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Introduction

The increase in adult type diabetes is becoming a global
epidemic and calls for swift actions to better understand the
disease mechanisms, thus leading to improved targeted
therapies. Emerging knowledge surrounding the role
of microRNAs (miRNAs) in the regulation of post-
transcriptional protein expression has dramatically altered
the view of how target genes are regulated and how they
are involved also in controlling glucose homeostasis. In
addition to an improved understanding of miRNA func-
tions, epigenetic control mechanisms are becoming better
known. Thus, for example the effect of prenatal nutritional
deficiencies and hereditary epigenetic changes, including
DNA methylation and histone modifications are emerging
as important players in the finely tuned balance of fac-
tors ultimately yielding the altered functions under various
pathologic conditions.

In this article, we review the current understanding of the
major epigenetic and post-transcriptional regulatory mech-
anisms with particular emphasis on podocytes during their
injury associated with diabetic kidney damage. It is fore-
seen that this research line will bring major advances in
diagnostics and understanding of pathomechanisms of both
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type 1 and 2 diabetes and will lead to identification of novel
biomarkers and therapeutic targets.

Epigenetic regulation

The term epigenetics is typically defined as heritable
changes in gene expression that are not encoded directly
within the DNA sequence of genes. Epigenetic changes are
crucial for the development and differentiation of the var-
ious cell types in an organism. However, epigenetic states
can become disrupted by environmental influences or dur-
ing ageing, and the importance of epigenetic changes in the
development of cancer and other diseases is increasingly
being discovered.

Eukaryotic genomes are packaged in two general va-
rieties of chromatin: gene-rich euchromatin and geneti-
cally inactive heterochromatin. Heterochromatin is a tightly
packaged form of DNA, and its major characteristic is that
DNA transcription is limited. Centromeres and telomeres
are both heterochromatic (Figure 1). The euchromatin, in
contrast, contains ‘active’ chromatin: DNA sequences that
are being transcribed into RNA [1]. Heterochromatin repli-
cates in the S phase (synthesis phase) of the cell cycle later
than euchromatin, most likely preserving DNA structure
during replication. Heterochromatin also maintains a com-
pact and visible structure during mitosis therefore differing
from euchromatin, which undergoes a typical cycle of con-
densation and unravelling during this process [2].

The DNA packaging densities of these two chromatin
types vary along the length of the chromosome. High-
density heterochromatin regions surround the centromeric
region of the chromosome and have a low amount of
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Fig. 1. Schematic figure of chromatin and histone structure. Chromatin
is the complex of DNA and protein that makes up chromosomes. Het-
erochromatin locates in the centromeric region and telomeres whereas
transcritpionally active euchromatin is located in the less condensed re-
gion. The functions of chromatin are to package DNA into a smaller
volume to fit in the cell, to strengthen the DNA to allow mitosis and meio-
sis and to serve as a mechanism to control expression. The major proteins
involved in chromatin are histone proteins. The flexible N-terminal tails of
the four core histones H2A, H2B, H3 and H4 may undergo a range of post-
translational modifications, including acetylation, methylation, O-GlcNac
modification, phosphorylation and ubiquitination, all leading to changes
in the gene expression level.

expressed genes but a high content of repetitive DNA se-
quences including transposons, which are mobile genetic
elements, and highly repetitive DNA regions called satel-
lite DNAs [3]. These two chromatin states are controlled by
reversible epigenetic patterns of DNA methylation and hi-
stone modifications that changes gene expression without
involving changes in the DNA sequence (Figure 2A and B).

Heterochromatin has diverse known and postulated func-
tions: maintenance of genome stability, proper chromoso-
mal segregation during mitosis and prevention of telomere
fusion [4]. Heterochromatin also regulates gene expres-
sion by both repression and activation, by directly silenc-
ing genes or by removal of silencing hallmarks of gene
expression [5]. These mechanisms result in considerable
regulatory functions during development and in different
physiologic states of cells.

