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Abstract—Modern approaches for studies on genome functioning include investigation of its epigenetic regulation.
Methylation of cytosines in CpG dinucleotides is an inherited epigenetic modification that is responsible for both function-
al activity of certain genomic loci and total chromosomal stability. This review describes the main approaches for studies on
DNA methylation. Under consideration are site-specific approaches based on bisulfite sequencing and methyl-sensitive
PCR, whole-genome approaches aimed at searching for new methylation hot spots, and also mapping of unmethylated CpG

sites in extended genomic loci.
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Methylation of cytosines in the 5'-position of the
pyrimidine ring is an extremely important epigenetic
modification of the eukaryotic genome that affects vari-
ous cell processes. Methylation of DNA is associated with
compaction of chromatin [1-3], repression of transcrip-
tion of the inactivated X chromosome of mammalian
females [4], genomic imprinting of some specific genes
[5], and also with chromosomal stabilization [6].
Methylation is shown to play an important role in regula-
tion of gene expression during embryogenesis of mam-
mals and further cell differentiation [3, 7, 8].

Carcinogenesis is also accompanied by changes in
methylation of genomic DNA [9]. These changes include
an aberrant local hypermethylation of promotors of vari-
ous tumor suppressor genes, which results in their silenc-
ing, and whole-genome hypomethylation accompanied
by activation of oncogenes, retrotransposons, and
genomic instability. The role of methylation is shown in
development of neurodegenerative diseases, such as Rett
[10] and Prader—Willi [11] syndromes.

Modern studies of genome functioning have to
include its epigenetic component. This review describes
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basic approaches used for studies on DNA methylation in
the Laboratory of Structure and Functions of Human
Genes, Shemyakin and Ovchinnikov Institute of
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Now it is well known that DNA of vertebrates is
mainly methylated at CpG dinucleotide sequences. But
contents of 5-methylcytosine in DNA were under study
long before this had been established. 5-Methylcytosine
(m>C) was first detected in DNA of higher eukaryotes in
1948 by Hotchkiss [12]. He fractionated by paper chro-
matography nitrogen bases and nucleosides resulting by
hydrolysis of calf thymus DNA with HCI and detected an
“anomalous” base. Because of similarity of the absorp-
tion spectrum of this base to that of cytosine, it was
named epicytosine and later identified as m°’C. Similar
data were obtained virtually concurrently by Visher and
Chargaff [13].

Later, various modifications for chromatographic
separation of nitrogen bases and their nucleos(t)ide deriv-
atives were proposed, which provided for significantly
increased resolution and more reliable quantitative
assessments [14-19]. Progress in analysis of biopolymers
by mass-spectrometry ensured its use for the sensitive
detection (from 0.01% in 1-10 pg) of minor bases [20,
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21]. Methylation of DNA is also studied by photometric
[22], fluorimetric [23], enzymatic [24, 25], and immuno-
chemical [26] approaches.

The variety of approaches for identifying the total
amount of m°C in the genome allows us to choose the
most adequate one with respect to labor-saving and the
required sensitivity. All these approaches can be used for
studies of whole-genome demethylation and de novo
methylation of DNA during gametogenesis, embryogen-
esis, tissue differentiation, or neoplasia. But obviously,
data obtained by these approaches are insufficient for
analyzing the specific distribution of methylated
sequences in the genome and changes in its pattern. Data
on the methylation status of specific genomic sequences
would be much more informative for studies on the role of
this modification of DNA during different processes in
the cell. To obtain such data, special approaches have
been developed. Some of them are discussed in the pres-
ent review.

These approaches are mainly based on two strategies:
1) chemical modification of bases with agents discrimi-
nating cytosine and 5-methylcytosine, and 2) use of
methyl-sensitive restriction enzymes. Other approaches
are also described, e.g., affinity columns based on DNA-
binding domains of methyl-binding proteins (methyl-
CpG-binding domains (MBD)) during fractionation of
nucleic acids by the level of their methylation (this possi-
bility was first shown in [27]) or microarray technology
for whole-genome detection of tissue-specific methyla-
tion of CpG islands [28].

DETERMINATION OF SPECIFIC METHYLATION
BY CHEMICAL MODIFICATION

Sequencing of DNA based on specific chemical
modification of nitrogen bases (hydrazinolysis of pyrim-
idines and interaction of purines with dimethylsulfate)
and the subsequent degradation with piperidine of the
polynucleotide chain in the modified sites was elaborated
more than 25 years ago [29]. Unlike cytosine, m°C does
not react with hydrazine [30]; therefore, the polynu-
cleotide chain is not degraded in the m°C position. On
electrophoretic separation of chemical degradation prod-
ucts in a high-resolution gel, methylated cytosine
residues can be discriminated from cytosine residues by
absence of the corresponding fragment. However, just
such negative identification associated with artifacts is a
fundamental disadvantage of this approach. Recently
KMnO, was proposed to be used as an additional agent
because it interacts with m>C and thus provides for degra-
dation of the polynucleotide chain [31]. Afterwards, such
approaches were replaced by more efficient modifications
of bisulfite sequencing.

