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DNA Methylation

By Rakesh Singal and Gordon D. Ginder

SINCE ITS FIRST recognition in 1948, the fifth base of
human DNA, 5-methylcytosine (5-mC) has generated

much interest and considerable controversy during attempts to
understand its significance (for review, see Weissbach1). DNA
methylation in eukaryotes involves addition of a methyl group
to the carbon 5 position of the cytosine ring (Fig 1). This
reaction is catalyzed by DNA methyltransferase in the context
of the sequence 58-CG-38, which is also referred to as a CpG
dinucleotide. It is the most common eukaryotic DNA modifica-
tion and is one of the many epigenetic (alteration in gene
expression without a change in nucleotide sequence) phenom-
ena. Although extensive in plants and mammals, the absence of
detectable DNA methylation in some eukaryotes such as
Drosophila2 andSaccharomyces cerevisiae3 has raised doubts
about its significance in normal development and tissue-specific
gene expression. However, recent studies showing abnormal
development and embryonic lethality in transgenic mice express-
ing decreased but not completely absent DNA Methyltransfer-
ase (MTase) activity after DNA-MTase gene knockout4 lends
support to a critical role for DNA methylation in developmental
gene regulation. Others have proposed that the control of
intragenomic parasites is the primary function of DNA methyl-
ation in mammalian cells.5

In this review, we will discuss the fundamental aspects of
DNA methylation and its role in transcription repression,
neoplasia, and transgene silencing and during development. In
the interest of brevity, the role of DNA methylation in genomic
imprinting and X chromosome inactivation are not discussed
here, but have been reviewed recently elsewhere.6-8

DISTRIBUTION OF METHYLATED CYTOSINES
AND CpG ISLANDS

Eukaryotic genomes are not methylated uniformly but con-
tain methylated regions interspersed with unmethylated do-
mains.9 During evolution, the dinucleotide CpG has been
progressively eliminated from the genome of higher eukaryotes
and is present at only 5% to 10% of its predicted frequency.10-12

Cytosine methylation appears to have played a major role in this
process, because most CpG sites lost represent the conversion
through deamination of methylcytosines to thymines. Approxi-
mately 70% to 80% of the remaining CpG sites contain
methylated cytosines in most vertebrates, including hu-
mans.10,12 These methylated regions are typical of the bulk
chromatin that represents the late replicating DNA with its
attendant histone composition and nucleosomal configuration
and is relatively inaccessible to transcription factors.13 In
contrast to the rest of the genome, smaller regions of DNA,
called CpG islands, ranging from 0.5 to 5 kb and occurring on
average every 100 kb, have distinctive properties. These regions
are unmethylated, GC rich (60% to 70%), have a ratio of CpG to
GpC of at least 0.6, and thus do not show any suppression of the
frequency of the dinucleotide CpG.10,14 Chromatin containing
CpG islands is generally heavily acetylated, lacks histone H1,
and includes a nucleosome-free region.13 This so called open

chromatin configuration may allow, or be a consequence of, the
interaction of transcription factors with gene promoters.14

The patterns of DNA methylation reflect two types of gene 58
regulatory regions in the genome. Approximately half of all
genes in mouse and humans (ie, 40,000 to 50,000 genes)
contain CpG islands.10 These are mainly housekeeping genes
that have a broad tissue pattern of expression, but approxi-
mately 40% of genes with a tissue-restricted pattern of expres-
sion are also represented.14 Promoter region CpG islands are
usually unmethylated in all normal tissues, regardless of the
transcriptional activity of the gene. The main exceptions include
nontranscribed genes on the inactive X-chromosome and im-
printed autosomal genes where one of the parental alleles may
be methylated.15 Tissue-specific genes without CpG islands are
variably methylated, often in a tissue-specific pattern, and
usually methylation is inversely correlated with the transcrip-
tional status of the genes (for review, see Bird16 and Cedar17).

DNA METHYLTRANSFERASES

The enzymes that transfer methyl groups to the cytosine ring,
cytosine 5-methyltransferases, or DNA methyltransferases
(DNA-MTase) have been characterized in a number of eukary-
otes.18 The target site for DNA-MTase in DNA is the dinucleo-
tide palindrome CG (commonly referred to as CpG, with p
denoting the phosphate group). The first eukaryotic DNA-
MTase gene cloned from mouse almost a decade ago19 is now
referred to asDnmt1. This gene is highly conserved among
eukaryotes.Dnmt1 orthologs have been identified in various
species, including humans(DNMT1).20 Interestingly,Dnmt1
orthologs have not been found in organisms lacking DNA
methylation, such asSaccharomyces cerevisiae, Caenorhabdi-
tis elegans, andDrosophila melanogaster.

