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Abstract: Epigenetics is the study of changes in gene expression that occur
without changes in DNA sequence. These reversible madifications 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 mMRNA 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 9™ 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.

REFERENCES

1. Stenvinkel P, Ekstrém TJ. Epigenetics and the uremic phenotype: a matter
of balance. Contrib Nephrol. 2008; 161: 55-62.

2. Stenvinkel P, Ekstrom TJ. Epigenetics — a helpful tool to better understand
processes in clinical nephrology? Nephrol Dial Transplant. 2008; 23: 1493-1496.

3. Feinberg AP. Epigenetics at the epicenter of modern medicine. JAMA 2008;
299: 1345-1350.

4.Barres R, Zierath JR. DNA methylation in metabolic disorders. Am J Clin
Nutr.

5. Bird A. Perceptions of epigenetics. Nature. 2007; 447: 396-398.

6. Ushijima T, Asada K. Aberrant DNA methylation in contrast with muta-
tions. Cancer Sci. 2010; 101: 300-305.

7. Zhang D, Yu ZY, Cruz P, Kong Q, Li S, Kone BC. Epigenetics and the
control of epithelial sodium channel expression in collecting duct. Kidney Int. 2009; 75:
260-267.

8. Filipowicz W, Bhattacharyya SN, Sonenberg N. Mechanisms of post-trans-
criptional regulation by microRNAs: are the answers in sight? Nat Rev Genet. 2008; 9:
102-114.

9. Shen L, Waterland RA. Methods of DNA methylation analysis. Curr Opin
Clin Nutr Metab Care. 2007; 10: 576-581.

10. Karimi M, Johansson S, Stach D, et al. LUMA (LUminometric Methy-
lation Assay) — a high throughput method to the analysis of genomic DNA methylation.
Exp Cell Res. 2006; 312: 1989-1995.

Contributions, Sec. Biol. Med. Sci., XXXII/1 (2011), 45-54



The Role of Epigenetics in Kidney Diseases 51

11. Stenvinkel P, Karimi M, Johansson S, et al. Impact of inflammation on
epigenetic DNA methylation — a novel risk factor for cardiovascular disease? J Int Med.
2007; 261: 488-499.

12. Wierda RJ, Geutskens SB, Jukema JW, Quax PH, van den Elsen PJ. Epi-
genetics in atherosclerosis and inflammation. J Cell Mol Med. 2010; 14: 1225-1240.

13. Dje N'Guessan P, Riediger F, Vardarova K, et al. Statins control oxidized
LDL-mediated histone modifications and gene expression in cultured human endothelial
cells. Arterioscler Thromb Vasc Biol. 2009; 29: 380-386.

14. Sapienza C, Lee J, Powell J, et al. DNA methylation profiling identifies
epigenetic differences between diabetes patients with ESRD and diabetes patients with-
out nephropathy. Epigenetics. 2011; 6: 20-28.

15. Park JH, Stoffers DA, Nicholls RD, Simmons RA. Development of type 2
diabetes following intrauterine growth retardation in rats is associated with progressive
epigenetic silencing of Pdx1. J Clin Invest. 2008; 118: 2316-2324.

16. Millis RM. Epigenetics and hypertension. Curr Hypertens Rep. 2011; 13:
21-28.

17. Strickland FM, Richardson BC. Epigenetics in human autoimmunity. Epi-
genetics in autoimmunity — DNA methylation in systemic lupus erythematosus and bey-
ond. Autoimmunity. 2008; 41: 278-286.

18. Ciavatta DJ, Yang J, Preston GA, et al. Epigenetic basis for aberrant upre-
gulation of autoantigen genes in humans with ANCA vasculitis. J Clin Invest. 2010;
120: 3209-3219.

19. Ingrosso D, Cimmino A, Perna AF, et al. Folate treatment and unbalaned
methylation and changes of allelic expression induced by hyperhomocysteinemia in
patienst with uremia. Lancet. 2003; 361: 1693-1699.

20. Ingrosso D, Cimmino A, Perna AF, et al. Folate treatment and unbalanced

methylation and changes of allelic expression induced by hyperhomocysteinemia in
patients with uremia. Lancet. 2003; 361: 1693-1699.

21. Suliman ME, Barany P, Kalantar-Zadeh K, Lindholm B, Stenvinkel P.
Homocysteine in uraemia — a puzzling and conflicting story. Nephrol Dial Transpl.
2005; 20: 16-21.

