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Abstract—The genomic DNA methylation pattern (methylome) is a cell epigenetic program that controls the
expression of genetic information. The methylation pattern substantially changes in early carcinogenesis. A
detailed survey of the methylcytosine distribution in the genome in norm and pathology is of immense impor-
tance for a better understanding of the etiology of cancer and its early diagnosis. The techniques available make
it possible to simultaneously examine many samples (high-throughput analysis) and to examine large genome
loci or even the total methylome (large-scale analysis). The review considers the main trends in the development
of new approaches to DNA methylation and describes the techniques most commonly used in the field, their
application, and results. Emphasis is placed on the use of various DNA microarrays (oligonucleotide microar-
rays, BAC arrays, etc.) as a method of choice for epigenetic analysis of tumors. Alternative sequence-based
techniques of methylation analysis are discussed. The use of large-scale analysis to identify new epigenetic
markers and to develop an epigenetic classification of neoplasms is considered.
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Genetically identical cells of multicellular organ-
isms are specialized via realizing different parts of the
total genetic program. Possessing the total genetic
program involves a potential risk of an unauthorized
access to prohibited information [1]. The cell that has
gained such an access can evade natural controls and
give the origin to a tumor.

As early as in 1970, Vanyushin, Belozersky, and
colleagues [2] assumed that DNA methylation is a
natural mechanism regulating the expression of
eukaryotic genes. The product of DNA methylation,
5-methylcytosine (5™C, “fifth base”), was already
known at that time [3]. Modification predominantly
affects cytosines of CG dinucleotides in mammals.
Vanyushin and colleagues [2, 4] were among the first
to demonstrate the tissue specificity of methylation, as
well as changes in the total methylation level and the
methylcytosine distribution through DNA in cancer
cells [5]. The characteristic distribution of methylated
and nonmethylated CG dinucleotides in the genome is
known as the genomic DNA methylation pattern, or
methylome. Since the DNA methylation pattern is
reproduced upon DNA replication [6—8] and is associ-
ated with the level of gene transcription [9-11], it was
assumed that genomic DNA methylation carries

hereditary information, termed epigenetic. Epigenetic
information includes the mitotically and/or meioti-
cally inherited changes in gene functions that cannot
be explained by the modification of DNA nucleotide
sequences [12]. Yet the principal possibility of epige-
netic regulation was skeptically received, and the
progress in studying DNA methylation was delayed
for a long time.

Now, analysis of DNA methylation is one of the
most intensely developing fields of molecular biology
[13]. DNA methylation is critical for normal embryo
development [14]. Many studies testify to substantial
changes in the DNA methylation pattern in tumors. As
experimental findings are accumulating, the concept
of carcinogenesis is reviewed [15]. Mutations are no
longer regarded as the only lesions capable of induc-
ing cell malignant transformation. A second hit [16]
can be provided by hypermethylation of a tumor sup-
pressor gene [10, 11, 17-23] or a loss of imprinting
[24]. The DNA methylation pattern changes during
aging, which allows a new interpretation for the well-
known age-related increase in the risk of tumorigene-
sis. The fate of the cell that has acquired an oncogenic
mutation seems to strongly depend on the existing epi-
genetic alterations [25], which arise in early transfor-
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mation, when the cell still lacks the malignant pheno-
type [26-30]. According to P. and L. Medavars, muta-
tions trigger carcinogenesis, while the epigenome
status plays a predisposing role [31]. In the functional
context, epigenetic and genetic alterations are simi-
larly important for carcinogenesis and are closely
associated with each other. Abnormal methylation of
genes involved in a carcinogenesis-related signaling
pathway can (!) predispose to an accumulation of
mutations in genes of the same pathway [15].

The CG dinucleotides potentially subject to meth-
ylation are nonuniformly spread through the genome.
Some of them cluster to form CpG islands [30], which
are GC-rich DNA regions that vary in size from sev-
eral tens of base pairs to several kilobases and occur
predominantly in 5' regions (promoters, first exons) of
most human genes [32]. The other CG dinucleotides
are scattered through the genome. The majority of
promoter CpG islands are nonmethylated in normal
differentiated cells [33], while scattered CG dinucle-
otides are methylated. An opposite pattern is observed
in cancer, which is characterized by local hypermeth-
ylation of CpG islands and global hypomethylation of
other regions of the genome [34]. De novo methyla-
tion of CpG islands in tumor cells is accompanied by
transcriptional suppression of neighbor genes [10, 11,
17-23, 35-42]. Epigenetic gene silencing is reversible
and the genes involved can be reactivated by demeth-
ylating agents [30, 43—-45]. DNA hypomethylation is
associated with genome instability and further tumor
progression [46—48].

The mechanisms of the above substantial changes
in methylome are poorly understood. The methylation
pattern has been described in detail for no more than
0.1% of the genome [49]. It is clear that methylome
analysis in tumor cells is of immense importance for a
better understanding of the etiology of neoplasms.
DNA methylation profiling can be employed in the
early diagnosis of cancer, a search for prognostic epi-
genetic markers, and cancer prevention [26, 28, 30,
42, 50-52]. This brings to the forefront the technical
aspect of DNA methylation profiling.

