splicing component 35(SC35), and Serine/arginine-Rich Splicing Factor 1/3(SRSF1/3), to which YTHDC1 may attach following mRNA transcription and methylation. In order to enable splicing or other nuclear activities, m6A-modified mRNAs are recruited by the low-complexity structural domain of YTHDC1 in certain nuclear structures (15). These results suggest a possible connection between YTHDC1 and mRNA splicing.

Ultimately, a variety of eraser parts have comparable functions throughout the splicing process. FTO can demethylate m6Am and cells knocked out of FTO display a splicing defect, probably due to the fact that the physiological substrate of FTO is snRNA, which mediates splicing, and m6Am in snRNA may be altered thereby causing the splicing process to not proceed properly (15, 42). AlKBH5 is an endogenous m6A demethylase since its overexpression and knockdown cause cells to produce more and less m6A, respectively. When ALKBH5 is absent, the staining of alternative splicing factor/splicing factor 2 (ASF/SF2) is significantly diminished in HeLa cells and the nuclear scatter localization of numerous splicing factors is affected indicating that ALKBH5 also plays a role in the pre-mRNA splicing process. Hyperphosphorylated ASF/SF2 can be involved in pre-mRNA splicing (18).

By binding to ribosomal subunits, m6A modification promotes RNA translocation and export, and participates in intracellular RNA localization and regulation. After splicing is completed, mature mRNA is transported through the nuclear pore to the cytoplasm. In contrast, METTL3, ALKBH5, and YTHDC1-mediated m6A can affect nuclear processing and export of mRNA, thereby selectively regulating gene expression. Deletion of METTL3 inhibits mRNA export, whereas deletion of ALKBH5 enhances mRNA export to the cytoplasm (43, 44).

During translation initiation, m6A modifications can exert an influence on the structure and function of RNA molecules involved in translation, which in turn regulate gene expression levels. The academicians have postulated three primary translation upregulation mechanisms connected to m6A that occur during mRNA translation. Originally, YTHDF1 recruits translation initiation factor eIF3 and binds to m6A-modified mRNA to begin and increase translation of m6A-modified mRNA (45). The second pathway involves the direct interaction of eIF3 and the 5′ UTR m6A. The presence of m6A on the 5′ UTR enhances cap-independent translation, and eIF3-m6A association also facilitates ribosome loading (46). The penultimate one is METTL3 directly activating translation (18, 47). The precise method is still being studied, however after mRNA enters the cytoplasm, METTL3 binds eIF3 and interacts with mRNA cap-associated proteins (48).

Lastly, m6A modifications have the potential to regulate the stability and lifespan of RNA molecules by impacting the post-transcriptional degradation mechanism. Among them, reading proteins, primarily YTHDF2 and YTHDF1, play a major role in the degradation of mRNA. Similar to YTHDF1, YTHDF2 is a protein with two structural domains that seems to hasten the breakdown of n6-adenosylmethylated mRNAs by directly attracting the carbon catabolite-repression 4-Not (CCR4-Not) complex to the substance (49). The target mRNA becomes more stable when YTHDF2 is decreased (50). In human and mouse cells, downregulation of the m6A writing protein (METTL3 or WTAP) results in an increase in the half-life of mRNA (51). Each component of the m6A erasure, writing, and reading proteins has a particular role at various points during the mRNA maturation and cleavage process.




m6A in kidney diseases

m6A, the most prevalent RNA modification, has been shown to exert its function in multiple ways, including splicing, export, decay, and translation initiation efficiency, to regulate mRNA fate. RNA modifications have been shown to be heavily involved in kidney development and the progression of disease. Additionally, it has been noted that m6A affects biological processes by upsetting stable base pairing, which controls a number of RNA functions. Most notably, it has been discovered that m6A is linked to a growing number of kidney disorders, including RCC, acute kidney injury, and chronic kidney disease. The RNA demethylase FTO is currently referred to be abundant in the kidney and governs the fibrotic process in obstructive nephropathy through the TGF-β signaling pathway, according to related studies (52). The degree of renal interstitial fibrosis was found to be strongly correlated with the m6A methylation alterations by Li et al. (53). We will next focus on the key role played by m6A in AKI, CKD, DN, LN, and RCC, as well as the related pathogenesis.


Renal immune microenvironment

The kidney is a complex organ of great functional importance that plays a critical role in removing toxic waste products from the bloodstream through renal cell activity. The onset of renal dysfunction usually involves an interplay of factors such as inflammation, immune cell recruitment, and cell death. Compromised kidney function can result in the deposition of fibrous matrices that disrupt kidney tissue architecture and functionality (54, 55). In a normal steady-state environment, various innate and adaptive immune cells reside in the kidney, including dendritic cells, mast cells, macrophages, natural killer cells, NKT (natural killer T) cells, T cells, and B cells (Figure 3). These cells carry out essential functions to maintain renal homeostasis (56).
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FIGURE 3
 Renal immune microenvironment and m6A regulatory pathways in immune cells. The renal immune microenvironment includes but is not limited to these immune cells (A). Currently, m6A modification has been poorly reported in immune cells. We described the regulatory expression of m6A -related proteins in macrophages (Ba), T cells (Bb), Dendritic cells (Bc), and B cells (Bd).


For example, macrophages clear pathogens and cellular debris, while dendritic cells uptake and present antigens to activate lymphocytes. T cells collaborate with other immune cells to generate cytokines that protect the kidney and preserve its intrarenal environment (56).

Systemic immunological and autoimmune illnesses, such as complement diseases, immune complex-related seropathies, systemic autoimmunity, and vasculitis, frequently target the kidney, causing significant renal damage (57). Thus, immune cells play a crucial role in the pathogenesis of renal disease.

It has been shown that m6A methylation is involved in immune regulation in the renal immune microenvironment, and many immune responses are closely related to m6A regulators. For example, the m6A-binding protein YTHDF1 prolongs neoantigen-specific immunity through m6A methylation modification of mRNA. Antigen cross-presentation of CD8+ T cells is also closely associated with YTHDF1 (58). m6A “author” protein METTL3 regulates homeostasis and differentiation of mouse T cells (59). Most HLA (human leukocyte antigen) genes are closely associated with m6A regulators, while HLA-DR3, HLA-DR4, HLA-DR11 and HLA-DR15 promote or ameliorate renal damage in LN (60). When the kidney is damaged, a large number of macrophages are produced, and the resulting pro-inflammatory factors (including TNF-a and IL1b) keep spreading, which in turn induce kidney inflammation. And m6A was found to be closely associated with macrophage phenotype and dysfunction (61).

However, the relationship between m6A modifications and immune signatures remains to be elucidated, which may be related to the limitations of the detection technology tools. Samples used for RNA sequencing contain a very limited number of immune cells, which may lead to a decrease in the accuracy of the abundance of infiltrating immune cells at the time of detection (62). Thus, the role of immune cell m6A modification in regulating renal homeostasis and renal disease development is unclear.



m6A in AKI

AKI is a disease with severe drop of excretory renal function, which is characterized by a sharp rise in blood creatinine levels and a sharp fall in urine output (63). The overall prevalence of AKI is relatively high, affecting between 8 and 16% of hospitalized patients, and can lead to serious short- and long-term complications if left untreated (64). Specially, over 50% of ICU patients suffered from AKI, which was significantly associated with increased mortality rates (65). The main pathological features of AKI are acute tubular necrosis (ATN), interstitial inflammation, collapsing glomerulopathy, and an absence of immune deposition (66).

Although AKI has historically been classified into three categories, recent advancements in AKI research have led to a more nuanced understanding of the various types of AKI. These include, but are not limited to hepatorenal, cardiorenal, nephrotoxic, and sepsis-related AKI. These subtypes of AKI are distinguished not only by the underlying pathological mechanisms that contribute to AKI, but also by the unique pathophysiological interactions among different organ systems. We next describe the mechanism of action between m6A and ischemia–reperfusion Injury (IRI) -induced AKI, cisplatin-induced AKI (CI-AKI), sepsis-associated acute kidney injury (SA-AKI).




IRI-induced AKI

One of the chief reasons of acute kidney injury is IRI, a syndrome in which the injury increases instead after tissue ischemia restores blood flow. IRI can have negative effects in a clinical environment, such as decreased kidney graft survival and elevated client mortality (67–69). m6A mRNA changes have been observed in the heart, brain and kidney IRI in both in vivo and in vitro experiments (70–73). Inhibiting m6A methylation shields organs from the harm caused by IRI, which is assumed to be a major mechanism of m6A RNA alterations in organ damage.

As crucial subunit proteins of the m6A methylation transferase complex, METTL3 and METTL14 have recently been revealed to have a role in the emergence of IRI. In several studies, the upregulation of METTL3 was observed in IRI patients and IRI-induced AKI mouse models, indicating that IRI can lead to raised METTL3 and RNA m6A modification levels (74). A reduction in the production of Agt (angiotensinogen), Ren (renin), Ace (angiotensin I-converting enzyme), and At1r (angiotensin II, type I receptor-associated protein), together with the separation of Ren + cells from the capillary wall, lead to altered renal perfusion (75). Forkhead box D1 (Foxd1) also contributes to maintaining proper kidney development and regulating the shape of the renal capsule (75, 76). Through controlling Foxd1, METTL3 may contribute to renal IRI. Fodx1’s m6A level is negatively regulated and its mRNA expression level is elevated when METTL3 is suppressed, which affects renal perfusion (74) (Figure 4).

[image: Figure 4]

FIGURE 4
 Role of m6A Modification in Renal Diseases. The m6A modification of RNA has been found to play a significant role in various renal diseases, including acute kidney injury (AKI), autosomal dominant polycystic kidney disease (ADPKD), membranous nephropathy (MN), focal segmental glomerulosclerosis (FSGS), diabetic kidney disease (DKD), lupus nephritis (LN), and renal cell carcinoma (RCC). The regulation of m6A modification involves critical subunit proteins such as METTL3, METTL14, WTAP, FTO, and ALKBH5, which have distinct roles in the progression of these diseases. Acute Kidney Injury (AKI): In AKI, METTL3 promotes TAB3 and DGCR8 expression while suppressing Foxd1 expression. Additionally, METTL14 targets the YAP1-TEAD axis, contributing to renal tissue necrosis. Autosomal Dominant Polycystic Kidney Disease (ADPKD): In ADPKD, METTL3 promotes cyst proliferation by increasing the methylation and translation of arginine-vasopressin receptor 2 (AVPR2) and c-Myc mRNA. Membranous Nephropathy (MN): In MN, m6A modification is involved in regulating key pathophysiological processes, including inflammation and fibrosis. Focal Segmental Glomerulosclerosis (FSGS): Knocking down METTL14 in podocytes in FSGS leads to improvements in glomerular function and mitigates podocyte injury by activating autophagy and suppressing apoptosis and inflammation. Renal Cell Carcinoma (RCC): In RCC, FTO, ALKBH5, and METTL14 co-regulate the migration of renal epithelial cells. METTL14 also targets metabolic pathways, such as glycolysis. Lupus Nephritis (LN): In LN, METTL3 and FTO-mediated methylation of RNA m6A regulate the activation of the TBK1-IRF3 pathway via heterogeneous nuclear ribonucleoprotein A2B1 (HNRNPA2B1), thereby promoting IFN-I production. Additionally, CDC40 is positively correlated with glomerular filtration rate (GFR), suggesting a potential protective effect. Diabetic Kidney Disease (DKD): In DKD, reducing the expression of the METTL14 gene prevents SIRT1 mRNA m6A from being degraded, promotes autophagy, reduces apoptosis and inflammatory responses, and protects injured podocytes. Moreover, METTL14 enhances phosphatase and tensin homolog (PTEN), leading to the inactivation of the PI3K/Akt pathway and decreased HDAC5 and TGF-β1 expression.


