
The development of cancer involves the concurrent

disruption of regulation of expression of multiple genes.

This switch in gene expression first allows the cancer cell

to override normal breaks on uncontrolled growth and at

a later stage enables cell invasion and motility, which

allows the cancer to metastasize to distal organs. Such a

concerted change in regulation of expression of numerous

genes must involve some basic processes responsible for

the normal programming of gene expression. Since the

genome contains all the potential information required to

manage a living organism but only a fraction of this infor�

mation is active at different time points and in different

cell types and individual cells, this information must be

regulated.

The epigenome is responsible for regulation of the

genome. In contrast to the genome, which is identical in

different cell types and through life, the epigenome is

dynamic and varies from cell type to cell type and from

time point to time point in life. It is responsive to devel�

opmental, physiological, environmental, and pathologi�

cal signals and confers cell type and temporal identities of

gene expression programs. The epigenome consists of the

chromatin and its modifications [1, 2] as well as a cova�

lent modification of cytosine rings found at the dinu�

cleotide sequence CG [3].

The basic building block of chromatin is the nucleo�

some, which is formed of an octamer of histone proteins

containing a H3�H4 tetramer flanked on either side with

a H2A�H2B dimer [4]. The N�terminal tails of these his�

tones are extensively modified by methylation [5, 6],

phosphorylation, and acetylation [7, 8]. Different histone

variants also play a regulatory role [9]. The pattern of his�

tone modification creates a “histone code”, which dic�

tates, which parts of the genome are expressed at a given

point in time [2].

Specific transcription factors and transcription

repressors recruit histone�modifying enzymes to specific

genes and thus define the profile of histone modification

around genes [10]. The best�studied examples are histone

acetyltransferases (HAT), which acetylate histone H3 and

H4 tails at the K9 residue, and histone deacetylases

(HDAC), which deacetylate histone tails [11].

Histone acetylation is believed to be a predominant

signal for an active chromatin configuration.

Deacetylated histones signal inactive chromatin. Many

repressors and repressor complexes recruit HDACs to

genes, thus causing their inactivation. Histone tail acety�

lation is believed to enhance the accessibility of a gene to

the transcription machinery, whereas deacetylated tails

are tightly interacting with DNA and limit its accessibili�
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ty to transcription factors [11]. Histone methylation at

K9 of their N�terminal tail signals inactivity and is also

determined by the recruitment of histone methyltrans�

ferases such as SUV39 to genes [12]. The heterochro�

matin protein HP�1, which binds methylated histones

and precipitates an inactive chromatin structure [12], rec�

ognizes the methylated histones. Chromatin remodeling

complexes, which are ATP dependent, alter the position

of nucleosomes around the transcription initiation site

and define its accessibility to the transcription machinery

[13]. The different combinations of these changes deter�

mine the diverse programs of gene expression. Chromatin

is dynamic and plastic and could respond by altered

recruitment of the different histone modification

enzymes in response to different signals. Nevertheless,

the majority of epigenomic programs is laid down during

development and remains relatively stable for the entire

life span of an organism. Some parts of the epigenome

such as heterochromatin are particularly stably repressed

[6].

In addition to chromatin, which is associated with

DNA, the DNA molecule itself is chemically modified by

methyl residues at the 5′ position of the cytosine rings in

the sequence CG in vertebrates [14]. What distinguishes

DNA methylation in vertebrate genomes is the fact that

not all CGs are methylated in any given cell type [3].

Different CGs are methylated in different cell types, gen�

erating cell type specific patterns of methylation.

Thus, the DNA methylation pattern confers upon a

genome itself its cell type identity. Since DNA methyla�

tion is part of the chemical structure of the DNA itself, it

remains long after all other proteins and epigenomic

marks are degraded, and thus it has extremely important

diagnostic potential [15, 16].

It was originally believed that the DNA methylation

pattern is established during development and is then

maintained faithfully through life by the maintenance

DNA methyltransferase [3]. The DNA methylation reac�

tion was believed to be irreversible, thus the only way

methyl residues could be lost was believed to be through

replication in the absence of DNA methyltransferase

(DNMT) by passive demethylation [14]. This mechanism

is not applicable to postmitotic tissue such as neurons in

the brain. However, I will propose here based on our own

data and data of others that the DNA methylation pattern

is dynamic and is an equilibrium of methylation and

demethylation reactions [17].

We have proposed that DNA methylation is a

reversible signal like any other biological signal and could

therefore potentially change in response to environmen�

tal and physiological signals [18]. A hallmark of DNA

methylation patterns is the correlation between chro�

matin and the DNA methylation pattern. Active chro�

matin is usually associated with unmethylated DNA

while inactive chromatin is associated with methylated

DNA [19]. This linkage between DNA methylation and

chromatin structure has important implications for our

understanding of the function of DNA methylation as

well as the processes responsible for generating, maintain�

ing, and altering DNA methylation patterns under phy�

siological and pathological conditions. It was originally

believed that DNA methylation precedes and is dominant

over chromatin structure changes. Methylation was

believed to be generated independently of chromatin

structure. Methylated DNA attracts methylated DNA

binding proteins, which recruit repressor complexes con�

taining histone deacetylases, which results in inactive

chromatin [20, 21]. This model, positioning DNA methy�

lation as driving chromatin inactivation is widespread and

has profoundly influenced our understanding of how

altered DNA methylation is involved in cancer.

Nevertheless, there is currently data suggesting that the

state of chromatin structure could also determine DNA

methylation and that chromatin can affect DNA methy�

lation in both directions triggering either de novo DNA

methylation or demethylation as will be discussed exten�

sively below. This data forces us to revisit the classic model

of a DNA methylation pattern which is predetermined

during development and is then maintained through life

and adopt a more dynamic view of the DNA methylation

pattern. This has obviously implications for our under�

standing of how DNA methylation patterns are altered in

cancer and on how to approach the DNA methylation

pattern therapeutically. This review will focus on the

implication of this new understanding of the dynamic

epigenome on our therapeutic approach to cancer.

Since the epigenome is responsible for coordinating

gene expression programs and DNA methylation is so

tightly linked to chromatin structure and since cancer

progression involves concurrent change in expression of

numerous genes, it is not surprising that DNA methyla�

tion patterns are altered in cancers and that changes in

the DNA methylation enzymes are noted as well [22].

Hypermethylation of tumor suppressor genes received

considerable attention and there are a number of clinical

trials with inhibitors of DNMT aiming at demethylating

these genes resulting in their activation and arrest of cell

growth [23]. Nevertheless, a hallmark of cancer cells is

also global hypomethylation [24], which has received very

limited attention. However, recent studies point to a role

for hypomethylation in activating genes required for

metastasis [25].

This review will discuss the notion that demethy�

lase(s), which catalyze replication�independent

demethylation, are responsible for demethylation of pro�

metastatic genes and that they can be targeted in anti�

metastasis therapy [25]. An additional implication of the

emerging role of hypomethylation is that although DNA

methylation inhibitors might be excellent agents to inhib�

it growth through demethylation of tumor suppressor

genes, they might nevertheless also induce pro�metastat�

ic genes.
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An additional issue, which is emerging from recent

data, is the potential role of DNMT in transformation

[17]. It was proposed a decade ago that DNMT are can�

didate anticancer targets [26]. It is widely accepted that

DNMT play a causal role in cancer through their DNA

methylation activity, which brings about methylation of

tumor suppressor genes. Therefore, the idea that domi�

nates is that inhibitors of the catalytic activity of DNMT

DNA methylation should be used in anticancer therapy.

However, recent data points to DNA methylation inde�

pendent activities of DNMT, which are important for

transformation [17]. This obviously has implications on

designing inhibitors of DNMT1 as anticancer agents.

