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ABSTRACT

The cellsin ahuman body have identical DNA sequences, yet the body has >200 cell
types with different phenotypes. The basis for this nongenetic cellular memory,
which records developmental and environmental cues, is epigenetics. The epige-
nome includes covalent modifications of the DNA and its associated proteins and
defines DNA accessibility to the transcriptional machinery. Notably, the epigenome
has emerged as an important mediator of the long-term programming effect of
environmental exposure, and multiple lines of evidence point to the epigenome
as an important missing link in our understanding of CKD development. For exam-
ple, recent studies identified epigenetic differences in the enhancer regions of fi-
brosis-related genes in diseased human kidney samples. Furthermore, chromatin
profiling and epigenome analysis are powerful tools for annotating gene regulatory
regions that can be harnessed to interpret disease-causing polymorphisms for com-
plex traits such as CKD. This review highlights the results of studies investigating the
renal epigenome and discusses the significance of these findings and future direc-
tions in the context of novel diagnostic and treatment strategies for CKD.
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WHAT IS EPIGENETICS? phenotypic changes they may potentially
also promote evolution.

The original definition of epigenetics

comes from Waddington. He defined epi-

genetics as the idea that phenotype arises WHY DO WE NEED TO KNOW

from genotype through programmed
change. This classic definition is mostly
used in developmental biology. The mod-
ern definition of epigenetics is the heri-
table information during cell division
other than the DNA sequence itself. An
epigenetic system therefore should be
heritable, self-perpetuating, but also re-
versible. Cytosine methylation and other
modification of cytosines in the DNA
clearly fulfill these criteria. In addition,
histone modifications and noncoding
RNAs are often discussed as part of the
epigenome. The epigenome can act as a
sensor of environmental stress and through
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ABOUT THE CELL TYPE-SPECIFIC
EPIGENOME?

We learned that different cells, even when
they are derived from the same person,
respond very differently to environmen-
tal cues. For example, following TGF-f
treatment, certain cells proliferate, oth-
ers die, and some transform and produce
cytokines or matrix. On the mechanistic
level, a critical observation is that tran-
scription factor availability and the pro-
moter sequence information alone do
not determine the regulatory outcome
on a target gene (i.e., binding to targets

and transcription). The structural basis
for this is that the DNA is present in the
nucleus in a highly organized form.
Small basic proteins called histones
(H1-4 isoforms) wrap the DNA and
guide transcription factor binding (Fig-
ure 1). Histone tails can undergo >60
different types of modification, includ-
ing methylation, acetylation, phosphor-
ylation, sumoylation, and ubiquitination.
Modifications of the fourth, ninth, 27th,
and 36th lysine (K) residues of H3 his-
tone seem to be especially important.
These residues are abbreviated as H3K4,
H3K9, and H3K27, and H3K36.1:2 A typ-
ical transcription unit in a multicellular
eukaryote contains both clusters of prox-
imal promoter elements and five types of
cis-acting regulatory sequences (promot-
ers, enhancers, silencers, insulators, and
locus control regions) (Figure 2). For
target gene transcription to take place,
both long- and short-range regulatory
regions are needed. Simultaneous bind-
ing of transcription factors to the long-
and short-range regulatory regions
and to each other results in genomic
DNA loops that join distant regula-
tory DNA sequences together.3-> The
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Figure 1. Epigenetic modifications. DNA in the genome is wrapped around nucleosomes,
made of histones. Histone tails can undergo multiple different type of modifications:
methylation, acetylation, ubiquitination, sumoylation, and phosphorylation. Transcription
factors can bind only to open chromatin areas; these areas can be identified by DNasel

hypersensitivity. Cytosines in the DNA can be modified by methylation.

long- and short-range regulatory ele-
ments in the noncoding region of the ge-
nome define the regulatory syntax for the
cell type—specific gene regulation. This
can explain why the same transcription
factor has different targets in different
cell types despite the same promoter se-
quence.

In this context, identifying enhancers
and other gene regulatory regions s critically
important. Enhancer regions are critical for

defining cell type specificity. The cell type—
specific master transcription factor occu-
pies the majority of the enhancers.® Tradi-
tionally, it has been extremely difficult to
characterize enhancer regions because
they are highly cell type—specific and do
not have a characteristic location (they can
be upstream or downstream, in plus or mi-
nus orientation).