MammalianDnmt1 methyltransferasehas a high affinity for
hemimethylated substrates but is also capable of performing de
novo methylation of unmethylated substrates in vitro. The de
novo activity of mammalianDnmt1methyltransferase has been
shown to be stimulated by aberrant DNA structures21 and 5-mC
residues in single-stranded22 or double-stranded DNA sub-
strates.23 After it was found that the human and mouseDnmt1
genes contain additional 58 transcribed sequences with protein-
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encoding potential,24 it became apparent that previous biochemi-
cal and cell culture assays had relied on an incompleteDnmt1
cDNA sequence that codes for a truncated protein. Pradhan et
al25 demonstrated that full-lengthDnmt1MTase synthesized in
Baculovirus was equally active on unmethylated and hemimeth-
ylated substrates, in part by virtue of an inhibitory effect of the
additional N-terminal amino acids on activity with hemimethyl-
ated DNA. These results are evidence that theDnmt1 MTase
protein has inherent de novo methylating activity that may be
altered by protein-protein interactions and enhanced by aberrant
structures or 5-mC residues in the substrate DNA.

Evidence for an additional mammalian DNA-MTase capable
of de novo methylation came from the experiments of Lei et
al.26 These investigators generated a null mutation of theDnmt1
gene through homologous recombination in mouse embryonic
stem cells.Dnmt1 null embryonic stem cells were viable and
contained low but stable levels of methylcytosine and methyl-
transferase activity. Interestingly, integrated provirus DNA in
Moloney murine leukemia virus (MoMuLV)-infected homozy-
gousDnmt1knockout ES cells exhibited de novo methylation
to a similar extent as in wild-type cells. Although a second
DNA-MTase has recently been identified in mouse(Dnmt2)27

and in humans(DNMT2),28 it is not yet clear if it is the long
sought after de novo methyltransferase present inDnmt1
deficient ES cells.

TECHNIQUES TO STUDY DNA METHYLATION

Early techniques to study site-specific DNA methylation
relied primarily on the inability of methylation-sensitive type II
restriction enzymes to cleave sequences containing one or more
methylated CpG sites, combined with Southern hybridiza-
tion.29-31This method requires large amounts of high molecular
weight DNA, detects methylation only if more than a few
percent of alleles are methylated, and only provides information
about those CpG sites found within the recognition sequence of

methylation-sensitive restriction enzymes. Singer-Sam et al32

improved the sensitivity of methylation detection by combining
the use of methylation-sensitive restriction enzymes and poly-
merase chain reaction (PCR). After cleaving the DNA with
methylation-sensitive restriction endonucleases, eg,Hpa II,
PCR amplification with specific primers flanking the restriction
site will only occur if DNA cleavage has been prevented by
methylation. However, this method, like Southern-based ap-
proaches, can only monitor CpG methylation in methylation-
sensitive restriction sites. Also, a false-positive result may be
obtained due to incomplete restriction enzyme digestion of
cellular DNA.

Genomic sequencing protocols that have previously been
used to study DNA methylation use Maxam and Gilbert
chemical cleavage reactions performed on genomic DNA33 with
linker-mediated PCR (LMPCR) to enhance the signal.34 These
methods are based upon the fact that 5-mC is not cleaved during
the standard Maxam and Gilbert cytosine cleavage reaction.35

Thus, 5-mC is identified in a sequencing gel by the lack of a
band that corresponds to a cleavage product of a cytosine
degradation reaction. This assay is technically demanding and is
subject to both false-positive and false-negative results.

Frommer et al36 introduced a procedure based on bisulfite-
induced oxidative deamination of genomic DNA under condi-
tions in which cytosine is converted to uracil and 5-mC remains
unchanged. The target sequence is then amplified by PCR using
strand-specific primers. Upon sequencing of the amplified
DNA, all uracil and thymine residues become detectable as
thymine and only 5-mC residues amplify as cytosines. This
method, as shown in Fig 2, is presently the method of choice for
the detailed analysis of 5-mC in any given genomic target
sequence.