It is necessary, first, to distinguish C and 5™C and,
second, to map them in the genome. Third, we think it
expedient to perform a large-scale analysis at an as
high as possible resolution without restriction to an
individual gene or a locus.

Recent years have brought great progress in the
development of new techniques addressing the meth-
ylome. It is possible now to simultaneously probe the
methylation status for thousands of CG dinucleotides
in the genome [53]. The methods of large-scale anal-
ysis continue to improve at a high rate.

Here we consider the technical aspect of DNA
methylation profiling in cancer. We discuss the princi-
ples of the main DNA methylation profiling methods,
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the logic of their further improvement, and potential
results, which can be expected to provide further
insight into the mechanisms of carcinogenesis and to
allow more efficient diagnosis and therapy of cancer.

It is expedient to briefly consider the early
approaches to discrimination between C and 5™C,
which underlie, to a certain extent, all modern tech-
niques of large-scale analysis of the methylome.

GENERAL PRINCIPLES OF DISCRIMINATION
BETWEEN C AND 5™C

Two main approaches are used to distinguish C and
5™C. One takes advantage of the fact that methylation-
sensitive restriction endonucleases selectively cleave
DNA in the recognition site containing C but not 5™C
[54, 55]. This approach is a priori limited to the recog-
nition sites of a restriction enzyme. Yet a combination
of several enzymes makes it possible to examine a
substantial number of CG dinucleotides in the genome
[49]. Digestion with methylation-sensitive restriction
enzymes is employed in the largest-scale methylome
analysis techniques.

The other approach to discrimination between C
and 5™C is reducing the epigenetic to a genetic differ-
ence with subsequent molecular genotyping. From-
mer et al. [56] have proposed DNA modification with
sodium bisulfite for this purpose. In the presence of

HSO;, nonmethylated cytosine is selectively deami-

nated to yield uracil, whereas 5™C does not enter into
the reaction. When the target locus is PCR-amplified,
the amplicon contains thymine in place of uracil so
that cytosine methylation profiling is reduced to iden-
tifying T and C. This problem can be solved by any
molecular genotyping technique (PCR, single-nucle-
otide primer extension (SNuPE) [57], sequencing
[56], etc.). Bisulfite-based DNA methylation profiling
has allowed a breakthrough in epigenetic studies [28],
making every CG dinucleotide accessible for analysis.

A third approach to discrimination between C and
5™C is based on 5™C immunoprecipitation and is con-
sidered below, in the section focusing on large-scale
analysis.

FROM INDIVIDUAL NUCLEOTIDES...

The standard experimental approach implies a pre-
liminary selection of a target gene or locus for methy-
lation profiling. Genes can be selected by function
(e.g., proapoptotic genes) or transcriptional silencing.
The choice is usually based on the assumption that
hypermethylation of the corresponding CpG island is
involved in the mechanisms deregulating gene expres-
sion in a tumor. Several simple procedures address the
methylation pattern of CpG islands. The most com-
mon one is methylation-sensitive restriction enzyme
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analysis with subsequent PCR (MSe-PCR) [58],
methylation-specific PCR (MSp-PCR) [59], and com-
bined bisulfite-restriction enzyme analysis (COBRA)
[60].

MSe-PCR reports methylation for one or a few CG
dinucleotides contained in the recognition site(s) of
methylation-sensitive restriction enzymes (e.g.,
BstUI, Notll, and Hpall) [39]. Nonmethylated DNA is
cleaved and PCR with primers flanking the recogni-
tion site(s) is impossible in the ideal case. The pres-
ence or absence of the amplification product reflects
the methylation status of the target cytosines.

MSp-PCR is based on selective amplification of
methylated and nonmethylated DNAs modified with
bisulfite. Two or more target CG dinucleotides are in
the regions of primer annealing to native DNA. PCR
is carried out separately with two pairs of primers, one
corresponding to the methylated DNA template
(which contains CG after bisulfite modification) and
the other corresponding to the nonmethylated tem-
plate (which contains UG in the same position).
Amplification is strongly specific under optimal con-
ditions. The methylation status of the target CG dinu-
cleotides is established depending on the primer pair
that allows amplification.

Both MSe-PCR and MSp-PCR fail to report the
extent of cytosine methylation, which can vary. In
contrast, COBRA is a quantitative assay. The essence
of COBRA is that the recognition site for a restriction
enzyme is preserved or eliminated after bisulfite mod-
ification of DNA, depending on the methylation status
of the target CG dinucleotide. The preservation of the
site (i.e., cleavage of the PCR product) suggests
cytosine methylation.

The techniques are simple and readily available
and, consequently, continue to be widely used. It is
obvious, however, that their informativeness is low:
only one or a few CG dinucleotides are examined and
their methylation status is used to suggest the methy-
lation status for the total CpG island. Yet even neigh-
bor cytosines can differ in methylation [61] and selec-
tive analysis of one or a few of them can yield false
positive or false negative results.