Recently, we learned that cell type—
specific gene regulatory regions (including
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Figure 2. A model of the eukaryotic transcriptional unit. For active gene transcription to
take place, transcription factors bind to active promoter (red) and enhancer (orange, yellow)
regions. Promoter-enhancer units are separated by insulator sites (depicted in blue). In-
sulators sites are enriched for CTCF binding, and active promoters can be identified by
H3K4me2/3 enrichment. Poised promoter regions are enriched in both H3K4me3 and
H3K27me3 histone modification. Enhancers can be upstream or downstream of promoters,
and they are enriched for H3K4me1, H3K27ac, and H3K%ac.
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enhancers) can be identified by the pre-
sence of specific histone tail modifica-
tions.”>8 The most commonly used method
for genome-wide characterization of these
regions is called ChIP-Seq (chromatin im-
munoprecipitation followed by next-
generation sequencing). After the DNA
and the DNA-associated proteins are
cross-linked, DNA regions where the spe-
cific histone tail modification is present
are pulled down by immunoprecipitation;
the pulled (DNA) fragments are then ana-
lyzed using next-generation sequencing
and the obtained sequences are computa-
tionally aligned. The genomic area where
the DNA is bound to a specific histone tail
is enriched by ChIP, giving rise to charac-
teristic “peaks or mountains” (Figure 3).
Specifically, H4K4mel and H3K27ac his-
tone tail modifications are enriched
around enhancer regions. Active promot-
ers are decorated by H4K4me3-modified
histones, deposited by the large COMPASS
protein complex. Promoter-enhancer
units are separated by insulator regions
that bind CTCF (CCCTC-binding factor)
proteins. Repressed genes and regions are
associated with H3K27me3-modified
histones. The presence of both H4K4me3
(active) and H3K27me3 (repressed) indi-
cates promoters that are poised for transcrip-
tion. Poised promoters are characteristics
of stem and progenitor cells (Figure 3).
When ChIP-Seq is performed for multiple
different histone tail modifications, a cell
type—specific gene regulatory map can be
generated (Figure 3). Active enhancers and
promoter regions can also be identified by
deoxyribonuclease I (DNasel) hypersensi-
tivity. The method is based on the fact that
the DNA has to be free of nucleosomes on
active enhancers and promoters so tran-
scription factors can bind. These nucleo-
some-free regions are more sensitive for
DNasel digestions compared with regions
that are wrapped to nucleosomes.?
Methylation of cytosines is another
key determinant of transcription. The
majority of the genome has low cytosine/
guanine content, and these cytosines are
usually methylated. Cytosine/guanine-
rich regions are organized into CpG
islands (CGIs) in the genome. These are
short, stretched (about 300-3000 bp)
regions characterized by high cytosine/
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Figure 3. Epigenetic annotation using the ENCODE database. Epigenetic annotation of the (A) IKZF1 and (B) FRMD3 locus by the ENCODE
database. (A) After the chromosomal location, the first lines show the overlapping enrichment of H3K4me1 methylation in the seven different
ENCODE cell lines, followed by the H3K4me3 and H3K27ac patterns (the different colors show the overlapping enrichment in the different cell
lines) and then the hidden Markov modeling-based chromatin annotation of the same locus of the nine different ENCODE cell line. The color
coding is shown next to the image. Note the active promoter of these genes (shown in red), which corresponds to the enrichment for the
H3K4me3 histone tail modification. Enhancers are shown in yellow (orange); they correspond to the H3K4me1 histone tail modification. The
erythrocyte volume-associated polymorphism (rs12718597) is associated with an enhancer region in the erythroid cell line only. Note the blueish
H3K4me1 peak at this locus and the yellow region (enhancer) chromatin annotation at the bottom. (B) The same modifications are shown for the
FRMD3 locus. The genetic polymorphism associated with diabetic kidney disease rs1888747 shown in the picture is in the noncoding region of
the genome. It is also outside of the promoter region of FRMD3. These data were downloaded and are available at the UCSC genome browser
website (http://genome.ucsc.edu).
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guanine content (>60%). These CGIs
are enriched on gene promoter regions,
and cytosines in CGIs are usually unme-
thylated. Promoter methylation level
plays a key role in the regulation of gene
transcriptions. Methylations of the pro-
moter regions of tumor suppressors play
important role in tumor suppressor si-
lencing and ultimately carcinogenesis.
Two basic models have evolved: In the
first, DNA methylation can directly re-
press transcription by blocking transcrip-
tional activators from binding to cognate
DNA sequences; in the second, methyl-
binding proteins recognize methylated
DNA and recruit corepressors to silence
gene expression directly. In addition,
binding of the CTCF protein to cytosines
is very sensitive to CpG methylation. As
CTCEF plays role in chromatin looping, it
indicates an interesting and important in-
terplay between the different epigenetic
modifications. Genome-wide studies
identified that methylation of regions lo-
cated next to but outside of the CGIs (so-
called CpG shore regions) plays a key role
in diverse biologic processes, including
cell type specification.!® Gene body regions
can also be methylated, but their functional
significance is debated. These regions may
play a role in alternative splicing, and by
suppressing cryptic transcription sites they
may increase the efficiency of the RNA
polymerase.