A number of rapid methods to detect 5-mC have been
developed based on the bisulfite deamination reaction in
combination with PCR amplification. These are suitable for

Fig 1. Schematic representation of the biochemi-

cal pathways for cytosine methylation, demethyl-

ation, and mutagenesis of cytosine and 5-mC.
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examining limited numbers of CpG dinucleotides that are either
found within or immediately adjacent to the PCR primer
sequences37,38 or within a restriction enzyme recognition se-
quence.39

DNA METHYLATION AND TRANSCRIPTIONAL
REPRESSION

A role for DNA methylation in the differential regulation of
gene expression was hypothesized many years ago.40,41 The
potential mechanism was suggested by a number of early
observations in which site-specific cytosine methylation within
or adjacent to genes was found to correlate with transcriptional
repression.31,42-45 Subsequently, this inverse relationship be-
tween cytosine methylation and transcription has been observed
in a large number of genes, although not universally.

Despite the long held view that DNA methylation might act
as a negative regulator of transcription, the precise mechanism
involved has remained elusive. Numerous reports have shown
the ability of promoter DNA methylation to inhibit transcription
of a wide variety of genes in in vitro transfection assays, and in
some cases, such methylation corresponds to the inactive state

of the gene under study in vivo (reviewed in Bird16 and Razin
and Cedar46).

Three possible mechanisms have been proposed to account
for transcriptional repression by DNA methylation, and each is
shown in Fig 3. The first mechanism involves direct interfer-
ence with the binding of specific transcription factors to their
recognition sites in their respective promoters. Several transcrip-
tion factors, including AP-2, c-Myc/Myn, the cyclic AMP-
dependent activator CREB, E2F, and NF-kB, recognize se-
quences that contain CpG residues, and binding to each has
been shown to be inhibited by methylation. In contrast, other
transcription factors (eg, Sp1 and CTF) are not sensitive to
methylation of their binding sites,47 and many factors have no
CpG dinucleotide residues in their binding sites.

A second potential mechanism for methylation induced
silencing is through the direct binding of specific transcriptional
repressors to methylated DNA. Two such factors, MeCP-1 and
MeCP-2 (methyl cytosine binding proteins 1 and 2), have been
identified and shown to bind to methylated CpG residues in any
sequence context. Although in vertebrates DNA methylation
has been posited to inhibit transcription initiation, methylation

Fig 2. (A) Illustration of the steps involved in determining the

methylation status of cytosines in a known DNA sequence by the

bisulfite conversion method. (B) In vivo methylation of CpG dinucleo-

tides of rho promoter in 5-day and adult chicken erythroid cells using

bisulfite conversion technique. Arrows indicate methylated cytosines

and are only seen in adult erythroid cells. Positions indicated are

relative to the transcription start site. Cytosines that are not associ-

ated with CpG dinucleotides (sequence shown in [C]) have all been

converted to thymidines in both 5-day and adult erythroid cells. (C)

Graphic representation of the in vivo methylation of CpG dinucleo-

tides of rho promoter in 5-day and adult chicken erythroid cells using

bisulfite conversion technique. Arrows indicate methylated cytosines

and are clearly seen in (A) (data not shown for CpG dinucleotide at

position 215). Primers R and F indicate the sequence of rho globin

promoter used for designating internal primers and for sequencing.
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has also been shown to block transcription elongation in
Neurosporathrough a mechanism that may be mediated through
MeCP-1 and/or MeCP-2.48

MeCP-1 binds to DNA containing multiple symmetrically
methylated CpG sites, as opposed to hemimethylated CpGs, and
manifests as a large complex on electrophoretic mobility shift
assay.49 Repression of transcription from densely methylated
genes can be mediated by MeCP-1, and cells deficient in
MeCP-1 show much reduced repression of methylated genes.50

In a further study, it was demonstrated that sparse methylation
could repress transfected genes completely, but the inhibition
was fully overcome by the presence incisof an SV40 enhancer.
However, densely methylated genes could not be reactivated by
the strong enhancer. It was proposed that sparsely methylated
genes form an unstable complex with MeCP-1 that prevents
transcription when the promoter is weak. This complex can be
disrupted by a strong promoter, thereby allowing the methylated
gene to be transcribed.51

We have recently shown that a complex with electrophoretic
mobility similar to MeCP-1 forms efficiently with the methyl-
ated but not with unmethylated embryonic rho-globin gene
promoter sequences, and the complex can be detected using
nuclear extracts from the same primary avian erythroid cells in
which methylation-mediated transcriptional inhibition was dem-
onstrated.52 These results, in conjunction with the demonstra-
tion of a role for methylation in silencing rho-globin gene
transcription in vivo in normal adult avian erythroid cells,53,54

suggest a role for MeCP-1 or a similar complex in developmen-
tal silencing of embryonic globin genes during normal erythro-
poiesis.