Via its proliferative and pro-fibrotic actions during recovery, Yes-associated protein 1 (YAP1) is engaged in renal regeneration and fibrosis following acute IRI (77). Contrarily, Xu et al. discovered that METTL14 knockout HK-2 cells and METTL14 knockout animals had lower levels of YAP1 mRNA methylation in their kidneys, which led to reduced YAP1 protein translocation, indicating that METTL14 can control IRI via suppressing YAP1 (78) (Figure 4). The fact that METTL14’s ex vivo renal IRI protection was destroyed by peptide 17’s suppression of the YAP1- transcriptional enhanced associate domain (TEAD) pathway suggests that RNA methylation is necessary for the activation of the YAP1 and YAP1-TEAD pathways and is required for METTL14’s function in renal IRI. This shows that renal IRI development involves m6A RNA methylation control.



CI-AKI

Cisplatin and other platinum derivatives have been widely adopted as chemotherapeutic agents for their ability to exert anticancer effects by interfering with cell DNA and mitochondrial function. Despite their effectiveness in tumor therapy, these drugs are burdensome to renal function and often induce nephrotoxicity, leading to an important complication known as AKI (79). Recent research indicates that apoptosis, necrosis, and inflammation jointly represent hallmarks of CI-AKI (80).

Necrotic apoptosis is the principal cause of proximal tubular cell death in cisplatin-induced nephrotoxic AKI. When any major determinant of the mixed-spectrum kinase structural domain-like protein (MLKL), receptor interaction protein 1(RIP1), or necrotic pathway receptor interaction protein 3 (RIP3) is suppressed, cisplatin-induced proximal tubular damage in mice is reduced.

One research indicated that m6A methylation primarily functions in numerous pathways linked to metabolism, cell death, and oxidation, namely, there is a strong association between m6A methylation and CI-AKI regulation (81). This was identified through examining the discrepancies in m6A methylation and RNA expression in renal tissues between normal mice and CI-AKI animal models. Another study discovered that cisplatin caused the death of mice renal tubular epithelial cells, overexpression of METTL3 and METTL14 of m6A in cells, and a notable reduction in the expression of the methyl scavenger enzyme FTO, leading to a much higher level of RNA m6A modification and aggravating renal damage (82). FTO, on the other hand, may lessen the symptoms of CI-AKI by lowering the amounts of p53 mRNA and translation to lessen the apoptosis it causes.



SA-AKI

One of sepsis’s most prevalent and serious consequences is SA-AKI (83). In one study, mmu-miR-7,212-5p-Hmox1 in iron death has been demonstrated as a significant RNA regulatory pathway implicated in the pathophysiological process of SA-AKI in a mouse model of septic AKI. The promotion of AKI development by m6A RNA methylation alteration in SA-AKI has been shown (84).

A growing number of studies in recent years have revealed that ncRNAs, particularly microRNAs (miRNAs), are connected to AKI (85). Endogenous ncRNAs called miRNAs have a variety of biological roles, including the ability to inhibit protein translation and control the negative feedback regulation of target mRNAs via complementary binding to the 3′-UTR of the target gene (86).

It has been discovered that m6A alterations play a role in the processing of pri-miRNAs or the splicing of pre-miRNAs, which regulate miRNA production. METTL3 increases the quantity of pri-miRNAs m6A and the expression of miRNAs. The demethyltransferase ALKBH5 prevents pri-miR-193a from being processed. To operate more effectively, miRNA controls the binding and location of METTL3 and FTO (87, 88)(Figure 4). In AKI, many miRNAs are implicated in controlling programmed cell death. According to Jia et al., miRNA-21 overexpression prevented cell death by decreasing PDCD4 while miRNA-21 silencing enhanced cell death in septic AKI (89).


m6A in CKD

CKD is a global health problem affecting millions of people worldwide, whose typical symptoms are proteinuria or a decreased glomerular filtration rate (90). Emerging evidence suggests that dysregulation of RNA modifications, specifically m6A, plays a crucial role in the pathogenesis of CKD.

Studies have demonstrated altered expression levels of m6A regulators, such as METTL3 and YTHDF2, in CKD models. METTL3 is responsible for adding m6A marks to mRNA, while YTHDF2 binds to m6A-modified transcripts and affects RNA stability and translation. Dysregulation of m6A regulators, including the upregulation of METTL3 and the downregulation of YTHDF2, has been linked to the activation of TGF-β signaling pathways and the subsequent development of renal fibrosis in CKD.

Renal fibrosis is a significant contributor to CKD, and obstructive nephropathy (ON) resulting from obstructive uropathy is a major cause of renal fibrosis (91).Transforming growth factor-beta 1 (TGF-β1) is a key mediator of renal fibrosis, and studies have shown that it stimulates the expression of the long non-coding RNA (lncRNA) metastasis-associated lung adenocarcinoma transcription product 1 (MALAT1) in ON patients. In TGF-β1-treated tubular epithelial cells, m6A modification exerts a regulatory role in positively regulating MALAT1 expression by engaging METTL3, suggesting the involvement of m6A modification in the MALAT1/miR-145/focal adhesion kinase (FAK) pathway of renal fibrosis (92). Simultaneously, METTL3 has been shown to promote the expression of miR-21-5p, which in turn activates the SPRY1/ERK/NF-κB pathway to induce inflammation and fibrosis (93).

Besides renal fibrosis, autophagy is also implicated in the progression of CKD (94). Individuals with CKD have decreased leukocyte m6A concentration and increased protein RNA demethylase FTO expression. The uremic toxin indoxyl sulfate modulates FTO and m6A modifications to induce cellular autophagy. By decreasing m6A levels through FTO’s RNA demethylation activity, indoxyl sulfate influences leukocyte autophagy. However, the effect of indoxyl sulfate on cellular autophagy can be prevented by suppressing m6A or knocking down FTO using 3-deazaadenosine (DAA), offering a new approach to treating CKD by targeting m6A RNA modification (95).

CKD include DKD, LN, autosomal dominant polycystic kidney disease (ADPKD), membranous nephropathy (MN), focal segmental glomerulosclerosis (FSGS), IgA nephropathy (IgAN), and we will next discuss the role that m6 A plays in these diseases.




DKD

DKD is a common microvascular complication of diabetes mellitus that leads to kidney disease. Prolonged hyperglycemia in diabetic patients induces the buildup of extracellular matrix in the glomerular and tubulointerstitial compartments, thickening and hyalinization of the intrarenal vascular system, and gradual decline of renal function (96, 97).

Numerous investigations have demonstrated the close connection between m6A and the onset of diabetes, but it is unclear how m6A contributes to the etiology of DKD. Ling Jiang et al. identified METTL3-mediated m6A modification as a vital cause of podocyte damage in DKD (98). When METTL3 was overexpressed, m6A modification in the kidney of type 1 and type 2 diabetic mice was dramatically elevated, and inflammation and apoptosis in high glucose (HG)-stimulated podocytes were significantly enhanced, and yet these reactions were decreased dramatically when it was shut down. The mechanism is that METTL3 induced pro-inflammatory and pro-apoptotic effects by modulating Notch signaling via the m6A alteration of tissue inhibitor of metalloproteinase 2 (TIMP2) in a way reliant on IGF2BP2.

Sirtuin-1 (SIRT1) deacetylase, which is abundantly found in renal tissues, has a role in kidney disorders by controlling a number of cellular biological processes, including apoptosis, autophagy, and inflammation, which helps to lessen acute kidney damage and treat kidney fibrosis (99, 100). In a separate investigation, mice with DKD had higher levels of m6A RNA and higher levels of METTL14 expression in their kidneys. When the expression of the METTL14 gene was reduced, SIRT1 mRNA m6A was prevented from being modified and degraded, autophagy was encouraged, apoptosis and an inflammatory response were reduced, and the wounded foot cells were thus safeguarded (101) (Figure 4).

In the kidneys of diabetes people and animals, the levels of histone deacetylase 5 (HDAC5), a member of the class II HDAC subfamily, are greater than average. In vitro cultures of human renal tubular cell lines (HK2) with high glucose levels revealed enhanced HDAC5 expression. According to studies on the etiology of DN, the TGF-β1 pathway has a significant pro-fibrotic role (102, 103). In diabetic tubular cells, hyperglycemia enhanced HDAC5 expression, and through elevation of TGF-β1, HDAC5 overexpression led to epithelial-mesenchymal transition in renal tubular cells. The epithelial-mesenchymal transition of renal tubular cells was impacted by the overexpression of METTL14, a vital component of the m6A methyltransferase complex, which also elevated m6A RNA methylation levels, boosted phosphatase and tensin homolog (PTEN) leading to PI3K/Akt pathway inactivation, decreased HDAC5 and TGF-β1 expression (104)(Figure 4).

α-klotho is an anti-aging gene that has been found to prevent tubular and glomerular injury and attenuate DKD in diabetic mice. METTL14 can also exacerbate high-glucose-induced glomerular endothelial cell injury and DKD by mediating the m6A modification of α-klotho and increasing its methylation level, leading to downregulation of α-klotho expression (105).



LN

Systemic lupus erythematosus (SLE) is a systemic autoimmune disease characterized by its heterogeneity and unknown etiology. Among its various manifestations, LN is the most frequent and severe, occurring in up to 60% of patients with SLE. LN can lead to significant kidney damage, with hematuria and proteinuria being common clinical features (106, 107).

m6A regulators in LN are connected to the immune microenvironment, according to some linked research, though the precise method by which m6A methylation is implicated in LN is unknown. Recent studies have revealed strong correlations between activated NK cells, immune responses, HLA genes, and m6A regulators in kidney tissues of patients with LN. Additionally, seven m6A markers [cell division cycle 5-like (CDC5L), cell division cycle 40(CDC40), heterogeneous nuclear ribonucleoprotein U (HNRNPU), nudix (nucleoside diphosphate linked moiety X)-type motif 21(NUDT21), poly(A) polymerase alpha(PAPOLA), polymerase (RNA) II (DNA directed) polypeptide B (POLR2B), and WW domain binding protein 4 (WBP4)] have been identified and implicated in the development and progression of LN. Among these markers, a positive correlation was observed between CDC40 and glomerular filtration rate (GFR), suggesting a potential protective effect (Figure 4). Conversely, CDC5L, HNRNPU, NUDT21, PAPOLA, POLR2B, and WBP4 were negatively correlated with GFR, raising the possibility that these genes may play a role in exacerbating renal damage in LN patients (108).

The expression of most m6A regulators in glomeruli differs significantly between healthy individuals and those with LN, indicating potential roles for these regulators in the pathogenesis of LN. Among these regulators, IGFBP3 plays an important role in maintaining a healthy immune system as a key m6A regulator, together with two key immune genes (CD14 and IDO1) (109).

It has been certified that urinary CD14 monocytes provide an effective biomarker for diagnosing LN (110). Meanwhile, IGFBP3, which controls somatic cell growth and proliferation, plays a critical role in healthy immune system maintenance, and supports the differentiation of naive CD8+ T cells. Additionally, free insulin-like growth factor-1 (IGF1) has been observed to have a convinced metabolic impact in patients with SLE. In MRL/LPR mice, the overexpression of IGF-1 and IGFBP2 in glomeruli has been associated with significant changes in renal morphology and function (111). Several studies have identified IGFBP2 as a promising biomarker for both SLE and LN. So IGFBP shows tremendous potential as a biomarker for autoimmune disorders (112).

Additionally, there is emerging evidence suggesting that ALKBH5 may serve as a key regulator in the pathogenesis of SLE (113). A potential link between reduced YTHDF2 expression and disease activity in SLE is also clarified (114).

Type I interferons (IFN-I) is a key player in the antiviral response of the innate immune system, and is also implicated in the pathogenesis of SLE. The methylation of RNA has been shown to play a crucial role in the production of IFN-I. For instance, m6A methylation of RNA mediated by METTL3 and FTO has been found to regulate the activation of TBK1-IRF3 pathway via heterogeneous nuclear ribonucleoprotein A2B1 (HNRNPA2B1), resulting in the promotion of IFN-I production (115) (Figure 4).