There are multiple different methods
for analyzing cytosine methylation levels.
These methods are based on three dif-
ferent principles. Bisulfite converts un-
methylated cytosines in the DNA, while
methylated cytosines remain. Bisulfite-
converted DNA then can be analyzed
multiple ways, for example, by sequenc-
ing (by whole genome-wide bisulfite
sequencing), by arrays (used in the In-
finium arrays sold by Illumina), and by
mass spectrometry (e.g., by the Seque-
nom MassArray Epityper). Methylated
cytosines can also be identified by meth-
ylcytosine-binding proteins, and these
regions can be pulled down (e.g., by a
method called methylcytosine binding
and immunoprecipitation). In addition,
methylation levels can be analyzed by
methylation-sensitive and -insensitive
enzymes that cut the same sequences
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around methylated and unmethylated
cytosines differentially. This principle can
then be coupled to microarrays or next-
generation sequencing using such meth-
ods as Hpall tiny fragment enrichment
by ligation-mediated PCR, methylation
restriction enzyme—mediated sequencing,
or reduced representation bisulfite se-
quencing.!!

Cytosine methylation levels are be-
lieved to be the highest in fully differen-
tiated cells. Cytosine methylation is
erased after fertilization, except for the
imprinted regions.!? During cell type—
specific differentiation, the cytosine
methylation level increases mainly by
DNA methyl transferases (DNMTs).
DNMT3A and 3B participate in de
novo DNA methylation of unmethylated
cytosines. DNMT]1 is responsible for
maintaining the already established
DNA methylation levels during cell di-
vision.

Higher-order chromatin structure
and looping bring together proximal
promoter and distal enhancer elements,
thereby playing an important role in
regulating transcription. New methods,
including chromatin conformation cap-
ture and sequencing (3C, 4C, 5C, and Hi-
C), are emerging to detect and analyze
these interactions.!® Furthermore, dif-
ferent long and short noncoding RNAs
are important for fine-tuning transcrip-
tion. New discoveries identified a novel
class of RNA, the enhancer RNA. En-
hancer RNAs play a role in establishing
long-range relationships between en-
hancer and promoter regions to regu-
late transcription.!4!> In summary,
the epigenome is the key determinant
of cell types and transcriptional out-
come.

EPIGENETICS, DIFFERENTIATION
AND CELL TYPE SPECIFICATION

Cell type—specific gene regulatory elements
(and the “histone code”) are established
during development and differentiation.
Later, these regions are maintained dur-
ing somatic cell division to preserve cell
identity. During development and differ-
entiation, cell type—specific master or
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pioneering transcription factors have
the capacity to bind to DNA that is wrap-
ped to nucleosomes. These pioneering
transcription factors seem to be different
from other transcription factors. After
the initial binding they recruit other
chromatin-modifying enzymes to estab-
lish the cell type—specific gene regulatory
landscape, including active enhancers and
promoters, whereas other regions be-
come repressed. The DNA template
probably plays a critical role in setting
up the cell type—specific epigenetic land-
scape (cytosine methylation and histone
modifications).'® Once cell type—specific
gene regulatory regions are established,
they are strictly maintained during cell
division. Therefore, it is believed that the
epigenome can provide the best charac-
terization of the cell type, as transcript
levels fluctuate rapidly after external
stimuli.

