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Recently, epigenetic alterations have been shown to be involved in the pathogenesis of diabetes and its complications. Kidney podocytes, which are glomerular epithelial cells, are important cells that form a slit membrane—a barrier for proteinuria. Podocytes are terminally differentiated cells without cell division or replenishment abilities. Therefore, podocyte damage is suggested to be one of the key factors determining renal prognosis. Recent studies, including ours, suggest that epigenetic changes in podocytes are associated with chronic kidney disease, including diabetic nephropathy. Furthermore, the association between DNA damage repair and epigenetic changes in diabetic podocytes has been demonstrated. Detection of podocyte DNA damage and epigenetic changes using human samples, such as kidney biopsy and urine-derived cells, may be a promising strategy for estimating kidney damage and renal prognoses in patients with diabetes. Targeting epigenetic podocyte changes and associated DNA damage may become a novel therapeutic strategy for preventing progression to end-stage renal disease (ESRD) and provide a possible prognostic marker in diabetic nephropathy. This review summarizes recent advances regarding epigenetic changes, especially DNA methylation, in podocytes in diabetic nephropathy and addresses detection of these alterations in human samples. Additionally, we focused on DNA damage, which is increased under high-glucose conditions and associated with the generation of epigenetic changes in podocytes. Furthermore, epigenetic memory in diabetes is discussed. Understanding the role of epigenetic changes in podocytes in diabetic nephropathy may be of great importance considering the increasing diabetic nephropathy patient population in an aging society.
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INTRODUCTION
The worldwide prevalence of type 2 diabetes mellitus has rapidly increased over the past 30 years as a result of changes in the population distribution, namely, aging of the general population (Worldwide trends in diabe, 2016), indicating that the prevalence of microvascular complications, such as diabetic nephropathy (DN) and neuropathy and macrovascular complications, such as cardiovascular diseases, has also increased (Liyanage et al., 2015; Shah and Brownlee, 2016; Yoshida et al., 2020). In particular, DN has been a social issue in that the number of people requiring hemodialysis for end-stage renal disease (ESRD) has been increasing rapidly, and diabetic nephropathy is the most common indication for maintenance hemodialysis (System (2019)., 2019; Jones et al., 2005). However, the mechanisms underlying DN pathogenesis are still not fully understood, and no specific treatment is currently available for DN. Current therapies to manage DN are limited to the control of blood pressure and gluse levels, and treatment with angiotensin-receptor blockers (ARBs) and angiotensin-converting-enzyme (ACE) inhibitors may partially ameliorate proteinuria and delay progression to ESRD (Gregg et al., 2014; Worldwide trends in diabe, 2016).
Classical clinical manifestations of DN include microalbuminuria, which progresses to macroalbuminuria or overt proteinuria over time, and a decline in renal function. Microalbuminuria has been accepted as the earliest marker of DN and damaged kidney glomerular podocytes, which act as a barrier against proteinuria, are a key factor in the prognosis of DN (Jefferson et al., 2008; Hodgin et al., 2015). However, recent epidemiological studies have suggested that microalbuminuria does not always precede renal function loss in diabetes, resulting in a new concept of diabetic kidney disease (DKD) (Kramer et al., 2003; Rigalleau et al., 2007; Kim et al., 2014; Porrini et al., 2015). Distinguishing classical DN from non-albuminuric DKD is difficult in the clinical setting or even from pathological findings, and new prognostic biomarkers other than microalbuminuria are needed.
Recently, growing evidence has shown that epigenetic mechanisms are involved in the initiation and progression of aging, tumorigenesis and lifestyle-related diseases, including diabetes and its complications, such as diabetic nephropathy (Zhou et al., 2012; Reddy and Natarajan, 2015). Combining the results of prior genome-wide association studies (GWAS) and chromatin annotation maps, the importance of transcriptional regulation variants as a mechanism of kidney function has been demonstrated (Pattaro et al., 2016). Moreover, recent epigenome-wide association studies (EWAS) have suggested that the DNA methylation status associated with kidney function can be analyzed using kidney specimens or noninvasive procedures, such as saliva and whole-blood analysis (Sapienza et al., 2011; Ko et al., 2013; Smyth et al., 2014; Wing et al., 2014; Chu et al., 2017).
Based on the importance of podocytes in DKD and disease progression in epigenetic research, this review summarizes recent advances regarding epigenetic changes, especially altered DNA methylation in podocytes, and detection of these alterations in human diabetic nephropathy samples. Additionally, we focused on DNA damage, which is increased under high-glucose conditions and associated with the generation of epigenetic changes in podocytes.
Podocytes in Diabetic Nephropathy
Kidney podocytes, which are glomerular epithelial cells, are important cells that form a slit membrane and act as a barrier against proteinuria. Podocyte damage causes morphological changes, detachment and apoptosis, leading to proteinuria, glomerulosclerosis and renal failure. The kidney consists of various cell types with different proliferative capacities, and among them, podocytes are distinctive because they are terminally differentiated with a limited ability to proliferate. Accumulating evidence suggests that podocytes may play a pivotal role in kidney aging, especially given that podocyte numbers decrease with age (Hodgin et al., 2015; Nagata, 2016).
The importance of podocyte roles in the pathogenesis of chronic kidney disease (CKD), including DKD, has been clearly recognized by previous studies (Pagtalunan et al., 1997; Diez-Sampedro et al., 2011). Proteinuria is an important clinical diagnostic indicator of DKD, which is correlated with ultrastructural estimation of podocyte foot process effacement (Royal et al., 2020). The association between podocyte foot process effacement and proteinuria has been thoroughly demonstrated in animal model studies (Koop et al., 2003; Jefferson et al., 2008). Long-standing diabetes mellitus can cause diabetic nephropathy with proteinuria as a manifestation of podocytopathy caused by hyperglycemia, impaired insulin receptor signaling, advanced glycation end-product toxicity and glomerular inflammation (Kopp et al., 2020). Furthermore, podocyte-endothelial cell crosstalk regulated by glucocorticoid receptor (GR) plays an important role on renal homeostasis in diabetes (Srivastava et al., 2021a; Srivastava et al., 2021b), suggesting the importance of focusing not only on the podocytes themselves, but also on the interactions between podocytes and other cells in DKD development.
A recent report from the TRIDENT (Transformative Research in Diabetic Nephropathy) cohort highlighted the role of podocyte changes in kidney function decline (Palmer et al., 2021). Podocyte hyperplasia and interstitial fibrosis have been suggested to be significant predictors of ESRD according to a multivariate model. The role of podocyte injury and adaptation in kidney function decline is consistent with a previous report showing the value of segmental sclerosis in predicting kidney function decline in diabetic kidney disease (Mottl et al., 2018). These results indicate that subtypes of podocyte changes in DKD, including podocyte hyperplasia and podocytopathy, may be interesting markers for disease progression as well as targets for podocyte-specific therapeutics.
DNA Methylation Changes in Podocytes in Diabetic Nephropathy
