
Alteration of expression of many genes occurs during

tumor formation and progression. The epigenetic modifi�

cations, i.e. modifications that do not influence the

genetic potential of genes, but lead to inherited alteration

of their expression, play an important role in carcinogen�

esis. Two related components contribute to epigenetic

modifications of gene expression: alteration of chromatin

conformation (chromatin remodeling) and modification

of DNA methylation pattern.

The methyl group is located in the fifth position of

the ring in some cytosines within CpG dinucleotides in

the genome of vertebrates [1]. The pattern of 5�methylcy�

tosine distribution in the genome is unique for each cell

type and is established in embryogenesis as a result of bal�

ance between DNA methylation and demethylation [2,

3]. In the cells of an adult organism the methylation pat�

tern is maintained in relatively unmodified state, but may

alter significantly with aging and during certain diseases

including malignant neoplasias. Abnormal DNA methy�

lation pattern was detected as a constant modification in

tumor cells long ago. A considerable decrease in 5�

methylcytosine content in comparison to corresponding

normal tissues was observed in many human and animal

neoplasias [4�8]. Together with global decrease in DNA

methylation, a selective local hypermethylation of cyto�

sine within CpG dinucleotides located in the 5′�regulato�

ry region of genes is observed in tumor cells [9].

Hypermethylation and hypomethylation (demethy�

lation) are terms that denote alteration of methylation

status of a genome fragment in a tumor cell in compari�

son to a corresponding normal cell. Although aberrant

local hypermethylation was detected later than the

decrease in 5�methylcytosine content in neoplastic cells,

actually the first effect is much better studied than the lat�

ter. It has been demonstrated in many studies that several

suppressors of tumor growth, genes that regulate cellular

motility, apoptosis, and angiogenesis and genes of the

DNA repair system may be inactivated in tumors due to

aberrant methylation of their 5′�regulatory regions [9].

Regulatory regions of these genes are located in the spe�

cific GC�rich sequences—CpG islands that are not

methylated in all tissues of the adult organism. Aberrant

methylation of CpG islands is accompanied by inhibition

of transcription of the gene [10]. These numerous studies

confirmed the suggestion that was made soon after the

discovery of DNA methylation about a possible role of

methylation in regulation of gene transcription [11].
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The list of genes inactivated in tumors by methyla�

tion of their promoters is increasing constantly. In has

been shown that the pattern of aberrantly methylated

genes represents unique characteristics of a tumor and

may be used for classification of a tumor or the stage of its

progression. Attempts are being undertaken to use certain

genes with high frequency of methylation as markers for

diagnostics and determination of risk�groups for cancer

development, prognosis, and monitoring of the disease.

Inhibitors of methylation are under trial as anti�cancer

drugs. The progress in these studies is summarized in

numerous reviews [12�15].

Although DNA demethylation is widely spread with�

in the genome and is clearly associated with tumor for�

mation, its significance for tumor cells remained obscure

until recently. Progress in the study of genome demethy�

lation and its role in carcinogenesis was achieved only

during recent years. The recent studies are reviewed

below. The simultaneous presence of hyper� and

hypomethylation in tumors seems to be paradoxical.

Understanding of the role of these processes and interac�

tion between them in carcinogenesis is of particular

importance due to their reversibility and possibility for

drug treatment of both processes.

HYPOMETHYLATED DNA SEQUENCES

IN HUMAN TUMORS

It was already shown in early studies describing the

decrease in the total content of 5�methylcytosine in dif�

ferent tumor forms that the level of general demethylation

and frequency of demethylation increase with tumor pro�

gression [6, 8]. However, the establishment of demethy�

lated sequences in neoplastic cells was necessary to

understand what selective advantages are acquired by the

cells with decreased level of DNA methylation. The

majority of tumor cells possess the following properties

that are obtained during progression and promote malig�

nant growth: a) self�maintenance with growth signals; b)

insensitivity to anti�growth signals; c) unlimited prolifer�

ative potency; d) block of apoptosis e) block of differenti�

ation; f) stimulation of angiogenesis; g) ability for inva�

sion and metastases; h) genetic instability. Actually many

signal pathways, whose alteration in tumor cells favor the

acquirement of these properties, are established. It

appears to be confirmed that structural modifications of

genome and local DNA hypermethylation are involved in

alteration of functions or expression of many genes—

components of these signal pathways. The role of DNA

demethylation in acquiring of these properties by tumor

cells is only beginning to be clarified.