The above findings suggest that m6A methylation changes are important for the formation of LN. Hence, further analysis is necessary to elucidate the precise roles of m6A markers in the pathogenesis of LN and to develop more effective treatment strategies for this disease.



ADPKD

ADPKD is a monogenic disorder characterized by the development of numerous expanding tubular-derived cysts, which affects 85% of affected individuals leading to kidney failure (116). In a seminal study, Ramalingam et al. reported that METTL3 and its target RNA modification, m6A, play a crucial role in the pathogenesis of tubular cyst growth in ADPKD. METTL3 promotes cyst proliferation by increasing the methylation and translation of arginine-vasopressin receptor 2 (AVPR2) and c-Myc mRNA, which in turn enhance cyclic adenosine monophosphate and c-Myc signaling (Figure 4). Moreover, m6A content is also increased in kidney tissues of patients with ADPKD, suggesting the clinical relevance of METTL3/m6A signaling in ADPKD patients (117).



MN

MN is characterized by the inflammation and thickening of the glomerular basement membrane, which primarily arises from autoimmunity and the deposition of immune complexes in the kidney. The phospholipase A2 receptor (PLA2R) has emerged as a prominent target antigen in MN (118). Similarly to IgAN, miRNAs have been implicated in the onset, progression, and potential prevention of MN, although the precise mechanisms remain elusive. Differential expression analysis of miRNAs and mRNAs has revealed the presence of regulatory network genes that may contribute to the development of membranous nephropathy through various signaling pathways, including mTOR, PDGFR-β, LKB1, and VEGF/VEGFR (119).

Unfortunately, the specific connection between m6A modification and membranous nephritis has yet to be established. m6A modification is known to play a role in regulating key pathophysiological processes in the kidneys, such as inflammation, fibrosis, and immune responses (Figure 4). These processes could potentially be implicated in the pathogenesis of membranous nephritis. Consequently, further investigations into the relationship between m6A modifications and MN are warranted, with a focus on potential alterations in m6A regulators, target genes, and their impact on disease onset and progression.



FSGS

FSGS is a non-specific lesion primarily affecting podocytes rather than a distinct disease entity. Its main clinical manifestation is variable proteinuria, with or without accompanying nephrotic syndrome (120). Given the crucial role of podocytes in the progression of proteinuric nephropathy, investigating the impact of m6A modification on podocyte injury has gained significant attention.

To investigate the role of m6A in podocyte injury, Lu et al. performed a dual luciferase reporter gene assay in cultured human foot cells stimulated with Adriamycin or advanced glycosylation end products (AGE). They observed that METTL14 was significantly increased in renal biopsy samples from patients with FSGS and diabetic kidney disease, as well as in cultured human foot cells treated with Adriamycin or AGE in vitro.

Interestingly, knocking down METTL14 in podocytes not only exhibited notable improvements in glomerular function but also mitigated podocyte injury by activating autophagy while concurrently suppressing apoptosis and inflammation (101) (Figure 4).

This groundbreaking discovery and further investigations in this area hold the potential to uncover novel therapeutic strategies targeting m6A regulatory pathways specifically in podocytes.



IgAN

IgAN is the most prevalent primary glomerular disease globally and one of the leading causes of chronic renal diseases. Studies have shown that approximately 40% of patients progress to end-stage renal diseases within 20 years of diagnosis. A distinguishing characteristic in the histological diagnosis of IgAN is the presence of explicit or implicit IgA staining in kidney biopsies (121).

Emerging data suggests that at least four key processes contribute to the development of IgAN: hereditary increase in galactose-deficient circulating IgA1, circulating antibodies directed against galactose-deficient IgA1, formation of pathogenic IgA1-containing immune complexes, mesangial deposition of IgA1-containing immune complexes, cell activation, and initiation of glomerular injury (122).

Notably, studies have identified elevated expression of JCHAIN in interstitial cells, suggesting its potential involvement in the accumulation of IgA1 and the initiation of in-situ deposits within the renal tissue (123).

IgAN also has shown associations with miRNAs, implicating their potential role in disease pathogenesis. Notably, miR-133a, miR-133b, and miR-185 have been observed to facilitate IgA1 deposition, while miR-17-5p appears to be linked to thylakoid proliferation and endocytosis transport, both contributing factors to the appearance of IgAN (124). In the realm of human cancers, IGF2BP2, an m6A reader, demonstrates interactions with diverse RNA species, including miRNAs, mRNAs, and lncRNAs, thereby affecting cancer development and progression (125). Though the precise relationship between m6A modification and the underlying mechanisms of IgAN remains unclear, leveraging existing research as a foundation paves the way for future comprehensive investigations aimed at unraveling the mechanism of this disease and identifying novel therapeutic targets.


m6A in RCC

RCC is a common form of malignancy in the urinary system, accounting for approximately 3% of adult cancer diagnoses worldwide (126). With over 270,000 new cases and 116,000 deaths each year, RCC is a significant global healthcare challenge (127). The tumor arises from the tubular epithelial cells of the renal parenchyma, and common clinical manifestations include hematuria, lumbar pain, and renal masses. Of all renal tumors, renal clear cell carcinoma (KIRC) represents the most prevalent histologic subtype, comprising 75% of all RCC cases (128). Furthermore, RNA alteration is crucial to the mechanism underlying the emergence of RCC.

The data supporting the association of m6A with the control of tumor features such carcinogenesis, proliferation, differentiation, invasion, and metastasis is presently mounting. For instance, ALKBH5 promoted cell proliferation in RCC by mediating m6A demethylation of mRNA AURKB (Aurora kinase B) to increase its stability (129) (Figure 4).

It has been demonstrated that abnormal m6A RNA alterations control cancer-related pathways and gene expression in ccRCC. Globally speaking, the m6A alterations in the current study appear to positively correlate with mRNA expression in ccRCC samples (130–132). Differentially methylated m6A sites in NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 4-like 2 (NDUFA4L2), Procollagen-Lysine, 2-Oxoglutarate 5-Dioxygenase 2 (PLOD2), NXPH family member 4 (NXPH4), Krüppel-like factor 11 (KLF11), Natriuretic peptide receptor 3 (NPR3), Uromodulin (UMOD), and ankyrin 3(ANK3) indicate that these genes are linked to ccRCC. The function of downstream m6A readers determines the precise role of m6A methylation on gene expression, so it may be beneficial to overexpress or knockdown key enzymes that have been modified with m6A in order to better understand m6A methylation-mediated cellular responses.

By bioinformatics analysis, METTL14 protein levels were significantly lower in renal tumor tissues than in paired normal tissues, and low levels of METTL14 enhanced the stability of bromodomain PHD finger transcription factor (BPTF), and accumulated BPTF constituted and reinforced enhancers or super-enhancers (SEs) activating enolase 2 (ENO2) and SRC proto-oncogene nonreceptor tyrosine kinase (SRC), leading to glycolytic reprogramming and triggering the aerobic glycolytic pathway, thus promoting RCC metastasis in vitro and in vivo (133). METTL14 can also inhibit the growth and metastasis of RCC by reducing long-stranded non-coding RNA nuclear enriched abundant transcript 1 (NEAT1_1) in a m6A- YTHDF2-dependent manner (134). Similar findings have been made in other research, which indicate that epithelial splicing regulatory protein 2 (ESRP2) ubiquitination is controlled by METTL14 to prevent the metastasis of clear cell RCC through Lnc-LSG1 m6A modification (135). By encouraging ESRP2 breakdown via the ubiquitination route, Lnc-LSG1 raises ESRP2 ubiquitination levels and prevents ccRCC metastasis. The anti-metastatic impact of Lnc-LSG1 on ccRCC cells was diminished as a consequence of METTL14, which decreased the binding of Lnc-LSG1 to ESRP2 protein via YTHDC1 and enhanced the stability of ESRP2 protein.

Patients with RCC often have a poor clinical prognosis and a high death rate due in large part to metastatic KIRC. In order to better understand the mechanism of cancer spread, lncRNAs are now thought of as a novel regulatory factor (136). They have been discovered to have a role in a number of crucial biological processes in malignancies. Two hub m6A-lncRNAs (LINC01820 and LINC02257) were found to be overexpressed in KIRC cell lines and were strongly related with a bad prognosis in KIRC patients in one research utilizing Cytoscape software to look for central m6A lncRNAs (137). These were, therefore, extremely potential therapy candidates for those with metastatic KIRC.

Certain RCC subtypes, including NONO-TFE3 translocated RCC (NONO-TFE3 tRCC), have also been discovered to have m6A involvement in their etiology in addition to renal clear cell carcinoma. As a tumor suppressor gene, TRAF3IP2 antisense RNA1 (TRAF3IP2-AS1) binds to poly ADP-ribose polymerase (PARP1) mRNA directly, boosting the m6A modification of PARP1 mRNA, attenuating PARP1 mRNA, and improving PTEN expression via binding miR-200a-3p, miR-153-3p, and miR-141–3p, therefore greatly decreasing PARP1 expression and suppressing NONO - TFE3 translocated RCC. On the reverse hand, NONO-TFE3-translocated RCC was encouraged when TRAF3IP2-AS1 was expressed at low levels (138).




Potential therapeutic applications of targeting m6A regulators

An increasing number of kidney diseases, such as RCC, AKI and CKD, have been found to be associated with aberrant m6A. Today’s studies on the mechanisms of RNA methylation in renal diseases rely heavily on m6A, which has been found to affect normal physiological functions of the kidney by regulating the expression of target key genes (139, 140).

When m6A-related enzymes are abnormally expressed, they can interact with their downstream transcription factors to affect the mRNA synthesis process and promote or inhibit the development and progression of kidney disease. It was found that METTL3 overexpression of m6A in cells decreases Foxd1 content and causes apoptosis (74); METTL3 overexpression also leads to an increase in tgf-β-activated kinase 1 binding protein 3 (TAB3), resulting in inflammation and cell injury (10); METTL14 overexpression causes a decrease in YAP1, leading to reduced cell viability and thus acute kidney injury (71).

METTL3 is also present in chronic kidney disease. It positively regulates MALAT1 in TGF-β1-treated HK2 cells and affects the MALAT1/miR-145/FAK pathway in renal fibrosis, leading to renal fibrosis (102, 104). A significant decrease in the expression of the methyl scavenger enzyme FTO was accompanied by a significant increase in the level of RNA m6A modification and a concomitant increase in the amount of p53 mRNA, which in turn exacerbated renal damage (95).

METTL14 exacerbates high glucose-induced glomerular endothelial cell injury and DN by mediating m6A modification of α-klotho, increasing its methylation level and leading to downregulation of α-klotho expression (105). It can also affect the PTEN/PI3K/AKT pathway to increase HDAC5 and affect the epithelial-mesenchymal transition of renal tubular cells in DN (104). In contrast, METTL14 was significantly downregulated in RCC tissues (n = 580). Through the METTL14-YTHDF2-NEAT1_1 signaling axis, the growth and metastasis of RCC could be promoted (135).

The above-mentioned aberrantly expressed enzyme RNA methylation modification is a dynamic and reversible process. In renal diseases, reversing aberrant RNA methylation by targeting m6A regulators may delay the progression of renal disease. This suggests that targeting RNA m6A modification may be a novel strategy for the treatment of CKD and autophagy.

In recent years, researchers have made significant progress in developing targeted molecular inhibitors for m6A modifications. This approach is based on the observation that m6A regulators, such as METTL3, YTHDF1, and YTHDF2, are often dysregulated in tumor cells. These regulators are able to inhibit tumor cell proliferation, induce cancer cell death, and enhance immune response by increasing T cell transport and reducing immunosuppression (141).