Another interesting question is which DNMT should

be targeted. It was originally believed that DNMT1 is

responsible for maintaining the entire DNA methylation

pattern because of its ability to faithfully copy a methyla�

tion pattern from the mother strand to the daughter

strand. It is therefore still widely believed that inhibition

of DNMT1 should be sufficient to demethylate and acti�

vate all methylated genes. However, recent data suggests

that other DNMTs are involved in maintaining the DNA

methylation pattern [27]. The implications of this new

data on DNA methylation directed therapeutics will be

discussed.

It is clear that recent changes in our understanding of

the interaction between chromatin and DNA methylation

and a more dynamic concept of the DNA methylation

pattern and the merging role of hypomethylation in

metastasis obliges us to reconsider some of our strategies

for DNA methylation therapeutics [28].

MECHANISMS RESPONSIBLE

FOR GENERATION AND MAINTENANCE

OF THE DNA METHYLATION PATTERN

DNA methyltransferases. DNA methylation is laid

down by enzymes, which catalyze the transfer of a methyl

group from the methyl donor S�adenosyl methionine

(SAM) onto the 5′ position on the cytosine ring, called

DNA methyltransferases (DNMT) [29, 30]. In verte�

brates, the majority of DNA methylation occurs when the

cytosine is found at the dinucleotide sequence CG [31].

Not all CGs are methylated and they are distributed in a

cell specific pattern [3]. This raises three basic questions.

First, how is this pattern generated during development

and cellular differentiation? Second, is the generated pat�

tern static or dynamic through life? Third, how is this pat�

tern maintained? Answering these questions is required

before we could understand the mechanisms driving the

DNA methylation patterns observed during differentia�

tion.

De novo and maintenance DNMTs. The dominant

theory in the field is based on differentiation between

maintenance and de novo methylation. It has been pro�

posed that there are two kinds of DNA methyltransferas�

es. First, a maintenance DNMT, which can copy a

methylation pattern from a methylated parental strand

template to an unmethylated daughter strand [14] (Fig.

1). This DNMT could do so since it discriminates

between a hemimethylated site, which is generated during

replication of a methylated CG, and a site that is non�

methylated on both strands of DNA. Second, de novo

DNMTs do not discriminate between unmethylated and

hemimethylated sites and could therefore introduce new

methylation sites. Originally, this model limited de novo

DNMTs temporally to early development, the period

when extensive de novo methylation takes place and when

DNA methylation patterns are laid down [14]. After

development is completed, the pattern of methylation is

faithfully conserved through life since the maintenance

DNMT faithfully replicates the DNA methylation pat�

tern during cell division in replicating cells and since the

DNA methylation is an irreversible reaction, no loss of

methylation could occur in nondividing postmitotic cells

such as CNS neurons.

This model therefore establishes a qualitative dis�

tinction between DNA methylation during development,

which is dynamic, and DNA methylation later in life,

which is static and permanent (Fig. 2). Several lines of

evidence support this model of maintenance of methyla�

tion post�development. DNMT1, the candidate mainte�

nance DNMT, has shown preference to hemimethylated

DNA in vitro [32], and transfection experiments revealed

Fig. 1. DNA methylation reactions. DNA methyltransferases

(DNMT) catalyze the transfer of methyl groups onto DNA. De

novo methyltransferases introduce methyl groups (CH3) onto CG

sites (indicated by a circle), which were not previously methylat�

ed on the parental template strands of DNA. All DNMTs were

shown to possess de novo methylation activity, but DNMT1 is very

inefficient in de novo methylation. Demethylases remove methyl

groups to create unmethylated CG sites. Once a DNA methyla�

tion pattern is carved by de novo methyltransferases and demethy�

lases it is maintained during DNA replication by maintenance

DNA methyltransferase. The enzyme copies the DNA methyla�

tion pattern from the template strand to the unmethylated daugh�

ter nascent strand. It was believed that DNMT1 preferentially

methylates hemimethylated strands generated during replication,

thus copying the DNA methylation pattern.
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that ectopically methylated DNA maintained its pattern

of methylation when introduced into somatic cells, sup�

porting the idea that maintenance DNMT is the main

DNA methylation reaction taking place in somatic cells

[33].

The preference that DNMT1 exhibits towards

hemimethylated DNA has been recently reconfirmed

[34]. DNMT1 preference to hemimethylated substrate

has been localized to its N terminal region [35]. DNMT1

is localized to the DNA replication fork [36], is associat�

ed with PCNA the replication processivity protein that is

present in the replication fork [37] and is processive in

vitro as expected from its predicted function in the repli�

cation fork [34]. Methylation of replicating DNA occurs

concurrently with DNA replication, which is consistent

with the semi�conservative model of copying of the

methylation pattern during cell division [38]. According

to this model, the only manner by which a change in

DNA methylation might occur in a somatic cell is by

blocking the progressing DNMT1 during DNA replica�

tion by high affinity binding of a trans�acting protein to

specific sequences. Recent studies have confirmed that

high�affinity binding of proteins to CG containing

sequences can cause passive loss of methylation at the

time of DNA replication [39]. Fifty percent of methyl

groups will be lost at each round of replication as long as

the protein is bound to the site. Knock out of DNMT1 in

mice results in extensive but not complete loss of methy�

lation, which is consistent with its primary role in main�

taining the DNA methylation pattern [40]. Similarly,

knock down of DNMT1 in somatic cell lines was shown

to cause demethylation [41�43] and activation of methy�

lated genes and knock down of DNMT1 in human cancer

cell lines causes demethylation and activation of tumor

suppressor genes [44].

De novo methyltransferases have also been discov�

ered. DNMT3A and �3B were cloned and did not show

preference to hemimethylated DNA substrate [45].

Knock out of these genes in mice results in loss of methy�

lation of specific sequences during early development [27,

46, 47]. Interestingly, mutations of human DNMT3B are

found in ICF syndrome, a developmental defect charac�

terized by hypomethylation of pericentromeric repeats

[27].

It was anticipated that if DNA methylation patterns

are just maintained in somatic cells that these de novo

DNMTs would not be required in cells post development

and that their inhibition in somatic cells would have no

consequence. However, recent data suggests that the idea

that DNA methylation is determined exclusively by the

methylation pattern of the template must be revisited. In

addition, the clear differentiation between de novo and

maintenance DNMT is not fully supported by recent

data. Recent experiments suggests that the putative de

novo DNMT, DNMT3B and the proposed “mainte�

nance” DNMT1, interact in maintaining the DNA

methylation pattern [48], that they are found together in

multiprotein complexes [49], and that knock down of

both activities is required to cause global loss of DNA

methylation [50�53].

There is some controversy regarding the extent of

demethylation that is caused by knock down of DNMT1

in human cancer cell lines. Initial reports suggested that

antisense knock down of DNMT1 resulted in demethyla�

tion of tumor suppressor genes such as P16 [54] while

other reports showed that a complete knock out of

DNMT1 in a colorectal cancer cell line did not cause

either global demethylation or demethylation of P16 [51],

whereas combined knock out of DNMT1 and DNMT3B

resulted in demethylation and activation of P16 [52].

These results were then challenged by a later report,

which showed that either siRNA or antisense RNA knock

down resulted in demethylation of P16 [44]. However,

these results were not reproduced in a more recent publi�

cation [53]. Perhaps the best way to resolve the contradic�

tion between these studies is that the differences in the

extent of demethylation caused by knock out of DNMT1

resulted from different sensitivities of detection of P16

demethylation by MS�PCR. Nevertheless, it is clear that

total inhibition of DNMT1 does not result in erasure of

the entire DNA methylation pattern, suggesting that

“maintenance” DNA methylation must be catalyzed by

additional enzymes. It is also quite clear that the presence

of a so�called de novo methyltransferase is required for

maintaining the DNA methylation pattern. These

Fig. 2. The classic model of maintenance of DNA methylation

patterns in somatic cells. DNA methylation patterns are main�

tained in somatic cells post development. In nondividing cells

such as neurons, the DNA methylation pattern was believed to be

fixed since it was thought that demethylase and de novo methyl�

transferases did not exist in somatic cells. In dividing cells, the

DNA methylation pattern was believed to be maintained by a

maintenance DNA methyltransferase, which copied faithfully the

DNA methylation pattern from the paternal strand in the absence

of de novo methyltransferase and demethylase.
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DNMTs, DNMT3A and DNMT3B, are maintaining

DNA methylation patterns without being able to discrim�

inate a hemimethylated site from an unmethylated site.