To understand the mechanisms and consequences of epigenetic changes, the organizational structure of nuclear DNA and chromatin must first be understood. Nuclear DNA is packaged into a histone–protein complex called chromatin. The basic functional unit of chromatin is the nucleosome. Each nucleosome is composed of ∼147-bp double-stranded DNA and a histone octamer containing two copies of each core histone (Kouzarides, 2007; Jones, 2012). Epigenetics is the study of how cells control gene activity without changing the DNA sequence. Epigenetic alterations include DNA methylation, histone modifications, and RNA-based regulation (Lee et al., 2014). In particular, DNA methylation is more stable than other types of epigenetic modifications and may contribute to sustained changes in gene expression. Methylation at the C5 position of cytosine residues in DNA (5-methylcytosine: 5mC) is a major chemical modification in mammalian genomic DNA and several studies have showed the relationships between DNA methylation of cytosine in CpG island and DKD (Bechtel et al., 2010; Tampe et al., 2014). Methylation of cytosine in CpG islands, which are often found in or around the promoter region, usually causes repression of transcription. Cytosine methylation is induced by DNA methyltransferase (DNMT) using S-adenosyl-L-methionine as a methyl group donor. DNMT1 is basically a maintenance methyltransferase that mainly methylates hemimethylated CpG sites during cell division; however, recent studies have revealed that it may also have a role in de novo methylation (Fatemi et al., 2001; Vilkaitis et al., 2005; Goyal et al., 2006). DNMT3A is responsible for de novo DNA methylation, and DNMT3B is thought to function in de novo methylation rather than maintenance methylation. Cooperation between DNMT3 and DNMT1 has been reported to achieve de novo DNA methylation more efficiently (Fatemi et al., 2002; Kim et al., 2002). Although the mechanism of DNA methylation in nondividing cells remains unclear, we reported that DNMT1 and DNMT3B have a coordinated role in podocyte DNA methylation (Hishikawa et al., 2019). Interesting results have been reported in neurons, which are also nondividing cells, and both DNMT1 and DNMT3A play important roles in the plasticity of brain function (Feng et al., 2010). Using the conditional knockout mice in nephron progenitor cells, DNMT1 was found to be essential for kidney development, whereas DNMT3A and DNMT3B are dispensable (Li et al., 2019).
Previous reports have suggested the role of DNA methylation changes in podocytes in DKD, as summarized in Figure 1. Decreased expression of transcription factor Kruppel-like Factor 4 (KLF4) in podocytes caused increased DNMT1 binding to the nephrin promoter region, which led to a decrease in nephrin expression. Nephrin is an essential molecule that forms a slit membrane; therefore, decreased nephrin expression induces disruption of the slit membrane and proteinuria (Hayashi et al., 2014; Hayashi et al., 2015). Recently, activation of KDM6A-KLF10 positive feedback loop by hyperglycemia has also been reported to contribute to podocyte dysfunction through decreased nephrin expression by direct binding of KLF10 to the gene promoter together with the recruitment of DNMT1 (Lin et al., 2019). Zhang et al. showed that podocyte DNMT1 may be a promising target for DKD treatment. The decreased DNMT1 expression induced by treatment with 5-azacytidine in DKD model mice recovered nephrin expression and morphological changes in podocytes (Zhang et al., 2017a). Another study also showed that pretreatment with the DNA methyltransferase inhibitor 5-Aza-2′-deoxycytidine alleviates podocyte damage through restoration of suppressed regulator of calcineurin 1 (RCAN1) expression in cultured podocytes (Li et al., 2018).
[image: Figure 1]FIGURE 1 | Hyperglycemia induced DNA methylation changes in podocytes. Gene expression such as nephrin, NEPH1 and RCAN1 is maintained with “active” promoter, which forms intact slit diaphragm. Hyperglycemia induces DNA methylation of their promoter regions, which causes “silenced” promoter and decreased expression, leading disruption of the slit membrane. TET2 is a potential factor of podocyte protection through DNA demethylation of the nephrin and NEPH1 promoter regions in diabetes. KLF, Kruppel like factor; KAT5, lysine acetyltransferase 5; NEPH1, Nephrin-like protein 1; KDM6A, lysine demethylase 6A; RCAN1, regulator of calcineurin 1; DNMT1, DNA metyltransfearse 1; TET2, ten-eleven-translocation 2.
On the other hand, the demethylation mechanism of 5mC has also been elucidated, which involves an enzyme called ten-eleven-translocation (Tet). Despite fewer reports on the role of Tet in podocytes or kidney diseases than on the role of DNMT, elevated Tet2 is suggested to protective for podocytes (Wan et al., 2021). Further studies are necessary to understand the roles of Tet-induced DNA demethylation in kidney diseases, including DKD.
Recent developments in deep sequencing technology have enabled detection of novel DNA adenine methylation (N6-methyladenine, 6mA) in the human genome (Zhu et al., 2018) in addition to 5mC. This modification is mediated by methyltransferase N6 adenine–specific DNA methyltransferase 1 (N6AMT1) and demethylase alkB homolog 1 (ALKBH1) (Xiao et al., 2018). Related to kidney disease, ALKBH1-mediated DNA N6-methyladenine modification triggers vascular calcification in chronic kidney disease (Ouyang et al., 2021). ALKBH family factors mediate demethylation of both DNA and RNA methyladenine, and the 6 mA contents in RNA from the peripheral blood of type 2 diabetic patients and diabetic rats have also been reported to be significantly lower than those in control groups (Shen et al., 2015). Investigation of the roles of 6mA and 5mC may be necessary for a better understanding of the pathogenesis of DKD.
In addition to DNA methylation, numerous reports suggest the importance of histone modifications in diabetic podocytes as shown in previous reviews (Kato and Natarajan, 2019; Dewanjee et al., 2021). In this review, we have focused on DNA methylation in particular, but we would like to refer a few important recent reports on histone modifications. Sirtuin 1 (SIRT1), a nicotinamide adenosine dinucleotide (NAD+)-dependent deacetylase, has been reported to be one of the most important factors involved in the pathogenesis of diabetic nephropathy, which plays a crucial role in regulating histone and DNA methylation through the recruitment of other nuclear enzymes to the chromatin. These epigenetic changes alter podocyte metabolism and function through their morphological changes. For example, decreased SIRT1 in diabetic podocytes caused histone acetylation and upregulation of Claudin-1 gene expression, leading to disruption of the slit membrane and proteinuria (Hasegawa et al., 2013), which could be restored by administration of nicotinamide mononucleotide (NMN) (Yasuda et al., 2021). Recently it is reported that podocyte histone deacetylase (HDAC) 1 and HDAC2 activities were increased in mice podocytopathy models, and podocyte early growth response 1 (EGR1) was increased in proteinuric patients and mice in an HDAC1- and HDAC2-dependent manner (Inoue et al., 2019). Liebisch, M et al. demonstrated a role of histone methylation in diabetic podocytes, showing that advanced glycation end products (AGEs) decreased enhancer of zeste homolog 2 (EZH2) expression in podocytes and consequently reduced H3K27me3 (Liebisch and Wolf, 2020). Majumder et al. showed that histone lysine methyltransferases (HMTs) and histone lysine demethylases (KDMs) regulated H3K27me3 levels at the promoter region of Jag1, which encoded the Notch ligand Jagged1 in podocytes, and were involved in the development of glomerular dysfunction (Majumder et al., 2018). The studies regarding epigenetic changes in podocytes in DN are summarized in Table 1.
TABLE 1 | Summary of the animal studies regarding epigenetic changes in podocytes in DN.
[image: Table 1]DNA Damage Repair in Podocytes in Diabetic Nephropathy