In addition to the heterochromatin diversity, the mam-
malian genome contains well-defined sequences, which
notably consist of repeats of cytocine-phosphate-guanidine
(CpG) motifs. These areas were earlier considered as non-
functional redundant domains of the chromosomes during
evolution while recent research has revealed strong regu-
latory functions to these elements mainly in influencing
histone modifications and gene-silencing networks within
the cells [6].

In general, the epigenetic regulation of gene
transcription–translation machinery consists of now known
multiple mechanisms for modifying the readout of the ge-
netic code and repression of the chromatin state. In the
context of DNA methylation, sequences within the genome
can be classified into two different groups: CpG-deprived
regions and CpG-rich regions called ‘CpG islands’ (see
Figure 2). CpG islands are defined as being longer than
500 bp and having a GC base content >55% [7]. Consid-
ering their regulatory role, CpG islands are often found in
promoter regions and about half of all genes contain CpG

islands that are situated at the end of the 5′ region [8].
Altered methylation status of GC-rich regions may alter
the chromatin structure and typically modulates the finely
tuned promoter-transcription factor interactions with the
transcriptional machinery [9]. This alteration leads to re-
pressed gene expression associated with hypermethylated
CpG islands. In contrast, genomic instability and aberrant
gene expression have been associated with hypomethylated
islands [10]. It has been proposed that more than half of the
repeating 5′-CpG island sequences ultimately participate in
transcription regulation as a result of methylation [11].

Histones are core proteins involved in DNA assembly
and yielding chromatin structure. Histones may dynami-
cally undergo post-translational modifications, which al-
ter their interaction with DNA and nuclear proteins. The
flexible N-terminal tails of the four core histones (H2A,
H2B, H3 and H4, see Figure 1) may undergo a range
of post-translational modifications, including acetylation,
methylation, O-GlcNac modification, phosphorylation and
ubiquitination [12,13] all leading to changes of the genetic
readout. Histone modifications are indicators of active or
repressed chromatin, and the ‘histone code’ hypothesis pro-
poses that combinations of specific histone modifications
create a complex defining the functional hierarchy for chro-
matin regulation.

Key enzyme families involved in histone modification
include histone acetyltransferases (HATs), histone deacety-
lases (HDACs), histone methyltransferases and the methyl-
binding domain protein MECP2 [6]. Whereas methylation
of lysine-9 of the histone structure defined as (H3-K9) is a
hallmark of ‘silenced’ genomic area throughout heterochro-
matic regions, the methylation of lysine 4 of histone H3 (H3-
K4) denotes gain of activity and is found predominantly at
the promoter areas of active genes [14]. The evidence that
several methyl-CpG-binding proteins interact with histone
deacetylase supports a mechanism linking DNA methyla-
tion and histone modifications together (Figure 2C) [15].
In addition, DNA methylation of CpG-rich regions has re-
cently been connected to histone deacetylation, methylation
of histone H3 at a specific site of lysine 9 as well as to direct
interference by small RNAs [16].

Taken together, remarkable progress has been made in
the understanding of the epigenetic mechanisms by which
the gene readout can be modulated and changes in gene
expression patterns achieved without assuming changes in
the gene coding sequence. While the present understand-
ing may already explain a substantial level of epigenetic
regulation, a comprehensive understanding bringing all the
elements together in understanding distinct pathophysio-
logic entities still remains to be established.

MicroRNA biogenesis

MicroRNAs are single-stranded transcribed RNAs of 19–25
nucleotides in length that are generated from endogenous
hairpin structured transcripts throughout the genome [17].
Recent studies have shown that miRNAs have pivotal roles
in diverse gene regulatory pathways, including e.g. control
of timing of developmental processes [18], haematopoietic
cell differentiation [19], apoptosis [20], cell proliferation
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Fig. 2. Schematic figure of epigenetic regulation mechanism. DNA methylase catalyze the transfer of a methyl group to the cytosine residues in CpG
dinucleotide sequences (A). Methylation of the CpG islands in the gene promoter region inhibits gene expression (B). Histone acetylation plays an
important role in the regulation of gene expression. Hyperacetylated chromatin is transcriptionally active whereas hypoacetylated chromatin is silent.
Methyl-CpG-binding proteins interact with histone deacetylase causing gene silencing (C).

and organ development [21]. MicroRNAs also represent
one of the largest gene families, accounting for ∼2% of the
whole genome [17]. Efforts to identify the specific miRNA
targets have lead to speculations that miRNAs can directly
regulate the imprint of >90% of human genes [22]. Their
defined functions as key post-transcriptional regulatory me-
diators are rapidly emerging and have shown to be involved
in the pathogenesis of a variety of diseases [23], including
type 2 diabetes (see Table 1). Even now little is known of
direct miRNA effects in the regulation of the functional
kidney filtration barrier [24].