It is evident that the targets for aberrant demethyla�

tion in tumors are represented by DNA sequences that are

methylated in normal tissues. The following groups can

be attributed to these DNA sequences: 1) repeated

sequences that are methylated in all studied genome loci

[16]; 2) unique DNA sequences encoding for genes

whose suppression of expression in normal cells is

achieved through methylation. Imprinted genes with

mono�allelic expression that is maintained by methyla�

tion and certain tissue�specific genes are attributed to

these genes [17�19].

Demethylation of Repeated DNA Sequences

It was demonstrated in one of the first studies of

DNA demethylation in animal tumors that a significant

decrease in 5�methylcytosine content (by 30�40%) occurs

in moderately and frequently repeated DNA sequences

[20]. The classes of repeated sequences with tumor�spe�

cific demethylation were characterized much later.

Endogenous retrotransposons are attributed to these

DNA sequences. These elements of the human genome

are methylated in all studied genomic loci. Many trans�

posons have strong promoters; methylation of the latter

correlates with suppression of transcription activity and

apparently prevents their further expansion throughout

the genome [16, 21]. Hypomethylation of long (several

thousands nucleotides) dispersed retrotransposons

LINE�1 in tumor cells in comparison to normal tissues

was demonstrated for many tumors [22�28]. In some

cases, demethylation of LINE�1 was accompanied by

transcription. The authors suggest that the decrease in the

level of methylation of these genomic elements may acti�

vate their transcription and provides them competence

for transposition and recombination. In reality, exoge�

nous expression of LINE�1 in transformed cells is accom�

panied by LINE�1 transpositions that are connected with

genome deletions and inversions [29]. However, the

recombination with involvement of LINE�1 in tumors

has not been described yet.

The decrease in the level of methylation of another

group of retro�elements, the endogenous retroviruses

from the HERV�K family, was also shown in certain

tumors. The human genome contains approximately 50

full�length copies of these viruses and about several hun�

dred fragments of the viral genome located in all chromo�

somes. Deleted copies contain regulator regions—LTR

(long terminal repeats) [30]. Hypomethylation of HERV�

K observed in bladder carcinomas was not accompanied

by transcription [23]. Correlation of hypomethylation of

the sequences of the viral gene GAG with expression of the

protein was detected in primary testicular tumors [31].

The data on demethylation of these retro�elements are

not sufficient yet for understanding of the role of this

process in carcinogenesis. It is known that HERV�K

LTRs can direct transcription in both orientations in vitro

and that some of them are located in gene introns in the

antisense orientation with respect to these genes, i.e.

potentially they may be involved in the production of
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antisense RNA [32, 33]. It is not yet known whether LTRs

of these endogenous viruses are involved in destabiliza�

tion of transcription in tumor cells.