A component of the MeCP-1 complex, PCM1, has a methyl-
CpG binding domain (MBD) and two cysteine-rich domains
(CXXC) that are found in animal DNA methyltransferases and
in the mammalian HRX proteins, MLL and ALL-1. Although
the functional significance of the CXXC domain is not known,
there is evidence that it is a part of a transcriptional repression
domain.55,56 PCM1 has been shown to repress transcription in
vitro in a methylation-dependent manner.57

MeCP-2 is more abundant than MeCP-1 in the cell and is able
to bind to DNA containing a single methylated CpG pair.58

MeCP-2, like DNA methyltransferase, is dispensable for the
viability of embryonic stem cells, but is essential for embryonic
development.59 MeCP-2 has two domains: a methyl-CpG
binding domain that is essential for chromosomal localization
and a transcriptional repressor domain (TRD) that can inhibit
transcription from a promoter at a distance, suggesting that
MeCP-2 interacts with the transcriptional machinery or the
initiation complex.60 Recently, a region of MeCP-2 that local-
izes with the TRD was shown to associate with a corepressor
complex containing the transcriptional repressor mSin3A and
histone deacetylases. Transcriptional repression in vivo was
relieved by the deacetylase inhibitor trichostatin A, suggesting
that two global mechanisms of gene regulation, DNA methyl-
ation and histone deacetylation, can be linked by MeCP-2.61,62

However, in some instances DNA methylation has been shown
to play a dominant role over histone deacetyloses in transcrip-
tional repression.53,54 It has been proposed that MeCP-2 might
contribute to the assembly of a more stable repressive chroma-
tin structure.63 However, MeCP-2 can repress transcription of

naked DNA in a cell-free in vitro assay,60 suggesting that
chromatin formation is not necessary for its repressive action.

A third mechanism by which methylation may mediate
transcriptional repression is by altering chromatin structure.
Keshet et al64 transfected mouse L cells with M13 plasmid
constructs containing the humanb-globin gene, as well as
several other eukaryotic genes, after enzymatic methylation.
Unmethylated DNA sequences, after integration and stable
propagation in cell culture, were all detected in active chroma-
tin, as measured by DNAse 1-sensitivity, in contrast to DNA
sequences that were methylated in vitro before transfection that
were contained in DNAse1-resistant, transcriptionally inactive
chromatin. Experiments using microinjection of certain methyl-
ated and nonmethylated gene templates into nuclei have shown
that methylation inhibits transcription only after chromatin is
assembled.65 Even a strong transcriptional activator, GAL4-
VP16, cannot counteract the effect of chromatin once it has
assumed the inactive state induced by DNA methylation.65

Therefore, in addition to stabilizing the inactive state, methyl-
ation also prevents activation by blocking the access of
transcription factors.63,66 Whether this chromatin effect of
methylation is mediated solely by MeCP-2–associated histone
deacetylase remains to be determined.

One important issue regarding DNA methylation and tran-
scriptional silencing has been whether methylation is a primary
control mechanism or a secondary effect of gene activity. In the
case of some genes with sparse CpG nucleotides, gain of
methylation occurs after transcriptional silencing67; in other
cases, loss of methylation occurs after transcriptional activa-
tion.68At the same time, in other systems it has been shown that
despite optimum nuclear conditions for transcription, including
DNAseI-sensitive chromatin, transcription can be tightly re-
pressed by CpG methylation.52,53 It appears that methylation,
particularly of CpG-rich genes, may serve as a locking off
mechanism that may follow or precede other events that turn a
gene off, but that once in place can prevent activation despite an
optimum nuclear environment for transcription.

DNA DEMETHYLATION DURING DEVELOPMENT
AND TISSUE-SPECIFIC DIFFERENTIATION

A critical aspect of the overall regulatory role of DNA
methylation is the process of demethylation. Using methylation-
sensitive restriction enzymes to monitor the general level of
DNA methylation, it was shown that, during early development,
a dramatic reduction in methylation levels occurs in the
preimplantation embryo.69 This is followed by a wave of de
novo methylation involving most CpG residues but leaving the
CpG islands unmethylated at the time of implantation.70 After
implantation, most of the genomic DNA is methylated, whereas
tissue-specific genes undergo demethylation in their tissues of
expression.46 Thus, a means for both global and tissue- or
gene-specific removal of methylcytosines from DNA must
exist.

