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Abstract

Kidneys have a major role in normal physiology and metabolic homeostasis. Loss or impairment 

of kidney function is a common occurrence in several metabolic disorders, including hypertension 

and diabetes. Chronic kidney disease (CKD) affect nearly 10%of the population worldwide; ranks 

18th in the list of causes of death; and contributes to a significant proportion of healthcare costs. 

The tissue repair and regenerative potential of kidneys are limited and they decline during aging. 

Recent studies have demonstrated a key role for epigenetic processes and players, such as DNA 

methylation, histone modifications, noncoding (nc)RNA, and so on, in both kidney development 

and disease. In this review, we highlight these recent findings with an emphasis on aberrant 

epigenetic changes that accompany renal diseases, key targets, and their therapeutic value.

Introduction

Analyses of data from genome projects revealed that only a small portion of the transcribed 

genome encodes protein-coding RNA and most is noncoding [1–4]. ncRNA transcripts act 

alone or in concert with proteins to bring about gene regulation, which is central to the 

functional diversification of multiple cell types in higher eukaryotes [5–7]. Aberrant gene 

regulation is linked to various human pathologies in many organs and tissues during 

development as well as aging. Kidneys are important organs that help sustain the stable 

composition of blood, secrete important hormones, contribute to mineral and blood pressure 

homeostasis and so on. Recent evidence indicates that gene regulatory mechanisms 

involving both protein- and nonprotein-coding players are key for homeostatic renal function 

as well as disease [8–11]. Here, we summarize ncRNA as well as epigenetic modifications 

mediating gene regulation (Fig. 1) and mechanisms specific to mammalian kidneys during 

development, with a focus on processes that are crucial during the onset and/or progression 

of renal diseases.
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Noncoding RNAs and gene regulation

Most of the transcribed genome comprises several classes of ncRNAs, including RNAs 

involved in protein translation and ribosomal biogenesis, spliceosomal RNAs, small 

nucleolar (sno) RNAs, and relatively newly described classes of ncRNA, such as 

endogenous small ncRNAs [i.e., miRNAs, small interfering (si) RNAs, and piwi-interacting 

(pi)RNAs], long ncRNAs (lncRNAs), and circular RNAs (circRNA)]. In this review, we 

focus on the impact of the latter class of RNAs and proteins that are involved in their 

biogenesis on renal gene regulation.

RNA interference (RNAi) and the impact of small RNAs on gene regulation have been 

detailed in several excellent reviews [12,13]. Whereas small ncRNAs have important roles in 

the modulation of homeostatic gene regulation, their levels are often perturbed during 

disease conditions and, thus, they have emerged as an important tool for diagnosis and/or 

therapeutic targeting [14–16]. Small ncRNAs are an expanding universe that includes the 

prototype, miRNAs [17], and several new classes, such as agotrons [18]. miRNAs are small 

endogenous RNAs that are produced from hairpin loop-containing long primary miRNAs in 

the nucleus [19]. These are then processed into precursor miRNAs and are eventually 

processed to mature miRNAs that inhibit protein synthesis, mainly by targeting the 3′ 
untranslated region (UTR) of mRNAs. Recent studies demonstrated that some miRNAs act 

via binding to the 5′ UTR as well as coding sequences (CDS) [20,21]. Imperfect sequence 

complementarity of miRNA binding to target mRNA sequence leads to translational 

repression and/or mRNA degradation via deadenylation and exonucleolytic decay. Canonical 

miRNA biogenesis requires the action of RNase III class enzymes, such as nuclear Drosha 

and nucleocytoplasmic Dicer. An alternative biogenesis pathway involves mirtrons that 

bypass Drosha and utilizes splicing to generate pre-miRNAs [22].

miRNAs in kidney development and homeostasis

Several independent studies have revealed the role of mature miRNAs in podocyte 

homeostasis [23–26]. Conditional deletion of Dicer in the podocytes of murine kidneys via 

NPSH2 (Podocin) promoter-driven Cre recombinase resulted in glomerular abnormalities, 

wasting, and proteinuria, ultimately leading to death resulting from kidney failure with 

associated glomerulosclerosis and fibrosis [23–25]. Several miRNAs belonging to the 

miR-30 family [23,25] as well as miR-23b, -24, and -26a [24], were found to be 

downregulated in Dicer-conditional knockout (cKO) glomeruli. Dicer deletion was 

accompanied by a concomitant upregulation of mRNAs with target sequences of the miR-30 

family, such as Vimentin (Vim), Advanced glycosylation end-product-specific receptor 

(Ager), and Heat-shock protein 20 (Hsp20) [25]. Inducible loss of Drosha in postnatal 

kidneys recapitulated the phenotype of podocyte-specific Dicer-deficient kidneys, including 

proteinuria and renal failure [26].

