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A b s t r a c t: Epigenetics is the study of changes in gene expression that occur 
without changes in DNA sequence. These reversible modifications include DNA methyla-
tion, histone acetylation and RNA interference. Epigenetic changes are fundamental for the 
regulatory physiological processes that regulate gene activity; therefore, these changes are 
altered in response to environmental factors or disease states, but, in many circumstances, 
they are also believed to contribute to disease occurrence and progresssion. So far, studies of 
the epigenome have been scarce in nephrology. However, there is evidence that in the ure-
mic milieu, several features such as inflammation, dyslipidaemia, hyperhomocysteinaema, 
oxidative stress as well as vitamin and nutritional deficiencies may affect the epigenome, 
and impact patient outcome. The present review describes the current knowledge on epige-
netic alterations in the course of various kidney disease states. Although the science of epi-
genetics is still in its infancy, it seems that it may help elucidate the pathogenic mechanisms 
in uraemia, and allow novel treatment strategies to be developed. 
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Introduction 
 

The term ‘epigenetics’ refers to mechanisms that initiate and maintain 
changes of gene expression and gene function without changing the sequence of 
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the genome [1, 2]. In eukaryotes, DNA is packaged into chromatin, a complex 
which, apart from DNA, consists of histone and non-histone proteins. The 
accessibility of chromatin is essential for gene expression, and is considerably 
regulated by the epigenetic status. Epigenetic regulation of gene expression in-
volves postreplicative DNA methylation, RNA interference, and posttransla-
tional histone modifications. Epigenetic modulation of gene expression often re-
sults from environment–gene interactions. It leads to heritable (through cell di-
vision), but potentially reversible, changes in production of the final protein 
product of the gene. Studies of various species have shown that epigenetic 
control is critical for the normal function of the genome and that its alterations 
may promote disease [3]. 

Among epigenetic modifications, DNA methylation has attracted most 
interest due to the relative ease by which it can be studied, and as it regulates 
fundamental biological phenomena such as genome stability and gene expres-
sion [4]. DNA methylation involves a postreplicative covalent DNA modifica-
tion, whereby a methyl group is added to cytosine residues in a CpG dinucle-
otide. In general, DNA methylation suppresses gene expression by modulating 
the access of transcription factors to the chromatin [5]. Indeed, it has been docu-
mented that transcriptionally active regions of DNA are highly unmethylated, 
whereas the repressed regions are comprised of methylated DNA [3]. It is now 
well established that major alterations in DNA methylation patterns, and associ-
ated gene activities, are often present in various disease states, especially in 
cancer [6]. 

Other mechanisms that are mostly referred to as epigenetic, include 
histone modifications resulting in chromatin remodeling, and RNA interference. 
Addition of acetyl groups to the N-terminal tail of a histone octamer reduces the 
affinity of histones for DNA and allows RNA polymerase and transcription 
factors to access the promoter [7]. In contrast, histone deacetylases are respon-
sible for removal of acetyl groups, which generally results in transcriptional 
repression. The processes of DNA methylation and histone acetylation are often 
associated, controlling the activity of transcription and, hence, gene expression 
[7]. RNA interference consists of gene expression inhibition through degrada-
tion or translational inhibition of mRNA by microRNAs (miRNAs), a large 
family of small, approximately 21-nucleotide-long, non-coding RNAs [8].  
 
 

Analysis of the epigenome 
 

Since epigenetic modifications and their influence on gene expression 
are tissue-specific, assessment of the epigenome requires access to the tissue/cell 
type of interest. Obviously, this makes many epigenetic investigations in human 
studies difficult, if not impossible. In some cases, surrogate tissues and/or 
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autopsy material have to be used. The assessment of DNA methylation can be 
performed on most biological materials. It can be evaluated at the genome-wide 
global scale, or gene-specific. Several methods for DNA methylation analysis 
have been used [9]. Global DNA methylation can be assessed in large patient 
materials using the luminometric assay (LUMA) [10]. Global analysis has to be 
regarded as a blunt tool, but it should be emphasized that aberrant global DNA 
methylation is a sign of an epigenetic deregulation that may provide important 
information of general disease states. 
 