Biogenesis of miRNAs starts in the nucleus (see
Figure 3) where stretches of several kilobases long primary
miRNAs (pri-miRNAs) are transcribed from the genome,
3′-polyadenylated [covalent linkage poly (A) tail of 3′ end
of miRNA], 5′-capped [7-methyl guanylate (m7G) cap of
5′ end of miRNA]. Pri-miRNAs are further modified by a
microprocessor that consists of Drosha, a nuclear RNase-
III enzyme, and its essential cofactor called Pasha [25].
This resulting protein complex processes pri-miRNAs into
∼70 nucleotide (nt)-long hairpin-shaped premature miR-
NAs (pre-miRNAs), and the subsequent cleavage at ap-

proximately two helical turns from the loop structure.
Pre-miRNAs bear a two nt 3′-overhang that contributes to
pre-miRNA export out of the nucleus to the cytoplasm by
a RanGTP/exportin-5-dependent mechanism [26]. Dicer, a
cytoplasmic RNaseIII enzyme, then subjects pre-miRNA to
a second cleavage step in the cytoplasm. Dicer cleaves near
the hairpin loop to release a short, ∼22 base-pair (bp)-long
incomplete RNA duplex with characteristic two nt-long 3′-
overhangs at both ends that anchor miRNA molecules to
the miRNA-induced silencing complex miRISC [27]. The
miRNA strand having lower thermodynamic stability at
its 5′-end is selectively identified by miRISC and incorpo-
rated into miRISC that contains an Argonaute protein that is
the catalytic component of RISC, and other protein factors
[28]. When activated by miRNA, miRISC acts as an effector
complex of the miRNA pathway interacting with messen-
ger RNA (mRNA). There are several proposed and verified
mechanisms regarding how these genome-originated miR-
NAs can modulate gene and protein expression [29]. It
has been shown that miRNAs exhibiting full complemen-
tarity with target mRNA elicit mRNA degradation via a
mechanism shared with short interfering RNAs (siRNAs).
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Table 1. Validated and hypothetic miRNA targets

Validated miRNA targets in type 2 diabetes and in the endocrine system

miRNA Target Function Reference

miR-375 Myotrophin Inhibition of insulin secretion [69]
miR-9 OneCut2 transcription factor Inhibition of glucose-stimulated insulin release [70]
miR-192 E-box repressors TGF-beta-induced matrix protein collagen

Col1a1 and -2
[24]

miR-143 GLUT4, HSL, fatty acid-binding protein aP2,
PPAR-µ2

Adipocyte differentiation [49]

Hypothetic miRNA targets associated with type 2 diabetes

miR-30 family Receptor for advanced glycation end product,
immediate early response 3, vimentin,
heat-shock protein-20

Podocyte apoptosis and cytoskeletal structure [79,80]

miR-23b Hairy/enhancer of the split protein (Hes1) Downstream target of activated Notch signalling
and expressed in nephron segments during
development

[81,84]

miR-15, miR-16 Wnt and β-catenin Nephron induction during embryo development [75,76]
miR-7 GY-box Notch signalling [73,74]
miR-4, miR-79 Brd-box
miR-2, miR-11 K-box

Fig. 3. MicroRNA genesis. Long stretches of immature pri-miRNAs are
transcribed from the genome, Drosha and its microprocessor partner Pasha
processes pri-miRNAs into ∼70 nt long hairpin-shaped pre-miRNAs.
Pre-miRNAs are exported out of the nucleus to the cytoplasm by the
RanGTP/exportin-5-dependent mechanism. Dicer cleaves pre-miRNAs
near the hairpin loop to release a short ∼22 base-pair (bp) long imperfect
RNA duplexes that are further incorporated into the miRISC complex.
MiRNAs exhibiting full complementarity with target messenger RNA
(mRNA) are shown to prompt mRNA degradation. MiRISC may also hin-
der protein translation by several different distinct mechanism including
translational inhibition at the level of initiation and elongation, degrada-
tion of mRNA or the immature protein products or mRNA are segregated
into P bodies for translational inhibition and/or mRNA deadenylation that
causes destabilization of mRNA.