Bisulfite sequencing was proposed in 1992 by
Australian researchers [32] and is based on the reaction of
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Fig. 1. Bisulfite sequencing. DNA is denatured and treated with
sodium bisulfite, and then PCR is performed with primers specif-
ic to one of two modified chains. The resulting amplificate is
sequenced immediately or after preliminary cloning of individual
sequences.

bisulfite anion (HSO3) with cytosine resulting in produc-
tion of a sulfonated derivative, which is rapidly deaminat-
ed. During the subsequent replication, uracil generated
instead of cytosine will produce hydrogen bonds with
adenine, and this will cause transition in this site in one of
the daughter chains. 5-Methylcytosine is sulfonated
incomparably more slowly.

The specimen under study (Fig. 1) is treated with
bisulfite, then desulfonated under alkaline conditions,
and then each chain is PCR-amplified separately (these
chains lost their complementation after deamination of
all unmethylated cytosines). Then either the joined
amplificate [33] or individual preliminary cloned
sequences are sequenced. In this case, m>C manifests
itself in the radioautograph as a positive signal correspon-
ding to cytosine. This approach has some advantages, in
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particular, it is very sensitive (from 10~'%g, usually <10~° g
DNA [34]), provides for a separate analysis of two chains,
as well as the possibility to study methylation status of
individual DNA molecules that allows us to study more
finely changes in methylation of specific sequences.

However, bisulfite treatment of DNA has some limi-
tations and shortcomings, e.g., a decrease in the sensitiv-
ity because of partial degradation of DNA caused by its
apurinization at acidic pH and also incomplete deamina-
tion of DNA. A number of approaches have been devel-
oped to ameliorate these drawbacks [31, 35-38].

Sequencing of genomic DNA pretreated with sodi-
um bisulfite can be used as a technological principle for
large-scale epigenetic studies. Therefore, the Human
Epigenome Consortium (http://www.epigenome.org)
responsible for the project of identification and cataloging
of methylation patterns of genomic DNA of all human
genes in the main tissues uses bisulfite sequencing as the
major approach for obtaining information about DNA
methylation state.

METHYL-SENSITIVE
RESTRICTION ENZYMES

The ability of methyl-sensitive restriction enzymes
possessing the CpG dinucleotide-containing recognition
site to cut only unmethylated sites is used for various
approaches [39-41]. Parallel hydrolysis of DNA with such
a restriction enzyme and its methyl-insensitive
isoschizomer can present information about the number
and distribution of the corresponding sites in the speci-
mens containing 5-methylcytosine. Most often, the pair
Mspl/Hpall is used which recognizes the CCGG
sequence, with Hpall sensitive to methylation of the sec-
ond C in the site.

Methylation in plants is studied using isoschizomers
EcoRI11/BstN1, which cut the CCNGG site. BstN1 is
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Fig. 2. Use of methyl-sensitive restriction endonucleases for ana-
lyzing methylation of specific CpG sites. Genomic DNA con-
taining unmethylated (white asterisks) and methylated (black
asterisks) CpG sites is restricted and analyzed by PCR with
primers (shown by arrows) flanking the site under study.
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methyl-sensitive. At present, more than 300 methyl-sen-
sitive restriction endonucleases are known, and ~30 of
them have methyl-insensitive isoschizomers [42].

Methyl-sensitive restriction endonucleases were first
used by Bird and Southern for analyzing methylation of
genomic DNA during studies on methylation of amphib-
ian TRNA genes [43]. The endonucleases Mspl/Hpall
used by these authors differently hydrolyzed somatic and
oocytic rDNA, and this was shown to be associated with
the different degree of their methylation. In general,
genomic DNA cut with methyl-sensitive restriction
enzymes can be analyzed using Southern-hybridization
with specific probes, PCR, or both these approaches.
Southern-hybridization allows us to rapidly analyze many
specimens at a rather sufficient sensitivity (from 10% of
methylated sequences in 10 pug of the initial DNA).