These data strongly support the conclusion that the DNA

methylation of nascent replicating strand in somatic cells

is not determined by the methylation pattern of the tem�

plate exclusively as described by the “semi�conservative”

model of inheritance of DNA methylation patterns.

Other mechanisms must be involved in defining the

inheritance of the methylation pattern even in somatic

cells.

Another important concept which is now emerging

from the analyses of DNA methylation patterns of specif�

ic DNMT knock outs and knock downs is that the differ�

ent DNMTs play different relative roles in the methyla�

tion of different sequences. In addition, different splice

variants of DNMT were discovered, these might add

specificity to the DNMT repertoire [55, 56]. For exam�

ple, although a DNMT1–/– human colorectal cancer

line maintains P16 gene methylation, other repetitive

sequences such as pericentromeric sequences and riboso�

mal RNA genes become unmethylated [57]. It is clear

however that there is redundancy amongst the DNMTs

since knock out of both DNMT1 and DNMT3B is

required to abolish P16 methylation, suggesting that the

presence of either DNMT is sufficient to maintain the

DNA methylation pattern.

Similar conclusions could be derived from mouse

DNMT knock out experiments. Comparisons of DNA

methylation patterns of DNMT1, DNMT3A, and

DNMT3B deficient embryonal cells revealed that

although there are CpG islands targets which are shared

by Dnmt1 and Dnmt3a/3b, each Dnmt has target prefer�

ences depending on the genomic context of the CpG

islands as illustrated by the differences in the extent of

methylation loss in the specific DNMT knock outs [58].

The knock out data also supports the conclusion that all

three DNMTs participate in maintenance of the DNA

methylation pattern since deficiency of DNMT1, the

putative maintenance DNMT, results only in loss of 16�

48% of methylation of CG sites [58]. This recent data has

important implications on the future use of DNMT

inhibitors in therapy and the possibility of preferred inhi�

bition of certain classes of genes using DNMT specific

inhibitors such as DNMT1 antisense oligonucleotides

[59�61].

Our understanding of the specificity of the different

DNMTs and their splice variants in cancer is thus far very

limited. A critical challenge is to develop DNMT isoform

specific inhibitors, which would demethylate tumor sup�

pressor genes without demethylating pro�metastatic

genes. The most common inhibitor currently in research

and therapy is 5�aza�cytidine (5�aza�CdR). The trinu�

cleotide metabolite of this nucleoside analog is incorpo�

rated into DNA and covalently traps DNMTs during the

progression of replication fork resulting in DNA synthe�

sis in the absence of DNMT [62]. However, since this

drug does not discriminate between the different

DNMTs, most of our information on the consequences of

DNMT inhibition does not take into account the differ�

ential specificities of DNMTs. In addition, the concept

that replication of DNA methylation patterns is copied by

a semi�conservative maintenance DNMT presumes that

the entire methylation pattern is copied during the pro�

gression of the replication fork by the same DNMT. The

catalytic activity of DNMT, which is common to all

DNMTs, is targeted by most current screens rather than

the unique functions of particular DNMTs. This

approach needs to be modified if we desire to limit the

adverse effects of DNA demethylation. In summary,

recent data suggests that DNA methylation patterns are

maintained by a combination of DNMT activities which

target and recognize different sequence context rather

than by copying of the methylation pattern of the tem�

plate as predicted by the semi�conservative model of

methylation (see Fig. 3 for a model).

DNA demethylases. Our understanding of the mech�

anisms responsible for maintenance of DNA methylation

patterns in somatic tissues had been based on the suppo�

sition that DNA methyltransferases(s) are exclusively

responsible for DNA methylation. However, most biolog�

Fig. 3. The DNA methylation pattern is a steady�state balance of

DNA methylation and demethylation, a model. In contrast to the

classic model, it is proposed here that DNA methylation pattern

is in a dynamic steady state of methylation and demethylation

catalyzed by DNA methyltransferases and demethylases. The

state of DNA methylation is determined by a combination of fac�

tors. Interaction of trans�acting repressors (TR) recruits histone

modification enzymes such as histone deacetylases (HDAC) and

histone methyltransferases (HMTASE) to specific genes. HDACs

and HMTASE in turn recruit DNA methyltransferases (DNMT)

and methylated DNA binding proteins such as MeCP2. These

will tilt the balance of the reaction toward DNA methylation. The

occupancy of a gene with some or all of these factors determines

the state of methylation of the gene. Trans�acting activating fac�

tors (TAF) on the other hand recruit histone acetyl transferases

(HAT) to specific genes. The presence of HATs results in acetyla�

tion of histones, opening up of chromatin configuration, and

increased accessibility to demethylases tilting the steady state bal�

ance of the DNA methylation equilibrium toward demethylation.
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ical processes such as phosphorylation and acetylation

are reversible. Enzymes exist which catalyze biological

modification and demodifications in both directions. One

of the longstanding controversies in DNA methylation is

the question of whether DNA methylation is reversible in

somatic tissues and whether enzymes exists which could

convert a methylated cytosine to an unmethylated cyto�

sine [18]. Perhaps the strongest dogma in the field has

been the idea that DNA methylation is an irreversible

reaction. This idea of irreversibility of DNA methylation

and the concept of semi�conservative maintenance

DNMT has entrenched the notion that DNA methyla�

tion is fixed post development and that it plays no signif�

icant role in adaptive responses in developed tissue (see

Fig. 2 for model). A methylation pattern that is exclusive�

ly dictated by the methylation pattern of the template

does not allow for change. However, the correlation

between chromatin and DNA methylation and the inar�

guable fact that chromatin is dynamic and responsive to

different signals is somewhat inconsistent with a fixed

post�development methylation pattern. If DNA methyla�

tion patterns act as biological signals in post development

cells, these patterns must be reversible [18]. Though it is

possible to reverse DNA methylation in replicating cells

by passive demethylation, by blocking DNMT during

DNA synthesis, demethylation in post mitotic tissues

could potentially only be achieved by an active process

which converts methylated cytosine to cytosine.

Similarly, de novo methylation must also be possible in

post�development tissues if DNA methylation is dynamic

through life, and it could not be restricted to development

as previously proposed.

There is now convincing evidence that active

demethylation which is independent of DNA replication

occurs during development. The paternal genome is

almost completely demethylated hours after fertilization

well before replication of DNA is initiated [63]. Ectopic

DNA introduced into mouse zygotes underwent active

demethylation [64]. Other studies have previously shown

that the process of differentiation of erythroleukemia cells

[65] and Epstein–Barr virus (EBV) producer cell lines

was associated with genome wide replication�independ�

ent demethylation [66]. Specific genes were shown to

undergo active demethylation upon differentiation.

Examples include the vitellogenin genes in estrogen

responsive chicken tissues [67], Ig gene locus during B

cell maturation [68, 69], and muscle specific α�actin

gene, which are actively demethylated upon differentia�

tion [70]. There is however new evidence suggesting that

active demethylation takes place in somatic cells post dif�

ferentiation [25]. Perhaps the most significant illustration

that demethylation is an adaptive response in postmitotic

tissues is our recent demonstration that the exon 17 pro�

moter of the glucocorticoid receptor in the hippocampus

undergoes active demethylation as a response to maternal

care six days after birth. Moreover, demethylation of this

promoter could be induced in the adult brain by the

HDAC inhibitor TSA [71]. Similarly, TSA [72] and the

mood stabilizing drug valproate [73] can induce active

replication�independent demethylation of ectopically

methylated nonreplicating DNA transiently transfected

into somatic cells such as HEK 293 cells, thus demon�

strating that the DNA methylation is reversible. These

studies demonstrated that the steady state of methylation

was not defined exclusively by the methylation pattern of

the template DNA and that DNA methylation states

could be modulated outside of the elongating replication

fork [72, 74].