However, in cases of non-perfect complementary bind-
ing to the target mRNA 3′-untranslated region (3′-UTR),
miRISC may hinder protein translation by several different
mechanisms (Figure 3). These mechanisms include trans-
lational inhibition at the level of initiation and elongation,
degradation of mRNA or the immature protein products or
mRNA segregation into P bodies for translational inhibition
and/or by mRNA deadenylation that causes destabilization
of mRNA [30–32]. The outcome of all these mechanisms
either singularly or acting in combination is an effective
regulation of the final mRNA yielding protein expression.

Tools to generate epigenetic and
post-transcriptional profiles

Individual gene expression outcomes in complex diseases,
typically in metabolic disorders such as type 2 diabetes,
are unlikely to completely explain their impact on disease
pathogenesis [33]. Multiple factors are normally needed
to manifest any polygenic human disease. In addition to
DNA mutations and protein post-translational modifica-
tions, well-known factors typically include a complexity
of environmental, dietary and exercise factors while the
epigenetic regulatory mechanisms and any combinations
of the convoluted mechanisms involved appear to be re-
sponsible in an increasing number of disease outcomes
[34]. Present day DNA analytics using robust techniques
of, for example, genome-wide sequencing and mapping
of global single nucleotide polymorphisms (SNPs), may
thus not ultimately yield sufficient knowledge to under-
stand disease pathogenesis. In combination with the new
high-capacity array technologies [35], a new balance be-
tween global genomics, epigenetic gene regulation and
post-transcriptional effects on protein landscape integrating
the distinct data streams is needed to build a comprehensive
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understanding of underlying disease mechanisms in detail
[36].

The huge screening capacity provided by modern
microarrays enable the study of individual factors in-
volved in disease pathogenesis on a genome-wide scale
simultaneously. A wide range of approaches is rapidly
emerging to track the gene targets under epigenetic reg-
ulation and to determine the global changes in genomic
DNA methylation. Customized combinations of these ap-
proaches, based on individual requirements, pave the way
to an in-depth understanding of the processes involved and,
hopefully, will yield better understanding for improved di-
agnostics and for example new targets for better therapies.

Computational public database analysis [available e.g.
at National Center for Biotechnology Information (NCBI,
http://www.ncbi.nlm.nih.gov/), UCSC Genome Bioinfor-
matics group, University of California, Santa Cruz, http://
genome.ucsc.edu/] is a key step in analysing and locating
CpG islands in the promoter region of genes of interest.
Considerable advances have been made in hybridization-
based microarray technologies for genome-wide analysis
for DNA methylation that is designed to discriminate be-
tween methylated and unmethylated sequences in gene pro-
moters [36]. A variety of other tools (see Table 2) for
genome-wide discovery of differentially methylated sites
include restriction mapping, bisulfite nucleotide sequenc-
ing, PCR amplification and chromatin immunoprecipita-
tion on DNA microarray (ChIP-on-chip; for an excellent
recent review of the techniques see Ho and Tang [37]).

