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Abstract—Epigenetic elements of the genome, i.e. elements that determine stably inherited changes in gene expression with-
out changes in the genomic DNA sequence, are essential tools of genetic regulation in higher eukaryotes. The complete
sequencing of the human and other genomes allowed studies to be started on positioning of these elements within long
multigenic regions of the genome, which is a prerequisite for a comprehensive functional annotation of genomes. This mini-
review considers some recent experimental approaches to the high-throughput identification and mapping of epigenetic ele-
ments of mammalian genomes, including the mapping of methylated CpG sites, open and closed chromatin regions, and

DNase I hypersensitivity sites.
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Upon the complete sequencing of a number of mam-
malian genomes [1-3], the study on regulatory systems
determining the phenotypic variety of living organisms
becomes a current problem of the coming post-genomic
era. Epigenetic elements, i.e. elements that determine
stably inherited changes in gene expression without
changes in the genomic DNA sequence, are the most
important components of the genome regulatory machin-
ery [4]. These elements include DNA methylation sites,
open and condensed chromatin regions, etc. Obviously, a
comprehensive annotation of the genome has to contain
data on the position of these elements in the genome of all
types of the organism’s cells.

The number of “classic” cis-regulatory elements
(promoters, enhancers, silencers, insulators) in the
eukaryotic genome reaches tens of thousands [5], where-
as the amount of potential epigenetic elements is orders
of magnitude higher than this number and equals some
millions. Therefore, at present the problem of a genome-
wide identification and mapping of epigenetic elements is
almost insuperable and needs to be simplified. The prob-

Abbreviations: bp) base pair; kb) thousand base pairs.
* To whom correspondence should be addressed.

lem may be simplified differently: first, all these elements
may be mapped inside a relatively small stretch of the
genome; second, a functional part of the genome may be
chosen, such as the protein encoding sequences or CpG
islands; third, approaches of comparative genomics may
be used, such as a differential display or subtractive
hybridization, which can give information about the dif-
ference in location of epigenetic markers in various tis-
sues or organisms. We think that approaches using the
most possibly comprehensive mapping of epigenetic ele-
ments in the limited but sufficiently long (several Mbp)
multigenic regions of the genome are the most adequate.
In such regions, mechanisms of high-throughput regula-
tion of the genome can be studied and new approaches for
mapping the epigenetic elements can be tested.
Afterwards, these completely characterized regions can
be combined into maps of whole chromosomes and
genomes.

Approaches for mapping epigenetic elements are
being developed in the framework of the international
consortium ENCODE (the ENCyclopedia Of DNA
Elements, http://www.genome.gov/10005107) [6]. The
strategy of our studies is similar to that of the ENCODE
project. We try to design a complete map of the cis-regu-
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latory and epigenetic elements located in a human
genome multigenic segment 1 Mbp in length.

In the present review, some recent experimental
approaches to the high-throughput mapping of mam-
malian genome epigenetic elements and results of them
are considered. All these approaches include the same
crucial stage—obtaining libraries of relatively short DNA
fragments highly enriched with the corresponding ele-
ments. Upon designing such libraries, the mapping of
regulatory epigenetic elements becomes a purely techni-
cal problem and can be realized using various technolo-
gies, such as hybridization with genomic microarrays,
high-throughput sequencing, SAGE-similar (serial
analysis of gene expression) technologies, and others
shortly described further.

MAPPING OF METHYLATED CpG SITES

Methylation of cytosines at the 5-position inside the
dinucleotide CpG plays a key role in the regulation of gene
expression in higher eukaryotes [7]. To reveal and analyze
methylated cytosines numerous approaches have been
proposed and described in recent reviews [8, 9]. Note that
the number of potential CpG methylation sites coincides
with the number of CpG dinucleotides in the genome;
therefore, they are mapped by simplified methods. We
shall consider in brief some recently published methods for
the high-throughput identification of methylated CpG.

Methyl-sensitive PCR. This approach uses as a tem-
plate for the PCR amplification the genomic DNA mod-
ified by treatment with bisulfite, which converts into
thymines only unmethylated cytosines [8, 9]. Thus, the
amplified product will contain DNA fragments with dif-
ferent nucleotide sequences corresponding to the original
methylation state of the fragment.

A fluorescently labeled product of this PCR was used
as a probe for hybridization with an oligonucleotide chip
capable of distinguishing methylated and unmethylated
sites. This approach was used for identification and map-
ping of methylated CpG sites from the regulatory regions
of some genes located both inside and outside CpG
islands in some normal and tumor tissues [10-12].