Very little is known about epigenetic
changes during kidney development. A
recent paper from the McMahon group
analyzed Six2 and B-catenin-binding
sites in developing mouse kidneys. Six2
is one of the critical renal-specific pio-
neering transcription factors.!” Pioneer-
ing transcription factors usually work
together with other chromatin modifi-
ers, including histone deacetylases
(HDACs). Work from El-Dahr and col-
leagues indicates that genetic deletion of
HDACs during kidney development
has a deleterious effect on kidney matu-
ration in mouse models supporting the
role of HDACs during kidney develop-
ment.!8 Future studies aiming to under-
stand epigenetic changes during kidney
differentiation will be important to under-
stand cell type—specific differences dur-
ing development and disease.

EPIGENETICS AND THE MISSING
HEREDITY

Monogenic diseases are typically caused
by nonsynonymous coding mutations.
These mutations target conserved amino
acids, resulting in a loss of functional
protein expression and disease devel-
opment. Identifying causal genes for
complex traits, such as diabetic and hyper-
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tensive chronic kidney disease, has been
challenging. Large genome-wide associ-
ation studies are being performed to
uncover genetic polymorphisms associ-
ated with disease development. Recent
studies indicate that >90% of the iden-
tified genetic variants associated with
complex traits and disease development
is localized to the noncoding region of
the genome. It is unclear how these non-
coding polymorphisms lead to specific
diseases only in target organs. Recent re-
ports indicate that the cellular epigenome
and chromatin annotation maps might
help us understand the disease-causing
role of genetic polymorphisms. A strong
association between disease-causing ge-
netic polymorphism and cell type—specific
gene regulatory regions has been de-
scribed. Reports indicate that, for example,
single-nucleotide polymorphisms (SNPs)
associated with blood cell phenotypes are
localized to noncoding, but blood cell-
specific gene regulatory regions*!° (Figure
3A). Interestingly, most often these poly-
morphisms are localized not to promoter
regions but to enhancers. Figure 3 shows a
polymorphism associated with diabetic
kidney disease development localizing to
the 5" untranslated region of the FRMD3
gene.?? Histone tail modification tracks
from the nine different cell lines show
that the polymorphism is clearly outside
of the coding or even the promoter region
of FRMD3. Kidney-specific gene regula-
tory maps would help determine whether
this SNP is on a kidney specific gene reg-
ulatory region, explaining kidney disease
development.

Understanding cell type—specific gene
regulatory regions is a critically impor-
tant task. Currently, significant National
Institutes of Health efforts are directed
to the ENCyclopedia Of DNA Elements
(ENCODE) Project, aimed at character-
izing cell type—specific gene regulatory
regions.?!=24 This project provided a
new user encyclopedia for the human
genome, defining functional elements:
gene regulatory regions, new transcript
variants, and new transcriptional units,2>
indicating that we can assign function to
close to 80% of the noncoding region of
the genome. The ENCODE project uses
cultured human cell lines of different

origins, including endothelial, fibroblast,
myocyte, stem cell, erythroid, epithelial,
and lymphoid origins. Unfortunately, kid-
ney cells are not included in the nine cell
types prioritized in the ENCODE project.
This critical information could help us
unravel the mechanism how noncoding
SNPs influence complex trait develop-
ment, such as CKD and diabetic kidney
disease.>* Furthermore, by understanding
gene regulatory regions, we would be able
to predict the function of cis-regulatory
sequences, define transcriptional regula-
tory networks, and understand the dynamic
properties of kidney cells (i.e., predict the
transcriptional effect of environmental
stimuli).