The identity of demethylase(s) and the nature of

their biochemical activity is a matter of controversy.

Three different activities, which could potentially bring

about demethylation of DNA in the absence of DNA

replication, were previously proposed. The first two did

not stray from the dogma that it was impossible to revert a

methyl cytosine to a cytosine and proposed a repair based

mechanism which is a variation on the passive�demethy�

lation theme; the methylated bases are first removed and

then replaced with unmethylated cytosines in the absence

of DNMT. Since repair processes could take place in the

absence of cell division, such mechanisms could explain

loss of methylation in nondividing cells such as neurons.

Two repair processes were proposed. One mecha�

nism implicates a glycosylase activity, which cleaves the

bond between the 5�methylcytosine base and the deoxyri�

bose moiety in DNA. The abasic site is then repaired by

resident repair activity in the absence of DNA methyl�

transferase resulting in replacement of a 5�methylcyto�

sine with an unmethylated cytosine [65, 75�77]. A second

mechanism proposed that the methylated nucleotide was

removed by nucleotide excision and was then replaced by

an unmethylated cytosine [78, 79]. There are data to sup�

port the model that specific glycosylase(s) participates in

part at least in demethylation. Two mismatch�repair gly�

cosylases were shown to possess methyl�CG�DNA�gly�

cosylase (5�MCDG) activity that results in demethyla�

tion in vitro, the cloned G/T mismatch repair enzyme

[80], and the methylated binding protein MBD4 [81].

Ectopic expression of the 5�MCDG glycosylase in

human embryonal kidney cells results in the specific

demethylation of a stably integrated ecodysone�retinoic

acid responsive enhancer�promoter linked to a β�galac�

tosidase reporter gene [82], suggesting that this glycosy�

lase could cause demethylation in living cells. It was also

shown that this glycosylase participates in global

demethylation during differentiation of C2C12 cells since

transfection of cells with an antisense oligonucleotide to

5�methylcytosine�DNA�glycosylase (G/T�mismatch�

DNA�glycosylase) decreases both the activity of the

enzyme and genome�wide demethylation [82]. Genetic

evidence from plants suggests that specific glycosylases

such as DEMETER are involved in locus�specific

demethylation [83, 84].
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One interesting property of the 5�MCDG�glycosy�

lase is that it demethylates specifically hemimethylated
mCGs. The mCG/CG hemimethylated site resembles the

TG/CG mismatch. Both T and mC are pyrimidines,

which are methylated at their 5′ position. The critical

problem is to define the principal activity of this enzyme

in living cells. One possibility is that the bona fide sub�

strate of the enzyme is a G/T mismatch and its in vivo

function is mismatch repair. In this case, the mCG/CG

repair activity is an artifact that is a consequence of high

expression in transfection experiments or the high con�

centrations present in vitro. Alternatively, the main func�

tion of this enzyme is demethylation of hemimethylated

DNA. It is also possible that the enzyme performs both

tasks in the cell. In any case, global demethylation and

demethylation during differentiation and tumorigenesis

involve demethylation of both strands of DNA, which

must be therefore catalyzed by a different enzyme. A pos�

sible role for the 5�MCDG�glycosylase might be correc�

tion of aberrant methylated sites introduced during repli�

cation and added to one strand of DNA. Methyl groups

found only on one strand of the DNA might signal that

they are not authentically inherited and should be

removed.

One main problem with repair mediated passive

demethylation mechanisms is explaining global

hypomethylation, especially the global hypomethylation

that takes place at the very early stages of embryogenesis

as discussed above [63]. If demethylation occurs by a

repair mechanism, global hypomethylation would involve

global DNA damage. This might significantly harm the

integrity of the genome and it stands to reason that such a

mechanism would not be utilized early in development.

We have extracted from human lung cancer cells an

activity that demethylates DNA by removing the methyl

residue, which is released as a volatile product [18]. We

also cloned a cDNA that we showed to possess demethy�

lase activity which was concurrently cloned and charac�

terized as a methylated DNA binding protein MBD2 by

Hendrich et al. [85]. It was proposed by Hendrich et al.

that MBD2 functions as a typical methylated DNA bind�

ing protein suppressing methylated promoters by recruit�

ment of the chromatin remodeling complexes NuRd con�

taining HDACs to methylated DNA [86]. The assignment

of a transcriptional suppression function to a protein

which we characterized as a demethylase triggered a con�

troversy which has not yet been resolved.

A number of publications have shown that MBD2 is

part of the methylated gene�repression MeCP1 complex

[87�90]. Our laboratory has since provided additional evi�

dence that MBD2 is a demethylase; exogenous expres�

sion of MBD2 increased replication�independent active

demethylation of ectopically methylated DNA in HEK

cells [72]; antisense inhibition of MBD2 reduced replica�

tion�independent active demethylation induced by val�

proate [73]; and recombinant MBD2 expressed in insect

cells was purified and shown to possess demethylase

activity in vitro [91]. Perhaps one resolution of this dis�

crepancy is that MBD2 has two functions in the cell a

demethylase and a suppressor of certain methylated genes

and that it selects either of these functions by the context

of proteins interacting with each promoter. This hypoth�

esis has been supported by our observation showing that

MBD2 activity is promoter dependent [92]. It is clear

nevertheless that there must be demethylases in addition

to MBD2 since active demethylation of the parental

genome, which normally occurs immediately after fertil�

ization takes place in an mbd2–/– mouse [63]. The

search for additional demethylases should become a pri�

ority in coming years. Without a full understanding of the

repertoire of demethylases, we would be unable to grasp

the basic mechanisms defining the DNA methylation

pattern and what causes their alteration in cancer.

Bilateral relation between DNA methylation and
chromatin. Since as discussed above the DNA methyla�

tion pattern cannot be explained just by semi�conserva�

tive inheritance by a maintenance DNA methyltrans�

ferase, there must be additional factors. We have proposed

that the DNA methylation pattern at any point in life

could be considered as a steady state, balance of DNA

methylation and demethylation. The direction of this bal�

ance is directed by the chromatin structure. That is, DNA

methylation is enhanced by factors, which are responsible

for an inactive chromatin structure while demethylation

is triggered by factors, which cause activation of chro�

matin [25] (Fig. 3).

The tight relation between chromatin and DNA

methylation was first understood in the context of the

mechanisms through which DNA methylation suppresses

gene expression. DNA methylation was considered the

primary event in silencing of gene expression through

chromatin inactivation and a unidirectional relation

between DNA methylation and repressed chromatin was

proposed that DNA methylation determined chromatin

structure [93]. A molecular causal link between DNA

methylation and inactive chromatin structure was

described [93]. Methylated DNA attracts methylated

DNA binding proteins such as MeCP2, which in turn

recruit histone modification complexes containing his�

tone deacetylases and other chromatin remodeling activ�

ities [93].

However, it is becoming clear from both genetic and

biochemical evidence that the relation between chro�

matin and DNA methylation is bidirectional and that

chromatin plays a vital role in defining DNA methylation

patterns. There are genetic data supporting the hypothe�

sis that DNA methylation is dependent on chromatin

structure from Neurospora to humans. In the plant

Arabidopsis, a gene required for maintenance of DNA

methylation DDM1 has similarity to the SWI/SNF fam�

ily of adenosine triphosphate�dependent chromatin

remodeling proteins [94, 95]. A mouse gene that is
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required for genomic DNA methylation, LSH, is a mem�

ber of the SNF2 ATPase chromatin modeling protein

family [96], and in humans deficiency of ATRX encoding

a SW1/SNF chromatin remodeling protein results in dis�

tinct hypo� and hypermethylation of specific sites while

there is no change in global methylation levels [97]. A his�

tone methyltransferase is required for DNA methylation

in Neurospora crassa [12] and Kryptonite, a histone

methyltransferase gene specific to H3 Lys9, is required for

CpNpG methylation by the Arabidopsis DNA methyl�

transferase chromomethylase 3 (CMT3) [98]. Although

these genetic data indicate that chromatin modification

proteins are required for generating a DNA methylation

pattern, it is clear however that the relation between DNA

methylation machinery and chromatin status is bilateral.