The small RNA pathway appears to have an important role in the survival of the progenitor 

population during nephrogenesis [27,28]. Loss of Dicer in early metanephric mesenchyme 

resulted in severe renal dysgenesis partly because of the premature loss of Cbp/p300-

interacting transactivator with Glu/Asp-rich carboxy-terminal domain 1 (Cited1), a key 
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transcription factor involved in kidney development, as well as increased levels of the 

proapoptotic protein Bim [28]. By contrast, perturbation of miRNA biogenesis in the 

ureteric bud derivatives, via targeting either Dgrc8, a Drosha-associated protein component 

of the nuclear miRNA microprocessor complex, or Dicer, led to the development ofcystic 

and hydronephrotic phenotypes [27,29–31]. Deletion of Dicer expression in paired box 8 

(Pax8)-expressing cells led to glomerulocystic disease. Downregulation of beta-catenin and 

upregulation of glycogen synthase kinase 3β (GSK3β) levels were also observed [32]. Two 

recent studies reported profound effects of Dicer deletion in Foxd1+ progenitor cells, which 

give rise to renal stroma during development [33,34]. Loss of Dicer in renal stromal 

progenitors resulted in the disruption of their patterning, nephrogenesis, and abnormal 

podocyte differentiation and vascular patterning [33]. Among a list of miRNAs that were 

downregulated in Dicer-deficient stromal cells, miR-214, -199a-5p, and -199a-3p had been 

previously shown to regulate stromal cell functions ex vivo, including WNT pathway 

activation, migration, and proliferation. Phua et al. [34] reported dysregulated apoptosis via 

increased proapoptotic proteins, such as Bim, in Dicer-deficient Foxd1+ progenitor cells, 

leading to defects in nephrogenesis and vascular patterning. Although Dicer function was 

linked to its miRNA maturation functions in most of these studies, miRNA-independent 

functions of Dicer might also have a role in the observed phenotypes [35]. A single study of 

the role of the miR-17∼92 cluster during kidney development indicated that, although 

nephron-lineage specification was unaltered in the absence of miR-17∼92, nephron 

progenitor proliferation was severely affected, resulting in a reduced number of nephrons 

[36]. As a result of nephron-specific loss of miR-17∼92 function, renal disease akin to 

chronic kidney disease (CKD) manifested as early as 6 weeks of age. Future studies are 

required to pinpoint the role of an array of small RNAs in kidney development and 

homeostasis using loss- and gain-of-function approaches.

Modulation of miRNAs in renal fibrosis

Several studies have demonstrated that levels of miRNAs are altered in various renal 

diseases and, in many cases, they have a causative role in the pathophysiology of the disease. 

Several key miRNAs have emerged as potential biomarkers (Table 1) and/or therapeutic 

targets (Table 2). CKD is common and is associated with high morbidity and mortality 

worldwide. In the USA in 2014, CKD had a prevalence of 14.8%, with a Medicare spending 

of more than US$50 billion for adults aged 65 years and older (www.usrds.org/adr.aspx). 

Common diseases, such as diabetes, hypertension, obesity, and cardiovascular syndrome, are 

important risk factors for CKD. Irrespective of the nature of the initial insult, renal fibrosis is 

a common occurrence in CKD and several decades of research have indicated that 

transforming growth factor beta (TGF-β) has a crucial role in this process. The expression of 

several miRNAs is altered during pathological renal fibrosis. miR-214 and miR-21 were 

found to be upregulated during renal damage in multiple models of renal injury [37]. 

Functional studies indicated that miR-214 and miR-21 are key players in renal fibrosis, as 

demonstrated by the finding that a deficiency of genes encoding miR-214 and miR-21 led to 

a 93% and 75% reduction in the fibrotic phenotype, respectively, in a mouse model of renal 

fibrosis following unilateral ureteral obstruction (UUO) [38]. Furthermore, subcutaneous 

delivery of anti-miR-214 recapitulated the effect of miR-214 deficiency during renal fibrosis 
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(86% relative to control anti-miR). In another study, miR-21 was found to be highly 

enriched in fibrotic kidneys in mouse models of fibrosis as well as in human transplant 

kidneys with nephropathy [39]. In this study, ablation of miR-21 expression via either a gene 

KO strategy or antago-miR led to a reduction in kidney fibrosis. Peroxisome proliferator-

activated receptor-α (PPAR-α) was found to be a direct key target of miR-21 in renal 

fibrosis models and effects of antagomiR-21 were abrogated upon PPAR-α deficiency, 

thereby linking miRNA-mediated repression of lipid metabolism to fibrosis [39]. This is in 

agreement with recent studies linking altered lipid metabolism to renal injury and fibrosis 

[40,41]. However, in a mouse model of diabetic nephropathy (DN), deletion of miR-21 

exacerbated the disease phenotype via increased glomerular injury [42], suggesting that 

miR-21 has a distinct role in different cell types; thus, a more comprehensive understanding 

is required for effective therapeutic targeting of miR-21 in CKD.

The expression of several miRNAs is downregulated by TGF-β, a potent profibrotic factor. 