EPIGENOME AS THE
ENVIRONMENTAL FOOTPRINT

While the epigenome is stable and is
maintained during somatic cell divisions,
it can also be reversible and act as an
environmental sensor. Therefore, it is
believed that we will likely be able to use
the cellular epigenome as an environ-
mental footprint. Although we do not
fully understand the molecular mecha-
nism of long-term environmental pro-
gramming, we know that cells constantly
adjust their metabolic state to nutrient
availability.26:27 In yeast, for example,
nutrient availability is the key determi-
nant of fate. Most chromatin-modifying
enzymes require substrates or cofactors
that are intermediates of cell metabo-
lism; for example, acetyl and methyl
groups are needed for histone tail acety-
lation and methylation. In vitro evidence
indicates that fluctuations of metabolite
levels modulate activities of chromatin-
modifying enzymes and therefore can
influence chromatin dynamics. Al-
though it has not been systematically
evaluated, metabolite fluctuation in di-
abetes could potentially induce a shift in
the cellular epigenome. Cells are likely to
be even more sensitive to this “epigenetic
shift” during development and differen-
tiation, when gene regulatory regions are
established. These developmentally
wired networks might play important
roles in phenotype development by
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modulating how cells later respond to
stimuli. Animal model experiments con-
firmed that altered nutrient availability
and metabolite fluctuation during devel-
opment induce alterations in the epige-
nome.?® For example, intrauterine
growth retardation (induced by limiting
the blood flow to the uterus) in rats
causes altered insulin secretion and
metabolic syndrome in adult animals.
Nutrient restriction altered cytosine
methylation profiles and the expression
of a key pancreatic 8 cell-specific tran-
scription factor, Pdx1. Reduced Pdx1
level likely contributed to the impaired
insulin secretion seen later in life in these
animals.?? Here the cytosine methyla-
tion profile serves as a footprint of the
adverse intrauterine environment. Sim-
ilarly altered cytosine methylation pat-
terns have been described after different
environmental toxin exposures.3%3! More
important in rodent models, toxin-in-
duced changes were stable over multiple
generations. Future studies shall deter-
mine whether we can use the epigenome
to detect environmental exposure in hu-
mans similarly to rodent models.

OPPORTUNITIES FOR EPIGENETIC
RESEARCH IN NEPHROLOGY:
EPIGENETICS, ENVIRONMENT,
AND DIABETIC KIDNEY DISEASE

Multiple different approaches have
been taken to decipher the mechanism
of diabetic kidney disease. Although the
genetics of this disease remains obscure,
it has long been proposed that fetal pro-
gramming plays a role in CKD de-
velopment.3? Both human and animal
studies support the hypothesis that low
birthweight—a marker of adverse intra-
uterine circumstances—is associated with
a congenital deficit in nephron number.!
Reduced nephron number causes a com-
pensatory glomerular hypertrophy, lead-
ing to the development of salt-sensitive
hypertension and glomerulosclerosis,
which then starts a vicious cycle of fur-
ther nephron loss and ultimately CKD
and ESRD.33 Recent studies also em-
phasize the critical role of metabolic
programming in diabetic kidney disease.
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A landmark study demonstrated that
good glycemic control profoundly re-
duces the development of renal and
cardiovascular complications.?* Surpris-
ingly, patients with poor metabolic con-
trol continue to develop diabetic kidney
disease at a significantly higher rate, even
after they had similar level of glycemic
control for 25 years, indicating that early
metabolic control has a long-term effect
on clinical outcomes, a concept called
“metabolic memory.”3> Despite the
strong clinical observational evidence,
the mechanism of fetal and adult pro-
gramming in development of diabetic
kidney disease remains elusive. Epige-
netic changes are proposed as a molecu-
lar mechanism of metabolic memory
and fetal programming.3® Cell culture—
based studies support that the epigenome
could be the important missing link.3” En-
dothelial cells incubated in high glucose
medium change their histone tail mod-
ification patterns, and these epigenetic
changes persist even after the cells placed
back into normal glucose medium.?® Di-
abetic animal models and cells obtained
from diabetic animals also show signifi-
cant differences in their epigenome.3® De-
fining a connection between epigenetic
dysregulation and development of di-
abetic kidney disease could profoundly
change our understanding of the disease
and drive the development of new diag-
nostics and therapeutics for a condition
that is responsible for more than 50% of
all ESRD cases in the United States.