Several inhibitors targeting FTO, such as rhodopsin, MO-I-500, and meclofenamic acid (MA), have been developed (142–144). Additionally, a highly potent and selective inhibitor of METTL3 and METTL14 called STM2457 has recently been identified. In preclinical models of acute myeloid leukemia, this inhibitor demonstrated significant anti-leukemic effects, suggesting that targeting m6A regulators holds promise for cancer therapy (145).

In addition to developing specific inhibitors of m6a regulatory factors, we may also want to start with epigenetic regulation, which plays a crucial role in gene expression and cellular function. The use of epigenetic inhibitors, such as DNA methyltransferase inhibitors or histone deacetylase inhibitors can modulate DNA methylation or histone modifications that may have an impact on kidney disease.

Given the complexity of kidney disease, we can first examine the enzymes that are aberrantly expressed by m6A modifications in patients, such as METTL3 and METTL14, which are expressed at elevated levels in patients with AKI (10, 78). Then, based on the results, we can make a diagnosis and administer a combination of treatments, such as using combinations of writing inhibitors, erasure modifiers, and reading protein modifiers, which may improve therapeutic efficacy.

While numerous potential therapeutic targets related to m6A methylation have been identified, there is a noticeable absence of clinical trials investigating the use of RNA methylation modifications in the treatment of renal diseases. Hence, there is a need for more targeted and meticulous clinical trials that utilize m6A methylation-associated enzymes for the treatment of renal diseases.



Conclusion

In summary, chemical modifications of RNA have an important role in many processes of cellular life and in the development of renal systemic diseases. In many renal diseases, RNA modifications, especially m6A, play an important role. For example, elevated or decreased levels of METTL3, a core component of m6A methyltransferase, can have a significant impact on the pathological manifestations of AKI, renal IRI, and DN. In contrast, high expression of METTL14 can have damaging effects on renal podocytes. In RCC, chemical modifications of RNA play a role in its developmental mechanism. The degree of expression of various methylation complexes showed abnormalities in cancer samples. These modifications can regulate the fate of multiple diseases. Therefore, chemical modifications of RNA have the potential to be used for targeted therapies (Table 1).



TABLE 1 Possible drugs and small molecules in targeting m6A.
[image: Table1]



Author contributions

ZH [2nd author], YW, and LaY were involved in the conception of the study. LuY, ZH [14th author], HC, LC, and YL were involved in writing the article. ZH [2nd author] and YW made and modified figures. BW, YF, MZ, JL, FP, and YM critically revised the manuscript. All authors contributed to the article and approved the submitted version.



Funding

The work was supported by Chengdu University of Traditional Chinese Medicine undergraduate research practice innovation project (ky-2023015, ky-2023081, and ky-2023083); Sichuan Cadre Health Research Project (2022-1001); and Sichuan Provincial Department of Science and Technology Scientific and Technological Achievement Transformation Project (2022JDZH0027).



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.



References

 1. Schaub, JA, Hamidi, H, Subramanian, L, and Kretzler, M. Systems biology and kidney disease. Clin J Am Soc Nephrol. (2020) 15:695–703. doi: 10.2215/cjn.09990819


 2. Ruiz-Ortega, M, Rayego-Mateos, S, Lamas, S, Ortiz, A, and Rodrigues-Diez, RR. Targeting the progression of chronic kidney disease. Nat Rev Nephrol. (2020) 16:269–88. doi: 10.1038/s41581-019-0248-y


 3. Zhu, Z, Hu, J, Chen, Z, Feng, J, Yang, X, Liang, W , et al. Transition of acute kidney injury to chronic kidney disease: role of metabolic reprogramming. Metab Clin Exp. (2022) 131:155194. doi: 10.1016/j.metabol.2022.155194


 4. Hoste, EAJ, Kellum, JA, Selby, NM, Zarbock, A, Palevsky, PM, Bagshaw, SM , et al. Global epidemiology and outcomes of acute kidney injury. Nat Rev Nephrol. (2018) 14:607–25. doi: 10.1038/s41581-018-0052-0


 5. Eckardt, KU, Coresh, J, Devuyst, O, Johnson, RJ, Köttgen, A, Levey, AS , et al. Evolving importance of kidney disease: from subspecialty to Global Health burden. Lancet. (2013) 382:158–69. doi: 10.1016/s0140-6736(13)60439-0


 6. Frye, M, Jaffrey, SR, Pan, T, Rechavi, G, and Suzuki, T. RNA modifications: what have we learned and where are we headed? Nat Rev Genet. (2016) 17:365–72. doi: 10.1038/nrg.2016.47


 7. Trixl, L, and Lusser, A. The dynamic RNA modification 5-methylcytosine and its emerging role as an epitranscriptomic mark. Wiley Int Rev RNA. (2019) 10:e1510. doi: 10.1002/wrna.1510


 8. Wu, S, Zhang, S, Wu, X, and Zhou, X. M(6)a RNA methylation in cardiovascular diseases. Mol Therapy. (2020) 28:2111–9. doi: 10.1016/j.ymthe.2020.08.010


 9. Frye, M, Harada, BT, Behm, M, and He, C. RNA modifications modulate gene expression during development. Science (New York, NY). (2018) 361:1346–9. doi: 10.1126/science.aau1646


 10. Wang, JN, Wang, F, Ke, J, Li, Z, Xu, CH, Yang, Q , et al. Inhibition of Mettl3 attenuates renal injury and inflammation by alleviating Tab3 M6a modifications via Igf2bp2-dependent mechanisms. Sci Transl Med. (2022) 14:eabk2709. doi: 10.1126/scitranslmed.abk2709


 11. Roundtree, IA, Evans, ME, Pan, T, and He, C. Dynamic RNA modifications in gene expression regulation. Cells. (2017) 169:1187–200. doi: 10.1016/j.cell.2017.05.045


 12. Barbieri, I, and Kouzarides, T. Role of RNA modifications in Cancer. Nat Rev Cancer. (2020) 20:303–22. doi: 10.1038/s41568-020-0253-2


 13. Barbieri, I, Tzelepis, K, Pandolfini, L, Shi, J, Millán-Zambrano, G, Robson, SC , et al. Promoter-bound Mettl3 maintains myeloid leukaemia by M(6)a-dependent translation control. Nature. (2017) 552:126–31. doi: 10.1038/nature24678


 14. Liu, J, Yue, Y, Han, D, Wang, X, Fu, Y, Zhang, L , et al. A Mettl3-Mettl14 complex mediates mammalian nuclear RNA N6-adenosine methylation. Nat Chem Biol. (2014) 10:93–5. doi: 10.1038/nchembio.1432


 15. Zaccara, S, Ries, RJ, and Jaffrey, SR. Reading, writing and erasing mRNA methylation. Nat Rev Mol Cell Biol. (2019) 20:608–24. doi: 10.1038/s41580-019-0168-5


 16. Bokar, JA, Rath-Shambaugh, ME, Ludwiczak, R, Narayan, P, and Rottman, F. Characterization and partial purification of mRNA N6-adenosine methyltransferase from Hela cell nuclei. Internal mRNA methylation requires a multisubunit complex. J Biol Chem. (1994) 269:17697–704. doi: 10.1016/S0021-9258(17)32497-3


 17. Bokar, JA, Shambaugh, ME, Polayes, D, Matera, AG, and Rottman, FM. Purification and cDNA cloning of the adomet-binding subunit of the human mRNA (N6-adenosine)-methyltransferase. RNA. (1997) 3:1233–47.


 18. Ping, XL, Sun, BF, Wang, L, Xiao, W, Yang, X, Wang, WJ , et al. Mammalian WTAP is a regulatory subunit of the RNA N6-methyladenosine methyltransferase. Cell Res. (2014) 24:177–89. doi: 10.1038/cr.2014.3


 19. Růžička, K, Zhang, M, Campilho, A, Bodi, Z, Kashif, M, Saleh, M , et al. Identification of factors required for M(6) a mRNA methylation in Arabidopsis reveals a role for the conserved E3 ubiquitin ligase Hakai. New Phytol. (2017) 215:157–72. doi: 10.1111/nph.14586


 20. Patil, DP, Chen, CK, Pickering, BF, Chow, A, Jackson, C, Guttman, M , et al. M(6)a RNA methylation promotes XIST-mediated transcriptional repression. Nature. (2016) 537:369–73. doi: 10.1038/nature19342


 21. Schwartz, S, Mumbach, MR, Jovanovic, M, Wang, T, Maciag, K, Bushkin, GG , et al. Perturbation of M6a writers reveals two distinct classes of mRNA methylation at internal and 5' sites. Cell Rep. (2014) 8:284–96. doi: 10.1016/j.celrep.2014.05.048


 22. Fitzsimmons, CM, and Batista, PJ. It's complicated… M(6)a-dependent regulation of gene expression in Cancer. Biochim Biophys Acta Gene Reg Mech. (2019) 1862:382–93. doi: 10.1016/j.bbagrm.2018.09.010


 23. Zhao, Y, Shi, Y, Shen, H, and Xie, W. M(6)a-binding proteins: the emerging crucial performers in epigenetics. J Hematol Oncol. (2020) 13:35. doi: 10.1186/s13045-020-00872-8


 24. Wang, P, Doxtader, KA, and Nam, Y. Structural basis for cooperative function of Mettl3 and Mettl14 methyltransferases. Mol Cell. (2016) 63:306–17. doi: 10.1016/j.molcel.2016.05.041


 25. Wojtas, MN, Pandey, RR, Mendel, M, Homolka, D, Sachidanandam, R, and Pillai, RS. Regulation of M(6)a transcripts by the 3′→5' RNA helicase YTHDC2 is essential for a successful meiotic program in the mammalian germline. Mol Cell. (2017) 68:374–87.e12. doi: 10.1016/j.molcel.2017.09.021


 26. Kretschmer, J, Rao, H, Hackert, P, Sloan, KE, Höbartner, C, and Bohnsack, MT. The M(6)a reader protein Ythdc2 interacts with the small ribosomal subunit and the 5′-3′ exoribonuclease Xrn1. RNA. (2018) 24:1339–50. doi: 10.1261/rna.064238.117


 27. Huang, Q, Mo, J, Liao, Z, Chen, X, and Zhang, B. The RNA M(6)a writer WTAP in diseases: structure, roles, and mechanisms. Cell Death Dis. (2022) 13:852. doi: 10.1038/s41419-022-05268-9


 28. Zaccara, S, and Jaffrey, SR. A unified model for the function of YTHDF proteins in regulating M(6)a-modified mRNA. Cells. (2020) 181:1582–95.e18. doi: 10.1016/j.cell.2020.05.012


 29. Wang, X, and He, C. Reading RNA methylation codes through methyl-specific binding proteins. RNA Biol. (2014) 11:669–72. doi: 10.4161/rna.28829


 30. Wang, X, Lu, Z, Gomez, A, Hon, GC, Yue, Y, Han, D , et al. N6-Methyladenosine-dependent regulation of messenger RNA stability. Nature. (2014) 505:117–20. doi: 10.1038/nature12730


 31. Shi, H, Wang, X, Lu, Z, Zhao, BS, Ma, H, Hsu, PJ , et al. Ythdf3 facilitates translation and decay of N(6)-methyladenosine-modified RNA. Cell Res. (2017) 27:315–28. doi: 10.1038/cr.2017.15


 32. Wang, Y, Qian, CY, Li, XP, Zhang, Y, He, H, Wang, J , et al. Genome-scale long noncoding RNA expression pattern in squamous cell lung Cancer. Sci Rep. (2015) 5:11671. doi: 10.1038/srep11671


 33. Huang, H, Weng, H, Sun, W, Qin, X, Shi, H, Wu, H , et al. Recognition of RNA N(6)-methyladenosine by Igf2bp proteins enhances mRNA stability and translation. Nat Cell Biol. (2018) 20:285–95. doi: 10.1038/s41556-018-0045-z