DNA methylation enzymes are required as well for form�

ing chromatin structure. Knock out of DNMT1 in a

human colorectal cancer cell line results in a global

change in chromatin structure; an increase in K9 acetyla�

tion and a decrease in K9 methylation [57].

While this genetic evidence derived from different

species indicates that proper chromatin structure is criti�

cal for establishing DNA methylation patterns during

development, it does not necessarily imply that chro�

matin is involved in DNA methylation changes post

development. Evidence that changes in chromatin result

in bidirectional alterations in DNA methylation states in

somatic cells was provided by pharmacological, biochem�

ical, and cellular studies. A good paradigm for how

repressor complexes might cause de novo methylation in

somatic cells is the PML–RAR fusion protein which

recruits histone deacetylases and DNMTs to its target

binding sequences resulting in de novo DNA methylation

of target genes [99]. Although it is not yet known whether

histone deacetylation indeed precedes DNA methylation,

nevertheless this example illustrates that a cis�acting

repressor, which targets genes for chromatin inactivation

also causes de novo methylation and that the DNA

methylation pattern is actively defined in somatic cells by

cis�acting factors. Moreover, this study also illustrates the

dynamic nature of DNA methylation in somatic cells

since treatment with retinoic acid, which reverses the

fusion protein from a repressor to an activator results in

chromatin activation and demethylation [99]. Thus,

interaction of trans�acting factors can bidirectionally

determine the state of methylation in somatic cells (see

model in Fig. 3). Although it is not known whether

demethylation in this example was active or not, this case

illustrated how the DNA methylation pattern might be

dynamically determined by the repertoire of trans�acting

repressor and physiological signaling molecules such as

retinoids, rather than exclusively defined by the inherited

methylation pattern.

Thus, a simple mechanism through which inactiva�

tion of chromatin structure could possibly bring about de

novo methylation is that the different chromatin modify�

ing enzymes recruit DNMTs to genes. There is experi�

mental support for the idea that DNMTs form pro�

tein–protein interactions with histone modifying

enzymes such as histone methyltransferases and histone

deacetylases [100�102]. These enzymes are recruited to

specific genes by trans�acting repressors recognizing cis�

acting sequences juxtaposed to the genes. The repertoire

of trans�acting repressor interacting with a gene could be

altered in response to different physiological and patho�

logical signals causing changes in the methylation pat�

tern. On the other hand, the continuous presence of such

factors on a gene ensures that it is maintained in its

methylated state. Whereas this model can convincingly

explain how de novo methylation might occur in somatic

cells in response to a chromatin inactivation event it does

not instruct us as to whether DNA methylation pattern

could be reversed if chromatin is activated. However, if

DNA methylation is as dynamic as chromatin in somatic

cells, demethylation must take place in somatic cells as

well. Since methyltransferases were known to be present

in somatic cells, the idea that chromatin inactivation

might bring about recruitment of DNMTs to a gene and

cause de novo methylation in somatic cells did not

encounter significant resistance. In contrast, the idea that

demethylation of DNA could be triggered in response to

chromatin activation was more problematic as discussed

above.

The first indication that active chromatin structure

could trigger active demethylation of DNA in somatic

cells came from studies showing that the histone deacety�

lase inhibitor sodium butyrate can trigger replication

independent active DNA demethylation in the EBV pro�

ducer line P3HR�1 [66]. We have more recently shown in

a series of studies that the state of chromatin modification

associated with an ectopically methylated gene deter�

mines whether it maintains its methylation pattern or

whether it is demethylated. Methylated genes, which are

controlled by highly active promoters, are demethylated

when introduced into HEK�293 cells whereas weak pro�

moters remain methylated [72]. Acetylation of histones

induced by the HDAC inhibitor TSA would cause

demethylation of ectopically promoterless methylated

genes suggesting that the critical event directing demethy�

lation is histone acetylation [72]. This hypothesis was

confirmed by showing that proteins, which inhibit his�

tone acetylation by blocking access of HATs to histone

tails, also inhibit demethylation induced by TSA [74].

It is unclear yet what is the mechanism through

which histone acetylation brings about demethylation. A

possible model that we proposed is that the tight interac�

tion of nonacetylated histone tails blocked the access of

demethylases to a gene [74]. These experiments illustrate

that demethylase is constitutively present in cells and that

maintaining a gene in its methylated state requires protec�

tion from demethylase by maintaining an inaccessible

chromatin structure. Once this block is removed, a gene is
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actively demethylated. The fact that activation of chro�

matin by TSA could cause demethylation stands in con�

trast to the commonly accepted assumption that TSA acts

only on chromatin and not on the DNA methylation pat�

tern and that histone deacetylase inhibitors and DNA

methylation inhibitors target different processes and that

therefore TSA does not contribute to demethylation of

genes [103]. This is important since both classes of drugs

are currently in clinical trials and current interpretation of

the data is based on the incorrect assumption that histone

deacetylase inhibitors do not affect DNA methylation.

For example, as discussed above the mood stabilizer drug

valproate, which was recently shown to inhibit histone

deacetylases, also triggers active replication independent

demethylation [73]. Thus, the long�term effects of DNA

methylation changes must be taken into account when

considering the possible outcome of valproate treatment.

We have very recently shown that TSA triggers DNA

demethylation in the hippocampus in adult rats demon�

strating that genes in nondividing tissues are protected

from demethylation by inactive chromatin structure and

that any point in life this steady state could be potentially

altered by altering chromatin structure [71]. The steady

state methylation pattern is maintained by the steady state

chromatin structure. Very recent comparative analyses of

the effects of 5�aza�CdR, a DNA methylation inhibitor,

and TSA, a histone deacetylase inhibitor, on the tran�

scriptome of a colorectal cancer cell line HCT116

revealed a strong correlation between these effects sug�

gesting that both drugs act by a similar mechanism, which

is most probably DNA demethylation [104].

Furthermore, the authors suggested that since the effects

of 5�aza�CdR were similar at one and five days exposure,

the changes in gene expression were caused by active

demethylation [104]. If the DNA methylation pattern was

exclusively maintained by DNMT as was widely believed,

then 5�aza�CdR should have caused only passive

demethylation, a consequence of synthesis of new DNA

in the absence of DNMT. The fact that 5�aza�CdR caus�

es active demethylation rather than passive demethylation

as originally thought is consistent with the working

hypothesis presented in this review that the DNA methy�

lation pattern in mature tissues is a steady state balance of

constitutive methylation and demethylation reactions.

According to this model, inhibition of DNMT by 5�aza�

CdR leaves the demethylation reaction unopposed by

DNA methylation resulting in a new unmethylated state

(Fig. 4).

This view that the DNA methylation pattern is a

steady state of methylation and demethylation implies

that the DNA methylation pattern is dynamic and could

be potentially responsive to any signaling pathway which

might alter the chromatin structure in both dividing and

nondividing tissues. Our model also proposes that the

DNA methylation pattern must be understood in the

context of all epigenomic factors and therefore inheri�

tance of DNA methylation patterns involves the inheri�

tance of the entire chromatin structure (Fig. 3). The

inheritance of DNA methylation patterns and their main�

tenance in nondividing tissues cannot be explained exclu�

sively by the maintenance DNMT1; it involves a balance

of multiple DNMTs chromatin remodeling and modifi�

cation complexes and demethylases (Fig. 3). The inheri�

tance of a DNA methylation pattern is not a passive copy�

ing of a template but involves active methylation and

demethylation decisions, which are determined by the

repertoire of factors defining the chromatin structure in a

given cell at a given time point. Demethylation or de novo

methylation would occur when this repertoire is changed.