The mechanism underlying the process of demethylation has
not been fully elucidated. In some cases, demethylation could
be a passive process, ie, inhibition of methylation after DNA
replication.45 Despite the tight coordination of DNA methyl-
ation and replication that has been demonstrated in mammalian
cells,71 the mechanism of methylation inhibition in the presence
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of DNA replication remains to be defined. The existence of an
active demethylation process not involving DNA replication in
mammalian cells has been supported by a number of observa-
tions (reviewed in Szyf72). In transient transfection assays using
myoblast cells, a methylateda-actin gene was shown to have
transcriptional activity similar to unmethylated template second-
ary to an active demethylation process.73 Using transient
transfection assays, Szyf et al74 showed that an in vitro
methylated SK-plasmid bearing no sequence homology to
eukaryotic genes became fully demethylated between 1 and 2
days after tranfection into the mouse embryonal carcinoma cell
line P19. This demethylating activity was not sequence-
selective and was independent of DNA replication.74 During
B-cell development, both the heavy and light chain Ig genes
undergo demethylation.75 Specificcis-acting elements, includ-
ing both the intronic and 38 enhancers in the case of thek light
chain gene, have been shown to direct demethylation.75,76

Further analysis of the intronic enhancers suggested the involve-
ment of the NF-kB family of proteins astrans-acting factors in
inducing demethylation. Bothcis-acting elements andtrans-
acting factors, therefore, appear to direct the demethylation
machinery to its target locus.

The biochemical mechanism underlying the process of
demethylation remains unclear. However, extracts from chicken
embryos have been demonstrated to have sequence nonspecific
demethylating activity in vitro.77 This enzymatic activity was
limited to demethylation of hemimethylated DNA and involved
removal of the methylated cytosine and subsequent repair of the
resulting apyrimidinic acid residue.78 In the case of rat myo-
blasts, demethylation activity is performed by an active compo-
nent whose activity is to excise methylated nucleotides from the
DNA template and replace them with an unmodified form.79

Interestingly, in the presence of a myoblast extract, demethyl-
ation of the a-actin but not of the adenine phosphoribosyl
transferase (APRT) CpG island fragment was observed. Al-
though this demethylating activity was initially felt to be
dependent on an RNA component, subsequent investigation of a
more purified active fraction demonstrated complete resistance
of the activity to RNAse treatment.80

It has long been supposed that direct removal of the methyl
group by breaking the carbon-to-carbon bond of 5-mC would be
so energetically unfavorable as to be an unlikely event. How-
ever, a gene encoding an enzyme capable of directly removing
the methyl group from methylated CpG-containing DNA in cell
free reactions as well as in transfected cells has been reported
recently.81 If the corresponding endogenous gene product can be
shown to have the same activity, this will provide a remarkable
new avenue for studying the control of demethylation during
normal differentiation and development as well as in oncogen-
esis.

It has been proposed that the core demethylase in cells is kept
in an inactive form by interaction with a protein inhibitor.
Demethylation could then come about by the removal or
modification of the inhibitor. Such an inhibitor could either
affect the entire genome resulting in a pattern similar to that
seen in the early preimplantation embryo or be confined to the
specific sequence influenced by localcis-acting elements and
trans-acting factors, as in the case of thek Ig gene example
discussed above.82

DNA METHYLATION AND CANCER

A role for DNA methylation in oncogenesis has been
hypothesized for many years. Numerous studies have suggested
aberrations in DNAmethyltransferase activity in tumor cells.83-85

Transformed cells often have increased total DNA-MTase
activity, widespread loss of methylation from normally methyl-
ated sites, and more regional areas of hypermethylated DNA.86

The potential contribution of DNA methylation to oncogenesis
appears to be mediated by one or more of the following
mechanisms that are shown in Fig 4.