One of the mechanisms of altered DNA methylation in podocytes without cell division is thought to be involved in the DNA damage repair system. DNA damage is caused by two main sources: exogenous stress, such as UV radiation and chemicals, and endogenous stress, such as reactive oxygen species, stress hormones, DNA replication errors, spontaneous reactions, and mechanical stress (Lieber, 2010; López-Otín et al., 2013). DNA damage can occur in various ways, such as double-strand breaks (DSBs), base adducts, interstrand crosslinks, and mismatches. In particular, DSBs are biologically important because their repair is more difficult than that of other types of DNA damage (Berkovich et al., 2007). When damaged DNA is repaired, epigenetic marks are also reconstituted. Accumulation of repair failures may cause changes in the epigenome, including histone modifications and DNA methylation, and in gene expression (Mortusewicz et al., 2005). DNMT1 is recruited to DSB sites where it colocalizes with phosphorylated histone H2AX (γH2AX) to silence the repaired gene (Mortusewicz et al., 2005). Increased DNA methylation due to DNMT1 action may indicate epigenetic memory denoting former damage (Cuozzo et al., 2007; Orlowski et al., 2011). However, the association of DNA damage repair with aberrant epigenetic states has not been adequately clarified, especially under in vivo conditions.
An estimated 10–50 DSBs per day have been reported in dividing cells (Lieber et al., 2003; Lieber, 2010). Although the number of DSBs induced in podocytes per day is not clear, a large amount of DSB stress may exist around podocytes. Very few DNA DSB sites, which are shown as γH2AX-positive areas, were observed in the kidneys of healthy young mice, suggesting that the DNA repair mechanism may be important in podocytes in physiological states (Hishikawa et al., 2019). Moreover, high-glucose conditions induce genomic and mitochondrial DNA damage in podocytes (Hishikawa et al., 2019; Chen et al., 2020a; Wu et al., 2021). Therefore, protection from DNA damage and promotion of DNA repair in podocytes may be an important treatment strategy for DKD. DNA damage repair in podocytes highlighting the epigenetic aspects is summary in Figure 2.
[image: Figure 2]FIGURE 2 | DNA damage repair in podocytes highlighting the epigenetic aspects. Exogenous or endogenous stress causes DNA damage in podocytes. When damaged, DNMT1 is recruited to DSB sites where it colocalizes with phosphorylated histone H2AX (y H2AX) to silence the repaired gene. Increased DNA methylation due to DNMT1 action may indicate epigenetic memory denoting former damage, which induces altered expressions of critical genes in podocytes. DNMT1, DNA metyltransfearse 1; DSB, double strand break; DNAme, DNA methylation.
Recently, we demonstrated the association between DNA damage repair and DNA methylation changes in podocytes in diabetes (Hishikawa et al., 2019). The expression of the DNA repair factor lysine acetyltransferase 5 (KAT5) was reduced in the glomeruli of diabetic nephropathy in mouse models and humans, and knockdown of podocyte KAT5 expression caused focal segmental glomerulosclerosis with increased DNA DSBs and increased DNMT1 and DNMT3B expression with phenotypical changes in podocytes. Although UV radiation caused a significant increase in KAT5 expression in cultured podocytes, high-glucose conditions caused decreased KAT5 expression in podocytes, which led to the accumulation of DNA DSBs in podocytes in diabetic nephropathy.
Detection of DNA Damage and Epigenetic Changes in Human Samples
Searching for a potential marker predicting the risk for DKD progression may be a promising target for detecting DNA damage and epigenetic changes in human samples. If kidney biopsy is performed, biopsy specimens can be evaluated using various techniques, including not only classical methods such as immunostaining and gene expression analysis but also novel approaches such as proteomics, metabolomics and single-cell RNA-seq analysis (Malone et al., 2020; Satake et al., 2021). Focusing on the assessment of DNA methylation and DNA damage, DNA methylation 5mC and DNA DSBs were evaluated by immunostaining using antibodies against 5mC and γH2AX, respectively. To estimate the amount of DNA DSBs, a previously described long-distance PCR method is also available (Maslov et al., 2013). For example, glomerular DNA methylation evaluated by immunostaining and DNA DSB levels evaluated by immunostaining and the long-distance PCR method were shown to be associated with estimated glomerular filtration rate (eGFR) decline in IgA nephropathy (Hayashi et al., 2020). In the future, recent developments in single-cell epigenomics (Harada et al., 2021) may allow us to analyze altered epigenomes in human kidney samples and to obtain valuable information about kidney disease progression.
Examination of urine samples is easy and less invasive than kidney biopsy, and these samples contain more information than we had previously expected. Urine contains various types of cells, including podocytes. The number of urinary podocytes has received increasing attention in recent years for their usefulness in the diagnosis of early glomerular diseases and in the evaluation of their activity (Fatima et al., 2012). The DNA methylation pattern of proximal tubule-specific loci in urine sediment has been reported to be a potential marker of kidney function decline in diabetes (Marumo et al., 2020). As in tubular epithelial cells, the DNA methylation pattern in urinary podocytes may suggest the kidney prognosis of DKD. Epigenetic patterns in urine-derived cells are quite different among cell types, and detection of epigenomes in specific cell types may be complicated and require ingenuity. Single-cell RNA-seq analysis using urine-derived cells has been reported (Abedini et al., 2021), and single-cell epigenomics in urine may become available in the future.
Altered expression of epigenetic modifiers, such as DNMTs and TETs, can be assessed in whole urine-derived cells, and in our study, DNMT/AQP1 expression was suggested to be significantly correlated with the annual eGFR decline rate after adjustment for age, baseline eGFR, the presence of diabetes and the amount of albuminuria (Hishikawa et al., 2019). Evaluation of podocyte DNA damage using genomic DNA extracted from human urine-derived cells by the quantitative long-distance PCR method may be feasible. Based on the assumption that DNA damage is caused in opened chromatin, DNA damage in the nephrin gene, which is specifically expressed in podocytes, may reflect the level of podocyte DNA damage. Podocyte DNA DSBs were significantly increased in patients with both hypertension and diabetes compared with those in patients with hypertension alone in a study population with an eGFR of approximately 60 ml/min/1.73 m2 (Hishikawa et al., 2019).
Detection of DNA methylation changes in whole blood samples has been conducted mainly in DKD patients (Gluck et al., 2019; Park et al., 2019). Interestingly, some altered DNA methylation loci were common to the blood and kidney samples, and some were different. Although the mechanism of DNA methylation changes in blood cells associated with kidney function has not been elucidated, it may be an interesting marker for renal function and prognosis.
Epigenetic Alterations and Metabolic Memory in Diabetes
Epigenetic regulation is characterized by persistence, as the DNA methylation state is maintained in dividing cells, and by reversibility, as it can be changed by environmental factors and aging. This property suggests that epigenetic changes may be responsible for the “memory effect,” a sustained effect of transient treatment, which is recognized in large clinical trials of diabetes. The landmark Diabetes Control and Complications Trial (DCCT) and the following observational Epidemiology of Diabetes Intervention and Complications (EDIC) study showed that intensive glycemic control at the early stage of Type 1 diabetes delayed the progression of microvascular complications, including nephropathy and neuropathy, compared to conventional therapy, despite similar mean hemoglobin A1c (HbA1c) control at the later stage (de Boer, 2014; Nathan, 2014; Chen et al., 2016). Another study reported similar long-term benefits of intensive glycemic control in patients with type 2 diabetes (Colagiuri et al., 2002; Gaede et al., 2008; Holman et al., 2008). These benefits continued after cessation of the intervention, and the authors called a “legacy effect” of glycemic control.
Recent studies using these DCCT/EDIC cohorts have suggested that DNA methylation patterns in blood cells, especially myeloid cells and hematopoietic stem cells, are significantly associated with HbA1c-associated complications in diabetes (Chen et al., 2016; Chen et al., 2020b). Namely, these studies suggest the possibility that DNA methylation changes in blood cells may substantially mediate the memory effect in diabetes. Whether altered DNA methylation in blood cells is just a marker or has a function and plays a role in disease progression is unclear; however, further study is necessary to elucidate the mechanism combining DNA methylation in blood cells with diabetic complications, including DKD.