Bisulfite sequencing was developed to comprehen-
sively examine individual loci at a high resolution
[56]. Although addressing individual loci, bisulfite
sequencing is now the most informative technique,
reporting the methylation status for every CG dinucle-
otide. DNA is modified with bisulfite and amplified in
PCR, and the resulting amplicons are sequenced
according to Sanger [62]. C/T polymorphism is
directly detectable on the sequencing diagram. Since
PCR products are examined to infer the extent of
methylation for each 5™C, significant results are
obtained only when methylated and nonmethylated
DNAs are amplified with the same efficiencies [63].
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To achieve this, the primers should lack CG dinucle-
otides or, when impossible, have a single-nucleotide
substitution at the position corresponding to 5™C. This
condition is built in the MethPrimer program, which
serves to design the primers for bisulfite sequencing,
as well as for MSe-PCR, and is publicly available at
www.urogene.org/methprimer/index1.html [64].

Bisulfite modification of DNA is involved in many
techniques employed in both local and large-scale epi-
genetic analyses. To avoid false positive results
(incomplete C—U conversion), it is necessary to use
an optimized protocol (e.g., [65]) or commercial kits.
Systematic analysis of the artifacts arising in bisulfite
DNA modification suggests several causes for incom-
plete C—U conversion: incomplete denaturation of
the DNA sample, its contamination with protein or
RNA, and a high density of CG dinucleotides in the
target locus [65]. Hence, complete C—=U conversion
in bisulfite-modified DNA should be verified, for
instance, by bisulfite sequencing (Fig. 1a). Commer-
cial kits for bisulfite modification of genomic DNA
(Qiagen, BioCat, etc.) ensure a high reproducibility of
the results and considerably reduce the experiment
time (from ~20 to 4-5 h).

It is clear that the PCR products can be directly
sequenced (Fig. 1) or preliminarily cloned in a vector.
The second variant yields unequivocal results and is
preferred in most cases. However, since the extent of
DNA methylation may vary among cells, it is neces-
sary to sequence many random clones (e.g., see [21]).
It is for this reason that the analysis is usually limited
to a few subjects: tumor cell lines or several clinical
specimens.

In the case of a direct sequencing of the PCR prod-
ucts, double peaks of cytosine and thymine are detect-
able on the sequencing diagram when the extent of CG
dinucleotide methylation varies (Fig. 1c). In the ideal
case, the ratio between peak amplitudes (or, more cor-
rectly, peak areas) reflects the frequency of a particu-
lar CG dinucleotide in the sample examined [66]. Yet
the nucleotide sequence is greatly simplified after
bisulfite modification (e.g., tetranucleotides CTTT,
CCTT, CCCT, CCCC, CTCT, and TTTC are indistin-
guishable after modification and are identified as
TTTT) and completely lacks cytidines (guanidines)
apart from those methylated in the original sample.
This requires additional normalization of the fluores-
cent signals for quantitative analysis. Epigenomics
AG is developing a bioinformatic solution of this
problem [67] and direct bisulfite sequencing of the
PCR products has been chosen for the pilot project of
the Human Epigenome Consortium [68]. Although
Sanger bisulfite sequencing is a gold standard for
methylation profiling [49], this method is too time-
consuming and laborious to be widely employed in
routine large-scale analysis of the methylome in
tumors.



726

(@)

TTC GC
1

2

NI AN

i

GGGCGTTTTATT G GGCGTATCGTATT GT GAAT GTAGTTTC GGGGGTTTTTCGCGGI TTCGT TTTC
3 4 5 6 7 8 9

MOSKALYOV et al.

1

Pty iy

AL

(b)) TTC GCGGGCGTTTTATT G GGCGTATCGTAT T GT GAAT GTAGTT TC GGGGGTTTTTCGCGGT TTCGT TTTC
T 2 3 4 3 6 7 8 9 10

CpGNo. 12345678910
0% MOOOOOOOOOO
100% M ANEEEEEEEE
50% M. e b e e e e e e

Fig. 1. DNA methylation profiling by direct bisulfite sequencing. The sequencing diagrams were obtained for the promoter CpG
island of wifl. The gene product inhibits the Wnt signaling pathway, which is abnormally activated in some tumors (e.g., in colorec-
tal carcinoma [22]). Only T and C peaks are shown (dashed and solid lines, respectively). The nucleotide sequence at the top of each
diagram corresponds to bisulfite-modified DNA apart from cytosines (shown nonconverted to thymines) of CG dinucleotides
(underlined and numbered). The principles of bisulfite DNA modification are described in the text. An optimized protocol [65]
ensures complete C——T conversion (the corresponding thymines are indicated with arrows). Cytosines occurring in modified

DNA correspond exclusively to 5™C in native DNA (asterisks). (a) Peripheral blood DNA of a healthy donor is nonmethylated. (b)
The same DNA incubated with SssI methyltransferase is completely methylated. (c) An equimolar mixture of completely methy-
lated and nonmethylated DNAs (serves to verify the equal efficiency of amplification for the methylated and nonmethylated alleles).
(d) Bisulfite sequencing data are often represented in the form of a methylation map with symbols (squares, circles, etc.) showing
individual CG dinucleotides and the extent of symbol filling corresponding to the extent of cytosine methylation.