The bisulfite approach combined with bisulfite
sequencing and mass spectrometry is used in the frame-
work of the Human Epigenome project [13]. The purpose
of this project is the genome-wide mapping and analysis
of the genome methylation state. In the preliminary stage
of the project, methylation of the main human histocom-
patibility complex genes was analyzed [13]. The intron
and exon regions of 90 genes were analyzed in various cell
types, and the majority of these sequences were charac-
terized either by hyper- or hypomethylated state, which
indicates their involvement in genomic regulation.

An identification of bisulfite-modified bases using
methyl-specific primers was proposed recently [14]. The
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methylation profiles of 1536 CpG sites were analyzed
from the 5'-regulatory region of 371 genes for some cell
lines and in normal and tumor lung tissue. A number of
markers were identified, which allowed the discrimina-
tion of lung adenocarcinoma and normal lung tissue by
methylation degree.

Methylation-sensitive representational difference
analysis (MS-RDA). This approach is used for compari-
son of the methylation degree in the genomes of two cell
or tissue types. To prepare PCR-amplified fragments of
genomic DNA (amplicons) from two different sources,
the methyl-sensitive endonuclease Hpall was used. The
resulting amplicons were compared using subtractive
hybridization [15, 16]. This approach identifies differen-
tially methylated genome regions in two different cell
lines or tissues. In addition to the simplification of sub-
tractive hybridization, the number of mapped methylated
CpG is lowered because only CpG in the Hpall recogni-
tion sites are under consideration and because of imper-
fection of the original RDA method [17].

Methylation-sensitive restriction landscape genomic
scanning (RLGS-M). The RLGS-M [18] method is based
on using methyl-sensitive restriction endonucleases with
long recognition sites. Upon the genomic DNA cleavage
with such an enzyme and radiolabeling, the DNA frag-
ments are separated by two-dimensional gel elec-
trophoresis combined with treatment with an additional
restriction enzyme after the first dimension.

On using the methyl-sensitive restriction enzyme
Notl with the restriction sites (GCGGCCGC) mainly
located inside CpG islands, the RLGS profile allows the
determination of both the methylation state and number
of methylated copies of a sequence under analysis. This
method can be used for comparison of the methylation
degree of CpG islands of various (including normal and
tumor) tissues [19].

Immunoprecipitation of methylated DNA. Immuno-
precipitation with antibodies to methylated cytosines was
used combined with microarrays for determination of the
methylation profile of all human chromosomes at the res-
olution of 80 kb and for defining the methylation profile
of large CpG islands [20].

Methylated-CpG island recovery assay (MIRA). The
MIRA approach is based on the ability of proteins con-
taining the methyl-CpG-binding domain, such as
MBD2, to specifically bind with methylated sequences of
DNA. Ultrasonically fragmented DNA from cells or tis-
sues was incubated with the immobilized MBD2 in the
presence of its partner in binding, the protein MBD3L1,
which increased the affinity of MBD2 for methylated
DNA [21]. The prepared DNA was used as a template for
PCR. This procedure mainly reveals the highly methylat-
ed regions of CpG islands. Later, MIRA was combined
with hybridization with microarrays that allowed identifi-
cation of many genes containing the methylated regulato-
ry regions in primary lung cancer and melanoma [22].
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Non-methylated genomic sites coincidence cloning
(NGSCC). This approach [23] consists of two stages. In
the first stage, genomic DNA is treated with a methyl-
sensitive restriction endonuclease, which cleaves only
unmethylated sites, and the fragments containing
unmethylated CpG are selectively amplified by a PCR-
suppression technique [24]. In the second stage, using an
original procedure of cloning the coincidental sequences,
from this pool only those fragments are selected and
cloned that belong to the genome regions under study.
This approach was used to analyze the distribution profile
of hypomethylated CpG in a region 1 Mbp in length in
human chromosome 19 in DNA specimens from a nor-
mal testis and seminoma. A high level of expression of
some genes inside the hypomethylated clusters correlated
with hypomethylation of the genome regions including
them; other genes were expressed independently of the
methylation status. Combined with the technique of rapid
identification of genomic splits (RIDGES) [25], the
NGSCC approach allows the determination of methyla-
tion profiles for long regions of DNA.

Analysis of methylation profile using endonuclease
MecrBC. To analyze the methylation profile, the frag-
mented genomic DNA was treated with the methyl-sen-
sitive endonuclease McrBC, and the fraction depleted in
methylated CpG was purified by electrophoresis in
agarose gel [26, 27]. This fraction was used for hybridiza-
tion with genomic microarrays in parallel with the control
fraction (untreated with McrBC). The methylation pro-
file of the human genomic DNA was determined for more
than 21,000 sites, including 79% of annotated sites of
transcription start. The analysis revealed a complicated
profile of DNA methylation along every autosome, with a
tendency for increase in the methylation density with
approaching telomeres. About 2% of CpG islands were
methylated with a high density, 17% contained a consid-
erable quantity of 5-methylcytosines, and the methyla-
tion level did not correlate with the position of CpG
islands relative to sites of transcription start.