Focusing on epigenetic memory in podocytes, Lizotte et al. reported that hyperglycemia induces epigenetic changes in the SHP-1 promoter, including histone modifications, acetylation of H3K9/14 and monomethylation of H3K4, causing its persistent expression and activity and leading to insulin resistance, podocyte dysfunction, and DKD (Carney, 2016; Lizotte et al., 2016). We have previously shown that transcription factor KLF4-mediated epigenetic changes in podocytes are involved in the pathogenesis of CKD, including DKD (Hayashi et al., 2014). Restoration of KLF4 expression in murine podocytes of a diabetic nephropathy model caused a sustained decrease in proteinuria. In addition, the activated renin-angiotensin system (RAS) in CKD induces decreased KLF4 expression, which was recovered by RAS inhibitors (Hayashi et al., 2015). Some clinical studies indicate the memory effect of RAS inhibitors on hypertension (Julius et al., 2006; Sasamura et al., 2013), which is apparent in using high-dose RAS inhibitors in animal models (Nakaya et al., 2001; Ishiguro et al., 2007; Ishiguro et al., 2009; Hayashi et al., 2010). Further clinical studies are necessary to evaluate the memory effect of RAS inhibitors on DKD.
DISCUSSION
Based on a number of reports, epigenetic mechanisms undoubtedly play an important role in the pathogenesis of diabetic nephropathy. Podocytes, which are one of the key factors influencing kidney disease progression in diabetes, are terminally differentiated cells with limited proliferation ability and thus are expected to be prone to accumulate DNA damage and epigenetic changes.
The significance of focusing on epigenetic changes is that they are likely to be maintained in a manner that accompanies the genome, which may have a sustained effect called “metabolic memory” in diabetes. Therefore, epigenome-targeted therapy may be capable of ameliorating the sustained effects of hyperglycemia in diabetes and its complications. Although DNA methyltransferase inhibitors or histone deacetylation (HDAC) inhibitors have already been used in patients with hematological malignancies, applying these drugs directly to DKD is difficult. The epigenetic state is responsible for the characteristics of individual cells and tissues, and since it differs depending on cell types, treatment with uniform epigenome-modifying drugs is fraught with concerns about side effects. Targeting tissue-specific pathways contributing to tissue-specific epigenetic changes is desirable. The DNA damage repair pathway is highly cell-specific, so targeting DNA damage repair related to epigenetic changes may be possible to achieve more specific epigenome-targeted therapy. Another approach is an investigation of delivery systems to specific cell types, including podocytes. The development of a podocyte-specific delivery system could make it possible to modulate the podocyte epigenome directory. Recently, several clinical trials of gene therapy using the genome editing technique of the CRISPR–Cas9 system have been reported (Reddy et al., 2015; Gillmore et al., 2021; Schmidt et al., 2021). Currently, epigenome editing with CRISPR-based systems has been investigated in vivo (Gemberling et al., 2021), and the technology was used to treat mouse models of diabetes, muscular dystrophy, and acute kidney disease (Liao et al., 2017). Future therapeutic applications of epigenome editing for DKD in humans are expected.
Investigation of DNA damage and altered DNA methylation of the kidney may contribute to the development of a marker for estimating the renal prognosis of DKD as well as a therapeutic target. In particular, recent technical advances have made us aware of the potential of urine samples. Urine-derived renal progenitor cells are available (Rahman et al., 2020), and urine-derived induced pluripotent stem (iPS) cells are used in drug discovery and toxicology, as well as in regenerative medicine (Bento et al., 2020). Evaluation of DNA damage in specific genes in the kidney using urine-derived cells may indicate site-specific renal damage without kidney biopsy. Further study to clarify the association of renal histological changes with the DNA damage level of urine-derived cells is needed.
FUTURE DIRECTIONS
Finally in this section, future directions of possible therapeutics for DN are summarized. Clinically, the current general managements in DKD include strict metabolic controls of glycemia, blood pressure, body weight, and lipids, augmenting the efficacy of the renin-angiotensin system (RAS) blockade to ameliorate proteinuria (Worldwide Trends in Diabe, 2016). Few effective drugs had been existed to hinder DKD progression, however, sodium-glucose cotransporter 2 inhibitor (SGLT2i) has recently been expected to suppress DKD progression (Wanner et al., 2016; Neal et al., 2017; Wiviott et al., 2019). Until now, candidates of therapeutic agents for protection of diabetic podocytes have been reported in mouse models, including DPP-4 inhibitor for antioxidative and antifibrotic effects (Takashima et al., 2016; Spencer et al., 2018), statins for maintaining slit diaphragm proteins (Tonolo et al., 2006), SIRT3 for inhibition of mitochondrial oxidative stress (Locatelli et al., 2020), JAK-STAT inhibitors for appropriate autophagy (Zhang et al., 2017b; Chen et al., 2021), ACE2 for maintaining nephrin expression and decreased transforming growth factor-β1 (Nadarajah et al., 2012) and peptide N-acetyl-seryl-aspartyl-lysyl-proline (AcSDKP) as an endogenous antifibrotic mediator (Srivastava et al., 2020). We believe that therapies targeting podocyte epigenome, which is the theme of this review, could also be a hopeful candidate for future therapies for DKD. These new candidates for therapeutic targets may produce additive or even synergistic effects when used in combination with currently used RAS blockers and SGLT2i, and further clinical studies are expected.
In the future, we may witness an era in which the genomic and epigenomic information of blood and urine cells is comprehensively analyzed in each patient, and then therapeutic strategies are formulated based on the information. Basic and clinical studies are needed to clarify the role of epigenetic changes in DKD progression. Moreover, such detailed information must be integrated to ultimately understand the pathologies occurring within each patient with DKD.
AUTHOR CONTRIBUTIONS
ES wrote the manuscript. KH proposed the concept of the review and wrote the manuscript. AH and HI revised the manuscript.
FUNDING
This study was supported by the Naito Memorial Foundation, Tokyo, Japan.
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
 Abedini, A., Zhu, Y. O., Chatterjee, S., Halasz, G., Devalaraja-Narashimha, K., Shrestha, R., et al. (2021). Urinary Single-Cell Profiling Captures the Cellular Diversity of the Kidney. J. Am. Soc. Nephrol. 32 (3), 614–627. doi:10.1681/ASN.2020050757
 Bechtel, W., McGoohan, S., Zeisberg, E. M., Müller, G. A., Kalbacher, H., Salant, D. J., et al. (2010). Methylation Determines Fibroblast Activation and Fibrogenesis in the Kidney. Nat. Med. 16 (5), 544–550. doi:10.1038/nm.2135
 Bento, G., Shafigullina, A. K., Rizvanov, A. A., Sardão, V. A., Macedo, M. P., and Oliveira, P. J. (2020). Urine-Derived Stem Cells: Applications in Regenerative and Predictive Medicine. Cells 9 (3), 573. doi:10.3390/cells9030573
 Berkovich, E., Monnat, R. J., and Kastan, M. B. (2007). Roles of ATM and NBS1 in Chromatin Structure Modulation and DNA Double-Strand Break Repair. Nat. Cel Biol 9 (6), 683–690. doi:10.1038/ncb1599
 Carney, E. F. (2016). Diabetic Nephropathy: Role of Podocyte SHP-1 in Hyperglycaemic Memory. Nat. Rev. Nephrol. 12 (11), 650. doi:10.1038/nrneph.2016.140
 Chen, D., Liu, Y., Chen, J., Lin, H., Guo, H., Wu, Y., et al. (2021). JAK/STAT Pathway Promotes the Progression of Diabetic Kidney Disease via Autophagy in Podocytes. Eur. J. Pharmacol. 902, 174121. doi:10.1016/j.ejphar.2021.174121
 Chen, Z., Miao, F., Braffett, B. H., Lachin, J. M., Zhang, L., Wu, X., et al. (2020). DNA Methylation Mediates Development of HbA1c-Associated Complications in Type 1 Diabetes. Nat. Metab. 2 (8), 744–762. doi:10.1038/s42255-020-0231-8