In addition to retrotransposons, satellite DNA rep�

resenting approximately 10% of the genome is another

target for demethylation. Satellite repeats are relatively

short (up to 200 bp) highly repetitive non�coding DNA

sequences that form tandem blocks located in hete�

rochromatin regions of chromosomes (pericentromeric

and telomeric regions). Heterochromatin is transcrip�

tionally inactive chromatin characterized by histone

deacetylation, DNA methylation, and compactization of

nucleosomes. Hypomethylation of several satellite

repeats (Satα, Sat2, Sat3) has been observed in different

tumor forms with high frequency (40�90%) in compari�

son to related normal tissues [34�40]. Hypomethylation

of satellite DNA increased with progression of ovarian

tumors, thus it can be considered as a marker of poor

prognosis for this form of tumors [38, 39]. It has also been

demonstrated that hypomethylation of satellite DNA

does not correlate with hypermethylation of the promot�

er regions of several genes—suppressors of tumor growth

in the same tumors, thus representing an independent

alteration of DNA methylation pattern [34, 38]. In addi�

tion, demethylation of satellite DNA correlates with the

decrease in 5�methylcytosine content in DNA of tumor

cells [39]. Taking into account this coincidence together

with the fact that satellite DNA represents 10% of the

genome, it can be suggested that demethylation of the

satellite repeats contributes heavily in global genome

demethylation in tumors.

What is the role of hypomethylation of the repeats in

carcinogenesis? It is known that homologous recombina�

tions between repeats can lead to chromosomal

rearrangements [41, 42]. It was suggested that methyla�

tion of the repeats restricts homologous recombination

[16, 43]. The following facts favor this hypothesis. It was

shown that methylation of the DNA fragment that over�

laps the hot spot of meiotic recombination leads to more

than 100�fold decrease in the frequency of crossing�over

within this locus in fungi [44]. Translocations that occur

as a result of exchange between decondensed and

demethylated satellite repeats and multibranched struc�

tures formed by the long arms of chromosomes 1 and 16

on which these repeats are located are often observed in

patients with a rare genetic disorder, ICF syndrome

(immunodeficiency, centromeric heterochromatin insta�

bility and facial abnormalities). The analogous chromo�

somal anomalies are observed in normal B�cells after

their treatment with demethylating agents [45, 46]. The

absence of the functional gene DNMT1 (one of the DNA�

methyltrasferases) in mice embryonic cells ES leads to

DNA hypomethylation followed by the increase in muta�

tions of both the endogenous gene (HPRT) and trans�

genes. The mutations of these loci were mainly represent�

ed by deletions caused by mitotic recombinations or

chromosomal losses with subsequent duplication of the

remaining chromosome [47]. In mice with hypomorphic

DNMT1 allele the expression of DNA�methyltransferase

1 was reduced by 90% in comparison to the wild�type

mice. This reduction was accompanied by decrease in the

global level of genome methylation and centromeric

repeats in all studied tissues. These mice developed

aggressive T�cell lymphomas that displayed trisomy of

chromosome 15 in 80% of cases [48]. The authors man�

aged to demonstrate without using genotoxic demethylat�

ing agents that first, genome hypomethylation may

induce tumors in animals, and second, these tumors are

characterized by increased chromosomal instability.

Finally, it should be noted that in human tumors with

demethylated repeats Satα and Sat2 located in the peri�

centromeric region of chromosome 1 rearrangements of

these regions are often observed [36, 37].

The abovementioned data clearly indicate that

hypomethylation of repeats may lead to the development

of genetic instability that is a significant peculiarity of

tumor cells.

Demethylation of Unique DNA Sequences

Imprinted genes. It is known that DNA methylation

is involved in the maintenance of mono�allelic expression

of imprinted genes. Genome imprinting is a gamete�spe�

cific epigenetic genome modification that maintains the

unequal expression of the maternal and paternal alleles of

a gene in the tissues of an adult organism. A relatively

small number of genes undergo imprinting in mammals.

Imprinted genes are often located in clusters with coordi�

nated regulation of gene expression within such clusters.

The genes that are transcribed from either the maternal or

paternal alleles can be located in the same cluster. The

specific CG�rich regulating regions DMR (differentially

methylated regions) or ICR (imprinting control regions)

are located within the imprinted loci and can influence

the gene imprinting at distances of several hundred thou�

sand base pairs. DMRs are normally highly methylated

only on one allele and are partly or fully demethylated on

the other allele. DMRs in hypomethylated state seem to

function as insulators or silencers [17, 49]. Not only dele�

tions in imprinted loci, but also the disruption of imprint�

ing due to deregulation of DNA methylation are observed

in tumor cells [50, 51]. Both hypermethylation and

hypomethylation of distinct regulatory DNA regions may

occur in an imprinted locus. Demethylation of the DMR

allele that is methylated in normal cells may differently

modulate expression of genes controlled by this DMR

leading to: a) appearance of bi�allelic gene expression

(relaxation of imprinting); b) silencing of both alleles.