PCR-amplification of the genomic region under
study becomes more sensitive after pretreatment of the
sample with endonuclease (from 0.1% of methylated
sequences can be detected in 10 ng of the initial DNA)
[44]. Only the initially methylated and thus non-
hydrolyzed fragment of DNA will be amplified exponen-
tially (Fig. 2). The presence of methylated and unmethy-
lated sequences in the initial specimen can be quantita-
tively assessed by the so-called competitive PCR when the
same pair of primers is used for amplification of both the
genomic and the exogenously added identical DNA dis-
criminated by size [45]. Adaptors preliminary ligated to
hydrolysis products can also be used, and PCR can be
performed with one specific primer and with the other
identical to the adaptor’s sequence (the ligation mediated
PCR (LM-PCR)). In this case, both hydrolyzed and
non-hydrolyzed (methylated) fragments will be amplified
in the site under study, and the resulting ratio of the
amplification products will correspond to their presence
in the initial mixture [46].

Nevertheless, it is obvious that these approaches
require that the genomic region under study be prese-
quenced. It is also essential that by these approaches
methylation is studied not of the whole sequence but only
of its regions that contain the recognition site of the
endonuclease used. These approaches are also associated
with possible artifacts caused by incomplete hydrolysis of
DNA.

APPROACHES FOR STUDY
AND COMPARISON OF METHYLATION
OF SPECIFIC GENOMIC SEQUENCES

Studies on DNA methylation are designed either to
determine the methylation status of a certain nucleotide
sequence (e.g., studies on changes in methylation of CpG
islands of tumor suppressor genes), or to search for new
specifically methylated genomic sites responsible for cru-
cial functional changes in the organism.
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The first group includes the already described bisul-
fite sequencing, methyl-sensitive PCR (methylation-spe-
cific PCR (MSP)) [47], and their combinations. Among
other methods [48-53], attention should be paid to the
wide-scale whole-genome analysis of DNA methylation
by restriction landmark genomic scanning with involve-
ment of methyl-sensitive restriction endonucleases
(RLGS-M) [54] (Fig. 3). In this case a specimen is initial-
ly hydrolyzed with a methyl-sensitive restriction endonu-
clease (A, most often Notl which recognizes the palin-
drome octanucleotide 5’—GCUGGCCGC—3’), and the
fragments produced are radiolabeled and hydrolyzed with
another restriction enzyme (B). Then the hydrolyzate is
fractionated by electrophoresis, and the agarose gel is
treated with the third endonuclease (C) and separated in
the other direction. The resulting radioautograph presents
a characteristic two-dimensional picture (pattern) of the
restricted fragments. Increase or decrease in the intensity
of a definite spot is associated with hypo- or hypermethy-
lation, respectively, of the endonuclease A recognition
site. Fragments of interest can be eluted from the gel and
used for their mapping in the genome under study. Notl
used as enzyme A allows us to purposefully study gene-
containing regions of the genome, because ~90% of all
sequences recognized by Norl are located in CpG islands
[55], the majority of which, in turn, is associated with
genes and their promotor regions in mammalian genomes.

However, along with obvious virtues, this approach
also has shortcomings, in particular, it requires a large
amount of DNA (more than 10 pg) to obtain a radioauto-
graph of sufficient quality and is rather laborious because
of preparation and analysis of radioautographs (software
has been recently developed which automates the treat-
ment of results obtained by the RLGS-M approach [56,
57D).

However, even improved [58], the approach remains
tedious and is not widely used.

Methylation status of two specimens can also be
compared by subtractive hybridization (the methylation-
sensitive representational difference analysis (MS-
RDA)). This approach includes comparison by subtrac-
tive hybridization of two simplified genomic fractions,
which are Hpall amplicons of the restricted genomic
DNA. And during the amplification the mixture is
enriched with fragments of 300-600 bp, which are mainly
hypomethylated (and as a result hydrolyzed by endonu-
clease) regions of the genome. The subsequent 2-3 rounds
of subtractive hybridization result in a set of sequences
with different methylation status in the two DNA speci-
mens under comparison. This approach was first used to
search for differentially methylated sequences in normal
liver parenchyma and hepatocellular carcinoma [59, 60].
This approach can also be used in searching for genes
capable of imprinting [61], identification of tissue-specif-
ic expressed sequences [62], whole-genome analysis of
changes in the methylation status under conditions of

BIOCHEMISTRY (Moscow) Vol. 70 No.5 2005

599
Both alleles One allele Both alleles
are unmethylated is methylated are methylated
(A) (A) (MA)
T —I—— —m.
—) 1 —.— —.—
(A) ™A) Ma)
e Hydrolysis with endonuclease A
¢ Labeling of ends
(A)
—_—— —e — —
(MA) (MA)
e Hydrolysis with endonuclease B
e Electrophoresis in first direction
e Hydrolysis with endonuclease C
® Probe “B”
— 1 — 1 - 1
2 2 2

Fig. 3. The RLGS-M approach. Specimens of DNA are first
hydrolyzed with a methyl-sensitive endonuclease A and then the
sticky ends are completed in the presence of radiolabeled nucle-
oside triphosphates. Then the preparation is hydrolyzed with
endonuclease B and fractionated by electrophoresis in the first
direction; then the gel is treated with the endonuclease C and
separated in the other direction. Comparing the spot intensities in
radioautographs from different specimens, one can identify dif-
ferentially labeled sequences.

foreign DNA insertions (transgenes, retroviruses, DNA-
transposons [63]).