 Chen, Z., Miao, F., Paterson, A. D., Lachin, J. M., Zhang, L., Schones, D. E., et al. (2016). Epigenomic Profiling Reveals an Association between Persistence of DNA Methylation and Metabolic Memory in the DCCT/EDIC Type 1 Diabetes Cohort. Proc. Natl. Acad. Sci. U S A. 113 (21), E3002–E3011. doi:10.1073/pnas.1603712113
 Chen, Z., Zhou, Q., Liu, C., Zeng, Y., and Yuan, S. (2020). Klotho Deficiency Aggravates Diabetes-Induced Podocyte Injury Due to DNA Damage Caused by Mitochondrial Dysfunction. Int. J. Med. Sci. 17 (17), 2763–2772. doi:10.7150/ijms.49690
 Chu, A. Y., Tin, A., Schlosser, P., Ko, Y. A., Qiu, C., Yao, C., et al. (2017). Epigenome-wide Association Studies Identify DNA Methylation Associated with Kidney Function. Nat. Commun. 8 (1), 1286. doi:10.1038/s41467-017-01297-7
 Colagiuri, S., Cull, C. A., and Holman, R. R. (2002). Are Lower Fasting Plasma Glucose Levels at Diagnosis of Type 2 Diabetes Associated with Improved Outcomes?: U.K. Prospective Diabetes Study 61. Diabetes Care 25 (8), 1410–1417. doi:10.2337/diacare.25.8.1410
 Cuozzo, C., Porcellini, A., Angrisano, T., Morano, A., Lee, B., Di Pardo, A., et al. (2007). DNA Damage, Homology-Directed Repair, and DNA Methylation. Plos Genet. 3 (7), e110. doi:10.1371/journal.pgen.0030110
 de Boer, I. H. (2014). Kidney Disease and Related Findings in the Diabetes Control and Complications Trial/epidemiology of Diabetes Interventions and Complications Study. Diabetes Care 37 (1), 24–30. doi:10.2337/dc13-2113
 Dewanjee, S., Vallamkondu, J., Kalra, R. S., Chakraborty, P., Gangopadhyay, M., Sahu, R., et al. (2021). The Emerging Role of HDACs: Pathology and Therapeutic Targets in Diabetes Mellitus. Cells 10 (6), 1340. doi:10.3390/cells10061340
 Diez-Sampedro, A., Lenz, O., and Fornoni, A. (2011). Podocytopathy in Diabetes: a Metabolic and Endocrine Disorder. Am. J. Kidney Dis. 58 (4), 637–646. doi:10.1053/j.ajkd.2011.03.035
 Fatemi, M., Hermann, A., Gowher, H., and Jeltsch, A. (2002). Dnmt3a and Dnmt1 Functionally Cooperate during De Novo Methylation of DNA. Eur. J. Biochem. 269 (20), 4981–4984. doi:10.1046/j.1432-1033.2002.03198.x
 Fatemi, M., Hermann, A., Pradhan, S., and Jeltsch, A. (2001). The Activity of the Murine DNA Methyltransferase Dnmt1 Is Controlled by Interaction of the Catalytic Domain with the N-Terminal Part of the Enzyme Leading to an Allosteric Activation of the Enzyme after Binding to Methylated DNA. J. Mol. Biol. 309 (5), 1189–1199. doi:10.1006/jmbi.2001.4709
 Fatima, H., Moeller, M. J., Smeets, B., Yang, H. C., D'Agati, V. D., Alpers, C. E., et al. (2012). Parietal Epithelial Cell Activation Marker in Early Recurrence of FSGS in the Transplant. Clin. J. Am. Soc. Nephrol. 7 (11), 1852–1858. doi:10.2215/CJN.10571011
 Feng, J., Zhou, Y., Campbell, S. L., Le, T., Li, E., Sweatt, J. D., et al. (2010). Dnmt1 and Dnmt3a Maintain DNA Methylation and Regulate Synaptic Function in Adult Forebrain Neurons. Nat. Neurosci. 13 (4), 423–430. doi:10.1038/nn.2514
 Gaede, P., Lund-Andersen, H., Parving, H. H., and Pedersen, O. (2008). Effect of a Multifactorial Intervention on Mortality in Type 2 Diabetes. N. Engl. J. Med. 358 (6), 580–591. doi:10.1056/NEJMoa0706245
 Gemberling, M. P., Siklenka, K., Rodriguez, E., Tonn-Eisinger, K. R., Barrera, A., Liu, F., et al. (2021). Transgenic Mice for In Vivo Epigenome Editing with CRISPR-Based Systems. Nat. Methods 18 (8), 965–974. doi:10.1038/s41592-021-01207-2
 Gillmore, J. D., Gane, E., Taubel, J., Kao, J., Fontana, M., Maitland, M. L., et al. (2021). CRISPR-Cas9 In Vivo Gene Editing for Transthyretin Amyloidosis. N. Engl. J. Med. 385 (6), 493–502. doi:10.1056/NEJMoa2107454
 Gluck, C., Qiu, C., Han, S. Y., Palmer, M., Park, J., Ko, Y. A., et al. (2019). Kidney Cytosine Methylation Changes Improve Renal Function Decline Estimation in Patients with Diabetic Kidney Disease. Nat. Commun. 10 (1), 2461. doi:10.1038/s41467-019-10378-8
 Goyal, R., Reinhardt, R., and Jeltsch, A. (2006). Accuracy of DNA Methylation Pattern Preservation by the Dnmt1 Methyltransferase. Nucleic Acids Res. 34 (4), 1182–1188. doi:10.1093/nar/gkl002
 Gregg, E. W., Li, Y., Wang, J., Burrows, N. R., Ali, M. K., Rolka, D., et al. (2014). Changes in Diabetes-Related Complications in the United States, 1990-2010. N. Engl. J. Med. 370 (16), 1514–1523. doi:10.1056/NEJMoa1310799
 Harada, A., Kimura, H., and Ohkawa, Y. (2021). Recent advance in Single-Cell Epigenomics. Curr. Opin. Struct. Biol. 71, 116–122. doi:10.1016/j.sbi.2021.06.010
 Hasegawa, K., Wakino, S., Simic, P., Sakamaki, Y., Minakuchi, H., Fujimura, K., et al. (2013). Renal Tubular Sirt1 Attenuates Diabetic Albuminuria by Epigenetically Suppressing Claudin-1 Overexpression in Podocytes. Nat. Med. 19 (11), 1496–1504. doi:10.1038/nm.3363
 Hayashi, K., Hishikawa, A., Hashiguchi, A., Azegami, T., Yoshimoto, N., Nakamichi, R., et al. (2020). Association of Glomerular DNA Damage and DNA Methylation with One-Year eGFR Decline in IgA Nephropathy. Sci. Rep. 10 (1), 237. doi:10.1038/s41598-019-57140-0
 Hayashi, K., Sasamura, H., Ishiguro, K., Sakamaki, Y., Azegami, T., and Itoh, H. (2010). Regression of Glomerulosclerosis in Response to Transient Treatment with Angiotensin II Blockers Is Attenuated by Blockade of Matrix Metalloproteinase-2. Kidney Int. 78 (1), 69–78. doi:10.1038/ki.2010.81
 Hayashi, K., Sasamura, H., Nakamura, M., Azegami, T., Oguchi, H., Sakamaki, Y., et al. (2014). KLF4-dependent Epigenetic Remodeling Modulates Podocyte Phenotypes and Attenuates Proteinuria. J. Clin. Invest. 124 (6), 2523–2537. doi:10.1172/JCI69557
 Hayashi, K., Sasamura, H., Nakamura, M., Sakamaki, Y., Azegami, T., Oguchi, H., et al. (2015). Renin-angiotensin Blockade Resets Podocyte Epigenome through Kruppel-like Factor 4 and Attenuates Proteinuria. Kidney Int. 88 (4), 745–753. doi:10.1038/ki.2015.178
 Hishikawa, A., Hayashi, K., Abe, T., Kaneko, M., Yokoi, H., Azegami, T., et al. (2019). Decreased KAT5 Expression Impairs DNA Repair and Induces Altered DNA Methylation in Kidney Podocytes. Cell Rep 26, 1318–e4. doi:10.1016/j.celrep.2019.01.005
 Hodgin, J. B., Bitzer, M., Wickman, L., Afshinnia, F., Wang, S. Q., O'Connor, C., et al. (2015). Glomerular Aging and Focal Global Glomerulosclerosis: A Podometric Perspective. J. Am. Soc. Nephrol. 26 (12), 3162–3178. doi:10.1681/ASN.2014080752
 Holman, R. R., Paul, S. K., Bethel, M. A., Matthews, D. R., and Neil, H. A. (2008). 10-year Follow-Up of Intensive Glucose Control in Type 2 Diabetes. N. Engl. J. Med. 359 (15), 1577–1589. doi:10.1056/NEJMoa0806470
 Inoue, K., Gan, G., Ciarleglio, M., Zhang, Y., Tian, X., Pedigo, C. E., et al. (2019). Podocyte Histone Deacetylase Activity Regulates Murine and Human Glomerular Diseases. J. Clin. Invest. 129 (3), 1295–1313. doi:10.1172/JCI124030
 Ishiguro, K., Hayashi, K., Sasamura, H., Sakamaki, Y., and Itoh, H. (2009). "Pulse" Treatment with High-Dose Angiotensin Blocker Reverses Renal Arteriolar Hypertrophy and Regresses Hypertension. Hypertension 53 (1), 83–89. doi:10.1161/HYPERTENSIONAHA.108.122721
 Ishiguro, K., Sasamura, H., Sakamaki, Y., Itoh, H., and Saruta, T. (2007). Developmental Activity of the Renin-Angiotensin System during the "critical Period" Modulates Later L-NAME-Induced Hypertension and Renal Injury. Hypertens. Res. 30 (1), 63–75. doi:10.1291/hypres.30.63
 Jefferson, J. A., Shankland, S. J., and Pichler, R. H. (2008). Proteinuria in Diabetic Kidney Disease: a Mechanistic Viewpoint. Kidney Int. 74 (1), 22–36. doi:10.1038/ki.2008.128
 Jones, C. A., Krolewski, A. S., Rogus, J., Xue, J. L., Collins, A., and Warram, J. H. (2005). Epidemic of End-Stage Renal Disease in People with Diabetes in the United States Population: Do We Know the Cause?. Kidney Int. 67 (5), 1684–1691. doi:10.1111/j.1523-1755.2005.00265.x
 Jones, P. A. (2012). Functions of DNA Methylation: Islands, Start Sites, Gene Bodies and beyond. Nat. Rev. Genet. 13 (7), 484–492. doi:10.1038/nrg3230
 Julius, S., Nesbitt, S. D., Egan, B. M., Weber, M. A., Michelson, E. L., Kaciroti, N., et al. (2006). Feasibility of Treating Prehypertension with an Angiotensin-Receptor Blocker. N. Engl. J. Med. 354 (16), 1685–1697. doi:10.1056/NEJMoa060838
 Kato, M., and Natarajan, R. (2019). Epigenetics and Epigenomics in Diabetic Kidney Disease and Metabolic Memory. Nat. Rev. Nephrol. 15 (6), 327–345. doi:10.1038/s41581-019-0135-6