Signature C=T mutation in cancer cells. The high muta-
tion rate of cytosine residues within the dinucleotide CpG, the
target site of mammalian DNA-MTase, can be accounted for by
an increased rate of cytosine to thymine transitions, which are,
in turn, a consequence of hydrolytic deamination of 5-mC87 (Fig
1). This mechanism of mutation was first recognized in
prokaryotic systems.88

Unmethylated cytosine can also undergo deamination to
yield uracil, but the well-characterized Uracil-DNA glycosylase
efficiently repairs G:U but not G:T mismatch.89 However,
DNA-MTase may block this repair, contributing to C=U=T
transition. DNA-MTase may also mediate 5-mC=T transition
at CpG dinucleotides under conditions that lead to increased
DNA-MTase expression or decreased cellular S-adenosylmethio-
nine levels.90

A striking example of how this process may lead to oncogen-
esis is shown by the tumor-suppressor gene p53. Mutations in
the p53 tumor-suppressor gene occur in more than 50% of
human solid tumors.91An estimated 24% of these mutations are
C=T transitions at CpG dinucleotides, suggesting that DNA
methylation may contribute to these mutations.92

DNA hypomethylation in cancer.Decreased levels of over-
all genomic methylation are common findings in tumorigen-
esis.93 This decrease in global methylation appears to begin
early and before the development of frank tumor formation.94,95

Apart from the overall genomic hypomethylation, specific
oncogenes have been observed to be hypomethylated in human
tumors. A good inverse correlation between methylation and
gene expression was observed in the antiapoptotic bcl-2 gene in
B-cell chronic lymphocytic leukemia96 and for the k-ras
proto-oncogene in lung and colon carcinomas.97

Hypermethylation of tumor-suppressor genes.In addition
to point mutations or gene deletions, transcriptional repression
by hypermethylation of promoter sequences suggests an alterna-
tive means for the inactivation of tumor-suppressor genes in
cancer. This may result from the increased DNA-MTase levels
that have been demonstrated in various cancers83 or it could
occur as a result of some other transient event that silences
tumor-suppressor gene transcription. The retinoblastoma gene
(Rb) was the first classic tumor-suppressor gene in which CpG
island hypermethylation was detected. Three of 21 sporadic
cases in one study98 and 5 of 32 sporadic cases in another
study99 had hypermethylated CpG islands at the 58 end of the Rb
gene. Subsequently, it was also shown that in vitro methylation
of the promoter region of Rb directly blocked promoter
activation.100

Inactivation of the von Hippel-Lindau (VHL) gene by
somatically acquired mutations in one copy of the VHL gene
along with loss of the second allele has been implicated as the
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Fig 3. Proposed mechanisms

of transcriptional repression me-

diated by cytosine methylation.

Fig 4. Models for the differ-

ent mechanisms through which

cytosine methylation can pro-

mote oncogenesis.
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initiating event in spontaneous cases of clear-cell renal carci-
noma.101 Herman et al102 found hypermethylation of the VHL
gene CpG island and concomitant lack of expression in 5 of 26
cases of the sporadic form of clear cell renal carcinoma that had
no VHL intragenic mutations. Treatment of a clear cell renal
carcinoma cell line with 5-deoxyazacytidine, a potent inhibitor
of DNA-MTase, resulted in demethylation and expression of a
previously silent VHL gene.

One of the most important cell cycle regulatory proteins is
p16 (also known as MTS-1 for major tumor suppressor 1,
INK4a for INhibitor of cyclin-dependent Kinase 4a, and
CDKN2a for Cyclin-Dependent Kinase iNhibitor 2a). The
major biochemical effect of p16 is to halt cell-cycle progression
at the G1/S boundary, and the loss of p16 function may lead to
cancer progression by allowing unregulated cellular prolifera-
tion.103A common genetic alteration in tumor cell lines and to a
lesser extent in primary tumors is the loss of heterozygosity at
chromosome 9p21, which contains both the related p16 and p15
genes. Among most solid tumors studied, a CpG island in the 58
region of p16 gene has been found to be frequently methylated,
and treatment of cell lines carrying a hypermethylated p16
allele with 5-azacytidine results in transcriptional activation of
the gene.104,105The presence of either coding region deletions or
promoter hypermethylation of p16 correlate inversely with the
presence of Rb gene mutations in multiple tumor types (re-
viewed in Baylin et al86). Interestingly, in some instances, p16
promoter hypermethylation may be the sole inactivating event
for both alleles of the gene and may be the only lesion
associated with loss of the cyclin D-Rb pathway.86 In colon
cancer, despite the lack of allelic loss of the 9p region,
homozygous deletions of the p16 gene, or Rb gene mutations,106

30% to 40% demonstrate hypermethylated p16 alleles.105

Hypermethylation-mediated inactivation of the p16 gene has
been demonstrated in brain, breast, colon, head and neck, and
non–small-cell lung cancer and in high grade non-Hodgkin’s
lymphoma (reviewed in Baylin et al86).