Examples of DMR hypomethylation and variation of

expression of certain genes in human tumors are listed

below.
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The gene IGF2 located in the well�known imprinted

locus of chromosome 11p15 encodes for embryonic

growth factor. Deletions within this locus are typical for

many tumor types. In colorectal cancer, relaxation of

imprinting of the IGF2 gene was accompanied by

hypomethylation of IGF2 DMR located between the sec�

ond and the third exons of this gene [52].

The gene CDKN1C encodes for the inhibitor of

cyclin�dependent kinases p57KIP2 and is located in the

same imprinted locus as IGF2 (11p15.5). Reduction in

CDKN1C gene expression correlated with hypomethyla�

tion of DMR�LIT1 (KvDMR1) in esophageal cancer cell

lines. DMR�LIT1 is located in the intron of another gene

from the same locus, KvLQT1, and determines imprinting

of several genes in this locus [53]. Hypomethylation of

DMR�LIT1 was accompanied by modification of histones

within this region. The decrease in expression of the

CDKN1C gene did not correlate either with methylation

of CpG island in its own promoter or with histone modi�

fication in the region of the gene promoter [54].

Hypomethylation of the maternal allele KvDMR1 has also

been detected in breast, gastric, cervical, and liver carci�

nomas [55, 56]. However the authors did not investigate

the expression of which genes within this locus was

altered in the majority of these tumor types. The correla�

tion between hypomethylation of the maternal allele

KvDMR1 with the absence or decrease in expression of

both the CDKN1C and IGF2 genes located in the same

locus at significant distance from the KvLQT1 gene was

observed only in liver tumors (see above) [56].

Thus, DNA demethylation observed in tumor cells

may disrupt imprinting leading to significant alteration of

expression of imprinted genes.

Tissue�specific genes. Tissue�specific genes appear to

represent potential targets for demethylation. These

genes are expressed in only a few normal tissues of an

adult organism. About half of the tissue�specific genes

possess CpG islands in regulatory regions. However, CpG

islands of many studied genes were not methylated in all

normal tissues independently of their expression. Other

tissue�specific genes contain individual CpG dinu�

cleotides within promoters and coding regions of genes.

The majority of CpG dinucleotides within these genes are

methylated in those tissues, where these genes are not

expressed [10]. However, there are no data that provide

evidence that observed demethylation of specific CpG

sites of these genes determines their transcription in the

normal tissues where they are expressed. In this connec�

tion, the role of methylation in regulation of expression of

tissue�specific genes in normal tissues has been intensive�

ly discussed. In was demonstrated only recently that

methylation is involved in the control of expression of

certain genes in normal tissues [19].

For several tissue�specific genes with regulatory

regions methylated in normal tissues, it was shown that

they are demethylated and ectopically expressed in neo�

plastic cells. Some proto�oncogenes, the genes that deter�

mine the metastatic potential of tumor cells, and a num�

ber of genes with undetermined functions in normal cells

are among these genes (table) [57�74]. Brief information

about the genes for which activation with involvement of

demethylation in tumor cells is confirmed is presented

below.

Proto�oncogenes. HOX11 is a transcriptional factor,

proto�oncogene, and member of the family of homeo�

domain proteins HOX. The gene is expressed only in

embryogenesis where its protein product is necessary for

formation of spleen and skeleton [75, 76]. Aberrant

expression of the gene is observed in T�cell acute lym�

phoblastic leukemia. Gene expression is accompanied by

promoter demethylation. It was demonstrated that in

normal T�cells, the promoter is methylated, and that

methylation of the promoter in vitro is sufficient to silence

the gene promoter [57].