 Kim, G. D., Ni, J., Kelesoglu, N., Roberts, R. J., and Pradhan, S. (2002). Co-operation and Communication between the Human Maintenance and De Novo DNA (Cytosine-5) Methyltransferases. EMBO J. 21 (15), 4183–4195. doi:10.1093/emboj/cdf401
 Kim, S. S., Song, S. H., Kim, I. J., Kim, W. J., Jeon, Y. K., Kim, B. H., et al. (2014). Nonalbuminuric Proteinuria as a Biomarker for Tubular Damage in Early Development of Nephropathy with Type 2 Diabetic Patients. Diabetes Metab. Res. Rev. 30 (8), 736–741. doi:10.1002/dmrr.2546
 Ko, Y. A., Mohtat, D., Suzuki, M., Park, A. S., Izquierdo, M. C., Han, S. Y., et al. (2013). Cytosine Methylation Changes in Enhancer Regions of Core Pro-fibrotic Genes Characterize Kidney Fibrosis Development. Genome Biol. 14 (10), R108. doi:10.1186/gb-2013-14-10-r108
 Koop, K., Eikmans, M., Baelde, H. J., Kawachi, H., De Heer, E., Paul, L. C., et al. (2003). Expression of Podocyte-Associated Molecules in Acquired Human Kidney Diseases. J. Am. Soc. Nephrol. 14 (8), 2063–2071. doi:10.1097/01.asn.0000078803.53165.c9
 Kopp, J. B., Anders, H.-J., Susztak, K., Podestà, M. A., Remuzzi, G., Hildebrandt, F., et al. (2020). Podocytopathies. Nat. Rev. Dis. Primers 6 (1), 68. doi:10.1038/s41572-020-0196-7
 Kouzarides, T. (2007). Chromatin Modifications and Their Function. Cell 128 (4), 693–705. doi:10.1016/j.cell.2007.02.005
 Kramer, H. J., Nguyen, Q. D., Curhan, G., and Hsu, C. Y. (2003). Renal Insufficiency in the Absence of Albuminuria and Retinopathy Among Adults with Type 2 Diabetes Mellitus. Jama 289 (24), 3273–3277. doi:10.1001/jama.289.24.3273
 Lee, J. J., Murphy, G. F., and Lian, C. G. (2014). Melanoma Epigenetics: Novel Mechanisms, Markers, and Medicines. Lab. Invest. 94 (8), 822–838. doi:10.1038/labinvest.2014.87
 Li, H., Zhang, W., Zhong, F., Das, G. C., Xie, Y., Li, Z., et al. (2018). Epigenetic Regulation of RCAN1 Expression in Kidney Disease and its Role in Podocyte Injury. Kidney Int. 94 (6), 1160–1176. doi:10.1016/j.kint.2018.07.023
 Li, S. Y., Park, J., Guan, Y., Chung, K., Shrestha, R., Palmer, M. B., et al. (2019). DNMT1 in Six2 Progenitor Cells Is Essential for Transposable Element Silencing and Kidney Development. J. Am. Soc. Nephrol. 30 (4), 594–609. doi:10.1681/ASN.2018070687
 Liao, H. K., Hatanaka, F., Araoka, T., Reddy, P., Wu, M. Z., Sui, Y., et al. (2017). In Vivo Target Gene Activation via CRISPR/Cas9-Mediated Trans-epigenetic Modulation. Cell 171 (7), 1495. doi:10.1016/j.cell.2017.10.025
 Lieber, M. R., Ma, Y., Pannicke, U., and Schwarz, K. (2003). Mechanism and Regulation of Human Non-homologous DNA End-Joining. Nat. Rev. Mol. Cel Biol 4 (9), 712–720. doi:10.1038/nrm1202
 Lieber, M. R. (2010). The Mechanism of Double-Strand DNA Break Repair by the Nonhomologous DNA End-Joining Pathway. Annu. Rev. Biochem. 79, 181–211. doi:10.1146/annurev.biochem.052308.093131
 Liebisch, M., and Wolf, G. (2020). AGE-induced Suppression of EZH2 Mediates Injury of Podocytes by Reducing H3K27me3. Am. J. Nephrol. 51 (9), 676–692. doi:10.1159/000510140
 Lin, C. L., Hsu, Y. C., Huang, Y. T., Shih, Y. H., Wang, C. J., Chiang, W. C., et al. (2019). A KDM6A-KLF10 Reinforcing Feedback Mechanism Aggravates Diabetic Podocyte Dysfunction. EMBO Mol. Med. 11 (5). doi:10.15252/emmm.201809828
 Liyanage, T., Ninomiya, T., Jha, V., Neal, B., Patrice, H. M., Okpechi, I., et al. (2015). Worldwide Access to Treatment for End-Stage Kidney Disease: a Systematic Review. Lancet 385 (9981), 1975–1982. doi:10.1016/S0140-6736(14)61601-9
 Lizotte, F., Denhez, B., Guay, A., Gévry, N., Côté, A. M., and Geraldes, P. (2016). Persistent Insulin Resistance in Podocytes Caused by Epigenetic Changes of SHP-1 in Diabetes. Diabetes 65 (12), 3705–3717. doi:10.2337/db16-0254
 Locatelli, M., Zoja, C., Zanchi, C., Corna, D., Villa, S., Bolognini, S., et al. (2020). Manipulating Sirtuin 3 Pathway Ameliorates Renal Damage in Experimental Diabetes. Sci. Rep. 10 (1), 8418. doi:10.1038/s41598-020-65423-0
 López-Otín, C., Blasco, M. A., Partridge, L., Serrano, M., and Kroemer, G. (2013). The Hallmarks of Aging. Cell 153 (6), 1194–1217. doi:10.1016/j.cell.2013.05.039
 Majumder, S., Thieme, K., Batchu, S. N., Alghamdi, T. A., Bowskill, B. B., Kabir, M. G., et al. (2018). Shifts in Podocyte Histone H3K27me3 Regulate Mouse and Human Glomerular Disease. J. Clin. Invest. 128 (1), 483–499. doi:10.1172/JCI95946
 Malone, A. F., Wu, H., Fronick, C., Fulton, R., Gaut, J. P., and Humphreys, B. D. (2020). Harnessing Expressed Single Nucleotide Variation and Single Cell RNA Sequencing to Define Immune Cell Chimerism in the Rejecting Kidney Transplant. J. Am. Soc. Nephrol. 31 (9), 1977–1986. doi:10.1681/ASN.2020030326
 Marumo, T., Hoshino, J., Kawarazaki, W., Nishimoto, M., Ayuzawa, N., Hirohama, D., et al. (2020). Methylation Pattern of Urinary DNA as a Marker of Kidney Function Decline in Diabetes. BMJ Open Diabetes Res. Care 8 (1), e001501. doi:10.1136/bmjdrc-2020-001501
 Maslov, A. Y., Ganapathi, S., Westerhof, M., Quispe-Tintaya, W., White, R. R., Van Houten, B., et al. (2013). DNA Damage in Normally and Prematurely Aged Mice. Aging Cell 12 (3), 467–477. doi:10.1111/acel.12071
 Mortusewicz, O., Schermelleh, L., Walter, J., Cardoso, M. C., and Leonhardt, H. (2005). Recruitment of DNA Methyltransferase I to DNA Repair Sites. Proc. Natl. Acad. Sci. U S A. 102 (25), 8905–8909. doi:10.1073/pnas.0501034102
 Mottl, A. K., Gasim, A., Schober, F. P., Hu, Y., Dunnon, A. K., Hogan, S. L., et al. (2018). Segmental Sclerosis and Extracapillary Hypercellularity Predict Diabetic ESRD. J. Am. Soc. Nephrol. 29 (2), 694–703. doi:10.1681/ASN.2017020192
 Nadarajah, R., Milagres, R., Dilauro, M., Gutsol, A., Xiao, F., Zimpelmann, J., et al. (2012). Podocyte-specific Overexpression of Human Angiotensin-Converting Enzyme 2 Attenuates Diabetic Nephropathy in Mice. Kidney Int. 82 (3), 292–303. doi:10.1038/ki.2012.83
 Nagata, M. (2016). Podocyte Injury and its Consequences. Kidney Int. 89 (6), 1221–1230. doi:10.1016/j.kint.2016.01.012
 Nakaya, H., Sasamura, H., Hayashi, M., and Saruta, T. (2001). Temporary Treatment of Prepubescent Rats with Angiotensin Inhibitors Suppresses the Development of Hypertensive Nephrosclerosis. J. Am. Soc. Nephrol. 12 (4), 659–666. doi:10.1681/ASN.V124659
 Nathan, D. M. (2014). The Diabetes Control and Complications Trial/epidemiology of Diabetes Interventions and Complications Study at 30 years: Overview. Diabetes Care 37 (1), 9–16. doi:10.2337/dc13-2112
 Neal, B., Perkovic, V., and Matthews, D. R. (2017). Canagliflozin and Cardiovascular and Renal Events in Type 2 Diabetes. N. Engl. J. Med. 377 (7), 2099–2657. doi:10.1056/NEJMc1712572
 Orlowski, C., Mah, L. J., Vasireddy, R. S., El-Osta, A., and Karagiannis, T. C. (2011). Double-strand Breaks and the Concept of Short- and Long-Term Epigenetic Memory. Chromosoma 120 (2), 129–149. doi:10.1007/s00412-010-0305-6
 Ouyang, L., Su, X., Li, W., Tang, L., Zhang, M., Zhu, Y., et al. (2021). ALKBH1-demethylated DNA N6-Methyladenine Modification Triggers Vascular Calcification via Osteogenic Reprogramming in Chronic Kidney Disease. J. Clin. Invest. 131 (14), e146985. doi:10.1172/jci146985
 Pagtalunan, M. E., Miller, P. L., Jumping-Eagle, S., Nelson, R. G., Myers, B. D., Rennke, H. G., et al. (1997). Podocyte Loss and Progressive Glomerular Injury in Type II Diabetes. J. Clin. Invest. 99 (2), 342–348. doi:10.1172/JCI119163
 Palmer, M. B., Abedini, A., Jackson, C., Blady, S., Chatterjee, S., Sullivan, K. M., et al. (2021). The Role of Glomerular Epithelial Injury in Kidney Function Decline in Patients with Diabetic Kidney Disease in the TRIDENT Cohort. Kidney Int. Rep. 6 (4), 1066–1080. doi:10.1016/j.ekir.2021.01.025
 Park, J., Guan, Y., Sheng, X., Gluck, C., Seasock, M. J., Hakimi, A. A., et al. (2019). Functional Methylome Analysis of Human Diabetic Kidney Disease. JCI Insight 4 (11), e128886. doi:10.1172/jci.insight.128886
 Pattaro, C., Teumer, A., Gorski, M., Chu, A. Y., Li, M., Mijatovic, V., et al. (2016). Genetic Associations at 53 Loci Highlight Cell Types and Biological Pathways Relevant for Kidney Function. Nat. Commun. 7, 10023. doi:10.1038/ncomms10023
 Porrini, E., Ruggenenti, P., Mogensen, C. E., Barlovic, D. P., Praga, M., Cruzado, J. M., et al. (2015). Non-proteinuric Pathways in Loss of Renal Function in Patients with Type 2 Diabetes. Lancet Diabetes Endocrinol. 3 (5), 382–391. doi:10.1016/S2213-8587(15)00094-7