A critical question remains whether
epigenetic changes can be observed
in patients with diabetes and diabetic
complications. Our laboratory recently
performed genome-wide cytosine meth-
ylation analysis of microdissected control
and diseased kidney epithelial cells (in-
cluding some from diabetic kidney dis-
ease). We found that the epigenome of
control and CKD kidneys are significantly
different. We identified more than 4000
differentially methylated regions in CKD
samples. Gene ontology analysis showed
that the differentially methylated loci
were related to development and fibrosis.
Interestingly, we did not observe signif-
icant differences in promoter methyla-
tion levels, but differentially methylated
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regions were enriched on enhancer re-
gions.4% This observation will help
to refocus our attention to enhancers
from promoter regions. In a different
study, cytosine methylation patterns of
mixed peripheral blood monocytes ob-
tained from patients with CKD were also
different from those in controls.#! Be-
cause the epigenome is cell type specific,
it is not clear whether these studies iden-
tified changes that are specific to the dis-
ease state or just detected minor differen-
ces in cell type heterogeneity. In summary,
clinical observational evidence suggest
the long-term programming or memory
role of the environment in development
of CKD or diabetic kidney disease, and
initial human studies indicate epigenetic
differences in CKD samples, raising the
possibility that epigenetics plays an im-
portant role in CKD development.

CLINICAL IMPLICATIONS:
THERAPEUTICS AND
DIAGNOSTICS

There are two key areas where epigenetics
could enter nephrology clinics relatively
soon: therapeutics and diagnostics. Epi-
genetic-based therapies that inhibit cy-
tosine methylation (DNMT inhibitors)
or HDACs have already entered clinical
practice in the cancer field.

Animal model based experiments per-
formed by the Zeisberg group indicate that
increased cytosine methylation level of the
RASALI gene is causally linked to kidney
fibrosis development in mouse models.4?
Indeed, 5'-azacitidine, a drug that inhibits
cytosine methylation, successfully inhibi-
ted fibrosis development in mice. This
drug has been used in clinical practice
and is approved for the treatment of mye-
lodysplastic syndrome. Although further
studies are needed to examine the rela-
tionship between cytosine methylation
and kidney fibrosis, the initial animal
model studies are encouraging.

Another kind of epigenome modifier,
HDACs, emerged to play a key role in
kidney repair after AKI and glomerulo-
sclerosis development. HDAC inhibitors
were beneficial for the treatment of
experimental FSGS and HIV-associated
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renal disease.*3 Although these are inter-
esting initial observations, the concern is
that both HDAC and DNMT inhibitors
have pleotropic effects and they likely
modify thousands of cytosines and his-
tone tails. Further drug development to
enhance specificity will likely be needed
before potential human trials.

Expectations are high in the world of
diagnostics as well. The epigenome is
clearly viewed as the long-term footprint
of environmental exposures and as an
interface between genetic variation and
disease development. Cytosine methyla-
tion modifications are stable and easy to
analyze; therefore, they could be used to
predict risk and diagnose disease pro-
gression. Epigenome characterization is
now becoming routine in cancer diag-
nostics and treatments, and we hope that
it will come to nephrology clinics as well.
A critical bottleneck is the lack of kidney
tissue samples from patients with CKD.

Our knowledge in the area of epige-
netics is increasing exponentially. High-
resolution epigenome analyses for dif-
ferent human cell lines has recently been
made publicly available by the ENCODE
project. In addition, the International Hu-
man Epigenome Consortium is aiming
to analyze 1000 human reference epige-
nomes from different tissues and cell
types. Initial goals of these studies are to
establish reference samples and define
“normal” variation in the same cell types.
These reference epigenomes can then be
tested to understand the effect of differ-
ent environmental factors on the epige-
nome (epigenome/environment) and
understand the effect of genetic varia-
tions on the cell type—specific epigenome
(epigenome/genome). It will be impor-
tant to generate publicly available high-
quality kidney specific datasets. It is
increasingly clear that epigenetics will
be a key component to the understanding
of common complex diseases, including
diabetic and hypertensive CKD.
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