 34. Fedeles, BI, Singh, V, Delaney, JC, Li, D, and Essigmann, JM. The ALKB family of Fe(II)/Α-ketoglutarate-dependent dioxygenases: repairing nucleic acid alkylation damage and beyond. J Biol Chem. (2015) 290:20734–42. doi: 10.1074/jbc.R115.656462


 35. Zhao, X, Yang, Y, Sun, BF, Zhao, YL, and Yang, YG. FTO and obesity: mechanisms of association. Curr Diab Rep. (2014) 14:486. doi: 10.1007/s11892-014-0486-0


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


 37. Qu, J, Yan, H, Hou, Y, Cao, W, Liu, Y, Zhang, E , et al. RNA demethylase Alkbh5 in Cancer: from mechanisms to therapeutic potential. J Hematol Oncol. (2022) 15:8. doi: 10.1186/s13045-022-01224-4


 38. Visvanathan, A, and Somasundaram, K. mRNA traffic control reviewed: N6-methyladenosine (M(6) a) takes the Driver's seat. BioEssays. (2018) 40:1. doi: 10.1002/bies.201700093


 39. Wang, TJ, Li, YY, Wu, WJ, Lin, CK, Wang, CK, Wang, CY , et al. Dandy-Walker syndrome with duplex kidney abnormalities in trisomy 18 - a rare Case report. Taiwan J Obstet Gynecol. (2017) 56:697–9. doi: 10.1016/j.tjog.2017.08.022


 40. Yang, Y, Hsu, PJ, Chen, YS, and Yang, YG. Dynamic transcriptomic M(6)a decoration: writers, erasers, readers and functions in RNA metabolism. Cell Res. (2018) 28:616–24. doi: 10.1038/s41422-018-0040-8


 41. Xu, K, Yang, Y, Feng, GH, Sun, BF, Chen, JQ, Li, YF , et al. Mettl3-mediated M(6)a regulates spermatogonial differentiation and meiosis initiation. Cell Res. (2017) 27:1100–14. doi: 10.1038/cr.2017.100


 42. Bartosovic, M, Molares, HC, Gregorova, P, Hrossova, D, Kudla, G, and Vanacova, S. N6-Methyladenosine demethylase FTO targets pre-mRNAs and regulates alternative splicing and 3′-end processing. Nucleic Acids Res. (2017) 45:11356–70. doi: 10.1093/nar/gkx778


 43. Zheng, G, Dahl, JA, Niu, Y, Fedorcsak, P, Huang, CM, Li, CJ , et al. Alkbh5 is a mammalian RNA demethylase that impacts RNA metabolism and mouse fertility. Mol Cell. (2013) 49:18–29. doi: 10.1016/j.molcel.2012.10.015


 44. Fustin, JM, Doi, M, Yamaguchi, Y, Hida, H, Nishimura, S, Yoshida, M , et al. RNA-methylation-dependent RNA processing controls the speed of the circadian clock. Cells. (2013) 155:793–806. doi: 10.1016/j.cell.2013.10.026


 45. Wang, X, Zhao, BS, Roundtree, IA, Lu, Z, Han, D, Ma, H , et al. N(6)-methyladenosine modulates messenger RNA translation efficiency. Cells. (2015) 161:1388–99. doi: 10.1016/j.cell.2015.05.014


 46. Hwang, SY, Jung, H, Mun, S, Lee, S, Park, K, Baek, SC , et al. L1 retrotransposons exploit RNA M(6)a modification as an evolutionary driving force. Nat Commun. (2021) 12:880. doi: 10.1038/s41467-021-21197-1


 47. Lin, S, Choe, J, Du, P, Triboulet, R, and Gregory, RI. The M(6)a methyltransferase Mettl3 promotes translation in human cancer cells. Mol Cell. (2016) 62:335–45. doi: 10.1016/j.molcel.2016.03.021


 48. Meyer, KD, Patil, DP, Zhou, J, Zinoviev, A, Skabkin, MA, Elemento, O , et al. 5' Utr M(6)a promotes cap-independent translation. Cells. (2015) 163:999–1010. doi: 10.1016/j.cell.2015.10.012


 49. Du, H, Zhao, Y, He, J, Zhang, Y, Xi, H, Liu, M , et al. Ythdf2 destabilizes M(6)a-containing RNA through direct recruitment of the CCR4-not deadenylase complex. Nat Commun. (2016) 7:12626. doi: 10.1038/ncomms12626


 50. Li, J, Xie, H, Ying, Y, Chen, H, Yan, H, He, L , et al. Ythdf2 mediates the mRNA degradation of the tumor suppressors to induce AKT phosphorylation in N6-methyladenosine-dependent way in prostate Cancer. Mol Cancer. (2020) 19:152. doi: 10.1186/s12943-020-01267-6


 51. Batista, PJ, Molinie, B, Wang, J, Qu, K, Zhang, J, Li, L , et al. M(6)a RNA modification controls cell fate transition in mammalian embryonic stem cells. Cell Stem Cell. (2014) 15:707–19. doi: 10.1016/j.stem.2014.09.019


 52. Wang, CY, Shie, SS, Tsai, ML, Yang, CH, Hung, KC, Wang, CC , et al. FTO modulates fibrogenic responses in obstructive nephropathy. Sci Rep. (2016) 6:18874. doi: 10.1038/srep18874


 53. Li, X, Fan, X, Yin, X, Liu, H, and Yang, Y. Alteration of N(6)-methyladenosine epitranscriptome profile in unilateral ureteral obstructive nephropathy. Epigenomics. (2020) 12:1157–73. doi: 10.2217/epi-2020-0126


 54. Basso, PJ, Andrade-Oliveira, V, and Câmara, NOS. Targeting immune cell metabolism in kidney diseases. Nat Rev Nephrol. (2021) 17:465–80. doi: 10.1038/s41581-021-00413-7


 55. Qu, L, and Jiao, B. The interplay between immune and metabolic pathways in kidney disease. Cells. (2023) 12:1584. doi: 10.3390/cells12121584


 56. Han, Z, Ma, K, Tao, H, Liu, H, Zhang, J, Sai, X , et al. A deep insight into regulatory T cell metabolism in renal disease: facts and perspectives. Front Immunol. (2022) 13:826732. doi: 10.3389/fimmu.2022.826732


 57. Tecklenborg, J, Clayton, D, Siebert, S, and Coley, SM. The role of the immune system in kidney disease. Clin Exp Immunol. (2018) 192:142–50. doi: 10.1111/cei.13119


 58. Han, D, Liu, J, Chen, C, Dong, L, Liu, Y, Chang, R , et al. Anti-tumour immunity controlled through mRNA M(6)a methylation and YTHDF1 in dendritic cells. Nature. (2019) 566:270–4. doi: 10.1038/s41586-019-0916-x


 59. Li, HB, Tong, J, Zhu, S, Batista, PJ, Duffy, EE, Zhao, J , et al. M(6)a Mrna methylation controls T cell homeostasis by targeting the Il-7/Stat5/Socs pathways. Nature. (2017) 548:338–42. doi: 10.1038/nature23450


 60. Iwamoto, T, and Niewold, TB. Genetics of human lupus nephritis. Clin Immunol. (2017) 185:32–9. doi: 10.1016/j.clim.2016.09.012


 61. Zhu, X, Tang, H, Yang, M, and Yin, K. N6-Methyladenosine in macrophage function: a novel target for metabolic diseases. Trends Endocrinol Metab. (2023) 34:66–84. doi: 10.1016/j.tem.2022.12.006


 62. Stewart, BJ, Ferdinand, JR, and Clatworthy, MR. Using single-cell technologies to map the human immune system - implications for nephrology. Nat Rev Nephrol. (2020) 16:112–28. doi: 10.1038/s41581-019-0227-3


 63. Moore, PK, Hsu, RK, and Liu, KD. Management of acute kidney injury: Core curriculum 2018. Am J Kidney Dis. (2018) 72:136–48. doi: 10.1053/j.ajkd.2017.11.021


 64. Sawhney, S, and Fraser, SD. Epidemiology of AKI: utilizing large databases to determine the burden of AKI. Adv Chronic Kidney Dis. (2017) 24:194–204. doi: 10.1053/j.ackd.2017.05.001


 65. Hoste, EA, Bagshaw, SM, Bellomo, R, Cely, CM, Colman, R, Cruz, DN , et al. Epidemiology of acute kidney injury in critically ill patients: the multinational AKI-Epi study. Intensive Care Med. (2015) 41:1411–23. doi: 10.1007/s00134-015-3934-7


 66. Kellum, JA, Romagnani, P, Ashuntantang, G, Ronco, C, Zarbock, A, and Anders, HJ. Acute kidney injury. Nat Rev Dis Primers. (2021) 7:52. doi: 10.1038/s41572-021-00284-z


 67. Pefanis, A, Ierino, FL, Murphy, JM, and Cowan, PJ. Regulated necrosis in kidney ischemia-reperfusion injury. Kidney Int. (2019) 96:291–301. doi: 10.1016/j.kint.2019.02.009


 68. Zhao, H, Alam, A, Soo, AP, George, AJT, and Ma, D. Ischemia-reperfusion injury reduces long term renal graft survival: mechanism and beyond. EBioMedicine. (2018) 28:31–42. doi: 10.1016/j.ebiom.2018.01.025


 69. Li, B, Haridas, B, Jackson, AR, Cortado, H, Mayne, N, Kohnken, R , et al. Inflammation drives renal scarring in experimental pyelonephritis. Am J Physiol Ren Physiol. (2017) 312:F43–f53. doi: 10.1152/ajprenal.00471.2016


 70. Hou, L, Li, S, Li, S, Wang, R, Zhao, M, and Liu, X. Fto inhibits oxidative stress by mediating M6a demethylation of Nrf2 to alleviate cerebral ischemia/reperfusion injury. J Physiol Biochem. (2022). doi: 10.1007/s13105-022-00929-x


 71. Ke, WL, Huang, ZW, Peng, CL, and Ke, YP. M(6)a demethylase FTO regulates the apoptosis and inflammation of cardiomyocytes via Yap1 in ischemia-reperfusion injury. Bioengineered. (2022) 13:5443–52. doi: 10.1080/21655979.2022.2030572


 72. Xu, K, Mo, Y, Li, D, Yu, Q, Wang, L, Lin, F , et al. N(6)-methyladenosine demethylases Alkbh5/Fto regulate cerebral ischemia-reperfusion injury. Therap Adv Chronic Dis. (2020) 11:2040622320916024. doi: 10.1177/2040622320916024


 73. Zheng, L, Tang, X, Lu, M, Sun, S, Xie, S, Cai, J , et al. Microrna-421-3p prevents inflammatory response in cerebral ischemia/reperfusion injury through targeting M6a reader Ythdf1 to inhibit P65 mRNA translation. Int Immunopharmacol. (2020) 88:106937. doi: 10.1016/j.intimp.2020.106937


 74. Meng, F, Liu, Y, Chen, Q, Ma, Q, Gu, S, Cui, R , et al. Mettl3 contributes to renal ischemia-reperfusion injury by regulating Foxd1 methylation. Am J Physiol Ren Physiol. (2020) 319:F839–f47. doi: 10.1152/ajprenal.00222.2020


 75. Quintero-Ronderos, P, and Laissue, P. The multisystemic functions of Foxd1 in development and disease. J Mol Med. (2018) 96:725–39. doi: 10.1007/s00109-018-1665-2


 76. Gomez, IG, and Duffield, JS. The Foxd1 lineage of kidney perivascular cells and myofibroblasts: functions and responses to injury. Kidney Int Suppl. (2014) 4:26–33. doi: 10.1038/kisup.2014.6


 77. Chen, J, You, H, Li, Y, Xu, Y, He, Q, and Harris, RC. Egf receptor-dependent yap activation is important for renal recovery from AKI. J Am Soc Nephrol. (2018) 29:2372–85. doi: 10.1681/asn.2017121272