With current microarray methods, it is also possible to
monitor the effects of DNA demethylating agents (e.g.
5-aza-2′-deoxycytidine) or histone deacetylation inhibitors
(HDACs) by exploring transcription profiles of reactivated
genes [38]. The approaches taken to distinguish miRNA
expression signatures associated with kidney disorders
differ from approaches used to assay DNA methylation
levels because miRNAs interfere at the post-transcriptional
level while DNA methylation influences the transcription
of the genome expression. In addition, it is a challenge
to validate the miRNA target sequences because several
different miRNAs may bind to and cooperatively control
a single mRNA target and, conversely, a single miRNA
can bind to and regulate many different mRNA targets
[39]. Therefore, high-throughput methods supplemented
with extensive in silico data analysis and the subsequent
investigation of the regulation of miRNA-mediated protein
translation typically consist of comparison of protein ex-
pression levels [e.g. difference gel eletrophoresis (DiGE),
mass spectrometry (MS) and western Blot] alongside with
microRNA expression levels (miRNA arrays, qPCR) [40].
Hybridization-based microarrays to detect miRNAs are
based on miRBase Sequence database (http://microrna.
sanger.ac.uk/) that is a searchable database of published
miRNA sequences and their annotations. MiRBase Se-
quence database consists of over 5000 miRNA loci from
58 species, ranging from vertebrates and invertebrates
to prokaryotes including viruses [41]. Recently, next-
generation sequencing (NGS) technology has been shown
to be capable of producing millions of DNA sequence
reads ranging from 35 to 250 base pairs in a single run
(commercially available sequencers: Roche (454) GS

FLX sequencer http://www.454.com/enabling-technology/
the-system.asp; Illumina/Solexa Genome analyser http://
www.illumina.com/; and the Applied Biosystems SOLiD
system http://marketing.appliedbiosystems.com/mk/get/
SOLID_KNOWLEDGE_LANDING). This new technol-
ogy provides multiple advantages when compared to gene
expression microarray platforms, not least in discovering
non-coding RNA sequences, especially novel microRNAs
[42].

The final in vitro miRNA-target validation should be
brought together by using pre-miRNA structures or miRNA
inhibitors as demonstrated by Tian et al. [42] for example.
Only a few in vitro validated miRNA targets have thus
far been identified using the pre-miRNA hairpin struc-
tures that mimic natural miRNA molecules [43]. These pre-
miRNAs are computationally predicted sequences emerg-
ing from the miRBase Sequence databases and typically
increase the natural miRNA effect. Distinct pre-miRNA
vector constructs as well as synthetic miRNA mimics are
available commercially for miRNA functional analyses and
miRNA-target site validation (e.g. Systems Biosciences,
Mountain View, CA, USA: pre-miRNA clones; Dhar-
macon, Inc. Lafayette, CO, USA: miRIDIAN miRNA
Mimic Library; Ambion, Inc. Austin TX, USA: Pre-miRTM

miRNA Precursor Molecules) for extensive miRNA target
validation for in vitro and in vivo purposes. Recently, it was
shown that synthetic single stranded mature miRNAs or
hairpin pre-miRNA structures cannot replace endogenous
miRNAs already present in RISC [44]. This affects the
validation of miRNA targets by exogenous miRNA mimic
structures.

Antisense DNA oligonucleotides (ASOs) and anti-
miRNA oligonucleotides (AMOs, antagomirs) are consid-
ered as a practical approach for specific pharmacological
inhibition of miRNA function [45]. There are two suggested
strategies to target miRNA function in vitro and in vivo.
First, ASOs are designed for RNaseH-mediated targeted
degradation of pri-miRNA molecules in nucleus [46]. The
stereochemistry at the 2′-position of the ribose has been
shown to be a major determinant in the target RNA-binding
affinity and the activation of RNaseH [47]. Most common
chemical modifications are phosphorothioate (PS) back-
bone modification combined with 2′-O-methyl (2′-O-Me)
or with 2′-O-methoxyethyl (2′-O-MOE) antisense RNA
oligomers or mixed locked nucleic acid (LNA)-DNA ASOs
[46]. The base-pair interaction between mature miRNA and
mRNA is another logical target for an inhibitor. AMOs
are targeting mature miRNA molecules in cytoplasm and
designed to block its function in miRISC [46]. Whereas
pre-miRNA structures and unmodified single stranded
mature miRNA molecules were not able to dissociate en-
dogenous miRNAs from RISC, chemically modified ribo-
oligonucleotides have been shown to present with this po-
tential [44]. AMOs consist of chemical modifications of
2′-ribose and/or phosphate backbone (including 2′-O-Me,
2′Fluoro, 2′-O-MOE, LNAs and PS backbone modifica-
tions) essential in protecting AMOs against endonuclease-
mediated degradation and in improving affinity to target
miRNA molecules [46]. MiRNA–mRNA base-pair inter-
action has successfully been interrupted by transfecting
modified AMOs complementary to miRNAs leading to
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Table 2. Techniques to analyse DNA methylation