In an UUO model of kidney fibrosis, miR-29 family members (miR-29a/b/c) were identified 

as key miRNAs that were downregulated by TGF-β signaling in a SMAD family member 3 

(Smad3)-dependent manner [43]. In in vitro cultures of renal tubular epithelial cells, 

overexpression of miR-29 effectively inhibited TGF-β-induced expression of Collagen-I and 

-III. Similarly,Wang et al. [44] observed that TGF-β1 treatment downregulated miR-29a/b/c 

in renal proximal tubular epithelial cells (NRK52E), primary mesangial cells, as well as 

human conditionally immortalized podocytes, with a concomitant increase in the levels of 

extracellular matrix (ECM) proteins. Overexpression of miR-29a/b/c in both RPTEC cells 

and podocytes led to the downregulation of ECM genes, such as those encoding Collagen-I 

and Connective tissue growth factor (CTGF), at both the RNA and protein level. In support 

of this observation, administration of renoprotective agents, such as a Rho-associated protein 

C kinase (ROCK) inhibitor, restored the levels of miR-29 in a mouse model of renal fibrosis 

[44]. Levels of miR-29c in urinary exosomes negatively correlated with renal fibrosis in 

lupus nephritis, highlighting the potential of miR-29c as a non-invasive biomarker [45]. 

Lower urinary levels of miR-29 family members, miR-29b and miR-29c, correlated well 

with proteinuria and renal function in patients with IgA nephropathy (IgAN) [46].

TGF-β-induced tissue fibrosis often entails epithelial to mesenchymal transition (EMT) and 

several reports have suggested a key role for miRNAs in this process. In human cancer cell 

lines, miR-200 family members were downregulated during EMT induced by TGF-β [47], 

whereas overexpression of miR-200 family members as well as miR-205, another miRNA 

that is significantly downregulated by the TGF-β pathway, was sufficient to prevent EMT 

via modulation of the transcriptional repressors, ZEB1 and ZEB2 [48]. Similar 

downregulation of miR-200 family members was reported in animal models of renal fibrosis 

as well as in cultured renal epithelial cells. In NRK52E cells, treatment with either TGF-β1 

or TGF-β2 reduced the expression of three members of the miR-200 family: miR-200a, 

miR-200b, and miR-200c. Overexpression of either miR-200a or miR-141 resulted in a 

decrease in the ECM genes encoding Collagen I (ColI), Fibronectin (FN), and alpha smooth 

muscle actin (aSMA), indicating that these miRNAs act as a cellular break against the 

fibrotic pathway [49]. miR-200a and miR-141 were also found to be downregulated in 

another widely used mouse model of renal fibrosis following UUO [50]. Similarly, 

miR-130b was downregulated by TGF-β [51] and its levels negatively correlated with 
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tubulointerstitial fibrosis and Snail expression, as well as with serum creatinine and 

proteinuria [52]. Studies have also indicated that TGF-β can positively modulate the 

expression of miRNAs during renal fibrosis. Expression of miR-192 was upregulated in 

mesangial cells both in vitro, upon treatment with TGF-β [53], and in vivo in mice 

glomeruli in diabetic milieu [54]. Feedforward regulation of TGF-β expression by miR-192 

was also observed [53]. In proximal tubular epithelial cells, the converse has been reported 

[55]. Thus, miR-192 has a role in the regulation of the TGF-β pathway and in a cell type and 

stage-specific manner in DN. In addition, miR-192 modulates several miRs, including 

miR-216a, -217, and -200b/c, as an amplifier of TGF-β action [56].

Detailed mechanisms and roles of the above miRNAs in renal fibrosis have been reviewed in 

detail elsewhere, including the vital role of TGF-β signaling in this process [57–59]. Recent 

studies have suggested that, akin to lower eukaryotes, there is evidence for cell to cell 

transfer of miRNA in vertebrates [60]. Whether similar interactions occur between different 

renal cell types during fibrosis and the cellular proteins that might be involved in this 

process remain to be studied. However, miRNAs have been discovered in urinary exosomes 

[61,62], one of the component pathways involved in intercellular communication. Detailed 

evaluation of these exosomes for miRNA and their mRNA targets will offer mechanistic 

insights into exosome biogenesis and sorting in renal pathologies. In addition to renal 

fibrosis in the context of DN, the role of ncRNAs in other chronic renal diseases, such as 

IgAN, lupus nephritis, polycystic kidney disease (PKD), hypertensive nephrosclerosis, and 

renal transplant nephropathy, is increasingly appreciated and detailed elsewhere [8,11,63–

66].

miRNAs as biomarkers and therapeutic targets in acute kidney injury

The cellular abundance of several miRNAs is altered during acute kidney injury (AKI), a 

debilitating disorder associated with an increased rate of morbidity and mortality, especially 

in the intensive care setting. miRNAs are emerging as potential biomarkers and therapeutic 

targets for AKI. In a miRNA profiling study, miR-21, miR17-5p, and miR-106a were found 

to increase during renal ischemia-reperfusion injury (IRI)-mediated AKI [67]. Interestingly, 

these miRNAs also marked maintenance and repair phases following injury, suggesting their 

potential utility for AKI prognosis and risk stratification. ncRNAs that showed promise as 