22. Teitell M, Richardson B. DNA methylation in the immune system. Clin
Immunol. 2003; 109: 2-5.

23. Hodge DR, Peng B, Cherry JC, et al. Interleukin 6 supports the main-
tenance of p53 tumor suppressor gene promotor methylation. Cancer Res. 2005; 65:
4673-4682.

24. Hodge DR, Xiao W, Clausen PA, Heidecker G, Szyf M, Farrar WL.
Interleukin-6 regulation of the human DNA metyltransferase (HDNMT) gene in human
erythroleukemia cells. J Biol Chem. 2001; 276: 39508-39511.

25. Stenvinkel P, Alvestrand A. Inflammation in end-stage renal disease: sour-
ces, consequences and therapy. Seminar Dial. 2002; 15: 329-337.

Ipunosn, Opg. 6uon. Men. Hayku, XXXI1/1 (2011), 45-54



52 Chmielewski M, et al.

26. Nanayakkara PW, Kiefte-de Jong JC, Stehouwer CD, et al. Association
between global leukocyte DNA methylation, renal function, carotid intima-media thick-
ness and plasma homocysteine in patients with stage 2—4 chronic kidney disease. Neph-
rol Dial Transplant. 2008; 23: 2586—2592.

27. Bechtel W, McGoohan S, Zeisberg EM, et al. Methylation determines
fibroblast activation and fibrogenesis in the kidney. Nat Med. 2010; 16: 544-550.

28. Ho JJ, Marsden PA. Dicer cuts the kidney. J Am Soc Nephrol. 2008; 19:
2043-2046.

29. Ho J, Ng KH, Rosen S, Dostal A, Gregory RI, Kreidberg JA. Podocyte-
specific loss of functional microRNAs leads to rapid glomerular and tubular injury. J
Am Soc Nephrol. 2008; 19: 2069-2075.

30. Harvey SJ, Jarad G, Cunningham J, et al. Podocyte-specific deletion of
dicer alters cytoskeletal dynamics and causes glomerular disease. J Am Soc Nephrol.
2008; 19: 2150-2158.

31. Shi S, Yu L, Chiu C, et al. Podocyte-selective deletion of dicer induces
proteinuria and glomerulosclerosis. J Am Soc Nephrol. 2008; 19: 2159-2169.

32. Kikuchi R, Yagi S, Kusuhara H, Imai S, Sugiyama Y, Shiota K. Genome-
wide analysis of epigenetic signatures for kidney-specific transporters. Kidney Int.
2010; 78: 569-577.

33. Aoki M, Terada T, Kajiwara M, et al. Kidney-specific expression of human
organic cation transporter 2 (OCT2/SLC22A2) is regulated by DNA methylation. Am J
Physiol Renal Physiol. 2008; 295: F165-170.

34. Kikuchi R, Kusuhara H, Hattori N, et al. Regulation of tissue-specific
expression of the human and mouse urate transporter 1 gene by hepatocyte nuclear factor
1 alpha/beta and DNA methylation. Mol Pharmacol. 2007; 72: 1619-1625.

35. Brenner BM, Garcia DL, Anderson S. Glomeruli and blood pressure. Less
of one, more the other? Am J Hypertens. 1988; 1: 335-347.

36. Ritz E, Amann K, Koleganova N, Benz K. Prenatal programming-effects
on blood pressure and renal function. Nat Rev Nephrol. 2011; 7: 137-144.

37. Sui W, Dai Y, Huang Y, Lan H, Yan Q, Huang H. Microarray analysis of
MicroRNA expression in acute rejection after renal transplantation. Transpl Immunol.
2008; 19: 81-85.

38. Connolly JK, Dyer PA, Martin S, Parrott NR, Pearson RC, Johnson RW.
Importance of minimizing HLA-DR mismatch and cold preservation time in cadaveric
renal transplantation. Transplantation. 1996; 61: 709-714.

39. Parker MD, Chambers PA, Lodge JP, Pratt JR. Ischemia- reperfusion injury
and its influence on the epigenetic modification of the donor kidney genome. Transplan-
tation. 2008; 86: 1818-1823.

40. Baldewijns MM, van Vlodrop 1J, Schouten LJ, Soetekouw PM, de Bruine

AP, van Engeland M. Genetics and epigenetics of renal cell cancer. Biochim Biophys
Acta. 2008; 1785: 133-155.

Contributions, Sec. Biol. Med. Sci., XXXII/1 (2011), 45-54



The Role of Epigenetics in Kidney Diseases 53

41. Place TL, Fitzgerald MP, Venkataraman S, et al. Aberrant promoter CpG
methylation is a mechanism for impaired PHD3 expression in a diverse set of malignant
cells. 2011; PLoS One 6: e14617.