 Rahman, M. S., Wruck, W., Spitzhorn, L. S., Nguyen, L., Bohndorf, M., Martins, S., et al. (2020). The FGF, TGFβ and WNT axis Modulate Self-Renewal of Human SIX2+ Urine Derived Renal Progenitor Cells. Sci. Rep. 10 (1), 739. doi:10.1038/s41598-020-57723-2
 Reddy, M. A., and Natarajan, R. (2015). Recent Developments in Epigenetics of Acute and Chronic Kidney Diseases. Kidney Int. 88 (2), 250–261. doi:10.1038/ki.2015.148
 Reddy, P., Ocampo, A., Suzuki, K., Luo, J., Bacman, S. R., Williams, S. L., et al. (2015). Selective Elimination of Mitochondrial Mutations in the Germline by Genome Editing. Cell 161 (3), 459–469. doi:10.1016/j.cell.2015.03.051
 Rigalleau, V., Lasseur, C., Raffaitin, C., Beauvieux, M. C., Barthe, N., Chauveau, P., et al. (2007). Normoalbuminuric Renal-Insufficient Diabetic Patients: a Lower-Risk Group. Diabetes Care 30 (8), 2034–2039. doi:10.2337/dc07-0140
 Royal, V., Zee, J., Liu, Q., Avila-Casado, C., Smith, A. R., Liu, G., et al. (2020). Ultrastructural Characterization of Proteinuric Patients Predicts Clinical Outcomes. J. Am. Soc. Nephrol. 31 (4), 841–854. doi:10.1681/ASN.2019080825
 Sapienza, C., Lee, J., Powell, J., Erinle, O., Yafai, F., Reichert, J., et al. (2011). DNA Methylation Profiling Identifies Epigenetic Differences between Diabetes Patients with ESRD and Diabetes Patients without Nephropathy. Epigenetics 6 (1), 20–28. doi:10.4161/epi.6.1.13362
 Sasamura, H., Nakaya, H., Julius, S., Tomotsugu, N., Sato, Y., Takahashi, F., et al. (2013). Feasibility of Regression of Hypertension Using Contemporary Antihypertensive Agents. Am. J. Hypertens. 26 (12), 1381–1388. doi:10.1093/ajh/hpt105
 Satake, E., Saulnier, P. J., Kobayashi, H., Gupta, M. K., Looker, H. C., Wilson, J. M., et al. (2021). Comprehensive Search for Novel Circulating miRNAs and Axon Guidance Pathway Proteins Associated with Risk of End Stage Kidney Disease in Diabetes. J. Am. Soc. Nephrol. 32, 2331. doi:10.1681/ASN.2021010105
 Schmidt, M. J., Gupta, A., Bednarski, C., Gehrig-Giannini, S., Richter, F., Pitzler, C., et al. (2021). Improved CRISPR Genome Editing Using Small Highly Active and Specific Engineered RNA-Guided Nucleases. Nat. Commun. 12 (1), 4219. doi:10.1038/s41467-021-24454-5
 Shah, M. S., and Brownlee, M. (2016). Molecular and Cellular Mechanisms of Cardiovascular Disorders in Diabetes. Circ. Res. 118 (11), 1808–1829. doi:10.1161/CIRCRESAHA.116.306923
 Shen, F., Huang, W., Huang, J. T., Xiong, J., Yang, Y., Wu, K., et al. (2015). Decreased N(6)-methyladenosine in Peripheral Blood RNA from Diabetic Patients Is Associated with FTO Expression rather Than ALKBH5. J. Clin. Endocrinol. Metab. 100 (1), E148–E154. doi:10.1210/jc.2014-1893
 Smyth, L. J., McKay, G. J., Maxwell, A. P., and McKnight, A. J. (2014). DNA Hypermethylation and DNA Hypomethylation Is Present at Different Loci in Chronic Kidney Disease. Epigenetics 9 (3), 366–376. doi:10.4161/epi.27161
 Spencer, N. Y., Yang, Z., Sullivan, J. C., Klein, T., and Stanton, R. C. (2018). Linagliptin Unmasks Specific Antioxidant Pathways Protective against Albuminuria and Kidney Hypertrophy in a Mouse Model of Diabetes. PLoS One 13 (7), e0200249. doi:10.1371/journal.pone.0200249
 Srivastava, S. P., Goodwin, J. E., Kanasaki, K., and Koya, D. (2020). Metabolic Reprogramming by N-Acetyl-Seryl-Aspartyl-Lysyl-Proline Protects against Diabetic Kidney Disease. Br. J. Pharmacol. 177 (16), 3691–3711. doi:10.1111/bph.15087
 Srivastava, S. P., Zhou, H., Setia, O., Dardik, A., Fernandez-Hernando, C., and Goodwin, J. (2021). Podocyte Glucocorticoid Receptors Are Essential for Glomerular Endothelial Cell Homeostasis in Diabetes Mellitus. J. Am. Heart Assoc. 10 (15), e019437. doi:10.1161/JAHA.120.019437
 Srivastava, S. P., Zhou, H., Setia, O., Liu, B., Kanasaki, K., Koya, D., et al. (2021). Loss of Endothelial Glucocorticoid Receptor Accelerates Diabetic Nephropathy. Nat. Commun. 12 (1), 2368. doi:10.1038/s41467-021-22617-y
 System, U.S.R.D. (2019). USRDS 2014 Annual Data Report: Cost of End-Stage Renal Disease in the United States. Michigan, United States: National Institutes of Health, National Insitute of Diabetes and Digestive and Kidney Diseases.
 Takashima, S., Fujita, H., Fujishima, H., Shimizu, T., Sato, T., Morii, T., et al. (2016). Stromal Cell-Derived Factor-1 Is Upregulated by Dipeptidyl Peptidase-4 Inhibition and Has Protective Roles in Progressive Diabetic Nephropathy. Kidney Int. 90 (4), 783–796. doi:10.1016/j.kint.2016.06.012
 Tampe, B., Tampe, D., Müller, C. A., Sugimoto, H., LeBleu, V., Xu, X., et al. (2014). Tet3-mediated Hydroxymethylation of Epigenetically Silenced Genes Contributes to Bone Morphogenic Protein 7-induced Reversal of Kidney Fibrosis. J. Am. Soc. Nephrol. 25 (5), 905–912. doi:10.1681/ASN.2013070723
 Tonolo, G., Velussi, M., Brocco, E., Abaterusso, C., Carraro, A., Morgia, G., et al. (2006). Simvastatin Maintains Steady Patterns of GFR and Improves AER and Expression of Slit Diaphragm Proteins in Type II Diabetes. Kidney Int. 70 (1), 177–186. doi:10.1038/sj.ki.5001515
 Vilkaitis, G., Suetake, I., Klimasauskas, S., and Tajima, S. (2005). Processive Methylation of Hemimethylated CpG Sites by Mouse Dnmt1 DNA Methyltransferase. J. Biol. Chem. 280 (1), 64–72. doi:10.1074/jbc.M411126200
 Wan, F., Tang, Y. W., Tang, X. L., Li, Y. Y., and Yang, R. C. (2021). TET2 Mediated Demethylation Is Involved in the Protective Effect of Triptolide on Podocytes. Am. J. Transl Res. 13 (3), 1233–1244. 
 Wanner, Ch., Inzucchi, S. E., and Zinman, B. (2016). Empagliflozin and Progression of Kidney Disease in Type 2 Diabetes. N. Engl. J. Med. 375 (4), 1801–1802. doi:10.1056/NEJMc1611290
 Wing, M. R., Devaney, J. M., Joffe, M. M., Xie, D., Feldman, H. I., Dominic, E. A., et al. (2014). DNA Methylation Profile Associated with Rapid Decline in Kidney Function: Findings from the CRIC Study. Nephrol. Dial. Transpl. 29 (4), 864–872. doi:10.1093/ndt/gft537
 Wiviott, S. D., Raz, I., Bonaca, M. P., Mosenzon, O., Kato, E. T., Cahn, A., et al. (2019). Dapagliflozin and Cardiovascular Outcomes in Type 2 Diabetes. N. Engl. J. Med. 380 (4), 347–357. doi:10.1056/NEJMoa1812389
 Worldwide Trends in Diabetes since 1980: a Pooled Analysis of 751 Population-Based Studies with 4.4 Million Participants.Lancet , 2016. 387(10027): p. 1513–1530. doi:10.1016/S0140-6736(16)00618-8
 Wu, G. J., Zhao, H. B., and Zhang, X. W. (2021). Death-associated Protein Kinase 1 Correlates with Podocyte Apoptosis and Renal Damage and Can Be Mediated by miR-361. Histol. Histopathol , 18358. doi:10.14670/HH-18-358
 Xiao, C. L., Zhu, S., He, M., Chen, fnm., Zhang, Q., Chen, Y., et al. (2018). N6-Methyladenine DNA Modification in the Human Genome. Mol. Cel 71 (2), 306. doi:10.1016/j.molcel.2018.06.015
 Yasuda, I., Hasegawa, K., Sakamaki, Y., Muraoka, H., Kawaguchi, T., Kusahana, E., et al. (2021). Pre-emptive Short-Term Nicotinamide Mononucleotide Treatment in a Mouse Model of Diabetic Nephropathy. J. Am. Soc. Nephrol. 32 (6), 1355–1370. doi:10.1681/ASN.2020081188
 Yoshida, Y., Kashiwabara, K., Hirakawa, Y., Tanaka, T., Noso, S., Ikegami, H., et al. (2020). Conditions, Pathogenesis, and Progression of Diabetic Kidney Disease and Early Decliner in Japan. BMJ Open Diabetes Res. Care 8 (1). doi:10.1136/bmjdrc-2019-000902
 Zhang, H., Nair, V., Saha, J., Atkins, K. B., Hodgin, J. B., Saunders, T. L., et al. (2017). Podocyte-specific JAK2 Overexpression Worsens Diabetic Kidney Disease in Mice. Kidney Int. 92 (4), 909–921. doi:10.1016/j.kint.2017.03.027
 Zhang, L., Zhang, Q., Liu, S., Chen, Y., Li, R., Lin, T., et al. (2017). DNA Methyltransferase 1 May Be a Therapy Target for Attenuating Diabetic Nephropathy and Podocyte Injury. Kidney Int. 92 (1), 140–153. doi:10.1016/j.kint.2017.01.010
 Zhou, W., Otto, E. A., Cluckey, A., Airik, R., Hurd, T. W., Chaki, M., et al. (2012). FAN1 Mutations Cause Karyomegalic Interstitial Nephritis, Linking Chronic Kidney Failure to Defective DNA Damage Repair. Nat. Genet. 44 (8), 910–915. doi:10.1038/ng.2347
 Zhu, S., Beaulaurier, J., Deikus, G., Wu, T. P., Strahl, M., Hao, Z., et al. (2018). Mapping and Characterizing N6-Methyladenine in Eukaryotic Genomes Using Single-Molecule Real-Time Sequencing. Genome Res. 28 (7), 1067–1078. doi:10.1101/gr.231068.117
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.
Copyright © 2021 Sugita, Hayashi, Hishikawa and Itoh. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphar-12-759299-t001.jpg
1