Demethylation of individual CpG dinucleotides

located in C�MYC, Ha RAS, and ERB�A1 proto�onco�

genes was revealed in human tumors long ago. However,

the data providing evidence that this site�specific

demethylation results in activation of these genes are still

lacking [77�80].

Cancer�testis antigens. Cancer�testis antigens (CT

antigens: MAGE, GAGE, LAGE, and others) are specifical�

ly expressed only in male germinal cells at the definite

stage of spermatogenesis and also in various tumor cells

[58�61]. Protein products of these genes cannot be pre�

sented on the surface of germinal cells due to the absence

of expression of MHC first class molecules in them.

Hence, these proteins are tumor�specific antigens and

may induce immune response in the host organism.

These properties provide the possibility to use them in

immunotherapy [81, 82]. It is suggested that CT antigens

share a common mechanism for regulation of expression,

in which methylation plays a significant role. However,

experimental data favoring this hypothesis are actually

obtained only for a few genes. Demethylation of the pro�

moter and the first exon of MAGE�A1 gene (melanoma

antigen A1) strongly correlate with its expression in male

germinal cells, certain melanoma cell lines, and in

melanoma metastasis to skin and lymph nodes. In other

normal cells of the adult organism, the gene is methylat�

ed and not expressed [58, 59]. Hypomethylation of the

promoters and aberrant expression of MAGE�A1 and five

another genes of the MAGE family have been observed in

gastric tumors [60]. Hypomethylation of the promoter of

CAGE�1 (cancer�associated gene�1), a new cancer�testis

antigen, strongly correlates with its expression in many

tumor types. In the studied normal tissues, the promoter

is methylated [61, 83]. Methylation of the promoters of

MAGE�A1 and CAGE�1 in vitro inhibits binding of the

transcription factors and transcription of these genes [61,

84]. It was also demonstrated that the expression of genes

GAGE, LAGE, and NY�ESO�1 can be induced in normal
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and tumor cells that do not express these genes by treat�

ment of cells with the demethylating agent 5�azacytidine

[85�87]. The role of these genes in carcinogenesis is not

yet established.

Genes associated with invasion and metastases. uPA

(urokinase�type plasminogen activator). The protein prod�

uct of the gene is a serine protease that is involved in

transformation of inactive plasminogen into the active

form and cleaves certain components of extracellular

matrix: laminin, fibronectin, and collagen. Gene expres�

sion is repressed in epithelial prostate and breast cells,

where the gene promoter is hypermethylated. In several

cell lines of carcinomas of prostate and breast and in pri�

mary breast tumors transcription of the gene is activated

in correlation with promoter demethylation [62, 63, 88].

Gene demethylation and expression in breast tumors cor�

relates with invasive phenotype, presence of metastasis,

and high mortality [89]. Restoration of the hypermethy�

lated status of the promoter by treatment of tumor cells

with S�adenosyl methionine inhibits gene expression and

represses invasive and metastatic potential of the cells

[90].

MTS1/S100A4 (metastasin 1). This gene encodes for

a small protein that binds calcium ions and is a member

Gene

Proto�oncogenes

HOX11

Cancer�testis (CT)
antigens

gene family 
MAGE

CAGE�1

Genes associated
with invasion
and metastases

uPA

MTS1/S100A4

MASPIN/SERPINB5

BCSG/SNCG

Protein function

a member of HOX family of homeodomain
proteins, transcription factor, involved in
control of genesis of spleen and skeleton
during embryogenesis

proteins involved in spermatogenesis, pre�
cise functions are unknown

functions are unknown

a member of the serine protease family,
breaks down different components of
extracellular matrix, stimulates invasion,
metastases, and angiogenesis in model sys�
tems

a member of the S100 family of calcium�
binding proteins, involved in control of cell
motility, stimulates invasion, metastases,
and angiogenesis in model systems

a member of the family of inhibitors of ser�
ine proteases (serpins), stimulates growth,
motility, invasion, metastases, and angio�
genesis in model systems

a member of synuclein family, stimulates
growth, motility, invasion, metastases, and
angiogenesis in model systems