It is clear that bisulfite sequencing yields far more
informative results as compared with the above meth-
ods. Yet all techniques of local epigenetic analysis
have common drawbacks: their throughput is low and
quantitative interpretation of the results is problem-
atic. Quantitative analysis is important, in particular,
for monitoring DNA demethylation during chemo-
therapy with demethylating agents such as 5-aza-2'-
deoxycytidine, or decitabine [45]. The drawbacks
have been overcome in more recent modifications of
MSp-PCR and bisulfite sequencing.

MethyLight is a technique that combines MSp-
PCR and real-time PCR [69]. Bisulfite pyrosequenc-
ing, proposed by Biotage (Sweden), is gradually
becoming a standard in qualitative analysis. The
method is based on fluorescence detection of pyro-
phosphate released during DNA synthesis [70] and
allows real-time nucleotide sequence analysis for sev-
eral tens of samples [71]. Its drawback is a short read-
ing length (about 100 bp vs. 700 bp in Sanger
sequencing).

To reduce the cost of analysis, MALDI-TOF mass
spectrometry was used in place of fluorescence detec-

tion. The extent of cytosine methylation was quanti-
tated for individual cytosines by a combination of
MALDI-TOF mass spectrometry with a primer exten-
sion technique [72] or a hybridization of bisulfite-
modified DNA with peptide nucleic acid probes. The
techniques allow simultaneous analysis of several
hundreds of samples.

The methods of local DNA methylation analysis
are further improved to increase their throughput
without changing the general principle, examination
of a selected locus. Such methods are appealing for
clinical diagnosis with the use of epigenetic markers.
For instance, methylation of a single CG dinucleotide
in the first intron of zap70 correlates with the level of
zap70 transcription [74] and is regarded as a main
prognostic marker in B-cell chronic lymphocytic leu-
kemia [75]. Methylation profiling of the CpG islands
in a limited number of genes can be used for the epi-
genetic diagnosis of known tumors and the identifica-
tion of new ones, as convincingly demonstrated in
some works [76, 77]. As a molecular marker, methy-
lation of particular CG dinucleotides is preferable in
clinical analysis owing to a greater DNA stability.
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Genomic DNA for epigenetic analysis can be isolated
not only from biopsy material but also from various
biological fluids: blood plasma and serum, urine,
saliva, sputum, etc. [78, 79]. Data on the genes whose
hypermethylation in biological fluids is regarded as a
tumor marker have been reviewed in [28].

Commercial kits for epigenetic analysis of some
tumor markers are already available, though only for
research purposes. For instance, Biotage employs
bisulfite pyrosequencing for studying the promoters of
pl16 (cdkn2a), hmlhl, and mgmt. The methylation sta-
tus of Alu and LINE-1 repeats has been proposed as a
marker of global DNA hypomethylation in tumor cells
[80, 81]. These repeats are usually methylated in nor-
mal tissues and demethylated in neoplasms, which is
detectable by pyrosequencing and MethyLight. Avail-
able methods to monitor global DNA hypomethyla-
tion are important for chemotherapy with demethylat-
ing drugs [45] and clinical studies of new such drugs.

Regardless of the method employed, analysis is
complicated by the heterogeneity of tumor specimens,
which always contain normal cells as well. This prob-
lem is especially pressing when PCR is used to
amplify DNA. In the case of blood malignancies,
transformed cells can be isolated from peripheral
blood, for instance, by using magnetic particles with
immobilized antibodies against cell surface antigens
or by fluorescence-activating cell sorting (FACS). The
heterogeneity of solid tumors can be reduced to a min-
imum by using laser microdissection [82].

The techniques of local epigenetic analysis can be
used beyond clinical laboratories as well. For
instance, MSp-PCR is convenient for a rapid prelimi-
nary screening of candidate genes in a set of speci-
mens. The scheme selection of candidate genes —
preliminary MSp-PCR analysis (COBRA, etc.) —
detailed analysis has been used in many works and has
made it possible to demonstrate the epigenetic inacti-
vation of tumor suppressor genes in various neo-
plasms (e.g., apc in colorectal carcinoma [83]). It is
obvious, however, that further insight into the regular-
ities and mechanisms of methylome alterations in car-
cinogenesis is rather difficult to gain as long as candi-
date genes are selected and analysis is restricted to a
few CG dinucleotides.