AKI biomarkers have been summarized in Table 1.

miRNAs also modulated the outcomes of AKI in murine models, thereby presenting 

potential therapeutic avenues (Table 2). Postnatal loss of Dicer specifically in renal proximal 

tubular epithelial cells in mice showed no apparent pathology, but these mice were 

surprisingly resistant to IRI induced renal injury (IRI) [68]. In this mouse model, cKO of 

Dicer in proximal tubular cells using phosphenolpyruvate carboxy kinase (PEPCK) 

promoter-driven Cre recombinase led to protection from renal injury, with less apoptosis and 

tissue damage and better survival. The findings suggested a pathogenic role for Dicer and 

associated miRNAs that require Dicer-mediated processing during their biogenesis in the 

settings of AKI. Several subsequent studies involving the perturbation of individual miRNAs 

during AKI revealed distinct effects suggesting that miRNAs in general adversely affect the 

pathophysiology of the disease, corroborating the Dicer cKO study.
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A recent study elucidated the protective effects of downregulating miR-150 in mouse models 

of AKI [69]. In this study, genetic deletion of miR-150 conferred renoprotection in both 

myocardial infarction-induced AKI as well as a bilateral renal IRI model, via restoration of 

RNA and protein levels of insulin-like growth factor 1R (IGF1R) and concomitant cellular 

survival following injury. In a detailed study by Lorenzen et al. [70], the level of miR-24 was 

found to increase in tubular epithelial as well as endothelial cells following AKI, leading to 

cellular death. The well-known tissue-protective protein heme-oxygenase (Hmox1) was 

identified as a direct target of miR-24. In a mouse model of AKI, antagnosim of miR-24 

using locked nucleic acid (LNA) ameliorated renal injury when administered 24 h before the 

induction of injury.. miR-494 is another miRNA that impacts cell survival and death 

following AKI [71]. Activating transcription factor 3 (ATF3), a key molecule regulating cell 

survival following stress, is a direct target of miR-494 that is upregulated during AKI. 

Antagonism of miR-494 following lentiviral-mediated delivery of antisense miR-494 

relieved ATF3 repression and conferred renoprotection in a mouse model of AKI.

Several miRNAs that target phosphatase and tensin homology (PTEN) protein have been 

implicated in the pathophysiology of AKI. Of these, miR-21 was upregulated by xenon 

preconditioning and conferred renoprotection against lipopolysaccharide-induced AKI via 

PTEN downregulation [72]. By contrast, in an ischemic AKI model, another PTEN 

modulator, miR-687, was upregulated in a hypoxia inducible factor-1 alpha (HIF-1α)-

dependent manner and LNA-mediated blockade of miR-687 relieved PTEN repression and 

conferred renoprotection [73]. In light of the study on miR-687 mediated PTEN modulation 

revealing a protective role of PTEN [73] and the role of miR-21 in promoting renal fibrosis 

[39], the therapeutic effectiveness and duration of miR-21 supplementation either directly or 

via xenon pretreatment in AKI settings remain to be addressed. Together, the miRNA studies 

have furthered our understanding of the complex pathophysiology of AKI, especially 

identifying key signaling nodes for therapeutic targeting and potential non-invasive 

biomarkers. Further studies could provide a more complete understanding of the temporal 

effects of miRNA induction, including any protective effect during AKI.

Long noncoding RNAs in renal disease

lncRNAs are >200 nucleotides long, and are transcribed from a diverse array of genomic 

loci, including repeat regions, promoters, introns, and intergenic regions [74,75]. Recent 

large-scale genome-wide identification of lncRNA loci was aided by localizing intergenic 

regions that have chromatin features (i.e., high promoter H3K4me3 and H3K36me3 across 

the gene length, ‘K4–K36 domain’) similar to that of actively transcribed genes [76]. 

ncRNAs originating from these intergenic regions are referred to as long intergenic ncRNA 

(lincRNA). Although most lncRNAs are not highly conserved, they have been shown to have 

important cellular functions. Although this review focuses on lncRNAs that have roles in 

transcriptional and post-transcriptional roles, lncRNAs, such as nuclear-enriched autosomal 

transcript 1 (NEAT1), serve as structural determinants of subnuclear bodies, such as 

paraspeckles [77]. Well-characterized lncRNAs that function in transcriptional regulation 

include Xist, H19, KCNQ1ot1, Hotair, and Repeat A (RepA). Several studies have 

elucidated distinct mechanisms by which lincRNAs regulate gene expression, although a 

complete understanding is yet to be achieved [78]. Many lncRNAs were shown to interact 
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with chromatin modifiers, such as Ezh2, a H3K27 methyltransferase, to bring about 

repressive chromatin modifications. RepA, a lncRNA involved in X chromosome 

inactivation (XCI),interacts with and recruits Ezh2 to the X chromosome during the 

initiation of XCI in the course of early embryonic development [79]. Apart from mediating 