Method Description Reference

Methylation-sensitive restriction mapping
(MSRF)

PCR-based method for genomic DNA after BstU1 (CG specific,
methylation sensitive) and/or MseI (non-CG specific) digestion

[85]

Restriction landmark genomic scanning (RLGS) Genome-wide screening method based on two dimensional
separation of genomic DNA fragments containing radiolabel at
the NotI restriction sites (GC-rich regions)

[86]

Methylated CG island amplification (MCA) Amplification of DNA sequences with closely spaced (<1 kb)
methylated SmaI sites that are commonly found in CG islands

[87]

Differential methylation hybridization (DMH) Array-based method allows genome-wide screening of
differentially methylated CG islands between two samples

[88]

Bisulphite sequencing Sequencing-based method. Bisulfite treatment of genomic DNA
converts cytosine to uracil, but 5-methylcytosine remains
nonreactive

[89]

Methylation-specific oligonucleotide array
(MSO)

Array-based high throughput method. Detection of methylation
status of GC-rich genomic DNA fragments by comparison of
signal intensities between the paired ‘methylated’ and
‘unmethylated’ oligonucleotide probes

[90]

DNA demethylating agents and gene expression
analysis

Detection of reactivated gene expression after treatment of DNA
demethylating agent (e.g. 5-aza-2′deoxycytosine) by gene
expression microarrays

[38]

Genome-wide methylation array/promoter array Human and mouse CpG island/promoter arrays are constructed
based on the CG island library containing CG-rich DNA
fragments. University Health Network Microarray Center
(UHNMC, Toronto, www.microarray.ca)

[91]

Chromatin immunoprecipitation on DNA
microarray (ChIP-chip)

The DNA fragments isolated from chromatin immunoprecipitation
assay are used as targets in a microarray

[92]

Matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry
(MALDI-TOF-MS)

Method is based on analysis and precise quantification of
methylation on CpG positions and patterns in genomic DNA by
MALDI-TOF-MS

[93]

blockage of the miRNA–RISC complex [48]. Esau et al.
applied [49] 2′-O-MOE phosphorothioate-modified anti-
sense RNA oligonucleotides targeting miRNAs and demon-
strated the potential inhibition of adipocyte differentiation
by a mir-143 antagomir.

Epigenetic regulation in diabetes

Epigenetic modulating mechanisms have recently been es-
tablished as a massive regulatory machine that cannot be
ignored in searching for a new mechanistic understanding of
metabolic syndrome, obesity and type 2 diabetes [50]. Type
2 diabetes is typically characterized by a combination of pe-
ripheral insulin resistance with an insulin secretion defect
that varies in severity. The known mechanisms for disrupted
insulin secretion in type 2 diabetes include accumulated
damage caused by hyperglycaemia, hyperlipidaemia and
oxidative stress in combination [51,52]. Oxidative stress
and reactive oxygen species have been shown to directly
affect DNA methylation pattern and histone organization,
therefore tuning the expression of multiple genes [53]. In
addition, early nutritional status and possible intrauterine
deprivation of nutrients have been shown to strongly im-
pact the long-lasting DNA methylation effects directed at
the genome readout [54] with immediate effects on devel-
opment. A proposed mechanism includes effects by dietary
methyl and cofactor sources, such as vitamin B12 and folic
acid [55] linked to single-carbon metabolism providing the
methyl groups for all biological methylation reactions. Dur-
ing embryonic development, the genome undergoes exten-
sive demethylation followed by remethylation, and appro-