...TOWARDS LARGE-SCALE METHYLOME
ANALYSIS

Since the above one experiment—one or a few loci
strategy is apparently insufficient, development of
new analytical procedures is under way. A natural idea
is to expand the scale of analysis and to simulta-
neously characterize many loci or, in the ideal case,
the total methylome. This new strategy obviates the
need to select the loci to be examined.
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One of the first techniques of large-scale analysis
is restriction landmark genome scanning (RLGS),
addressing the total genome. The technique combines
digestion of genomic DNA with a methylation-sensi-
tive restriction enzyme (usually, Nofl) and separation
of radiolabeled products by two-dimensional electro-
phoresis [84, 85]. A difference in spot intensity on the
autoradiographs of tumor and control DNAs suggests
different extents of methylation for the corresponding
CG dinucleotides, which are mapped by sequencing
the differing fragment. RLGS has been used to study
the global changes in DNA methylation for several
malignancies. For instance, a substantial number of
CpG islands differentially methylated in transformed
and normal B cells were detected with two restriction
enzymes in chronic lymphocytic leukemia [86]. Thor-
ough analysis of some candidate genes revealed new
epigenetic markers; e.g., the methylation status of
twist2 proved to correlate with the prognosis in lym-
phocytic leukemia [87]. Yet RLGS has a low resolu-
tion and a low throughput, needs a large amount of
DNA, and is laborious, thus being of a limited utility.

Highly efficient nonmethylated genomic sites
coincidence cloning (NGSCC) has been developed to
identify the nonmethylated cytosines in extended
polygenic loci of more than 1 Mb [88]. The gist is
comparing the methylation pattern of a particular
locus with the identical cloned (i.e., completely non-
methylated) nucleotide sequence. PCR amplification
substantially reduces the DNA amount necessary for
analysis. NGSCC was used to map the nonmethylated
cytosines in a 1-Mb locus of chromosome 19 and
revealed DNA sites differentially methylated in semi-
noma and normal testicular parenchyma [89]. The use
of NGSCC is limited because the PCR products must
be sequenced in order to map the nonmethylated
cytosines.

The main progress in techniques for large-scale
analysis is associated with DNA microarrays [90],
which are designed to simultaneously address many
CG dinucleotides [53]. The development of oligonu-
cleotide microarray technology has already allowed
large-scale analysis of gene expression [91] and
simultaneous examination of tens of thousands of sin-
gle-nucleotide polymorphisms [92].

Particular solutions (hereafter referred to as plat-
forms), as well as the procedures of analysis and sig-
nal detection, greatly vary. Methylation analysis with
DNA microarrays is usually based on the standard
principles: bisulfite modification and digestion with
restriction enzymes are utilized in the majority of
techniques. Microarrays only provide a high through-
put and a new approach to 5™C mapping. Platforms
are developed at a high rate and new ones can be
expected in the nearest future.
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Oligonucleotide Microarrays for Analysis
of Bisulfite-Modified DNA

Analysis of bisulfite-modified DNA consists in
hybridization to oligonucleotide microarrays. The res-
olution and the quality of results are similar to those
of bisulfite sequencing. We think that the oligonucle-
otide microarrays currently used to analyze bisulfite-
modified DNA provide for a transition to real large-
scale methylation profiling. The progress consists in
increasing the number of target CG dinucleotides and
the scale of analysis is now comparable with that of
pyrosequencing. Yet the method has sufficient poten-
tial to allow a transition from quantity to quality.

Oligonucleotide microarrays are usually obtained
by immobilizing presynthesized oligonucleotide on a
glass slide (spotted arrays) [93-95] or synthesizing
oligonucleotides in situ [92, 96, 97]. Illumina has sug-
gested an alternative principle of microarrays: syn-
thetic oligonucleotides are immobilized on glass
beads, which are spread on the surface of an optic
fiber chip (BeadArray technology) [98, 99].

A protocol for hybridization analysis of bisulfite-
modified DNA has been developed in our lab with the
use of in situ synthesized oligonucleotide microarrays
(Febit Biotech AG, Germany) [96]. The Geniom One
instrument utilizes a digital micromirror device for
UV-activated in situ oligonucleotide synthesis [100],
which makes it possible to easily change the microar-
ray composition as required for the experiment. A
microarray is a system of microchannels in a glass
plate; oligonucleotides are synthesized on the micro-
channel surface. Parallel hybridization with several
tens of thousands of oligonucleotide probes is now
available with such microarrays.

A sample is usually a mixture of biotinylated frag-
ments PCR-amplified from bisulfite-modified DNA.
Each CG dinucleotide is examined using a pair of oli-
gonucleotide probes (17-25 nt) [96, 101, 102]. The
probes of a pair are fully complementary to either a
methylated (M probe) or a nonmethylated (U probe)
sequence. The target CG dinucleotide corresponds to
the central nucleotide of a probe. This ensures the
selective binding of the probe with the target, since
hybridization of a target to a probe differing by one
central nucleotide is unlikely (the principle of the
method is shown in Fig. 2). After hybridization, the
microarray is incubated with a streptavidin—R-phyco-
erythrin conjugate to amplify the fluorescent signals,
which are recorded using a digital camera. The signal
intensities from the probes of a pair reflect the relative
contents of methylated and nonmethylated cytosines
in the given position. The ratio of the signal intensity
from the M probe to the total signal intensity from the
two probes of a pair characterizes the extent of meth-
ylation of the target cytosine and is known as the
methylation index Iy;/(I\; + I;), where Iy, and I; are the
intensities of the fluorescent signals from the M and U
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probes, respectively (Fig. 2¢). To simultaneously ana-
lyze the methylation status of many cytosines in vari-
ous samples, it is necessary that the microarray con-
tain the corresponding number of oligonucleotide
probe pairs.