Interaction of a factor that recruits HATs to a gene would

cause acetylation and increase the accessibility of the

gene to the constitutive demethylase. An elegant demon�

stration of how an interaction of a transcription factor

with an enhancer sequence precipitates active demethyla�

tion is provided by the study of demethylation of the

immunoglobulin κ�light�chain gene during B cell differ�

entiation [105]. The demethylation and activation of this

gene requires both the presence of the intronic enhancer

element and the binding of the NF�κB transcription fac�

tor [69]. On the other hand, an example of how de novo

methylation could be brought about by interaction of a

repressor, which recruits HDACs, is provided by the

Fig. 4. Regulation of pro�metastatic gene by DNA hypomethyla�

tion, effects of epigenomic drugs. A balance of DNA methylation

and demethylation determines the state of methylation of pro�

metastatic genes. Pro�metastatic genes such as the uPA gene are

silenced and methylated (CH3) in normal cells and non�metasta�

tic breast cancer cells. The balance of the DNA methylation reac�

tions in non�metastatic cancer cells points to extensive DNA

methylation. Inhibition of DNMTs by 5�aza�CdR would inhibit

the DNA methylation reaction resulting in unopposed demethy�

lation and activation of pro�metastatic genes. Induction of histone

acetylation by HDAC inhibitor TSA would increase accessibility

to demethylases and increase demethylation. In metastatic cancer

cells, the demethylation reaction is enhanced resulting in

demethylation and activation of pro�metastatic genes. Inhibition

of demethylase by either SAM or MBD2�antisense knock down

oligonucleotides would enable unopposed DNA methylation to

proceed, tilting the balance to methylation and silencing of pro�

metastatic genes such as uPA.
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leukemia�promoting PML–RAR fusion protein that

induces hypermethylation of genes containing its target

sequences which was discussed above [99]. Our model

offers a unifying hypothesis for maintenance and de novo

methylation and demethylation during development and

at any time point later in life.

The role of DNA methylation patterns in epigenomic
regulation. Epigenetic regulation is possible in the

absence of DNA methylation as illustrated by other

species such as Saccharomyces cerevisiae, which possess

complex and sophisticated epigenetic regulation in the

absence of significant DNA methylation. Moreover,

since, as proposed here, the DNA methylation pattern is

determined by chromatin structure, what is the advantage

that DNA methylation confers upon a cell over chro�

matin structure per se? What additional information does

it convey that could not have been encoded by the “his�

tone code” per se?

A partial answer to this question is that methylation

of vertebrate genes not only reflects but can also precipi�

tate an inactive chromatin structure. DNA methylation

attracts methylated DNA proteins which in turn recruit

histone modifying enzymes causing inactivation of chro�

matin [86, 93] and it has also been shown that DNMT1

knock down leads to inhibition of histone acetylation and

increase in histone K9 methylation [57]. It is therefore

clear that in some instances DNA methylation plays a pri�

mary role in setting up silencing of gene expression. It is

critical to determine under which circumstances either

DNA methylation or chromatin modification play a pri�

mary role? Even so the basic problem remains; why do

vertebrates require this additional layer of epigenomic

regulation if other organisms can maintain chromatin

inactivation in the absence of DNA methylation? There is

no definitive resolution as yet to this difficulty. A plausible

answer is that since DNA methylation is a significantly

more stable than protein modification it serves as a long�

term memory of epigenomic states. It is proposed that

whereas chromatin changes in euchromatic regions might

be dynamic and transient, de novo methylation and

demethylation would occur only in response to a persist�

ent and significant change in the “histone code”. This

change in DNA methylation once accomplished would

then serve as a long�term memory of the initial event.

DNA methylation would serve as a stable guardian of the

silenced state. For example, a methylated gene which is

also found in an inactive chromatin structure would be

protected from loss of the silenced chromatin state since

methylated binding proteins interacting with the methy�

lated CGs recruit histone deacetylases and histone

methyltransferases. Thus, in a case where a chromatin

modification is aberrantly lost, DNA methylation would

direct chromatin structure and restore the correct state of

chromatin modification.

An illustration of this relationship between chro�

matin and DNA methylation could be found in the epi�

genetic modulation of stress response by maternal care,

which was recently described [71]. In this model DNA

methylation of the glucocorticoid receptor gene promot�

er in the hippocampus serves as a long�term memory of

chromatin states triggered by maternal care early after

birth. Although this DNA methylation pattern remains

stable through life, it could be reversed in the adult by

treatment with the HDAC inhibitor TSA [71]. This study

illustrates on one hand the stability of DNA methylation

marks and how they bear the memory of early changes in

chromatin states induced by signaling pathways triggered

by maternal licking and grooming and, on the other hand,

it illustrates how a methylation mark is altered by persist�

ent alteration of chromatin state with a pharmacological

HDAC inhibitor.

ABERRATIONS OF DNA METHYLATION

IN CANCER

Hypermethylation of specific genes in cancer. Both

hyper� and hypomethylation and deregulation of DNMTs

have been documented in cancer. As cancer progression

and metastasis involve multiple changes in gene expres�

sion, it is not surprising that all tumors are distinguished

by DNA methylation aberrations [22]. The main atten�

tion has been directed at hypermethylation of critical

genes such as tumor suppressor genes, adhesion mole�

cules, DNA repair, inhibitors of angiogenesis, and

inhibitors of metastasis. DNA methylation of these genes

serves a similar role to genetic alterations since it silences

gene expression similar to deletions and mutations [106].

In difference, however, from genetic mutation or dele�

tion, it is possible to reverse a methylation silencing event

by using DNMT inhibitors [26]. Therefore, the under�

standing that critical cancer genes are silenced by methy�

lation has led to a number of attempts to develop and test

DNMT inhibitors. A number of clinical trials [23, 107,

108] are underway with either catalytic inhibitors of

DNMT or an antisense oligonucleotide, which knocks

down DNMT1 [43, 54]. Profiles of methylated CG

islands containing genes correlate with specific classes

and stages of cancer [15, 109, 110]. Different whole

genome and high throughput approaches are being uti�

lized to profile the methylation state of CG islands in dif�

ferent cancers. The CGs islands methylation profiles are

now being tested as diagnostic marker for different can�

cers, staging of cancer, and as predictors of response to

chemotherapy [15, 111, 112].

Since it is clear that cancer also involves activation of

genes such as oncogenes as well as pro�metastatic genes,

it is not surprising that hypomethylation is also a hallmark

of cancer. Oncogenes and genes involved in metastasis

such as S100P [113], S100A4 [114], uPA [115], and

HEPARANASE [116] were shown to be hypomethylated

in metastatic cancer in comparison with normal tissue
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and non�metastatic cancer. In addition to gene specific

hypomethylation, global hypomethylation of repetitive

sequences such as LINE1 [117] sequences is consistently

observed. Hypomethylation of specific genes might be

secondary to local chromatin changes perhaps induced by

activation of a cellular signaling pathway leading to acti�

vation of transcription activators. Global hypomethyla�

tion on the other hand suggests a global defect in the

DNA methylation machinery or a global change in chro�

matin structure.

Possible mechanisms responsible for coexistence of
global hypomethylation and regional hypermethylation in
cancer. The classic model of maintenance methylation,

which is carried out by a single maintenance DNMT,

cannot explain the coexistence of hypomethylation and

hypermethylation in cancer. If DNMT1 was the only

enzyme responsible for DNA methylation, then global

hypomethylation should have resulted from a reduction

in DNMT1 levels. However, the opposite is true since

increased DNMT levels [118] and cell cycle deregulated

activity of DNMT1 in tumors [119�121] are widely docu�

mented in many but not all reports [122]. However, if

DNA methylation is determined and maintained by a

more complex mechanism, which involves different com�

binations of DNMT and demethylase enzymes as well as

histone modifying enzymes, then diversity in alterations

of DNA methylation patterns in response to cancer could

be anticipated.