 

Epigenetics and kidney diseases 
 

Emerging evidence suggests that epigenetic alterations are involved in 
the pathogenesis of diseases predisposing to chronic kidney disease (CKD). 
DNA hypermethylation has been associated with predisposition to, and progres-
sion of, atherosclerosis [11]. Moreover, experimental studies have demonstrated 
the importance of histone modifications in atherosclerosis development [12, 
13]. A recent study that compared site-specific DNA methylation levels in more 
than 14,000 genes between Hispanic diabetes and African-American end stage 
renal disease patients showed that DNA methylation differences were associa-
ted with disease predisposition and/or treatment [14]. Based on their findings, 
the authors speculate that inter-individual epigenetic differences may prove 
useful as predictive biomarkers of disease susceptibility. Epigenetic silencing of 
genes encoding for transcription factors regulating insulin gene expression and 
beta cell differentiation have been implicated in the onset of type-2 diabetes 
mellitus [15]. It is also acknowledged that epigenetic modulations of gene 
expression by changes in DNA methylation and histone acetylation might predi-
spose to hypertension [16]. Among numerous other examples, it is believed that 
epigenetic alterations contribute to the pathogenesis of systemic lupus erythe-
matosus [17] and are associated with ANCA vasculitis [18]. 

Since various environmental factors may modify the epigenetic state, it 
would not be surprising if the toxic uraemic milieu per se would have an impact 
on the epigenome and the regulation of systemic homeostasis. Indeed, hyperho-
mocysteinaemia and inflammation, two common features of CKD have been 
found to alter DNA methylation [11, 19]. Elevated levels of homocysteine affect 
the DNA methylation equilibrium through increased concentrations of the DNA 
methyltransferase inhibitor S-Adenosylhomocysteine (SAH). Thus, DNA hypo-
methylation of peripheral blood cells was found in a small cohort of haemodia-
lysis patients with hyperhomocysteinaemia [20]. Persistent inflammation, on the 
other hand, is associated with considerably lower levels of homocysteine in the 
context of uraemia [21]. Consequently, this common feature is linked to hyper-
methylation rather than hypomethylation [22]. In in vitro studies, IL-6 induced 
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hypermethylation, possibly through regulation of a DNA methyltransferase 
gene [23, 24]. It is well acknowledged that persistent inflammation is a risk 
factor for poor outcome in CKD patients [25]. However, it has been demon-
strated by our group that global DNA hypermethylation is significantly associa-
ted with both all-cause and cardiovascular mortality even following the adjust-
ment for inflammation [11]. 

Global DNA methylation status seems to be unaffected by CKD itself, 
as has been shown in two cohorts of predialysis subjects [11, 26]. However, 
experimental studies demonstrate that local, gene-specific alterations in DNA 
methylation may play an important role in the pathogenesis of CKD. Bechtel et 
al. [27] showed that hypermethylation of a gene encoding an inhibitor of the 
Ras oncoprotein (RASAL1) was associated with the perpetuation of fibroblast 
activation and fibrogenesis in the kidney. Accumulating evidence suggests that 
RNA interference is highly important for the development and progression of 
renal disease [28]. In mice lacking functional miRNAs in podocytes, significant 
proteinuria develops within two weeks after birth, which is followed by rapid 
progression of glomerular and tubular injury, and eventually death after one 
month [29]. Expression of the slit diaphragm proteins, nephrin and podocin, has 
been found to be decreased in these animals [29]. Similarly, miRNA disruption 
in mouse podocytes results in podocyte effacement, vacuolization, and hyper-
trophy, often with crescent formation [30]. In another study, a decrease in podo-
cyte miRNA generation caused podocyte apoptosis and depletion, mesangial 
expansion, capillary dilation, and glomerulosclerosis [31].  

As DNA methylation controls the expression of transporters of amino 
acids [32], organic cations [33] and uric acid [34], tubular transport of solutes 
has also been found to be regulated by epigenetic modifications. A low number 
of nephrons (‘nephron underdosing’) has been implicated in the pathogenesis of 
proteinuria, hypertension and CKD [35]. Ritz et al. [36] postulate that epigene-
tics play a distinct role in this phenomenon through mechanisms which involve 
modifications of gene expression by altered DNA methylation and histone 
acetylation as well as by allocation of stem cells. 
 
 

Epigenetics following kidney transplantation 
 

Kidney transplantation remains the best method of renal replacement 
therapy, both in terms of the quality of life, and patient outcome. Unfortunately, 
the majority of transplanted patients have to return to dialysis after some time 
due to chronic graft failure. There are numerous causes of chronic graft insuf-
ficiency, not all of which have been thoroughly elucidated. Currently, it is beco-
ming apparent that epigenetic alterations may play some part in the worsening 
of graft function. Acute rejections are among the risk factors for chronic graft 
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failure. Therefore, it is of interest that as much as 20 different miRNAs have 
been identified to be differently expressed in acute rejection after renal trans-
plantation [37]. Chronic graft nephropathy can also be due to prolonged cold 
ischaemia time [38]. Experimental studies have provided evidence for the role 
of aberrant DNA methylation in the course of ischaemia-reperfusion injury that 
might contribute to gene deregulation posttransplant, influencing the develop-
ment of chronic nephropathy [39]. 
 