We studied the extent of DNA methylation with
two approaches [103, 104]. One included a prelimi-
nary selection of the microarray oligonucleotide
probes that distinguish DNAs with different extents of
methylation (0, 50, and 100%). This procedure is nec-
essary because the efficiency of a probe is poorly pre-
dictable, depending on the possible formation of sec-
ondary structures and nonspecific hybridization. A
typical diagram of the methylation index computed
for CG dinucleotides of DNA specimens with the
known methylation extents is shown in Fig. 2d. It is
seen that the experimental estimates agree well with
the actual extent of DNA methylation.

Alternatively, it is possible to directly compare the
DNA methylation indices for tumor and control DNAs
without preliminarily selecting the probes. This qual-
itative analysis rapidly detects the changes in DNA
methylation and time-consuming probe selection is
avoided.

The same experimental platform is used in the
arrayed primer extension (APEX) with DNA poly-
merase [105, 106]. In this case, oligonucleotide probes
for the microarray are synthesized in the 5' —» 3'
direction and, consequently, can be extended by one
nucleotide after hybridization with the target [107].

Efficient as it is, the technique has some drawbacks
to be overcome. The drawbacks are related to the
properties of bisulfite-modified DNA. Since nucle-
otide sequences are greatly simplified, cross-hybrid-
ization is far more likely than in tests for single nucle-
otide polymorphisms, which substantially reduces the
scale of analysis. Moreover, the high density of CG
dinucleotides in CpG islands requires probes contain-
ing two, three, or even more cytosines. Synthesis of
oligonucleotides for all possible combinations of
methylated and nonmethylated states significantly
reduces the number of cytosines accessible for hybrid-
ization analysis.

To increase the scale of DNA methylation profil-
ing, it is necessary to use standard commercial plat-
forms with a high oligonucleotide density (Affyme-
trix, NimbleGen, Agilent, and Illumina) [68]. The
principles of large-scale analysis with these and other
platforms are briefly considered below.

Restriction Enzyme Analysis on DNA Microarrays

In RLGS, differentially methylated CG dinucle-
otides are mapped using two-dimensional electro-
phoresis with subsequent sequencing of the corre-
sponding restriction fragments. Hybridization with
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Fig. 2. DNA methylation profiling by hybridization to oligonucleotide microarrays. (a) Principal scheme of the experiment. When
genomic DNA is treated with sodium bisulfite, cytosine is deaminated to yield uracil, while methylcytosine does not enter into the
reaction. The DNA region of interest is amplified in PCR and the product is biotinylated and hybridized to an oligonucleotide
microarray. The methylation status of a CG dinucleotide is determined using a pair of probes. One probe (on the left) is comple-
mentary to the nonmethylated target region and the other (on the right) is complementary to the methylated target region. One of
the probes specifically binds to the target under optimal conditions of hybridization and washing, allowing discrimination between

5™C and C. (b) Methylation profiling of a DNA fragment. The fragment harbors three CG dinucleotides (shown in bold and num-
bered at the top of the sequence). After bisulfite modification, cytosine or thymine (small letters) occur in place of C in the fragment.
The methylation status of each cytosine is determined using a pair of 17-mer probes immobilized in an oligonucleotide microarray
(shown at the bottom). M and U are the probes (see text for detail). Each probe is complementary to the region underlined in the
fragment sequence; the target cytosine (underlined) is in the center of the probe. Hybridization of the biotinylated target fragment
with the probes is shown. (c) Analysis of the fluorescent signals. An oligonucleotide microarray is hybridized with biotinylated tar-
get DNA and incubated with phycoerythrin. The microarray fragment described in Fig. 2b is magnified. It is seen from the fluores-
cent signals that all three CG dinucleotides are nonmethylated (completely nonmethylated DNA was used as a target). M, methy-
lation index (see text for detail). (d) Discrimination of CG dinucleotides differing in the extent of methylation. The diagram shows
the methylation indices computed for DNA with the known extent of methylation (0, 50, or 100%). The PCR products used for
hybridization correspond to the promoter regions of calca, cdhli, dapkl, grm7, and cdkn2b (see text for details).

DNA microarrays is far more efficient in this case.
Several techniques have been developed for this pur-
pose, differing in sample preparation and the platform
employed (oligonucleotide microarrays, immobilized
PCR products, etc.).