Ezh2-dependent repressive chromatin modifications, a repressive function of lncRNA by 

direct inhibition of RNA polymerase elongation has also been demonstrated. During cellular 

response to heat-shock stress, lncRNA B2 SINE RNA directly binds RNA polymerase II, 

leading to a transcriptional pause [80]. A recent study reported that such a transcriptional 

pause brought about by lncRNA B2 was relieved at certain loci that encode stress-response 

genes in a histone methyltransferase-independent function of Ezh2 via modulation of B2 

lncRNA stability [81]. Thus, lncRNAs appear to be a component of both positive and 

negative gene regulation mediated by Ezh2. Although lncRNA transcripts themselves have 

functional roles in gene regulation, recent evidence also indicates that transcription at 

lncRNA loci, enhancer activity, and splicing can also have important roles in the gene 

regulation of neighboring genes [82]. Transactivation functions of lncRNAs were observed 

in the case of Staufen1 (STAU1)-mediated mRNA decay (SMD) [83]. During SMD, 

translationally active mRNAs are degraded via target mRNA binding by the RNA-binding 

protein STAU1, and lncRNAs named ‘half-STAU1-binding site RNAs’ (1/2-sbsRNAs) were 

found to transactivate this process. Furthermore, some lncRNAs act as miRNA sponges, 

leading to derepression of miRNA target genes, as in the examples cited below. Following is 

a summary of the roles of a few lncRNAs in renal disease.

Besides regulating the expression of small RNAs, TGF-β also modulates the levels of 

lncRNAs in renal cell lineages. TGF-β upregulated the imprinted lncRNA, H19, in the renal 

tubular epithelial cell line, HK2, as well as in the kidneys in mouse models of renal fibrosis 

[84]. RNAi-mediated knockdown of lncRNA H19 effectively abrogated an increase in ECM 

gene expression both in vivo and in vitro. In these models, lncRNA H19 acts as a sponge 

and sequesters miR-17, thereby relieving the repression of miR-17 targets, such as 

Fibronectin and Fibronectin type-III domain containing 3A (FNDC3A) [84]. Genome-wide 

analysis of ncRNA expression in kidneys from Smad3-KO and wild-type mice during UUO 

and antiglomerular basement membrane glomerulonephritis revealed that 21 lncRNAs were 

co-expressed in both these models and were regulated by Smad3. Among these, the 

promoters of ncRNAs (np_17856 and np_5318) were found to have conserved binding sites 

and enrichment of Smad3. Furthermore, the expression of these RNAs was enhanced in 

experimental models of CKD and reliant on the presence of Smad3 [85].

lncRNAs are emerging as important players in the pathophysiology of DN. A recent study 

identified a lncRNA, lnc-MGC, that hosts a megacluster of miRNAs (miR-379–3072) and is 

differentially upregulated in diabetic kidneys via the endoplasmic reticulum (ER)-stress 

response pathway [86]. LNA-mediated silencing of lnc-MGC resulted in reduced levels of 

the host lncRNA as well as the associated miRNA cluster, leading to attenuation of 

profibrotic gene expression, ECM deposition, and hypertrophy. In another recent study, 

lncRNA taurine upregulated gene 1 (Tug1) was implicated in the pathobiological response 

of podocytes in diabetic milieu. Tug1 was repressed in podocytes from diabetic mice with 

concomitant downregulation of PGC-1α and its pathway genes and, consequently, 

mitochondrial bioenergetics [87]. Ex-pression of Tug1 appears to confer tissue protection 
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because its overexpression prevented apoptosis and enhanced cellular function following 

liver injury in a transplant model [88].

In an unbiased profiling study to identify lncRNAs that are modulated during renal tubular 

epithelial cell responses to hypoxia and inflammatory stimuli, Lin et al. [89] identified 

several differentially expressed lncRNAs. Of these, modulation of MIR210HG, linc-

ATP13A4-8, and linc-KIAA1737-2 abundance was confirmed in human tubular epithelial 

cells isolated from transplant biopsies as well as in epithelial cells exposed to plasma from 

patients with sepsis [89]. Although a specific role for these lncRNAs has not been attributed, 

pathway and loci analyses were indicative of their involvement in biological pathways 

related to cellular stress and inflammatory response. A recent study identified a lncRNA, 

Psoriasis susceptibility related-RNA gene induced by Stress (PRINS), as a promoter of 

regulated on activation, normal T cell expressed and secreted (RANTES) expression in 

hypoxic renal tubules [90]. Among several differentially modulated lncRNAs identified in a 

qPCR array methodology, PRINS was shown to transactivate RANTES expression. 

However, the in vivo role of PRINS in the kidney is yet to be demonstrated.