priate DNA methylation status must be maintained over the
rounds of rapid cellular proliferation steps [56]. Unbalanced
methyl donors from nutrition during embryonic develop-
ment may thus irreversibly affect the DNA methylation
patterns [57]. Therefore, extremes of nutritional availabil-
ity and distinct environmental factors have been suggested
to influence the epigenetic modifications in human genome
and to enhance susceptibility to altered epigenetic pattern
and later to metabolic disorders and adult chronic diseases
[58]. Epidemiological studies have indicated that sub- or
super-optimal nutrient provision in utero may lead to spe-
cific chromatin modifications as described above and have
been proposed as mechanisms associated with the world-
wide epidemic of type 2 diabetes [59]. To support this
hypothesis, dietary protein restriction of pregnant rats typi-
cally associated with hypomethylation of e.g. the glucocor-
ticoid receptor (GR) and peroxisome proliferator-activated
receptor gamma (PPARγ) [60]. PPARγ coactivator 1 α (pro-
tein PGC-1α, gene PPARGC1A) is a well-established node
in the pathogenesis of diabetes and a master transcriptional
coactivator of mitochondrial genes [61]. Its expression is
decreased and related to impaired ATP production as a con-
sequence of reduced oxidative phosphorylation in patients
with type 2 diabetes. It has also been reported that DNA
methylation of the PPARGC1A promoter is increased in
diabetic islets, demonstrating a plausible mechanism for
reduced PPARGC1A mRNA expression and insulin secre-
tion in pancreatic islets of patients with type 2 diabetes [62].
Consequently, super-optimal methyl donors from nutrition
may influence DNA methylation in the PPARGG1A pro-
moter region and therefore represent a potential epigenetic
cause for type 2 diabetes. Heterochromatin silencing and
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histone H3-K9 methylation of heterochromatin transcrip-
tion and generation of heterochromatin-originated short
interfering RNA (siRNA) molecules have been shown in
fission yeasts [63]. This epigenetic regulation has specifi-
cally been timed during the S-phase of the cell cycle in a
temperature sensitive manner. In mammals, levels of DNA
methylation correlate with age [64]. This suggests that gene
expression may be repressed over time. It has been shown
that in the glomerulus ageing podocytes exhibit changed
gene expression patterns [65]. In addition, it has been shown
that the developmental regulator Pax2 promotes assembly
of an H3K4 methyltransferease complex through nuclear
factor PTIP (Pax Transcription activation domain Interact-
ing Protein) [66]. The PTIP complex localizes to a Pax2
DNA-binding sequence and recruits the methyltransferease
complex. In the embryo, together, Pax2 and Pax8 are impor-
tant to regulators inducing nephric structures in the interme-
diate mesoderm and urogenital epithelium [67]. Therefore,
Pax2 provides a kidney-specific locus for epigenetic mod-
ifications during development.

In addition, it has been shown that some genes that be-
come DNA hypermethylated and silenced in cancer cells
require intact DICER function for the maintenance of
their epigenetic status [68]. These results support the hy-
pothesis that RNA interference-mediated DNA methyla-
tion in cooperation with environmental responses modify
the genetic risk factors and the epigenetic inheritance of
heterochromatin.

MicroRNAs in insulin release regulation and
kidney actions

A subset of miRNAs has shown to be involved in metabolic
regulation of glucose homeostasis (Table 1). However, only
very few miRNA species have been fully characterized ex-
perimentally and most of their functions remain unknown.
Pancreatic islet-specific miR-375 inhibits insulin secretion
in mouse pancreatic β-cells by inhibiting the expression of
the protein myotrophin [69]. In addition, myotrophin, also
known as V-1, has been shown to interact with an actin-
capping protein inhibiting F-actin assembly, and to induce
exocytosis of insulin granules [69]. In another study, in-
creasing the level of miR-9 resulted in a severe defect in
glucose-stimulated insulin release by down-regulating the
transcription factor Onecut2 (OC2) [70]. OC2 represses
the activity and expression of Rab27a effector granuphilin,
which is a key component of the machinery controlling in-
sulin release [71]. Also miR-192 levels have been shown
to be increased in glomeruli isolated from streptozotocin-
injected diabetic mice as well as diabetic mice db/db when
compared to non-diabetic mice [24]. MiR-192 was shown
to regulate E-box repressors that are responsible for control-
ling TGF-β induced extracellular matrix proteins collagen
1-α 1 and 2 (Col1a1 and 2) expression [24]. Col1a1 and
2 were shown to accumulate during diabetic nephropathy;
therefore, these results suggest an potential role of miR-192
in kidney diseases.