BAC arrays, which contain immobilized BAC
clones, provide a convenient platform for total
genome analysis of hypermethylation of CpG islands,
which often occur in BAC nucleotide sequences. Tis-
sue-specific methylation was examined using a
microarray of 2413 unique BAC clones, covering the
genome with an average interval of about 1 Mb [108].
The control and test DNA samples were digested with
EcoRV and a methylation-sensitive restriction
No. 5
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enzyme (Notl or BssHII), the fragments were labeled
with the fluorescent dyes Cy3 and Cy5, and compara-
tive hybridization was performed. As a result, differ-
entially methylated loci were observed in DNAs of
astrocytes, keratinocytes, and peripheral blood cells.

Comparative restriction enzyme analysis of DNA
methylation in two specimens can yield false positive
results when a restriction site harbors a polymor-
phism. This problem is overcome using methylation-
sensitive Hpall along with its methylation-insensitive
isoschizomer Mspl. Comparative hybridization is car-
ried out with Hpall and Mspl fragments of one
genomic DNA specimen. Before hybridization, the
methylated or nonmethylated genome fraction is usu-
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Technique

Method to discriminate
C and 5™C

Principle

Reference

MSe-PCR

MSp-PCR

COBRA

Bisulfite sequencing
Primer extension

Bisulfite pyrosequencing
MethyLight
RLGS

NGSCC

APEX

Hybridization on oligo-
nucleotide microarrays

Hybridization on BAC
microarrays

MSDK

Methylation-sensitive
restriction

Bisulfite DNA modifi-
cation

Methylation-sensitive
restriction

Bisulfite DNA modifi-
cation

Methylation-sensitive
restriction

5™C precipitation

Methylation-sensitive
restriction

The methylation status of the CG dinucleotide in the rest-
riction site determines whether DNA is intact after digestion
and the fragment containing the given C is amplified

Target CG dinucleotides are in the primer annealing sites.
Two different primer pairs allow selective amplification of
methylated and nonmethylated DNAs

After bisulfite modification, the restriction site is preserved
or eliminated depending on the methylation status of its CG
dinucleotide, which is tested by restriction enzyme diges-
tion and subsequent PCR

Bisulfite-modified DNA is sequenced according to Sanger
Target CG dinucleotide is immediately downstream of the

primer annealing site. Primer extension by one nucleotide
reports C or T, suggesting 5™C or C

Bisulfite-modified DNA is pyrosequenced

MSp-PCR variant with real-time PCR

Radiolabeled genomic DNA fragments from several speci-
mens are separated by two-dimensional electrophoresis and
the intensities of spots on autoradiographs are compared
An extended genomic DNA locus and the identical cloned

fragment are digested with a methylation-sensitive restriction
enzyme, ligated with adaptors, hybridized, and PCR-amplified

Extension of oligonucleotide probes immobilized on a chip

DNA is PCR-amplified and hybridized to an oligonucleotide
microarray containing a pair of probes for each CG dinucle-
otide

HELP and MIAMI: comparative hybridization of the Hpall
(methylation-sensitive) and Mspl (methylation-insensitive)
digestion products of one DNA specimen

Comparative hybridization of the enriched methylated frac-
tions from several genomic DNA specimens

Comparative hybridization of several genomic DNA speci-
mens after digestion with a methylation-sensitive restriction
enzyme

Genomic 5™C are mapped by SAGE after digestion with
a methylation-sensitive restriction enzyme

(58]

[59]

(60]

[56]
[57]

[70,71]
[69]
[83, 84]

[87]

[104, 105]

[95]

[108, 109]

[110]

[107]

[112]

ally enriched via amplification of the restriction frag-
ments with ligated adapters, which substantially
reduces the DNA amount necessary for analysis (to
less than 500 ng) [49]. For instance, Hpall tiny frag-
ment enrichment by ligation-mediated PCR (HELP)
[109] allowed DNA methylation profiling for mouse
DNA regions of a total size of 6.2 Mb with a resolu-
tion of several hundreds of base pairs. Comparative
hybridization of amplified Hpall and Mspl fragments
of the same genomic DNA specimen was performed
using 50-mer oligonucleotide microarrays. The
microarray has ten unique oligonucleotide probes for
each fragment. In total, 13,000 probes make it possi-
ble to identify 1339 amplified restriction fragments.

The same idea underlies the microarray-based inte-
grated analysis of methylation by isoschizomers
(MIAMI) [110], which was used to examine the pro-
moter region of 8091 genes in cultured lung cancer
cells.

Apart from PCR amplification, methylated DNA
immunoprecipitation (Me-DIP) with antibodies
against 5™C [111] is used to enrich the methylated
genome fraction. Subsequent comparative analysis of
the DNA methylation profile in various samples can
be carried out with any of the above platforms. A
drawback of the method is that a large DNA amount
(more than 8 lg) is necessary for analysis [49].

MOLECULAR BIOLOGY  Vol. 41
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Restriction enzyme analysis has a far lower resolu-
tion as compared with bisulfite DNA modification, but
its scale is far larger. Thus, oligonucleotide tiling
arrays are already available for the Arabidopsis
thaliana and Escherichia coli complete genomes; an
array addressing methylation of the human genome is
expected for the nearest future.