Several lncRNAs have been identified as potential biomarkers of renal transplant rejection 

[91–93]. The abundance of three intergenic lncRNAs (LNC-MYH13-3:1, 

RP11-395P13.3-001, and RP11-354P17.15-001) was strongly altered in the urine of patients 

with acute rejection [92]. Of these, RP11-354P17.15-001 was induced in epithelial cells by 

the proinflammatory cytokine, interleukin 6 (IL-6), whose level correlated with higher 

decline in renal filtration function 1 year post transplantation and level declined with anti-

rejection therapies. The same group also identified an intronic lncRNA, Transcript 

predicting Survival in AKI (TapSAKI) as a predictor of mortality in critically ill patients 

with AKI [93]. In a study assessing the expression of inactive X-specific transcripts (XIST), 

a lncRNA involved in female X chromosome inactivation, XIST was found to be a potential 

urinary biomarker of membranous nephropathy [94]. Glomerular nephritis-associated 

change in XIST levels was observed only in female patients, whereas XIST transcripts were 

less abundant and unaltered in males. A recent study reported that the lncRNA, Activated by 

TGF-β (ATB), is a promising biomarker in predicting acute rejection of renal allografts 

[94]. Interestingly, lncRNA ATB had been previously shown to be a competing endogenous 

RNA for miR-200.

Understanding of the role of lncRNAs in other renal diseases, especially in renal cell 

carcinoma, is rapidly expanding and several excellent studies and reviews have been 

published on this topic [95–98].

Epigenetic alterations in kidney diseases

The precise and coordinated expression of genes in defined cellular niches is crucial during 

the development of various tissues, including kidneys, as exemplified by iterative reciprocal 

inductive morphogenesis patterns dictated by differential gene expression in distinct cell 

lineages in the developing mammalian kidneys. Gene regulation during organism 

development and homeostasis is a complex process that is precisely controlled by various 

stimuli and via access of transcriptional machinery and transcription factors to the genome 
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in multiple cell types. This access is mediated mostly via covalent modifications of both 

DNA and histones, which tightly pack DNA through nucleosomes. Methylation of DNA at 

the fifth position of cytosine in CpG dinucleotides is one of the key regulators of gene 

repression during mammalian embryonic development via prevention of access to 

transcription factors to target promoters. Compared with lower eukaryotes, the human 

genome is relatively CpG depleted, with 2.8 ×107 CpGs. Of these, CpG islands that are 

generally associated with promoters, 3′UTRs, and first exons of protein-coding genes are 

unmethylated except at a few developmental and pluripotency associated genes. Most other 

CpGs that are spread across the genome (60-80%) are commonly found in a methylated state 

[99]. Availability of transcription factors and local chromatin structures are key determinants 

of cell type-specific gene expression programs, and the methylation of CpGs across the 

genome offers an efficient way for cell types to remember the transcriptional programs 

during replication, along with certain other factors. The mammalian DNA 

methyltransferases, Dnmt3a, Dnmt3b, and Dnmt1, establish and maintain DNA methylation 

at distinct regions of the genome and have nonoverlapping functions. Dnmt1 and Dnmt3b 

global KO mice die before term. Dnmt1 KO leads to early lethality at embryonic day (E)9.5 

shortly after gastrulation and before the development of the kidney [100]. Dnmt3b KO in 

mice is embryonically lethal, with mortality occurring around E14.5–18.5 because of 

multiple developmental defects, including growth impairment and rostral neural tube defects 

[101]. Although Dnmt3a-KO mice had reduced DNA methylation, newborns were of normal 

appearance at birth, but died within the first month and were runted. In humans, mutations of 

DNMT3b cause Immunodeficiency, Centromeric instability, and Facial anomalies syndrome 

(ICF) [102].

Following genome-wide methylation analyses of fibroblasts from fibrotic human kidneys, 

Bechtel et al. [103] showed that epigenetic silencing via cytosine methylation at the CpG 

island of RAS protein activator-like 1 (RASAL1), a member of the RAS-GAP family, was a 

key molecular event in renal fibrosis. In a mouse model of renal fibrosis induced by folic 

acid administration, Rasal1 was hypermethylated in a Dnmt1-dependent manner and 5′-aza-

cytidine, a DNA methylation inhibitor, effectively decreased fibroblast activation and 

accumulation of type I collagen (Col1A1) as well as α-SMA-positive myofibroblasts. 

Furthermore, production of α-SMA and Col1A1 as well as proliferation was attenuated in 

fibrotic fibroblasts upon treatment with 5′-azacytidine. RNAi-mediated silencing of Rasal1 
in vitro in cultured fibroblasts also led to phenotypic effects similar to those observed by 