 78. Xu, Y, Yuan, XD, Wu, JJ, Chen, RY, Xia, L, Zhang, M , et al. The N6-methyladenosine mRNA methylase Mettl14 promotes renal ischemic reperfusion injury via suppressing Yap1. J Cell Biochem. (2020) 121:524–33. doi: 10.1002/jcb.29258


 79. Volarevic, V, Djokovic, B, Jankovic, MG, Harrell, CR, Fellabaum, C, Djonov, V , et al. Molecular mechanisms of cisplatin-induced nephrotoxicity: a balance on the knife edge between renoprotection and tumor toxicity. J Biomed Sci. (2019) 26:25. doi: 10.1186/s12929-019-0518-9


 80. Sears, SM, and Siskind, LJ. Potential therapeutic targets for cisplatin-induced kidney injury: lessons from other models of Aki and fibrosis. J Am Soc Nephrol. (2021) 32:1559–67. doi: 10.1681/asn.2020101455


 81. Shen, J, Wang, W, Shao, X, Wu, J, Li, S, Che, X , et al. Integrated analysis of M6a methylome in cisplatin-induced acute kidney injury and Berberine alleviation in mouse. Front Genet. (2020) 11:584460. doi: 10.3389/fgene.2020.584460


 82. Zhou, P, Wu, M, Ye, C, Xu, Q, and Wang, L. Meclofenamic acid promotes cisplatin-induced acute kidney injury by inhibiting fat mass and obesity-associated protein-mediated M(6)a abrogation in RNA. J Biol Chem. (2019) 294:16908–17. doi: 10.1074/jbc.RA119.011009


 83. Peerapornratana, S, Manrique-Caballero, CL, Gómez, H, and Kellum, JA. Acute kidney injury from Sepsis: current concepts, epidemiology, pathophysiology, prevention and treatment. Kidney Int. (2019) 96:1083–99. doi: 10.1016/j.kint.2019.05.026


 84. Liu, B, Ao, S, Tan, F, Ma, W, Liu, H, Liang, H , et al. Transcriptomic analysis and laboratory experiments reveal potential critical genes and regulatory mechanisms in Sepsis-associated acute kidney injury. Ann Trans Med. (2022) 10:737. doi: 10.21037/atm-22-845


 85. Mahtal, N, Lenoir, O, Tinel, C, Anglicheau, D, and Tharaux, PL. Micrornas in kidney injury and disease. Nat Rev Nephrol. (2022) 18:643–62. doi: 10.1038/s41581-022-00608-6


 86. Ashrafizadeh, M, Zarrabi, A, Mostafavi, E, Aref, AR, Sethi, G, Wang, L , et al. Non-coding RNA-based regulation of inflammation. Semin Immunol. (2022) 59:101606. doi: 10.1016/j.smim.2022.101606


 87. Feng, H, Yuan, X, Wu, S, Yuan, Y, Cui, L, Lin, D , et al. Effects of writers, erasers and readers within miRNA-related M6a modification in cancers. Cell Prolif. (2023) 56:e13340. doi: 10.1111/cpr.13340


 88. Han, X, Guo, J, and Fan, Z. Interactions between M6a modification and Mirnas in malignant tumors. Cell Death Dis. (2021) 12:598. doi: 10.1038/s41419-021-03868-5


 89. Jia, P, Teng, J, Zou, J, Fang, Y, Wu, X, Liang, M , et al. Xenon protects against septic acute kidney injury via Mir-21 target signaling pathway. Crit Care Med. (2015) 43:e250–9. doi: 10.1097/ccm.0000000000001001


 90. Girndt, M
. Diagnosis and treatment of chronic kidney disease. Internist. (2017) 58:243–56. doi: 10.1007/s00108-017-0195-2


 91. Humphreys, BD
. Mechanisms of renal fibrosis. Annu Rev Physiol. (2018) 80:309–26. doi: 10.1146/annurev-physiol-022516-034227


 92. Liu, P, Zhang, B, Chen, Z, He, Y, Du, Y, Liu, Y , et al. M(6)a-induced lncRNA Malat1 aggravates renal fibrogenesis in obstructive nephropathy through the Mir-145/Fak pathway. Aging. (2020) 12:5280–99. doi: 10.18632/aging.102950


 93. Liu, E, Lv, L, Zhan, Y, Ma, Y, Feng, J, He, Y , et al. Mettl3/N6-Methyladenosine/ Mir-21-5p promotes obstructive renal fibrosis by regulating inflammation through Spry1/Erk/Nf-Κb pathway activation. J Cell Mol Med. (2021) 25:7660–74. doi: 10.1111/jcmm.16603


 94. Ruby, M, Gifford, CC, Pandey, R, Raj, VS, Sabbisetti, VS, and Ajay, AK. Autophagy as a therapeutic target for chronic kidney disease and the roles of Tgf-Β1 in autophagy and kidney fibrosis. Cells. (2023) 12:412. doi: 10.3390/cells12030412


 95. Wang, CY, Lin, TA, Ho, MY, Yeh, JK, Tsai, ML, Hung, KC , et al. Regulation of autophagy in leukocytes through RNA N(6)-adenosine methylation in chronic kidney disease patients. Biochem Biophys Res Commun. (2020) 527:953–9. doi: 10.1016/j.bbrc.2020.04.138


 96. Kanwar, YS, Sun, L, Xie, P, Liu, FY, and Chen, S. A glimpse of various pathogenetic mechanisms of diabetic nephropathy. Annu Rev Pathol. (2011) 6:395–423. doi: 10.1146/annurev.pathol.4.110807.092150


 97. Xiang, E, Han, B, Zhang, Q, Rao, W, Wang, Z, Chang, C , et al. Human umbilical cord-derived mesenchymal stem cells prevent the progression of early diabetic nephropathy through inhibiting inflammation and fibrosis. Stem Cell Res Ther. (2020) 11:336. doi: 10.1186/s13287-020-01852-y


 98. Jiang, L, Liu, X, Hu, X, Gao, L, Zeng, H, Wang, X , et al. Mettl3-mediated M(6)a modification of Timp2 mRNA promotes podocyte injury in diabetic nephropathy. Mol Therapy. (2022) 30:1721–40. doi: 10.1016/j.ymthe.2022.01.002


 99. Zhong, Y, Lee, K, and He, JC. Sirt1 is a potential drug target for treatment of diabetic kidney disease. Front Endocrinol. (2018) 9:624. doi: 10.3389/fendo.2018.00624


 100. Guan, Y, and Hao, CM. Sirt1 and kidney function. Kidney Dis. (2016) 1:258–65. doi: 10.1159/000440967


 101. Lu, Z, Liu, H, Song, N, Liang, Y, Zhu, J, Chen, J , et al. Mettl14 aggravates podocyte injury and glomerulopathy progression through N(6)-methyladenosine-dependent downregulating of Sirt1. Cell Death Dis. (2021) 12:881. doi: 10.1038/s41419-021-04156-y


 102. Hills, CE, and Squires, PE. The role of Tgf-Β and epithelial-to mesenchymal transition in diabetic nephropathy. Cytokine Growth Factor Rev. (2011) 22:131–9. doi: 10.1016/j.cytogfr.2011.06.002


 103. Gifford, CC, Tang, J, Costello, A, Khakoo, NS, Nguyen, TQ, Goldschmeding, R , et al. Negative regulators of Tgf-Β1 signaling in renal fibrosis; pathological mechanisms and novel therapeutic opportunities. Clin Sci (Lond). (2021) 135:275–303. doi: 10.1042/cs20201213


 104. Xu, Z, Jia, K, Wang, H, Gao, F, Zhao, S, Li, F , et al. Mettl14-regulated Pi3k/Akt signaling pathway via PTEN affects Hdac5-mediated epithelial-mesenchymal transition of renal tubular cells in diabetic kidney disease. Cell Death Dis. (2021) 12:32. doi: 10.1038/s41419-020-03312-0


 105. Li, M, Deng, L, and Xu, G. Mettl14 promotes glomerular endothelial cell injury and diabetic nephropathy via M6a modification of Α-Klotho. Mol Med. (2021) 27:106. doi: 10.1186/s10020-021-00365-5


 106. Tesch, S, Abdirama, D, Grießbach, AS, Brand, HA, Goerlich, N, Humrich, JY , et al. Identification and characterization of antigen-specific Cd4(+) T cells targeting renally expressed antigens in human lupus nephritis with two independent methods. Sci Rep. (2020) 10:21312. doi: 10.1038/s41598-020-78223-3


 107. Zhou, J, Tao, MJ, Jin, LR, Sheng, J, Li, Z, Peng, H , et al. Effectiveness and safety of common therapeutic drugs for refractory lupus nephritis: a network meta-analysis. Exp Ther Med. (2020) 19:665–71. doi: 10.3892/etm.2019.8257


 108. Zhao, H, Pan, S, Duan, J, Liu, F, Li, G, Liu, D , et al. Integrative analysis of M(6)a regulator-mediated RNA methylation modification patterns and immune characteristics in lupus nephritis. Front Cell Dev Biol. (2021) 9:724837. doi: 10.3389/fcell.2021.724837


 109. Zhao, X, Ge, L, Wang, J, Song, Z, Ni, B, He, X , et al. Exploration of potential integrated models of N6-methyladenosine immunity in systemic lupus erythematosus by bioinformatic analyses. Front Immunol. (2021) 12:752736. doi: 10.3389/fimmu.2021.752736


 110. Abdelati, AA, Eshak, NY, Donia, HM, and El-Girby, AH. Urinary cellular profile as a biomarker for lupus nephritis. J Clin Rheumatol. (2021) 27:e469–76. doi: 10.1097/rhu.0000000000001553


 111. Waldron, J, Raymond, W, Ostli-Eilertsen, G, and Nossent, J. Insulin-like growth Factor-1 (Igf1) in systemic lupus erythematosus: relation to disease activity, organ damage and immunological findings. Lupus. (2018) 27:963–70. doi: 10.1177/0961203318756288


 112. Ding, H, and Wu, T. Insulin-like growth factor binding proteins in autoimmune diseases. Front Endocrinol. (2018) 9:499. doi: 10.3389/fendo.2018.00499


 113. Luo, Q, Rao, J, Zhang, L, Fu, B, Guo, Y, Huang, Z , et al. The study of Mettl14, Alkbh5, and Ythdf2 in peripheral blood mononuclear cells from systemic lupus erythematosus. Mol Gen Genom Med. (2020) 8:e1298. doi: 10.1002/mgg3.1298


 114. Luo, Q, Fu, B, Zhang, L, Guo, Y, Huang, Z, and Li, J. Decreased peripheral blood Alkbh5 correlates with markers of autoimmune response in systemic lupus erythematosus. Dis Markers. (2020) 2020:8193895. doi: 10.1155/2020/8193895 

 115. Ding, X, Ren, Y, and He, X. IFN-I mediates lupus nephritis from the beginning to renal fibrosis. Front Immunol. (2021) 12:676082. doi: 10.3389/fimmu.2021.676082


 116. Dong, K, Zhang, C, Tian, X, Coman, D, Hyder, F, Ma, M , et al. Renal plasticity revealed through reversal of polycystic kidney disease in mice. Nat Genet. (2021) 53:1649–63. doi: 10.1038/s41588-021-00946-4


 117. Ramalingam, H, Kashyap, S, Cobo-Stark, P, Flaten, A, Chang, CM, Hajarnis, S , et al. A methionine-Mettl3-N(6)-methyladenosine axis promotes polycystic kidney disease. Cell Metab. (2021) 33:1234–47.e7. doi: 10.1016/j.cmet.2021.03.024


 118. Gu, Y, Xu, H, and Tang, D. Mechanisms of primary membranous nephropathy. Biomol Ther. (2021) 11:4. doi: 10.3390/biom11040513