Tumor type

T�cell acute lymphoblastic
leukemia [57]

melanoma cell lines,
melanomas, gastric tumors
[58�60]

cell lines and carcinomas of
breast, stomach, lung, liver,
prostate, and uterine cervix [61]

cell lines of prostate carcinoma
[62], cell lines and breast carci�
nomas [63]

cell lines of lymphomas [64], cell
lines of colon adenocarcinomas,
cell lines and carcinomas of pan�
creas [65�67]

gastric [70], thyroid [69], and
pancreatic carcinomas [68],
melanomas [71]

cell lines and carcinomas of
breast, ovary, and stomach [72�
74]

Region
of hypomethy�

lation*

promoter

promoter,
exon 1

promoter

promoter

exon 1,
introns 1 and 2

promoter

exon 1

Cancer�associated tissue�specific genes whose sequences are hypomethylated in human tumors

* The hypomethylation of this region is accompanied by transcription.
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of S100 family. The gene is specifically expressed only in

several types of normal cells in the adult organism (T�

lymphocytes, neutrophils, macrophages). The gene prod�

uct is involved in the control of mobility of these cell types

[91]. The gene is also expressed in many human tumors,

where its expression correlates with invasive and metasta�

tic phenotype of the tumor. Exogenous expression of the

gene results in appearance of the metastatic phenotype in

non�metastatic tumor cells, while the expression of the

antisense RNA to MTS1 represses cellular metastatic

potential [92, 93]. Correlation of gene expression with

hypomethylation of certain CpG sites in the first exon

and two first introns was demonstrated for normal blood

cells, several carcinoma cell lines, and primary carcino�

mas (table) [61�64]. MTS1 expression may be induced in

tumor cells that do not express this gene by their treat�

ment with demethylating agents [64].

MASPIN (SERPINB5). The gene encodes for a mul�

tifunctional protein, a member of the family of serpins

(inhibitors of serine proteases) [94]. It has been demon�

strated in many studies that in culture of tumor cells and

after injection of tumor cells into animals, expression of

exogenous maspin inhibits growth, motility of cells and

their ability for invasion, suppresses angiogenesis in

tumors, and stimulates apoptosis [95, 96]. Gene expres�

sion is observed only in certain types of epithelial cells of

the adult organism. The gene promoter is methylated in

those tissues and epithelial cells, where its expression is

repressed, and is hypomethylated in those types of epithe�

lial cells, where its mRNA is present [97]. In primary

human tumors derived from epithelial cells that do not

express maspin, hypomethylation of the gene promoter

that correlates with its re�expression is often observed

(table) [68�70].

Maspin expression in different tumor types (without

analysis of methylation status in the majority of cases) is

intensively studies. The results obtained in some studies

contradict the hypothesis that maspin is a tumor suppres�

sor. This suggestion was based on maspin properties stud�

ied in cultured cells. It was demonstrated in some studies

that maspin expression correlates with tumor progression,

presence of metastasis, with shorter remission duration

and decreased survival of patients [98�100]. However, in

some type of tumors maspin expression decreased with

tumor progression [101, 102]. Contradictory results of

these studies may be related to the fact that localization of

the protein (nuclear or cytoplasmic) and protein phos�

phorylation that are apparently important for manifesta�

tion of maspin functions were not taken into account in

all studies [103, 104]. The role of maspin expression for

tumors remains obscure.

BCSG1 (synuclein γ, SNCG). BCSG1 protein is a

chaperon associated with heat�shock proteins, a member

of a family of small proteins that are expressed in neurons.

Since alteration of tissue�specific expression of BCSG1

was primarily detected in breast tumors, the gene was des�

ignated as BCSG (breast cancer specific gene). BCSG1

expression stimulates growth and motility of tumor cells

in vitro, increases their metastatic and invasive potential

in vivo, and favors the development of resistance to some

drugs utilized in cancer therapy [105�107]. Gene expres�

sion in tumors correlates with demethylation of a CpG

island in the first exon of the gene (table) [72�74].