DNA methylation-mediated gene silencing as well as hyperactive Ras signaling. More recent 

studies point to the role of Ten-eleven translocation methylcytosine dioxygenase (Tet) family 

proteins, specifically Tet3 in DNA demethylation at the Rasal1 promoter, during the reversal 

of renal fibrosis mediated by bone morphogenetic protein 7 (Bmp7) [104]. In this study, Tet3 

expression was downregulated in many mouse models of experimentally induced renal 

fibrosis, with the expression levels of other members of the Tet family, Tet1 and Tet2, 

remaining unchanged relative to the controls.These studies indicate a role for DNA 

demethylation at specific promoters and regulatory regions; specifically, changes in DNA 

methylation at the Rasal1 promoter might be useful as a biomarker of renal fibrosis and 

other chronic renal diseases, as well as reporters of effective therapy.
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Another interesting epigenetic regulation of gene expression in kidneys has been 

demonstrated in the case of the antiaging gene Klotho, which is abundantly expressed in 

kidneys and is a major source of the circulating form of the protein. Azuma et al. [105] 

demonstrated that DNA methylation has a crucial role in conferring kidney-specific 

expression of Klotho. Interestingly, Klotho expression is attenuated during acute and chronic 

kidney disease and, in the latter, a role for DNA hypermethylation has been demonstrated. In 

a mouse model of CKD induced by administration of protein-bound uremic toxins, the 

Klotho promoter was hypermethylated, leading to decreased gene expression, and was 

reversed by the DNA methyltransferase inhibitor, 5′-azacytidine [106]. Furthermore, 

renoprotective agents against renal fibrosis and/or CKD, such as Rhein, a plant-derived 

anthraquinone, reversed DNA hypermethylation-mediated epigenetic silencing of Klotho 

during fibrosis [107]. In addition to DNA methylation-mediated regulation, the Klotho gene 

is subject to chromatin modification-mediated epigenetic silencing. An increase in H3K9 

methylation, a repressive histone modification mark,was observed during Klotho silencing 

[108]. Renal fibrosis was accompanied by an increase in the expression of G9a, a key H3K9 

methyltransferase, and by enrichment of H3K9 monomethylation marks at the Klotho 
promoter, which could be erased by BIX01294, an inhibitor of G9a [109]. Such erasure of 

H3K9 monomethyl marks restored Klotho expression and conferred protection in a mouse 

model of renal fibrosis. Besides methylation, repressive chromatin modification brought 

about by histone deacetylases is emerging as a potential target in the treatment of fibrosis. In 

a mouse model of DN, RNAi-mediated silencing of histone deacetylase 9 (HDAC9) 

attenuated glomerulosclerosis, inflammatory cytokine release, podocyte apoptosis, and renal 

injury [110]. Similarly, inhibitors of sirtuin 1 (Sirt1) and sirtuin 2 (Sirt2), members of the 

well-known sirtuin class of histone deacetylases, alleviated renal fibrosis and lessened ECM 

deposition [111].

There is increasing evidence for permissive chromatin alterations at the promoters of ECM 

genes during renal fibrosis. Treatment of rat mesangial cells with TGF-β led to enrichment 

of H3K4 mono-, di-, and trimethylation marks, with a concomitant decrease in repressive 

H3K9 di- and trimethylation levels in their promoters and an increase in mRNA levels of the 

H3K4 monomethyltransferase, Set7/9 [112]. Interestingly, TGF-β-modulated recruitment of 

Set7/9 to ECM gene promoters can be effectively blocked by TGF-β-specific antibodies. 

Furthermore, siRNA-mediated knockdown of Set7/9 resulted in reduced global levels of 

H3K4me1 and TGF- β-induced ECM gene levels. The role of histone modifications in 

regulating the expression of yet another modulator of renal fibrosis, thioredoxin-interacting 

protein (TxnIP), has been demonstrated. In DN, there is dysregulation of the antioxidant 

pathway mediated by TxnIP [113]. A recent study indicated that diabetic milieu-induced 

increased TxnIP expression in mesangial cells is associated with an increase in permissive 

histone marks, such as H3K9ac and H3K4me, and a decrease in H3K27me at the TxnIP 

promoter [114]. Together, these reports point to important roles of modulators of the 

epigenetic state in defining the outcome of kidney fibrosis and/or CKD in vitro and in vivo. 
In a study by Badal et al. [115], an intersection of miRNAs and chromatin remodeling was 

observed in podocytes. miR-93 was downregulated in podocytes under high glucose 

conditions, leading to elevated levels of its target, mitogen and stress-activated kinase 2 

(Msk2), a histone kinase that phosphorylates H3 serine 10 [115]. Whereas exogenous 
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supplementation of miR-93 showed therapeutic promise in slowing the progression of DN, 

further studies are required to fully understand the kinetics of H3S10 phosphorylation and its 

target genes that escape repression during DN.