 119. Hou, Y, Li, Y, Wang, Y, Li, W, and Xiao, Z. Screening and analysis of key genes in miRNA-mRNA regulatory network of membranous nephropathy. J Healthcare Eng. (2021) 2021:5331948. doi: 10.1155/2021/5331948


 120. De Vriese, AS, Wetzels, JF, Glassock, RJ, Sethi, S, and Fervenza, FC. Therapeutic trials in adult FSGS: lessons learned and the road forward. Nat Rev Nephrol. (2021) 17:619–30. doi: 10.1038/s41581-021-00427-1


 121. Pattrapornpisut, P, Avila-Casado, C, and Reich, HN. IgA nephropathy: Core curriculum 2021. Am J Kidney Dis. (2021) 78:429–41. doi: 10.1053/j.ajkd.2021.01.024


 122. Suzuki, H, Kiryluk, K, Novak, J, Moldoveanu, Z, Herr, AB, Renfrow, MB , et al. The pathophysiology of IgA nephropathy. J Am Soc Nephrol. (2011) 22:1795–803. doi: 10.1681/asn.2011050464


 123. Zheng, Y, Lu, P, Deng, Y, Wen, L, Wang, Y, Ma, X , et al. Single-cell transcriptomics reveal immune mechanisms of the onset and progression of IgA nephropathy. Cell Rep. (2020) 33:108525. doi: 10.1016/j.celrep.2020.108525


 124. Yao, X, Zhai, Y, An, H, Gao, J, Chen, Y, Zhang, W , et al. Micrornas in IgA nephropathy. Ren Fail. (2021) 43:1298–310. doi: 10.1080/0886022x.2021.1977320


 125. Wang, J, Chen, L, and Qiang, P. The role of Igf2bp2, an M6a reader gene, in human metabolic diseases and cancers. Cancer Cell Int. (2021) 21:99. doi: 10.1186/s12935-021-01799-x


 126. Siegel, RL, Miller, KD, and Jemal, A. Cancer statistics, 2019. CA Cancer J Clin. (2019) 69:7–34. doi: 10.3322/caac.21551


 127. Capitanio, U, Bensalah, K, Bex, A, Boorjian, SA, Bray, F, Coleman, J , et al. Epidemiology of renal cell carcinoma. Eur Urol. (2019) 75:74–84. doi: 10.1016/j.eururo.2018.08.036


 128. Díaz-Montero, CM, Rini, BI, and Finke, JH. The immunology of renal cell carcinoma. Nat Rev Nephrol. (2020) 16:721–35. doi: 10.1038/s41581-020-0316-3


 129. Zhang, X, Wang, F, Wang, Z, Yang, X, Yu, H, Si, S , et al. Alkbh5 promotes the proliferation of renal cell carcinoma by regulating AURKB expression in an M(6)a-dependent manner. Ann Trans Med. (2020) 8:646. doi: 10.21037/atm-20-3079


 130. Chen, Y, Zhou, C, Sun, Y, He, X, and Xue, D. M(6)a RNA modification modulates gene expression and cancer-related pathways in clear cell renal cell carcinoma. Epigenomics. (2020) 12:87–99. doi: 10.2217/epi-2019-0182


 131. Li, Z, Weng, H, Su, R, Weng, X, Zuo, Z, Li, C , et al. Fto plays an oncogenic role in acute myeloid leukemia as a N(6)-methyladenosine RNA demethylase. Cancer Cell. (2017) 31:127–41. doi: 10.1016/j.ccell.2016.11.017


 132. Luo, GZ, MacQueen, A, Zheng, G, Duan, H, Dore, LC, Lu, Z , et al. Unique features of the M6a methylome in Arabidopsis Thaliana. Nat Commun. (2014) 5:5630. doi: 10.1038/ncomms6630


 133. Zhang, C, Chen, L, Liu, Y, Huang, J, Liu, A, Xu, Y , et al. Downregulated Mettl14 accumulates Bptf that reinforces super-enhancers and distal lung metastasis via glycolytic reprogramming in renal cell carcinoma. Theranostics. (2021) 11:3676–93. doi: 10.7150/thno.55424


 134. Liu, T, Wang, H, Fu, Z, Wang, Z, Wang, J, Gan, X , et al. Methyltransferase-like 14 suppresses growth and metastasis of renal cell carcinoma by decreasing long noncoding RNA Neat1. Cancer Sci. (2022) 113:446–58. doi: 10.1111/cas.15212


 135. Shen, D, Ding, L, Lu, Z, Wang, R, Yu, C, Wang, H , et al. Mettl14-mediated Lnc-Lsg1 M6a modification inhibits clear cell renal cell carcinoma metastasis via regulating Esrp2 ubiquitination. Mol Therapy Nucleic Acids. (2022) 27:547–61. doi: 10.1016/j.omtn.2021.12.024


 136. Mao, W, Wang, K, Zhang, W, Chen, S, Xie, J, Zheng, Z , et al. Transfection with plasmid-encoding lncRNA-Slercc nanoparticle-mediated delivery suppressed tumor progression in renal cell carcinoma. J Exp Clin Cancer Res. (2022) 41:252. doi: 10.1186/s13046-022-02467-2


 137. Lin, G, Wang, H, Wu, Y, Wang, K, and Li, G. Hub long noncoding RNAs with M6a modification for signatures and prognostic values in kidney renal clear cell carcinoma. Front Mol Biosci. (2021) 8:682471. doi: 10.3389/fmolb.2021.682471


 138. Yang, L, Chen, Y, Liu, N, Shi, Q, Han, X, Gan, W , et al. Low expression of Traf3ip2-As1 promotes progression of Nono-Tfe3 translocation renal cell carcinoma by stimulating N(6)-methyladenosine of Parp1 mRNA and downregulating PTEN. J Hematol Oncol. (2021) 14:46. doi: 10.1186/s13045-021-01059-5


 139. De Jesus, DF, and Kulkarni, RN. “Omics” and “epi-omics” underlying the Β-cell adaptation to insulin resistance. Mol Metabol. (2019) 27:S42–s8. doi: 10.1016/j.molmet.2019.06.003


 140. He, L, Li, H, Wu, A, Peng, Y, Shu, G, and Yin, G. Functions of N6-methyladenosine and its role in cancer. Mol Cancer. (2019) 18:176. doi: 10.1186/s12943-019-1109-9


 141. Li, X, Ma, S, Deng, Y, Yi, P, and Yu, J. Targeting the RNA M(6)a modification for cancer immunotherapy. Mol Cancer. (2022) 21:76. doi: 10.1186/s12943-022-01558-0


 142. Chen, B, Ye, F, Yu, L, Jia, G, Huang, X, Zhang, X , et al. Development of cell-active N6-methyladenosine RNA demethylase FTO inhibitor. J Am Chem Soc. (2012) 134:17963–71. doi: 10.1021/ja3064149


 143. Zheng, G, Cox, T, Tribbey, L, Wang, GZ, Iacoban, P, Booher, ME , et al. Synthesis of a Fto inhibitor with anticonvulsant activity. ACS Chem Neurosci. (2014) 5:658–65. doi: 10.1021/cn500042t


 144. Su, R, Dong, L, Li, C, Nachtergaele, S, Wunderlich, M, Qing, Y , et al. R-2hg exhibits anti-tumor activity by targeting FTO/M(6)a/Myc/Cebpa signaling. Cells. (2018) 172:90–105.e23. doi: 10.1016/j.cell.2017.11.031


 145. Yankova, E, Blackaby, W, Albertella, M, Rak, J, De Braekeleer, E, Tsagkogeorga, G , et al. Small-molecule inhibition of Mettl3 as a strategy against myeloid Leukaemia. Nature. (2021) 593:597–601. doi: 10.1038/s41586-021-03536-w


 146. Dolbois, A, Bedi, RK, Bochenkova, E, Müller, A, Moroz-Omori, EV, Huang, D , et al. 1,4,9-Triazaspiro[5.5]Undecan-2-one derivatives as potent and selective Mettl3 inhibitors. J Med Chem. (2021) 64:12738–60. doi: 10.1021/acs.jmedchem.1c00773


 147. Buker, SM, Gurard-Levin, ZA, Wheeler, BD, Scholle, MD, Case, AW, Hirsch, JL , et al. A mass spectrometric assay of Mettl3/Mettl14 methyltransferase activity. SLAS Dis. (2020) 25:361–71. doi: 10.1177/2472555219878408


 148. Du, Y, Yuan, Y, Xu, L, Zhao, F, Wang, W, Xu, Y , et al. Discovery of Mettl3 small molecule inhibitors by virtual screening of natural products. Front Pharmacol. (2022) 13:878135. doi: 10.3389/fphar.2022.878135


 149. Manna, S, Samal, P, Basak, R, Mitra, A, Roy, AK, Kundu, R , et al. Amentoflavone and methyl hesperidin, novel Lead molecules targeting epitranscriptomic modulator in acute myeloid leukemia: in silico drug screening and molecular dynamics simulation approach. J Mol Model. (2022) 29:9. doi: 10.1007/s00894-022-05407-1


 150. Liao, L, He, Y, Li, SJ, Zhang, GG, Yu, W, Yang, J , et al. Anti-HIV drug Elvitegravir suppresses cancer metastasis via increased proteasomal degradation of M6a methyltransferase Mettl3. Cancer Res. (2022) 82:2444–57. doi: 10.1158/0008-5472.Can-21-4124


 151. Huang, Y, Su, R, Sheng, Y, Dong, L, Dong, Z, Xu, H , et al. Small-molecule targeting of oncogenic FTO demethylase in acute myeloid leukemia. Cancer Cell. (2019) 35:677–91.e10. doi: 10.1016/j.ccell.2019.03.006


 152. Sun, K, Du, Y, Hou, Y, Zhao, M, Li, J, Du, Y , et al. Saikosaponin D exhibits anti-leukemic activity by targeting FTO/M(6)a signaling. Theranostics. (2021) 11:5831–46. doi: 10.7150/thno.55574


 153. Huff, S, Kummetha, IR, Zhang, L, Wang, L, Bray, W, Yin, J , et al. Rational design and optimization of M(6)a-RNA demethylase FTO inhibitors as anticancer agents. J Med Chem. (2022) 65:10920–37. doi: 10.1021/acs.jmedchem.1c02075


 154. Xie, G, Wu, XN, Ling, Y, Rui, Y, Wu, D, Zhou, J , et al. A novel inhibitor of N (6)-methyladenosine demethylase FTO induces mRNA methylation and shows anti-cancer activities. Acta Pharm Sin B. (2022) 12:853–66. doi: 10.1016/j.apsb.2021.08.028


 155. Qiao, Y, Zhou, B, Zhang, M, Liu, W, Han, Z, Song, C , et al. A novel inhibitor of the obesity-related protein FTO. Biochemistry. (2016) 55:1516–22. doi: 10.1021/acs.biochem.6b00023


 156. Selberg, S, Seli, N, Kankuri, E, and Karelson, M. Rational design of novel anticancer small-molecule RNA M6a demethylase Alkbh5 inhibitors. ACS Omega. (2021) 6:13310–20. doi: 10.1021/acsomega.1c01289


 157. Takahashi, H, Hase, H, Yoshida, T, Tashiro, J, Hirade, Y, Kitae, K , et al. Discovery of two novel Alkbh5 selective inhibitors that exhibit uncompetitive or competitive type and suppress the growth activity of glioblastoma multiforme. Chem Biol Drug Des. (2022) 100:1–12. doi: 10.1111/cbdd.14051


 158. Malacrida, A, Rivara, M, Di Domizio, A, Cislaghi, G, Miloso, M, Zuliani, V , et al. 3d proteome-wide scale screening and activity evaluation of a new Alkbh5 inhibitor in U87 glioblastoma cell line. Bioorg Med Chem. (2020) 28:115300. doi: 10.1016/j.bmc.2019.115300