Treatment of carcinoma cells not expressing BCSG1 with

demethylating agents activates its transcription [73].

The new methods that provide the possibility to

study variations in expression of gene panels have

revealed a large number of genes whose expression is acti�

vated in tumor cells. It can be suggested that aberrant

demethylation as the mechanism of activation of gene

expression in tumor cells is connected with a larger num�

ber of genes than is established to date.

Thus, total DNA demethylation may be involved in

acquiring specific properties of tumor cells through acti�

vation of proto�oncogenes, genes whose expression

increases metastatic and invasive potential of cells, by

favoring genome instability and also through inhibition of

expression of tumor suppressor genes by destruction of

their imprinting (p57/KIP2).

MECHANISMS OF DEMETHYLATION

Hypermethylation of certain DNA regions and

hypomethylation of others may be observed in the same

tumors. On the other hand, neither positive nor negative

correlations between hyper� and hypomethylation of

DNA in tumors are yet established [26, 38, 108, 109].

This observation provides evidence to conclude that the

mechanisms responsible for these two alterations of

methylation pattern are independent from each other.

Apparently, in normal cells different enzymes are respon�

sible for methylation and demethylation, and in tumor

cells the alterations of functioning of these different

enzymes are not coordinated. Several DNA�methylating

enzymes, DNA methyltransferases (DNMTs), are

known. They are components of multiple protein com�

plexes that are involved in DNA replication, transcription

control, and chromatin remodeling [110]. The enzymes

that are responsible for the processes of global DNA

demethylation in embryogenesis and carcinogenesis are

not yet identified. Hence it was suggested that DNA

demethylation it tumor cells is a passive process occurring

due to the lack of the activity of DNMT1 or the lack of

the donor of methyl groups S�adenosylmethionine.

(DNMT1 is the major methyltransferase that methylates

the newly synthesized DNA chain in the replication com�

plex.) However, this suggestion does not explain the

observed co�existence of hyper� and hypomethylated

DNA regions in the same tumor and the fact that the level

of DNMT1 in tumors is not only decreased, but is often

elevated and does not correlate either with total
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hypomethylation or with hypomethylation of repeats [40,

109].

When the methylation status is analyzed, it is very

difficult to discriminate between the possible causes of

observed demethylation: inhibition of methylation during

DNA synthesis or elimination of methyl groups from

DNA without replication. Confirmations of the existence

of an active (independent from replication) DNA

demethylation were obtained recently. It was shown that

the mouse male genome is subjected to active demethyla�

tion a few hours after fertilization before the beginning of

the first round of DNA replication [111�113].

Demethylation of the promoter of the tissue�specific gene

(PGK2) is observed in mouse spermatogenesis.

Demethylation precedes gene activation and occurs with�

out DNA replication [114].

Demethylation of the promoter region of inter�

leukin�2 gene was observed in human T�lymphocytes 20

min after activation, and it was impossible to block this

demethylation by inhibitors of DNA replication [115].

The treatment of human embryonic kidney cells HEK293

with inhibitors of histone deacetylases led to the induc�

tion of histone acetylation, demethylation of plasmid

DNA that was methylated in vitro, and plasmid expres�

sion in the absence of replication [116, 117].

Thus, methylation is a reversible modification like

many other biochemical modifications: phosphorylation

and dephosphorylation of proteins, acetylation and

deacetylation of histones. However, the search for DNA

demethylating enzymes has led to controversial results.

The protein MBD2 (methyl�CpG�binding domain

protein 2) appears to be the most likely candidate for the

enzyme responsible for global DNA demethylation. It was

demonstrated that MBD2 is a processive DNA demethy�

lase that is able to recognize methylated CpG dinu�

cleotides and to catalyze the cleavage of methyl group

from 5�methylcytosine without DNA destruction [118].