Identification of methylated CpG sites by mass spec-
trometry. A highly efficient approach has been recently
proposed for identification of bases transformed during
the reaction with bisulfite, which includes hybridization
with a library of peptidyl-nucleic acids and time-of-flight
mass spectrometry with laser desorption-ionization
(MALDI-TOF) [28]. This approach is specified by high
sensitivity and reliability in quantitative determination of
methylation level.

Reduced representation bisulfite sequencing (RRBS).
Genomic DNAs of mouse cells and of the same cells
deprived of methyltransferases Dnmtl, Dnmt3a, and
Dnmt3b were cleaved with Bg/lI, and for further analysis
fragments 500-600 bp in length were chosen. The ends of
these fragments were supplemented with synthetic
primers, and the fragments were treated with bisulfite,
PCR-amplified, cloned, and sequenced [29]. Analysis of
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sequences of about 1000 clones (~400,000 bp) has shown
that the method can be used for genome-wide studies. It
should be noted that this approach allows the identifica-
tion of methylated cytosines in sequences other than
CpG.

IDENTIFICATION OF OPEN AND CLOSED
CHROMATIN REGIONS

Studies of specific features of chromatin structure of
transcribed regions resulted in a concept of “open” or
“decondensed” (active) and “closed” or “condensed”
(inactive) chromatin and its involvement in the regulation
of gene activity [30]. Regions of the open and closed
chromatin play an important role in the regulation of
gene transcription, and this is the reason for their identi-
fication and mapping inside elongated regions of the
genome. Some approaches have been proposed for high-
throughput identification and mapping of open and
closed chromatin regions.

In vitro detection of specific chromatin regions. The
chromatin structure of the human genome was analyzed
by cleavage of DNA inside isolated nuclei using micro-
coccal nuclease and separation of regions with the com-
pact and condensed chromatin by centrifugation in a
sucrose density gradient [31]. The distribution of the
closed and open chromatin regions inside the genome was
studied using hybridization with metaphase chromo-
somes and genomic microarrays. Positions of the open
chromatin regions correlated with positions of the
genome regions with higher gene density but did not cor-
relate with the level of their expression. The authors think
that this is caused by location of inactive genes in the
open chromatin or active genes inside the compact chro-
matin regions.

In another scheme, chromatin was fractionated
using differential solubility of the compact (enriched with
histone H1) and open chromatin. The total chromatin
was treated with micrococcal nuclease and divided into
three fractions: soluble in 5 mM MgCl,, in EDTA, and
insoluble. It was also fractionated by its accessibility for
cleavage by DNase 1. The fractions were hybridized with
microarrays carrying the coding sequences of about
22,000 genes, and data on the chromatin state were com-
pared with data on gene expression obtained with the
same microarrays. The level of gene expression was
inversely proportional to the level of chromatin openness
[32].

Mapping of regions accessible for Dam-methylation.
The open and closed chromatin regions were identified in
vivo by testing the chromatin accessibility for the methy-
lase Dam of E. coli [33]. The method is based on the abil-
ity of Dam methylase to methylate adenine residues in
the GATC sequence [34] and also on an approach similar
to the above-described NGSCC method [23]. The distri-
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bution of the open chromatin regions (accessible for the
Dam methylase) was established inside the human
genome region of 140 kb in the cell line HEK-293. The
Dam-methylated regions were found in the gene introns
and exons and also in the intergene space. The distribu-
tion of these regions along DNA was uneven and corre-
lated with the transcriptional activity of genes in the
locus. Moreover, the DNA regions accessible for the Dam
methylase in many cases were overlapped with the regions
hypersensitive to DNase 1.

Mapping of chromatin regions containing modified
histones. The posttranslational modification of histones is
one of the fundamental mechanisms of regulation of gene
activity and forms an epigenetic profile of the genome, or
the “histone code” [35]. Modified side chains of amino
acid residues in histones often act as binding sites for spe-
cific proteins that, in turn, induce changes in the chro-
matin structure and gene expression. Acetylation of lysine
residues in histones is usually associated with the open
state of chromatin and active transcription, whereas
methylation of lysine and arginine residues can correlate
with both active and inactive chromatin [36].