P15 (INK4b) gene is an inhibitor of the cyclin-dependent
kinases CDK4 and CDK6 and appears to play a role in
transforming growth factor-b (TGF-b)–mediated growth inhibi-
tion responses.107 Methylation-mediated inactivation of the p15
gene occurs predominantly in hematopoietic neoplasms such as
acute myelogenous leukemia, acute lymphoblastic leukemia,
and Burkitt’s lymphoma.86 Recently, hypermethylation of the
p15 gene has been demonstrated in myelodysplastic syn-
dromes108 and hypermethylation of both p15 and p16 has been
found in multiple myeloma.109

Induction of chromosomal instability.Lengauer et al110

introduced exogenous CpG-rich sequences in the form of a
retrovirally containedb-galactosidase gene into 10 colon cancer
cell lines. Five of 10 cell lines failed to express theb-gal gene,
and these lines were deficient in mismatch activity repair
(MMR2), whereas other cell lines competent for mismatch
repair (MMR1) expressed the gene. MMR2 cell lines were
found to be methylation proficient (MET1), and MMR1 cell
lines were methylation deficient (MET2) based on Southern
blot analysis and 5-azacytidine–induced reactivation of the
b-gal gene. It was proposed that in mismatch repair proficient
colon cells a methylation defect (MET-) directly facilitates the
gain and loss of whole chromosomes, leading to the genomic

instability necessary for the development and progression of
cancer. In contrast, MMR2 cells have normal methylation
proficiency and develop the required genomic instability by the
alternative pathway of mismatch repair deficiency.111Consistent
with a role for hypomethylation in chromosomal instability
were the findings by Chen et al112 in analyzing embryonic stem
(ES) cells nullizygous for the DNA-MTase gene, Dnmt I. Gene
deletions of selectable marker genes due to mitotic recombina-
tion or chromosomal loss were detected at a much higher
frequency in the Dnmt 1-deficient ES cells compared with
wild-type control cells.

Additional experimental support for the hypothesis linking
DNA methylation to chromosomal integrity comes from earlier
studies by Feinberg et al,113who demonstrated an average of 8%
and 10% reduction in genomic 5-mC content in colon adenomas
and adenocarcinomas, respectively, with no significant differ-
ence between benign and malignant tumors. Interestingly, three
patients with the highest 5-mC content in their normal colon
appeared to have Lynch syndrome (HNPCC), which was
subsequently shown to have the MMR2 phenotype.113 In a
recent study, the occurrence of genome-wide undermethylation,
retroviral element amplification, and chromosome remodeling
in an interspecific mammalian hybrid (Macropus eugenii3
Wallabia bicolor) was demonstrated. Atypically extended cen-
tromeres ofMacropus eugenii-derived autosomes in the hybrid
were composed primarily of unmethylated, amplified retroviral
elements not detectable in either parental species, indicating
that the failure of DNA methylation to occur and resultant
mobile-element activity in the cell hybrids could facilitate rapid
karyotypic evolution.114

ALTERED DNA-METHYLTRANSFERASE
ACTIVITY IN CANCER

Several studies in the last few years have demonstrated an
increase in DNA-MTase activity in neoplastic cells. Kautiainen
and Jones83 examined the levels of DNA methyltransferase in
nuclei from 9 tumorigenic and 9 nontumorigenic cell lines. In
all but 2 cases, the extractable methyltransferase activity was
fourfold to 3,000-fold higher in tumorigenic than in nontumori-
genic cells.83 Increased DNA-MTase activity has been reported
in colon cancers versus normal mucosa from the same patient.84

Laird et al85 bred normal mice heterozygous for deletion of the
DNA-MTase gene (and having 50% of the DNA-MTase activity
compared with wild-type) with mice having a mutant allele of
the APC gene.85 When combined with loss of the other APC
allele, this mutation results in progressive formation of adeno-
mas throughout the gastrointestinal tract of newborn animals.
Intestinal adenomas were reduced by 50% in the offspring mice
with both the APC and DNA-MTase gene mutations and were
essentially eliminated when treatment with 5-deoxyazacytidine
was combined with DNA-MTase allelic deletion.