 159. Liu, Y, Guo, Q, Yang, H, Zhang, XW, Feng, N, Wang, JK , et al. Allosteric regulation of Igf2bp1 as a novel strategy for the activation of tumor immune microenvironment. ACS Cent Sci. (2022) 8:1102–15. doi: 10.1021/acscentsci.2c00107


 160. Feng, P, Chen, D, Wang, X, Li, Y, Li, Z, Li, B , et al. Inhibition of the M(6)a reader Igf2bp2 as a strategy against T-cell acute lymphoblastic leukemia. Leukemia. (2022) 36:2180–8. doi: 10.1038/s41375-022-01651-9


 161. Weng, H, Huang, F, Yu, Z, Chen, Z, Prince, E, Kang, Y , et al. The M(6)a reader Igf2bp2 regulates glutamine metabolism and represents a therapeutic target in acute myeloid leukemia. Cancer Cell. (2022) 40:1566–82.e10. doi: 10.1016/j.ccell.2022.10.004


 162. Micaelli, M, Dalle Vedove, A, Cerofolini, L, Vigna, J, Sighel, D, Zaccara, S , et al. Small-molecule Ebselen binds to YTHDF proteins interfering with the recognition of N (6)-methyladenosine-modified RNAs. ACS Pharmacol Transl Sci. (2022) 5:872–91. doi: 10.1021/acsptsci.2c00008




Glossary

[image: image]
 


OPS/images/fmed-10-1247690-t001.jpg
Possible drugs or small Function Reference

molecules

STM2457 METTL3 Inhibition of METTL3 a4
METTL3 Inhibition of METTL3 (146)
METTL3 Inhibition of METTL3 (147)
Quercetin METTL3 Inhibition of METTL3 (148)
AMF METTL3 Inhibition of METTL3 (119
RAD METTL3 Inhibition of METTL3 (119
Gt METTL3 Inhibition of METTL3 (149)
INJ METTL3 Inhibition of METTL3 (149)
MEH METTL3 Inhibition of METTL3 (149)
MHN METTL3 Inhibition of METTL3 (149)
ECP METTL3 Inhibition of METTL3 (149)
Elvitegravir METTL3 Suppressed metastasis by directly targeting METTL3 and enhancing its (150)

STUB1-mediated proteasomal degradation

FB23 FTO Inhibition of FTO activity asn
FB23-2 FTO Inhibition of FTO activity @as1)
rhodopsin FTO Inhibition of FTO activity )
MO-1-500 FTO Inhibition of FTO activity (143)
Ma FIO Inhibition of FTO activity (149)
Re2-hydroxyglutarate (R-2HG) FIO Tt binds competitively to FTO and inhibits its enzyme act (149)
Saikosaponin-d (SsD) FTO $sD directly targeted FTO, thereby increasing global m6A RNA (52)
methylation
FTO-43 FTO Increase m*A and m'A, levels (53)
FTO inhibitor named 18,097 FTO Bind the active site and selectively inhibit the demethylase activity of FTO (59
CHTB FTO Inhibit the demethylation activity of FTO and destroy the catalytic function
of FTO
2-[(1-hydroxy-2-0x0-2-phenylethyl) | ALKBHS Inhibitor of ALKBHS (156)

sulfanyl]acetic acid (3)

4-{{(foran-2-yhmethylja

0)-1,2- ALKBHS Inhibitor of ALKBHS (156)

diazinane-3,

Enals ALKBHS Inhibitor of ALKBHS

Ena2l ALKBHS Inhibitor of ALKBHS

MV1035 ALKBHS Inhibitor of ALKBHS (58)
Cucurbit IGE2BP1 Direct targeting of IGF2BP1 blocks the recognition of m*A mRNA target (159)

by IGE2BP1 and induces apoptosis of cancer cells.

BTYNB IGR2BPI Specific inhibitor of IGE2BP1 (158)
JX5 IGF2BP1 Inhibitor of IGF2BP1 (160)
cwii2 IGE2BP2, Inhibition of IGF2BP2 (61
Ebselen YTHDE Disrupt the interaction of the YTHDF m6A domain with the m6A- (162)

decorated mRNA targets





OPS/images/fmed-10-1247690-t002.jpg
AGE

Agt
AKI
ANK3
Atir

ATN
ASF/SF2
AVPR2
AURKB
BPTE
CCRd-Not
CI-AKI
CKD
ONV
DAA
DKD

elFs
ENO2
ESRP2
FAK

FSGS
Foxd1
FTO

GFR
HDACS
HG

HLA

HK2
HNRNPA2BI
IgAN
IGF1
IGE2BP/2/3
IFN-T

IRI

KIRC
KLF11

IN
IncRNA

m'A

m'C

G

mA
MALAT1
METTL3
METTLI4

Mi

L16
miRNAs
MGCS1
MLKL

MN
NEATI_L
ncRNAs
NDUFA4L2
NKT
NPR3
NXPH4
ON

PARPI
PLAZR
PLOD2
PTEN

RCC

Ren

RIPL

FRNA
SA-AKI
SAMGS
5C35

SLE
SIRNA
SRC
SRSFI/3
TAB3
TEAD
TGE-p1
TIMP2
TRAF3IP2-ASI
RNA
uMoD
VIRMA
WTAP
YAPI
YTHDCI-2
YTHDFI-3

ZC3HI3

3 Untranslated region

5 Untranslated region

Angiotensin I-converting enzyme

Autosomal dominant polycystic kidney disease
Advanced glycosylation end products
Angiotensinogen

Acute kidney injury

Ankyrin 3

Angiotensin II, type I receptor-associated protein
Acute tubular necrosis

Alternative splicing factor/splicing factor 2
Arginine-vasopressin receptor 2

Aurora kinase b

Bromodomain PHD finger transcription factor
carbon catabolite-repression 4-not
Cisplatin-induced AKI

Chronic kidney disease

Copy number variation

3-deazaadenosine

Diabetic kidney disease

Eukaryotic initiation factors

Enolase 2

Epithelial splicing regulatory protein 2

Focal adhesion kinase

Focal segmental glomerulosclerosis

Forkhead box d1

Fat mass and obesity-associated protein
Glomerular filtration rate

Histone deacetylase 5

High glucose

Human leukocyte antigen

Human renal tubular cell lines

Heterogeneous nuclear ribonucleoprotein a2b1
TgA nephropathy

Insulin-like growth factor-1

Insulin-like growth factor 2 mRNA-binding protein 1/2/3
“Type Linterferons

Ischemia-reper

n injury
Renal clear cell carcinoma
Kriippel-like factor 11
Lupus nephritis

Long non-coding RNA
nl-methyladenosine
5-methyleytosine
7-methylguanosine
n6-methyladenosine

Metastasis-associated lung adenocarcinoma transeription product 1

Methyltransferase-like protein
Methyliransferase-like protein 14
Methyltransferase-like protein 16

Micrornas

m'G-related cancer subtypes1

Mixed-spectrum kinase structural domain-like protein
Membranous nephropathy

Nuclear enriched abundant transcript 1

Non-coding RNAs

NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 4-like 2
Natural killer T

Natriuretic peptide receptor 3

NXPH family member 4

Obstructive nephropathy

Poly ADP-ribose polymerase

Phospholipase A2 receptor

Procollagen-lysine, 2-oxoglutarate 5-dioxygenase 2
Phosphatase and tensin homolog

RNA binding motif protein 15a/15b (RBM15A/RBM15B); renal cell carcinoma
Renin

Receptor interaction protein 1

Ribosomal RNA

Sepsis-associated acute kidney injury

SRC associated in mitosis of 68 Kd

Splicing component 35

Sirtuin-1(SIRT1); systemic lupus erythematosus

Small nuclear RNA

SRC proto-oncogene nonreceptor tyrosine kinase
Serinefarginine-rich splicing factor 1/3
TGE-p-activated kinase 1 binding protein 3
‘Transcriptional enhanced associate domain
‘Transforming growth factor-beta 1

‘Tissue inhibitor of metalloproteinase 2

traf3ip2 antisense RNA 1

Transfer RNA

Uromodulin

vir like mA methyltransferase associated

Wilms tumor I-associated protein

Yes-associated protein |

YTH domain containing 1-2

YTH m*A RNA bi

ling protein 1-3

Zinc finger CCCH-type containing 13





OPS/images/fmed-10-1247690-g003.jpg
Renal immune microenvironment

B cell

M1 macrophage

T cell

M2 macrophage

[elleleEEE
'@[ﬂmwm

Glomerulus

/

Neutrophil

| Dendriticcell ~ Neutrophil

_m‘Ainimmunecells






OPS/images/fmed-10-1247690-g004.jpg
o (Ak1)  @ErO@R [ADPKD| (MN ) [FSGS)|

= o AR
. A ]
o0 & ..
Keapl - . AX
o N Rk OI:ﬂa.mmatmn sl ) Inflmmtion B ]
e \
b ¥ Podocyte
= meA 2
Necrosis o oy
Autophagy

N AR . 3 ARE
o

2 WIAP - @S
Auwphagy .Apoplosls ma . & (
S — ALKBHS. :";‘L‘B A

4 ~,
o snm‘@ PLODZ mngmmn
79 o o o R

ABCDI

NA

4 \ @B/ @ / \ \ \ = /BPTF'\Glyculsis

. 'HG

J -
e ; a»—
PRRL 2 @\ % %\@ N D pzkxsl)

TGF- rﬂ Noteh
\ - >
LT aED» @ S T aE»
nflammation / — \//‘ ®
IRF3 TBKl @ Iffmv‘ @ ®@
Apopwsls Proliferation

-
. NI @ GFRE— cpcaof @





OPS/xhtml/Nav.xhtml




Contents





		Cover



		The role of N6-methyladenosine (m6A) in kidney diseases



		Introduction



		m6A



		Writers



		Readers



		Erasers



		Distribution and dynamic regulation of m6A modifications









		m6A in kidney diseases



		Renal immune microenvironment



		m6A in AKI









		IRI-induced AKI



		CI-AKI



		SA-AKI



		m6A in CKD









		DKD



		LN



		ADPKD



		MN



		FSGS



		IgAN



		m6A in RCC









		Potential therapeutic applications of targeting m6A regulators



		Conclusion



		Author contributions



		Funding



		Conflict of interest



		Publisher’s note



		References



















OPS/images/fmed-10-1247690-g001.jpg
A
tRNA

hm*C
B s F
Pri-miRNA and Pre-miRNA
HO
OH OH o O oH  oH
Pri-miRNA Pre-miRNA cHy
c mA m'A ac'C
rRNA D HN i
HN CHy o
N N HN
2
‘ N < I /) SN
NTNN |
NZ /§
HO N
HO °
OH OH
OH  OH e
mG N. v 1
o i o

OH OH OH  OH OH OH





OPS/images/fmed-10-1247690-g002.jpg
A m6A writer complex and eraser B XIST-mediated gene silencing C Alternative splicing

Direct
SRSF10
zcsms % "
', LA
/s inclusion
PSRSFB (]
Indirect HNRNPC
X chromosome. J Exon
240 g? g; inclusion
DNA
Nucleus Nucleus  Pre-miRNA mRNA  Nucleus
D Nuclear export Cytoplasm E Cap-dependent translation F Cap-independent translation and decay
435 complex
=) =
7 o D e
5 & o~ e L
.\_./—\ ~ AAA, T AAA,
AAA, Ribosome Doty E
SRSF3 A e
@ () @
i 9 CCR4-NOT
QOED ([ — -2 _ complex
AAA, ~ AAA, AAA,

Nucleus Cytoplasm Cytoplasm





OPS/images/cover.jpg
, frontiers | Frontiers in Medicine

Toddler with giant omental cyst,
profound anemia, and shock: case
report and review of the literature












OPS/images/crossmark.jpg
(®) Check for updates







OPS/images/logo.jpg
’ frontiers Frontiers in Medicine