A genome-wide mapping of regions containing
acetylated H3 histone was described in resting and acti-
vated human T-cells. Chromatin was immunoprecipitat-
ed with antibodies to diacetylated (K9/K14) H3 histone
in combination with a SAGE-like approach [37]. Only
1.2% of the chromatin was found to contain the diacety-
lated H3 histone. In total, the H3 histone was highly
acetylated in the genome regions rich with genes. A high
acetylation level was characteristic for promoter regions.
It was concluded that the increased openness of chro-
matin and a high level of gene expression in the given
region of the genome were more likely not due to the total
increase in the histone H3 acetylation, but rather to the
hyperacetylation of proteins associated with promoters
and other regulatory elements, such as enhancers, locus
control regions (LCR), and insulators.

The level of histone H3 methylation at lysine-9 (K9)
was analyzed in the cell line and tissue specimens of
human colon cancer using immunoprecipitation of chro-
matin with antibodies to the histone H3 methylated or
acetylated at K9 and a microarray carrying CpG islands
of the human genome [38]. With CpG-microarrays, a
strong correlation was shown between a high ratio of K9
methylation to the K9 acetylation and methylation of
CpG islands of DNA.

The technique of chromatin immunoprecipitation
with analysis on microarrays (ChIP-on-chip) was also
used for studies on the methylation profile of the H3 and
H4 histones in the protein-coding regions of the human
genome. Positions of the histone H3 methylated at K4,
K36, and K79 (associated with gene activation) and at
K9, K27, and K20 (associated with gene repression) were
mapped in human monocytic THP-1 cells. The correla-
tion was studied between the histone H3 methylation at
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different positions and its acetylation at the K9/K14 posi-
tion. The modifications H3-K4Me2, H3-K4Me3, H3-
K36Me2, and H3-K79Me2 were shown to be associated
with H3 hyperacetylation and elevated gene activity,
whereas the modifications H3-K9Me2, H3-K9Me3, H3-
K27Me?2, and H4-K20Me?2 were associated with the H3
hypoacetylation [39].

Histone H4 methylation at arginine-3 was studied in
HL-60 line cells using chromatin immunoprecipitation
and direct cloning and sequencing of the precipitated
DNA fragments. All identified sites were located either in
introns, or no farther than 5 kb from the 5'-ends of the
corresponding genes. A considerable part of the genes
adjacent to the sites containing the methylated H4 was
involved in signal transduction and development, includ-
ing the immune response of myeloma cells [40].

Mapping of DNase I-hypersensitive regions of DNA.
Positions of DNase I-hypersensitive regions of DNA
indicate the location of essential regulatory elements of
the genome, such as promoters, enhancers, insulators,
etc. [41]. Highly efficient approaches for identification
and mapping of these sites have been recently developed.

One of these approaches includes limited hydrolysis
of isolated nuclei with DNase I, isolation of soluble
DNA, cleavage with restriction endonuclease forming
sticky ends, and directional cloning of the resulting frag-
ments. The library of fragments containing the sites of
DNase 1 cleavage from human CD4" cells was
sequenced, and positions of the cleavage sites were
mapped [42]. The sites of DNase I cleavage were more
frequently located in the genome regions containing reg-
ulatory elements, such as 5'-adjacent regions to genes,
CpG islands, and sequences similar in the human and
mouse genome, which suggested their functional impor-
tance [43]. In the next work of the same authors, 230,000
sites cleavable by DNase I were mapped. By quantitative
real-time PCR, about 80% of these sites were shown to be
mapped in the genome regions containing regulatory ele-
ments, including regions 2 kb upstream of the genes,
CpG islands, and highly conservative sequences.

Another group of researchers [44] used a subtractive
hybridization to obtain a library enriched with DNA frag-
ments containing sites hypersensitive to DNase 1. The
resulting fragments were mapped in the human chromo-
some 21 region ~30 Mbp in length. The hypersensitive
sites were mainly located near regions of transcription
start and in CpG islands.

Methods for identification of sites preferentially
cleaved by DNase I were recently adapted for hybridiza-
tion with genomic microarrays. The two described
approaches include slightly different methods for prepa-
ration of a hybridization probe. The first approach [45]
includes biotinylation of DNA fragments obtained upon
treatment with different concentrations of DNase and
purification of these fragments on a column with immo-
bilized streptavidin. The other approach [46] uses a selec-
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tion of short fragments containing neighboring sites of
cleavage with DNase 1. Both types of probes were
hybridized with microarrays carrying 44 regions of the
human genome with total length of ~30 Mbp chosen for
the first stage of the ENCODE project [6].

Various epigenetic elements essentially determine
mechanisms of mammalian genome functioning.
Identification and mapping of these elements in the
genome is a large-scale problem, which is being solved by
a number of highly efficient approaches. Nevertheless,
the current methods are unable to provide for a genome-
wide mapping of millions of epigenetic elements, espe-
cially on taking into account their tissue specificity. To
solve this problem, new methods suitable for genome-
wide analysis must be elaborated.
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