Recently, a correlation between elevated Notch signalling
pathway gene expression and diabetic nephropathy has been
shown, in concert with Gremlin, the gene associated with

tubulointerstinal fibrosis in diabetic nephropathy [72], sug-
gesting the presence of miRNAs and CpG islands as a
potential regulatory strategy in this disease [73]. Interest-
ingly, distinct miRNAs appear to modify Notch pathways in
Drosophila melanogaster with an effect in signalling cas-
cades determining cell specification and development [74].
Lai et al. showed that specific miRNAs regulated nega-
tive regulatory sequence motifs known as the GY box, the
Brd box and the K box in the 3′ UTR of the Notch tar-
get genes [74]. These regulatory boxes have been shown
to serve as binding sites for miRNAs: GY-box is inhib-
ited by miR-7, Brd-box by miR-4 and miR-79, K-box by
miR-2 and miR-11; however, it remains to be determined
whether these miRNAs regulate Notch signalling in diabetic
nephropathy. MiR-143 has been experimentally shown to
regulate genes that are crucial for adipocyte differentia-
tion, (including GLUT4, HSL, fatty acid-binding protein
aP2 and PPAR-γ2) demonstrating a role for miRNAs in fat
metabolism and in endocrine function in humans [49]. In
addition, miR-15 and miR-16 have been proposed to con-
trol the Wnt/β-catenin signalling pathway during the em-
bryonal stage [75]. Wnt/β-catenin signalling regulates the
early events of nephrogenic induction during mouse kidney
development [76]; however, a regulatory role for miR-15 or
-16 has not yet been demonstrated during this process.

In the human kidney cortex, the renal glomerulus forms
the biological sieve that allows the passage of water and
small molecules while macromolecules e.g. albumin cannot
normally pass beyond the filtration barrier [77]. Podocytes
surround the basement membrane of glomerular capillaries
from the outside and present specialized structures, foot
processes linked to each other forming the slit diaphragms
[78]. Therefore podocytes are considered to be critical for
maintaining the functional filtration barrier and preventing
albuminuria: alterations in slit diaphragm-associated genes
result in severe proteinuria [77].

While the association of podocytic miRNA and DNA
methylation profiles in health and disease is an important
topic to study, little is still known of the role of miRNAs
for this complex. General differences in miRNA expres-
sion as well as in the proteome profile have been shown
in the rat renal medulla and in the renal cortex region
using the microRNA microarray [40]. Very recent find-
ings of podocyte-specific deletion of Dicer demonstrated
a critical role for miRNA regulation in the progression of
glomerular and tubular damage, and therefore the develop-
ment of proteinuria [79,80]. Dicer deletion in podocytes led
to podocyte apoptosis and depletion; proteinuria was signif-
icant 3 weeks after birth in mouse models. Also the rapid
progression of glomerular and tubular injury was promi-
nent at week 3, and culminated in death several weeks
later. Based on altered gene expression profile in podocyte-
specific Dicer knock-down glomeruli, especially the miR-
30 family has been highlighted as candidates participating
in podocyte homestasis and pathogenesis of kidney diseases
of podocyte origin. In another study with the podocyte-
specific Dicer knock-out mice, it was noticed that expres-
sion of slit diaphragm proteins nephrin and podocin was de-
creased [81–83]. In this study, mmu-miR-23b, mmu-miR24
and mmu-miR26a were implicated as critical to maintain
the glomerular filtration barrier [81].
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The rapid emergence and advances in high through-
put screening techniques facilitate focused research of
both genome-wide and cell-specific epigenetic and post-
transcriptional imprints in diabetes and kidney disease. Im-
proved understanding and identification of new epigenetic
and post-transcriptional regulatory mechanisms involved in
the regulation of the key molecular complexes of podocytes
will be of utmost importance in advancing diagnosis and
novel biomarker development, and in future therapeutics.
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