However, MBD2 was found to be present in protein com�

plexes that repress transcription, and its demethylating

activity was not confirmed in other studies [119, 120]. At

the same time it was shown that exogenous expression of

MBD2 in human embryonic kidney cells HEK293 stimu�

lates DNA demethylation and induces transcriptional

activity of several promoters that are methylated in vitro

[116, 121]. It can be suggested that MBD2 is a polyfunc�

tional protein that interacts with different proteins to

exhibit various functions. It is also possible that MBD2

acts as a coactivator that is essential for activity of an yet

unknown DNA demethylase. Apparently, MBD2 can be

considered as a protein associated with demethylating

activity. The role of MBD2 in DNA demethylation should

be clarified in further experiments. Thus, the enzymes

responsible for global demethylation in normal and tumor

cells are not identified yet.

Few data are accumulated about the alterations of

signal pathways that lead to activation of DNA demethy�

lation in tumor cells. It has been demonstrated that

exogenous expression of v�Ha�ras oncogene in mice

embryonic cells is accompanied by increase in demethy�

lating activity and demethylation of certain genes that are

methylated in these cells [122]. Apparently, the Ras signal

pathway controls at least the promoter�specific demethy�

lation. It is known that DNMT1 is also effecter of Ras in

mouse cells [123]. Activation of both methylation and

demethylation by the signal pathway that is often altered

in tumors is in accordance with simultaneous presence of

hyper� and hypomethylated sequences in tumors.

Expression of Set/TAF�1β is increased in many

tumor forms [124]. Set/TAF�1β is a subunit of the protein

complex INHAT (inhibitor of histone acetyltransferases)

that inhibits histone acetylation [125]. Exogenous expres�

sion of SET/TAF�1β gene in normal human embryonic

kidney cells inhibits demethylation of in vitro methylated

DNA. Mutant SET/TAF�1β gene that is incapable of

inhibition of histone acetylation is not able to inhibit

DNA demethylation too [124]. These data [124, 125]

indicate the existence of links between epigenetic modifi�

cations of DNA and histones and possible common path�

ways of their regulation. The following questions are not

yet solved: alteration of which signal pathways in tumor

cells activate SET/TAF�1β expression; whether this acti�

vation inhibits DNA demethylation in tumors in the same

manner as in normal cells and how it occurs.

It is still unknown how the balance between methy�

lation and demethylation in normal cells is maintained

and how the mechanisms of maintenance of the balance

are altered in tumor cells. In the accepted model of main�

tenance of methylation pattern in offspring cells after

division the main role is played by DNA methyltrans�

ferases. According to this model, DNMT1 methylates

only those CpG dinucleotides in the newly synthesized

DNA chain that were methylated in the maternal DNA

chain. This model does not explain the relative instability

of methylation pattern in normal cells, in particular the

detection of CpG dinucleotides methylated only in one

DNA chain, or alleles that differ in internal distribution

of methylated CpG dinucleotides [126]. Apparently, the

pattern of DNA methylation represents the result of

dynamic equilibrium between DNA methylation and

opposite processes. It remains obscure whether active

DNA demethylation is involved in maintenance of the

methylation pattern or the relative instability is main�

tained by other mechanisms.

Reversibility of DNA methylation, in contrast to

structural modifications of the genome, provides the the�

oretical possibility of treating tumor cells with agents that

modify DNA methylation pattern in order to restore nor�

mal gene expression. DNA methyltransferases were

thought to be the most suitable targets for such treatment

until recently. Inhibitors of DNA methyltransferase�1

(antisense oligonucleotides and nucleoside cytidine
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analogs) demonstrate anti�tumor effect on laboratory

models in some cases and are under the first stages of

clinical trial [127, 128]. However, recent studies indicate

that not only local hypermethylation but global demethy�

lation is also involved in carcinogenesis. These processes

coexist in tumor cells and alter gene expression with

opposite roles in malignant transformation, inactivate

tumor suppressor genes, and activate proto�oncogenes

and genes associated with metastases. These data indicate

that the carcinogenic effect of DNA demethylation

should be taken into account for design and trial of agents

for anti�tumor therapy.
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