42. Morris MR, Ricketts CJ, Gentle D, et al. Genome-wide methylation analy-
sis identifies epigenetically inactivated candidate tumour suppressor genes in renal cell
carcinoma. Oncogene, in press.

43. Hori Y, Oda Y, Kiyoshima K, et al. Oxidative stress and DNA hyperme-
tylation status in renal cell carcinoma arising in patients on dialysis. J Pathol. 2007; 212:
218-226.

44. Arai E, Ushijima S, Fujimoto H, et al. Genome-wide DNA methylation
profiles in both precancerous conditions and clear cell renal cell carcinomas are correla-
ted with malignant potential and patient outcome. Carcinogenesis. 2009; 30: 214-221.

45. Dalgliesh GL, Furge K, Greenman C, et al. Systematic sequencing of renal
carcinoma reveals inactivation of histone modifying genes. Nature. 2010; 463: 360-363.

46. Wimmer CD, Rentsch M, Crispin A, et al. The janus face of immunosup-
pression — de novo malignancy after renal transplantation: the experience of the Trans-
plantation Center Munich. Kidney Int. 2007; 71: 1271-1278.

47. Laing ME, Cummins R, O'Grady A, O'Kelly P, Kay EW, Murphy GM.
Aberrant DNA methylation associated with MTHFR C677T genetic polymorphism in
cutaneous squamous cell carcinoma in renal transplant patients. Br J Dermatol. 2010;
163: 345-352.

Pesume
YJIOTATA HA EIIMITEHETUKATA KAJ BOJECTU HA BYBPE3UTE
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EnurenetukaTa e ucienyBambe Ha MPOMEHUTE BO eKCIIpecHjaTa Ha
TeHHUTE KOjallITo ce ciydyBa 6e3 mpoMeHH Bo cekBeHuyjaTa Ha [JHK. Osue
peBep3nOMIHI MoinpUKauK TH BKIIyyyBaaT MeTunanujata Ha JHK, anetn-
nanyjata Ha xucToHu u uarepgepennujata Ha PHK. Enurenerckure mpome-
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HU ce (pyHIaMEHTAJIHY 3a (PU3UOJIOMIKUTE MPOLECH KOUILITO T PETyInpaar
AKTUBHOCTHTE HAa FCHOT; 3aT0A, OBHE IIPOMEHH Ce U3MEHYBaaT BO OArOBOP Ha
(hakTOopHUTE HA OKONMHATA WM COCTOjOM Ha GONECT, HO BO MHOTY IPUJINKH,
HCTO Taka, ce BepyBa fAeKa IPHIOHECYBaaT 3a Il0jaBaTa M Iporpecujara
(HampenyBameTO) Ha Gosecra. [ocera, CTyANHTE 3a EMMUTEHOMOT Ce PETKH BO
HedpororyjaTa, MefyToa, MOCTOU TOJATOK JAeKa BO YpPEeMHUHA CPEAUHA,
HEKOJIKYy KapaKTepUCTHKM Kako WH(pIaManuyjara, TUCIuIuAeMajaTa, Xuep-
XOMOLCTHHEMH]jaTa, OKCUAATUBHUOT CTPEC, KAKO 1 Ae(PUILAT HA BATAMIHY 1
ncXpaHaTa MOXKe fia /ICjCTByBaaT Ha ENMTeHOMOT H ia BIWjaaT Ha UCXOAOT Ha
nanyeHToT. OBaa craTyja ro ONMIIYBa CETAITHOTO 3HACHE 33 eNUICHETCKUTE
ajTepalyyd BO TEKOT Ha Pa3IMYHUTE COCTOjOM Ha OyOpesKHUTE OONEeCTH.
WNako HaykaTa BO ENMUIeHETHKAaTa € C¢ yIITe BO HEj3MHUOT MOYETOK, Taa
MOKe 12 IIOMOTHE la ce pa3jacHaT MOYETHUTE MEXaHU3MH BO ypeMujaTa 1 fa
OBO3MO3KH JIa C€ pa3ByjaT HOBY CTPATEIMH Ha JICKyBabe.

Kayunn 360poBm: emmreHernka, OyOpexkna Gomect, cekBenna Ha JTHK,
Metunanyja Ha JHA, anerunanuyja Ha XucTonu, uHTepdepenimja Ha PHK.
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