Although there is lack of evidence as to the details of

the mechanisms responsible for hypermethylation and

demethylation in cancer, some of the data available point

to the model presented here. It is proposed here that

hypermethylation in cancer is a consequence of regional

inactivation of the chromatin associated with certain

tumor suppressor genes. Such inactivation might be trig�

gered by interaction of a transcriptional repressor with

specific genes, which in turn recruits HDAC and other

histone modifying enzymes to the genes. The idea that

DNA methylation follows rather than precedes chro�

matin inactivation is supported by data showing that in a

human colorectal cancer cell line which is deficient of

DNMT1 and DNMT3B chromatin inactivation of tumor

suppressor genes occurs prior to DNA methylation [123].

An analysis of the state of methylation, chromatin and

expression of E CADHERIN in different cancer lines is

consistent with the hypothesis that chromatin modifica�

tion occurs prior to DNA methylation since the gene is

associated with deacetylated histones in all cancer cell

lines where it is silenced but DNA hypermethylation only

occurs in a subset of these lines [124]. Certain lines bear a

silenced but unmethylated E CADHERIN. It is therefore

proposed that the first event involved in silencing of a

tumor suppressor is triggered by recruitment of HDAC to

a promoter by a trans�acting repressor(s) [124]. The resi�

dence of a HDAC or a histone methyltransferase on a

gene would result in recruitment of DNMTs to the gene

since HDACs [101, 102, 125, 126] and histone methyl�

transferases [100] were shown to form protein–protein

interactions with DNMTs as discussed above [101, 102,

125, 126]. In support of this hypothesis, it was shown that

the leukemia�promoting PML–RAR fusion protein

recruits HDAC and DNMT to target genes [99].

Similarly, it was shown that the repression of ESTROGEN

RECEPTOR α repression in ER�breast cancer cells

involved recruitment of a multiprotein complex contain�

ing the trans�acting repressor complex pRb2/p130–

E2F4/5, HDACs, histone methyltransferases, and

DNMT1 [126].

Global hypomethylation could be a consequence of

either activation of demethylase or a global change in a

chromatin modifying protein. A general activation of

demethylase should not affect regionally hypermethylat�

ed genes since these genes are inaccessible to demethylase

by the suppressed chromatin associated with these genes

[25]. This suppressed chromatin is actively maintained by

resident HDACs and other chromatin modifying enzymes

recruited by specific repressors interacting with these

genes. It has been shown that interaction of an inhibitor

of histone acetylation InHAT with chromatin associated

with a methylated gene could protect it from demethyla�

tion [74]. It is unclear yet, which demethylases are

responsible for demethylation of critical genes in cancer.

We have recently shown that MBD2 is abundantly

expressed in the highly metastatic breast cancer cell line

MDA�MB�231 but its expression is reduced in the low

invasive breast cancer cell line MCF�7 [127]. Antisense

inhibition of MBD2 results in hypermethylation and

silencing of the pro�metastatic gene uPA. Similarly, we

have shown that antisense knock down of MBD2 inhibits

active demethylation induced by valproate in HEK 293

cells [73]. High MBD2 levels correlated with hypomethy�

lation and cancer in ovarian cancers [128] and lung can�

cers [129]. However, this was not seen in colorectal can�

cer, where an inverse correlation was observed [130].

There is a raging controversy on whether MBD2 is a

demethylase, a silencer of methylated genes, or bears

both activities as discussed above. It is clear that future

studies are required to identify the proteins and the mul�

tiprotein machineries required for demethylation in can�

cer. Another possibility, which must be considered, is that

local targeted activation of chromatin rather than a glob�

al rise in demethylase activity might be involved in

demethylation of specific genes in cancer, especially

genes which are critical for metastasis.

Roles of hyper� and hypomethylation in cancer.
Hypermethylation of CG islands is widely recognized as a

mechanism for silencing gene expression in cancer cells

[131]. DNA methylation silences genes involved in cell

adhesion [132], mismatch repair [133], and glutathione

transferases, which confer protection against cytotoxic

agents [134] and inhibitors of invasion and angiogenesis

[135]. All these changes in gene expression confer selec�
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tive advantage, which is probably involved in promoting

growth and evading normal growth control mechanisms.

Silencing of tumor suppressor genes such as P16 could

result in uncontrolled cell growth. The evidence for this

role of methylation of tumor suppressor genes comes

from experiments with the DNA methylation inhibitors

5�aza�CdR [136] and zebularine [137]. Nevertheless, it is

still unclear whether the cell cycle arrest by DNA methy�

lation inhibitors is caused by activation by demethylation

of genes like P16 or by a methylation independent mech�

anism [59�61]. It was shown for example that growth

arrest following DNMT1 antisense knock down preceded

activation of P16 by demethylation [54]. Based on this

data we proposed that the DNA methylation independent

activities of DNMT1 rather than the catalytic activity

might be targeted in anticancer therapy [17].

Global hypomethylation was previously proposed to

be responsible for the chromosomal instability and defec�

tive chromosomal integrity of cancer cells [138]. Gene

specific hypomethylation was originally proposed to be

responsible for activation of oncogenes and hypomethy�

lation of C�MYC and C�JUN protooncogenes observed in

livers of mice exposed to hypomethylating diets [139�

141]. Hypomethylation is now emerging as an important

mechanism for promoting metastasis [25, 28]. We have

previously proposed that hypermethylation and

hypomethylation might be important for different stages

of cancer. Hypermethylation might play a critical role in

promoting cell growth while later in progression of a can�

cer to a metastatic state hypomethylation of pro�metasta�

tic genes takes over as the primary epigenetic aberration

[28, 127]. This model has obvious therapeutic implica�

tions, which will be discussed below. 

THERAPEUTIC IMPLICATIONS

OF DNA HYPOMETHYLATION

AND HYPERMETHYLATION IN CANCER

The use of DNA methylation inhibitors. The original

drive for use of DNMT inhibitors in anticancer therapy

[26] came from the discovery that oncogenic signaling

pathways induced DNMT1 expression through AP�1 sites

in DNMT1 regulatory regions [142, 143] and that knock

down of DNMT1 by antisense inhibitors blocked Ras�

mediated transformation [42, 43]. The involvement of

DNMT1 in transformation mediated by the downstream

effector of Ras, c�Fos was later confirmed [144].

Similarly, it was shown that oncogenic proteins such as

SV40, T antigen, which suppress tumor suppressor activ�

ity, also induce DNMT1 and that knock down of

DNMT1 blocked transformation induced by T antigen

[145]. Thus, DNMT1 activity is controlled both by onco�

genic and tumor suppressor pathways. Antisense

inhibitors of DNMT1 were shown to block tumor growth

in vivo and in vitro [43]. An attractively simple explana�

tion for the anticancer activity of DNMT1 antisense

inhibitors was that inhibition of DNMT1 resulted in acti�

vation of tumor suppressor genes by passive demethyla�

tion.

Similarly to the results obtained with mRNA knock�

down agents, inhibitors of the catalytic activity of DNMT

such as 5�aza�cytidine [146] and zebularine demethylat�

ed and activated tumor suppressor genes and inhibited

tumorigenesis [137]. Different clinical trials are now

being conducted with DNA methylation inhibitors. Two

lines of data raise some doubt however regarding the suit�

ability of catalytic DNA methylation inhibitors in anti�

cancer therapy. First, DNMT1 suppresses gene expres�

sion by a mechanism that does not involve DNA methy�

lation. Inhibition of DNMT1 in human lung cancer cells

A549 induced expression of the tumor suppressor P21 by

a methylation independent mechanism [60]. Antisense

knock down of DNMT1 results in inhibition of firing of

origins of replication [147], an intra�S phase arrest of

DNA replication [61], and activation of promoters bear�

ing the Sp1 response element by methylation independ�

ent mechanism [59].