In acutely injured kidneys, there are only a few studies of the role of DNA methylation in 

regulating gene expression, with initial reports arising from transplant kidneys that sustain 

ischemic injury. Mehta et al. [116] reported that the Calcitonin A (Calca) gene promoter was 

hypermethylated in cells obtained from the urine of transplant patients with biopsy-proven 

acute tubular necrosis compared with healthy controls. More recently, levels of the DNA 

demethylases, Tet1 and Tet2, were found to be downregulated in kidneys that underwent 

AKI, although a biological role for these enzymes in regulating gene expression during AKI 

has not yet been demonstrated [117]. We have just begun to understand the robust chromatin 

modifications that acutely injured kidneys undergo. One of the first studies of chromatin 

alterations during AKI showed the involvement of the chromatin remodeling factor, SWI/

SNF-related, matrix-associated, actin-dependent regulator of chromatin, subfamily a, 

member 4 (BRG1), a transcriptional coregulator during stress-induced expression of 

proinflammatory genes, tumor necrosis factor alpha (TNF-α), and monocyte 

chemoattractant protein (MCP-1) in human tubular epithelial cells. Silencing of BRG1 

attenuated RNA polymerase II promoter occupancy with a concomitant reduction in the 

expression of these proinflammatory genes [118]. In a study by Mar et al. [119], time-

dependent changes in chromatin modifications at select gene loci following ischemic or 

endotoxemic AKI or a combination of both were elucidated. AKI-induced expression of 

proinflammatory genes, such as those encoding TNF-α, and of kidney injury markers, such 

as neutrophil gelatinase-associated lipocalin (Ngal) and kidney injury molecule 1 (Kim-1), 

was associated with broad enrichment of permissive histone modifications, RNA polymerase 

II recruitment, and diminution of repressive marks at these loci. Several studies have pointed 

to the impact of permissive histone acetylation marks and the protein players involved in 

maintaining the balance between open and closed chromatin structures by such marks in 

response to AKI. Activating transcription factor 3 (ATF3), a known transcriptional repressor 

that attenuates the expression of the proinflammatory genes encoding IL-6 and IL-12b 

(IL-12b) during AKI is shown to mediate its action via interacting with histone deacetylase 1 

(HDAC1), resulting in gene repression via H4 deacetylation [120]. Recently, p300/CBP-

associated factor-1 (PCAF-1), a histone acetyltransferase, was shown to be upregulated 

during endotoxemic AKI, mediating expression of proinflammatory genes, such as those 

encoding vascular adhesion molecule1 (VCAM-1) and MCP-1, via increased H3K18 

acetylation [121]. Similarly, HDAC inhibitors, such as phenylthiobutanoic acid (PTBA), 

have proven to be beneficial in accelerating recovery following AKI and in reducing 

postinjury fibrosis in murine models of AKI [122]. Studies thus far indicate that AKI-

induced alteration of histone acetylation is deleterious in general, because many of these 

acetylated loci tend to be on proinflammatory genes. However, a genome-wide profiling of 

chromatin modifications approach following ChIP-seq will help gain a better understanding 

of the complex dynamics of histone acetylation and methylation status in modulating the 

cellular response to kidney injury.
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Concluding remarks and outlook

Our understanding of the epigenetic regulation of renal gene expression during homeostasis 

and disease is rapidly evolving. These studies have shed new light on the pathobiology of 

kidney diseases, increasing the plethora of avenues for early detection as well as therapeutic 

targeting. Encouraging findings from an increasing number of small animal studies that 

target aberrant epigenetic changes that are deleterious to the outcome of renal injury and/or 

causative of renal diseases point towards attractive future therapies. Significant promise is 

seen in the context of both small and long ncRNAs as potential biomarkers of kidney injury. 

A combination of protein and ncRNA biomarkers could improve the prognosis of renal 

disease, such AKI, which has not been possible thus far. Future promises and challenges lie 

in understanding and integrating the vast knowledge of temporal genome-wide chromatin 

changes that occur during renal homeostasis and disease as well as identifying precise roles 

of small and long ncRNAs and epigenetic protein players to devise effective therapies 

against several kidney diseases that currently lack targeted therapeutic avenues.
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Figure 1. 
Gene regulation by non-coding RNA and epigenetic modifications.

(a) Mechanisms involving chromatin modifiers and ncRNAs. (i) miRNAs, long (l)ncRNA 

and mRNAs are transcribed in the nucleus by RNA polymerases. Based on sequence 

homology, (ii) miRNAs incorporated into miRISC can regulate the levels of mRNAs of 

chromatin modifier proteins and lncRNAs by either target degradation or translational 

repression, resulting in the silencing of target gene expression. lncRNAs and epigenetic 

and/or chromatin modifiers [writers, such as DNA methyl transferases (Dnmts), histone 

acetyl transferases (HATs), and histone methyl transferases KMTs; readers, such as 

Bromodomain-containing proteins (e.g., Brd4) and chromo domain-containing proteins 

(e.g., HP1); and erasers, such as lysine demethylases (Kdms), and histone deacetylases 

(HDACs)] can regulate the establishment or maintenance of gene repression (iii) or 

activation (iv) at specific loci alone or in combination, by selective incorporation or removal 

of post-translational modifications on histone substrates, thereby maintaining preferential 

access to transcriptional machinery. (b) Well-characterized post-translational modifications 

(PTMs) on N-terminal tails of core histones (H2A, H2B, H3, and H4). Acetylation (Ac) and 

methylation (Me) on lysine (K) and arginine (R). Modifications predominantly found at 

active genes are indicated in green and silenced genes in red.
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