 

Epigenetics and cancerogenesis 
 

Kidney cancer is currently the 9th most common cancer in Europe, and 
the incidence rates for renal cell cancer have been rising steadily over the past 
three decades [40]. Although numerous polymorphisms and mutations involved 
in the pathogenesis of renal cell cancer have been identified, an increasing num-
ber of studies underline the role of epigenetic modifications in this process. The 
prognosis of renal cell cancer depends on early detection of the tumor. Howe-
ver, clinical signs and symptoms are often not useful in making an early diagno-
sis of this cancer, since the classic symptoms: pain, haematuria, and palpable 
flank mass are usually associated with advanced stage of the disease. Currently, 
several genes have been confirmed to show frequent promoter region methyla-
tion in primary renal cell cancer samples [41–43]. Arai et al. [44] demonstrated 
that alterations of DNA methylation in the precancerous kidney cortex tissue 
might generate more malignant renal cancer cells and determine patient out-
come. Currently, it is becoming acknowledged that it is the interplay between 
genetics and epigenetics that leads to tumour genesis and the progression of 
cancer [40]. This interplay have recently been elegantly demonstrated by Dalg-
liesh et al. [45] who identified mutations in genes that encode enzymes, which 
demethylate or methylate key lysine residues of histones. Discovered mutations 
lead to modification of the methylation status of these lysine residues, and con-
sequently alter chromatin structure and transcriptional control. They have been 
found to be significantly associated with the occurrence of renal cell cancer [45]. 

Obviously, the potential use of epigenetic modifications in diagnosing 
renal cell cancer is still in its infancy. However, it seems plausible that epi-
genetic markers of renal cell cancer detected in urine and/or serum could, in the 
near future, offer a noninvasive method for early diagnosis, increasing the chance 
of successful treatment. As epigenetic changes are potentially modifiable, thera-
peutical interventions through reversal of epigenetic gene silencing could even 
present an alternative for surgical treatment. 

Cancerogenesis is also a serious issue in patients after renal transplant-
tation. The incidence of cancer in these patients reaches 20% during 10 years 
after transplantation [46]. The most frequent tumours are non-melanoma skin 
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cancers. Epigenetic mechanisms can be involved in the pathogenesis of these 
neoplasms as well. Laing et al. [47] demonstrated a statistically significant dif-
ference between global methylation levels of squamous cell carcinoma and 
adjacent non-neoplastic skin. Squamous cell carcinoma turned out to be pro-
foundly hypomethylated.  
 
 

Conclusions 
 

Our understanding of the roles played by epigenetic modifications in 
CKD remains in its infancy. Thus, further studies are needed to better under-
stand the associations of aberrant DNA methylation, histone modifications, RNA 
interference and the development and progression of kidney diseases. As epige-
netic modifications are potentially reversible, the effects of various epigenetic 
interventions on outcome in CKD is an intriguing area for future studies. 
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 Epigenetikata e isleduvawe na promenite vo ekspresijata na 
genite koja{to se slu~uva bez promeni vo sekvencijata na DNK. Ovie 
reverzibilni modifikacii gi vklu~uvaat metilacijata na DNK, aceti-
lacijata na histoni i interferencijata na RNK. Epigenetskite prome-
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ni se fundamentalni za fiziolo{kite procesi koi{to gi reguliraat 
aktivnostite na genot; zatoa, ovie promeni se izmenuvaat vo odgovor na 
faktorite na okolinata ili sostojbi na bolest, no vo mnogu priliki, 
isto taka, se veruva deka pridonesuvaat za pojavata i progresijata 
(napreduvaweto) na bolesta. Dosega, studiite za epigenomot se retki vo 
nefrologijata, me|utoa, postoi podatok deka vo uremi~na sredina, 
nekolku karakteristiki kako inflamacijata, dislipidemijata, hiper-
homocistinemijata, oksidativniot stres, kako i deficit na vitamini i 
ishranata mo`e da dejstvuvaat na epigenomot i da vlijaat na ishodot na 
pacientot. Ovaa statija go opi{uva sega{noto znaewe za epigenetskite 
alteracii vo tekot na razli~nite sostojbi na bubre`nite bolesti. 
Iako naukata vo epigenetikata e s# u{te vo nejziniot po~etok, taa 
mo`e da pomogne da se razjasnat po~etnite mehanizmi vo uremijata i da 
ovozmo`i da se razvijat novi strategii na lekuvawe. 
 
 
Klu~ni zborovi: epigenetika, bubre`na bolest, sekvenca na DNK, 
metilacija na DNA, acetilacija na histoni, interferencija na RNK. 
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