These data lead to the conclusion that inhibiting the

DNA methylation independent activities of DNMT1

might be more critical for suppression of tumor growth

than inhibiting its catalytic DNA methylating activity.

DNMT1 bears a large N�terminal regulatory domain,

which forms protein–protein interactions with HDAC1

[102], HDAC2 [148], Rb [149], and replication fork pro�

tein PCNA [37]. It is not clear which of these interactions

are critical for cellular transformation but it is imperative

to clarify this issue for further progress with designing

DNMT inhibitors as therapeutic anticancer agents. The

second issue is the risk that catalytic inhibitors of DNMT

such as 5�aza�CdR and zebularine which cause demethy�

lation would also trigger the expression of pro�metastatic

genes as discussed above. 5�aza�CdR induces the expres�

sion of uPA in non�metastatic breast cancer cells and

transforms them into highly invasive metastatic cancer

cells [25, 28, 115]. Similarly, it was shown that 5�aza�

CdR induces the heparanase gene [116], S100P [113],

and S1004 [150], all of which play a critical role in metas�

tasis. Taking into account the issues raised here, it appears

that it is desirable to target the regulatory protein–protein

interactions of DNMT1 rather than the catalytic activity

and thus avoid the adverse effects of DNA demethylation

and the activation of genes leading to metastasis [17].

Accomplishment of this goal would require a better

understanding of the structure function relation between

DNMT1 and regulation of tumor suppressor gene expres�

sion.

Protection against hypomethylation; the use of
methyl�rich diets. There is evidence from rodents that

hypomethylating diets result in hypomethylation of DNA

and increased incidence of liver cancer [151, 152]. S�

Adenosyl�methionine (SAM) (methyl donor, cofactor of
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the DNA methylation reaction) or methionine (methyl

donor) could protect from liver carcinogenesis [153, 154].

This protection is lost by co�administration of the DNA

demethylating agent 5�aza�CdR suggesting that SAM

acts through stimulation of DNA methylation [153]. Low

folate intake, which is required for cellular methylation

reactions and the generation of SAM, could cause global

hypomethylation in humans. Alcohol consumption could

further reduce SAM levels. A number of studies have

shown an increased risk for colorectal adenocarcinoma

with low folate intake, which is increased even further

with alcohol [154�156]. An association between low

folate intake and breast cancer was found in alcohol con�

suming women although the data are inconclusive in

establishing a clear causal correlation between cervical

cancer and low folate intake because of multiple con�

founding factors [157]. Similarly polymorphisms in the

gene encoding methylenetetrahydrofolate reductase

enzyme (MTHFR) involved in folate metabolism and as

a consequence in SAM production were also shown to

cause genomic hypomethylation [158�160] and in some

studies were shown to correlate with increased incidence

of cancer [161�163] but not in cervical cancer [164].

The epidemiological studies though not yet conclu�

sive point to a potential role of low methyl content diets

in cancer risk. This question has to be critically addressed

and the possibility of dietary supplementation of folates as

a protection against different cancers and specifically

cancer metastasis should be seriously considered. The

adverse effects of highly folate�enriched diets must be

considered as well. If indeed hypomethylation plays a

causal role in expression of pro�metastatic genes as previ�

ously suggested then it might be interesting to test

whether high concentrations of methyl donors such as

methionine or folates could be used pharmacologically to

inhibit or slow down metastasis.

Demethylase inhibitors as anti�metastatic therapy.
Although the focus of attention in DNA methylation

therapy is on DNA methylation inhibitors, the discussion

presented here suggests that we should shift our attention

to a diametrically opposed process, inhibition of

demethylation. The basic assumption is that the state of

methylation of any given gene is not fixed but is a dynam�

ic balance of methylation and demethylation. The

hypomethylated state of metastatic genes such as uPA is

maintained in metastatic cancer because demethylase

activity persistently demethylates it at a higher rate than it

is methylated by DNMT. If we inhibit the demethylase

process, we will shift the reaction toward DNA methyla�

tion and silencing of the gene (Fig. 4). Although as dis�

cussed above the identity of the demethylase responsible

for preserving metastatic genes in an unmethylated state

is unclear, we have some data suggesting that MBD2

might play a causal role in cancer and a critical role in

metastasis. MBD2 anti�sense mRNA suppressed tumori�

genesis of human cancer cell lines in vitro and in vivo

[165, 166] and knock out of the MBD2 gene suppressed

intestinal tumorigenesis in mice [167].

We have developed sequence specific antisense

inhibitors of MBD2 mRNA and we have shown that they

inhibit tumorigenesis of human cancer cell lines in vivo

[168]. We also showed that MBD2 antisense inhibitors

bring about hypermethylation and inhibit the expression

of the uPA gene in metastatic breast cancer cell lines

[127]. MBD2 anti�sense treated breast cancer cells had

reduced invisibility in vitro and inhibited metastasis in

vivo [127]. These data point to MBD2 as a candidate reg�

ulator of methylation state of some pro�metastatic genes

perhaps through its demethylase activity [25, 28]. A cor�

relation was found between expression of MBD2/

demethylase and expression of lung resistance protein

LRP [129] and demethylation and expression of C�ERB2

and SURVIVIN in ovarian cancer [128] and MYC and

hMSH2 in gastric cancerous specimens [169]. These clin�

ical studies are consistent with MBD2 playing a role in

demethylation of these genes in cancerous tissue.

Future studies should establish whether MBD2 plays

a critical role in metastasis of other cancers and test the

feasibility of using MBD2 antisense oligonucleotides in

clinical trials. In addition, it will be crucial to develop

small molecule inhibitors of MBD2 demethylase and test

their potential as anti�metastatic agents. MBD2 might

unfold to become an extremely important target for anti�

metastatic therapeutics.

Another approach to inhibit demethylase activity

and suppress pro�metastatic genes such as uPA, which has

been recently demonstrated in our laboratory, is the use of

the methyl donor SAM [127]. We have shown that SAM

inhibits MBD2�demethylase activity in vitro and active

replication�independent demethylation in cells [91].

SAM is a highly effective inhibitor of metastasis of breast

cancer cell lines in vitro and in vivo [127]. Thus, SAM

could be considered the first small molecule inhibitor of

MBD2 demethylase. SAM is an extremely attractive

agent since it is a natural metabolite and could be modu�

lated as discussed above by diet. However, SAM is unlike�

ly to be used as a pharmacological agent per se since it is

highly unstable under physiological conditions. Future

structure function analyses should identify the active

moiety on SAM involved in inhibition of demethylase

and establish active and stable analogs, which could serve

as MBD2 demethylase inhibitors.

One important consideration in further utilization of

inhibitors of the DNA methylation machinery in anti�

cancer therapy is to define the relative adverse effects of

either DNA methylation inhibition or DNA demethyla�

tion inhibition. Our current understanding is that DNA

methylation inhibition is effective in blocking tumor

growth by activation of tumor suppressor genes but it car�

ries the risk of induction of metastasis. Inhibition of

demethylation on the other hand, would inhibit metasta�
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sis by hypermethylation of pro�metastatic genes. It is not

clear yet whether inhibition of demethylation would also

result in hypermethylation and suppression of tumor sup�

pressor genes and increased growth. This has to be care�

fully addressed by analyzing the effects of MBD2 anti�

sense knock down and SAM on the state of methylation

and expression of tumor suppressor genes. Nevertheless,

since metastasis is most probably the most devastating

aspect of cancer, it is imperative upon us to shift our

attention to the potential consequences of DNA

demethylating agents as inhibitors of metastasis. Even if

one takes into account the possibility that demethylase

inhibitors might also stimulate tumor growth, inhibition

of metastasis is nevertheless a paramount goal.

The work described here from the laboratory of M. S.

was supported by the National Cancer Institute of

Canada and the Canadian Institutes of Health Research.
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