But “simplification” of specimens during their
amplification is obviously associated with a loss of some
of differentially methylated sequences, and the fraction
analyzed is produced rather occasionally.

In general, whole-genome approaches cannot give
comprehensive data because of the complexity of the
eukaryotic genome. Moreover, they present for the
researcher excess information that is difficult to analyze.

Recently a tendency appeared for limiting the
whole-genome analysis by extended polygenic loci pos-
sessing common regulatory systems. We have developed
an approach for mapping unmethylated CpG sites on
megabase regions of the genome (Non-methylated
Genomic Sites Coincidence Cloning (NGSCC) [64]),
which allows us to map sites independently of their posi-
tion with respect to the CpG island. The approach is
based on cloning identical nucleotide sequences belong-
ing to different fragmented DNA pools (Fig. 4). As the
DNA pools for comparison, we used the genomic DNA
from a certain tissue fragmented with the methyl-sensi-
tive restriction enzyme Hpall and the complete set of the
Hpall restricted fragments of DNA from the cloned
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Fig. 4. Scheme for cloning identical sequences based on PCR selective suppression. The fragments unique for each of the initial sets (A and
C) are shown as dashed and dash-dotted lines, the common fragments (B) are shown as solid lines. Two types of suppression adaptors are
shown as black or white rectangles, and the complementary sequences are presented as hatched rectangles of the corresponding color.

locus. Two types of suppression oligonucleotide adaptors
were ligated to the resulting pools. The joint denaturation
and renaturation of both pools of the fragments resulted
in generation of heteroduplexes of identical nucleotide
sequences from different pools (duplexes B in Fig. 4).
These heteroduplexes can be isolated from the mixture
using the effect of a selective PCR suppression caused by
the presence of different suppression adaptors [65]. The
isolated fragments belong to the genomic locus under

study and contain the unmethylated CpG site specific for
the tissue under study. The cloning, determination of
nucleotide sequence of these fragments, and mapping of
unmethylated CpG sites in the genome result in the dis-
tribution profile of unmethylated sites in the human
genome locus under study. Such a tissue-specific distribu-
tion is characteristic for a definite tissue or stage in the
organism’s development; therefore, it has to represent its
functional features.
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Fig. 5. Distribution of unmethylated restriction sites (URS) along the locus under study for the normal parenchyma (above the axis) and
seminoma (under the axis). Positions of unmethylated sites are shown by lines with numbers corresponding to coordinates on chromosome
19. The annotated genes are indicated with horizontal arrows. Regions of tissue-specific methylation are shown with ovals, indicating the
different distribution of unmethylated sites in genomes of the normal and tumor tissues.

By the NGSCC approach the distribution profiles of

unmethylated CpG dinucleotides (in the Hpall sites)
were obtained on the 1 Mb length D195208-COX7A1
locus of chromosome 19. Figure 5 presents the site distri-
bution along the locus, which was obtained for two tis-
sues: normal testis parenchyma and seminoma (germino-
genic tumor). For each tissue, a tendency was revealed for
clusterization of unmethylated sites. Moreover, the nor-
mal and tumor tissues were different in the methylation
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profiles. Regions of the locus with the tissue-specific dif-
ference in methylation are presented in Fig. 5 as ovals.
Such regions are located in both gene-rich and noncod-
ing areas of the locus.

Thus, the NGSCC approach results in the set of
unmethylated restriction sites (URS), which are distrib-
uted lengthwise the genomic locus under study, inde-
pendently of location of CpG islands. Such URS can be
considered as markers with the distribution reliably
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describing the tissue-specific methylation profile inside
the extended locus. This profile is unique and character-
izes just the tissue under study and its functional state.

We have reviewed only some of a great variety of
approaches that were and are used now for studies on
DNA methylation in higher eukaryotes. These approach-
es are different in informativity and give qualitatively dif-
ferent data: from the total amount of 5-methylcytosine in
DNA to the specific pattern of its distribution in the
genome under investigation. It should be noted that only
a few of these approaches are used widely. This is obvi-
ously associated with differences in sensitivity, require-
ments for labor intensity, and reliability. And finally, the
choice of approach is most essentially determined by its
suitability for the specific purpose of the study.
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Molecular and Cellular Biology.
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