Epigenetic
changes

DNA methylation

Histone acetylation

Histone methylation

Epigenetic
modulators

KATS, DNMT1, DNMT3B
KLF4, DNMT1

KDMBA, KLF10, DNMT1

DNMT1
DNMT1

TET2

ALKBH1

FTO protein, ALKBHS
DNMT1

TET3

KLF4, acetylated H3K9

SIRT1

HDAC1, HDAC2
EZH2, H3K27me3

HMTs, KDMs,
H3K27me3

Target molecules

Nephrin
Nephrin, podocin, vimentin

Nephrin, podocin, WT1,
synaptopodin

Sp1, NFKB, pe5
RCAN1

NEPH1, nephrin
N6-methyladenosine
N6-methyladenosine
TGF-p1, Rasall
TGF-p1, Rasall
Nephrin

Claudin-1

EGR1

p27Kip1, RAGE

TGF-1, SNAIT
Notch ligand Jagged1

Animal models

BKS.Cg-m+/+Leprdb/J (db/db) mouse model
BALB/c mice or C57BL/6J mice

Immortalized mouse podocyte celline

db/db mice

Human podocyte primary cultures and B6/129
mice

Rat and in vitro podocyte epithelial-
mesenchymal transition (EMT) model
C57BL/6J mice, Oct4F/F (Pousf1tm1Scho) and
Myh11-Cre/ERT2 mice

Peripheral blood samples from

T2DM patients

CD1 mice

CD1 mice

BALB/c mice or C57BL/6J mice

do/db mice

C57BL/6 mice
db/db mice

R26R(l/fl reporter mice

References no

Hishikawa et al. (2019)
Hayashi et al. (2014), Hayashi
et al. (2015)

Lin et al. (2019)

Zhang et al. (2017a)
Lietal (2018)

Wan et al. (2021)
Ouyang et al. (2021)
Shen et al. (2015)

Bechtel et al. (2010)

Tampe et al. (2014)

Hayashi et al. (2014), Hayashi
etal (2015)

Hasegawa et . (2013),
Yasuda et al. (2021)

Inoue et al. (2019)

Liebisch and Wolf, (2020)

Majumder et al. (2018)

KATS, lysine acetyltransferase 5; DNMT1 & 34, DNA methylransferase 1 & 3A; KLF4, Kruppet-lke factor 4; RCANT, regulator of calcineurin 1; TET2, ten-cleven-translocation 2; ALKBH,
a-ketoglutarate-dependent dioxygenase alkB homolog; FTO proten, fat mass-and obesity-associated protein; SIRT1, Surtuin 1; HDAC 1 & 2, histone deacetylase 1 & 2; EFRI, early
arowth response 1: EZHZ2. enhancer of zeste homolog 2: HMT, hisione lysine methyitransferase; KDM, histone lvsine demethylase.





OPS/xhtml/nav.xhtml
Contents

		Cover

		Epigenetic Alterations in Podocytes in Diabetic Nephropathy		Introduction		Podocytes in Diabetic Nephropathy

		DNA Methylation Changes in Podocytes in Diabetic Nephropathy

		DNA Damage Repair in Podocytes in Diabetic Nephropathy

		Detection of DNA Damage and Epigenetic Changes in Human Samples

		Epigenetic Alterations and Metabolic Memory in Diabetes





		Discussion

		Future Directions

		Author Contributions

		Funding

		Publisher’s Note

		References









OPS/images/cover.jpg
* frontiers
in Pharmacology

Epigenetic Alterations in
Podocytes in Diabetic
Nephropathy





OPS/images/fphar-12-759299-g001.gif





OPS/images/fphar-12-759299-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
, frontiers
in Pharmacology