All microarray-based techniques of DNA methyla-
tion profiling have their advantages and drawbacks.
The critical parameters of sample preparation for
large-scale DNA methylation profiling and a compar-
ison of various platforms have been described in [49].
It is expedient to enrich the nonmethylated genome
fraction, because its analysis is far more informative
and sensitive than analysis of the methylated fraction.
The results of restriction enzyme analysis with
microarrays are highly reproducible (R?> = 0.997).

The choice of a particular platform depends on the
objective of a study. For instance, when the objective
is to monitor the changes in the total methylome rather
than to examine an individual locus (even an extended
one), the optimal combination of a scale and a resolu-
tion is achieved by hybridization to genome microar-
rays with methylation-sensitive restriction or Me-DIP.

Microarrays Only?

Large-scale methylation profiling of genomic
DNA is now associated mostly with DNA microarray
technology. New technological platforms and experi-
mental approaches are developed with enthusiasm
because one experiment can yield ample information,
unconceivable before. Yet this technology has its lim-
itations.

As methods of DNA sequencing are improved, the
line-up may change. Based on Sanger sequencing,
methylation profiling is now performed by methyla-
tion-specific digital karyotyping (MSDK), in which
5™C is mapped via serial analysis of gene expression
(SAGE) [112] after genomic DNA digestion with
methylation-sensitive restriction endonuclease [113].
This method of global analysis has revealed substan-
tial changes in DNA methylation pattern not only in
breast cancer cells but also in stromal and myoepithe-
lial cells, testifying again that the microenvironment
of a tumor is important for its progression.

Further development of bisulfite pyrosequencing
may allow a breakthrough in large-scale methylation
profiling. A new high-throughput instrument for DNA
pyrosequencing has already been designed (454
experimental sequencing machine, Roche) [114]. Sev-
eral millions of amplified genomic DNA fragments
are sequenced in parallel owing to their distribution
through picowells of a fiber optic chip. Real-time
sequencing proceeds at a rate of 25 Mb per 4-h run.
For instance, the Mycoplasma genitalium genome
(580,069 bp) has been sequenced de novo in one run
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with an accuracy of 99.96%. A similar technology
designed to sequence bisulfite-modified DNA with the
same or a higher throughput can be expected to allow
large-scale analysis at a 1-bp resolution. To achieve
this, it is necessary to eliminate some problems, for
instance, those related to the simplification of nucle-
otide sequences after bisulfite modification or the
presence of numerous repeats in DNA.

Alternative technologies are sought to allow high-
throughput DNA sequencing. We think that the great-
est promise is held by nanopore DNA sequencing,
where single-stranded DNA is drawn through a nan-
opore [115, 116]. As a nucleotide passes through the
nanopore, the instrument records a physical parame-
ter, specific to each of the four bases. A parameter
allowing a 1-nt resolution is the distribution of the
current that arises in nanoelectrodes surrounding the
nanopore. A mathematical model has been con-
structed on the basis of the behavior of a single-
stranded molecule in solution and has predicted the
possibility of high-rate accurate sequencing [116].
The throughput of one nanopore is theoretically suffi-
cient for sequencing the human or a comparable
genome in 7 h.

When this idea is realized, it will be possible for
the first time to obviate synthesis of the complemen-
tary strand in DNA sequencing, which will reduce the
cost of sequencing by several orders of magnitude.
With such a technique, the DNA methylation pattern
may be established via direct discrimination between
C and 5™C without bisulfite modification.

CONCLUSIONS

DNA methylation profiling techniques developed
from the detection of individual 5™C to genome-wide
quantitative analysis in recent years. The intense
search for new platforms is determined by the
immense importance of DNA methylation for gene
expression regulation, carcinogenesis, and some
hereditary disorders. Notwithstanding the great
progress in the field, the understanding of the role of
DNA methylation is still comparable with the tip of
the iceberg. The best-studied issue is the role of hyper-
methylation of promoter CpG islands in transcrip-
tional gene silencing associated with carcinogenesis.
The answers to many other questions remain under
water. The main questions are why and how the meth-
ylome is substantially changed in pathology. It is
unclear why CpG islands are normally nonmethylated
in most cases and what factors cause their hypermeth-
ylation in tumors. Why are tumor suppressor genes
subject to methylation? How significant is the position
of the CpG island relative to the coding gene region?
What is the role of DNA hypomethylation?

To answer these and many other questions, it is
necessary to obtain far more ample experimental data
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and, consequently, to develop new techniques,
improving the scale, resolution, and throughput of
analysis. It should be noted that DNA methylation is
only a part of the epigenetic information of the cell
and is associated with the chromatin state [117-120].
Hence, large-scale methylation profiling must be
accompanied by studies of chromatin modification. A
collation of epigenetic data with the results of large-
scale gene expression profiling and proteome analysis
in tumors will provide further insight into the fine
mechanisms of carcinogenesis, which is of immense
importance for diagnosis and the targeted therapy of
cancer.
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