The mechanism underlying the increased DNA-MTase activ-
ity in neoplastic cells has not yet been elucidated. MacLeod et
al115 proposed that the activation of theras signal transduction
pathway causes increased activity by interacting with AP-1 sites
in the presumed DNA-MTase promoter region in a murine
adrenocortical tumor cell line. However, this apparent promoter
region of the DNA-MTase gene was subsequently found to lie
far downstream of the transcription start site.24,116 It has also
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been demonstrated that overexpression of the c-fos gene results
in cellular transformation through increased DMTase activity.117

Further studies are required to understand the regulation of the
DNA-MTase genes in normal and neoplastic cells.

The mechanisms responsible for maintaining normal and
abnormal methylation patterns in normal and neoplastic cells
remain unclear. A recent study demonstrated the binding of
DNA-MTase to proliferating cell nuclear antigen (PCNA), an
auxiliary factor for DNA replication and repair. This binding
occurred in intact cells at foci of newly replicated DNA and did
not alter DNA-MTase activity. A peptide derived from the cell
cycle regulator p21(WAF1) was shown to disrupt the DNA-
MTase-PCNA interaction, suggesting that p21(WAF1) may
regulate methylation by blocking access of DNA-MTase to
PCNA. The extent of expression of DNA-MTase and p21(WAF1)
were found to be inversely related in both SV40-transformed
and nontransformed cells.118 Based on these findings, it has
been proposed that, in normal cells, the p21 protein negatively
regulates DNA-MTase-PCNA interaction in early S phase and
protects CpG islands from methylation, whereas diminished
effects of p21 in late S phase result in the targeting of
DNA-MTase to methylated DNA. In cancer cells, loss of p21
function allows DNA-MTase-PCNA interaction in early S
phase, possibly facilitating aberrant increased methylation of
CpG islands, whereas no change in decreased relative targeting
of DNA-MTase to late S phase foci results in loss of normal
methylation.15 This type of mechanism could explain the
apparent paradox posed by the observation of both excessive
and deficient DNA methylation during tumorigenesis.

CLINICAL AND THERAPEUTIC IMPLICATIONS
OF DNA METHYLATION

Just as the vertebrate globin genes were among the first
examples of an association between DNA methylation and
transcriptional silencing,31,43,44,119 so too were they the first
target for clinical intervention based on drugs that affect
methylation.120-122Treatment with 5-azacytidine, an irreversible
inhibitor of DNA-MTase, was shown to increase expression of
the fetalg-globin gene in nonhuman primates and subsequently
in patients withb-thalassemia and sickle cell anemia. Because
of its mutagenicity and the observation that other S-phase active
cytotoxic agents that do not inhibit DNA methylation could
induce similar increases ing-globin gene expression,123-125

5-azacytidine has not been widely used for this application.
These experiences point to the limitations of attempting to alter
gene expression through the use of global DNA methylation
inhibitors that also possess other potent cellular effects and
emphasize the need for a more complete understanding of the
specificity of DNA methylation and demethylation control.

The recent advances in understanding of altered DNA
methylation in cancer discussed above also have potential
clinical implications. Because methylation of many involved
genes may represent a process specific to neoplastic cells, this
change may be a sensitive index of micrometastases.86 It may
also be of some prognostic value in certain situations. For
instance, methylation of theabl promoter in chronic myeloid
leukemia has been associated with disease of long-standing
duration, most likely associated with a higher probability of
imminent blast transformation.126

The increased DNA-MTase activity seen in multiple cancers
has prompted targeting of the inhibition of this enzyme as an
anticancer strategy. The DNA-MTase inhibitors, 5-azacytidine
and 5-azadeoxycytidine, have been used clinically for the
treatment of patients with myelodysplastic syndromes or leuke-
mia.127,128 Because, as noted, these agents have effects other
than inducing demethylation, have many side effects, and need
to be administered by continuous infusion, efforts to develop
novel DNA-MTase inhibitors are clearly warranted. In one such
approach, Ramchandani et al129 demonstrated that intraperito-
neal injection of DNA-MTase antisense oligonucleotides re-
duced the level of DNA-MTase and inhibited the growth of Y1
adrenocortical carcinoma in syngeneic LAF mice.

THE ROLE OF DNA METHYLATION IN EVOLUTION

Two hypotheses have been proposed for the evolutionary role
of DNA methylation. The first hypothesis is derived from the
perspective of gene numbers and biologic complexity.12 The
size of the genome in free-living organisms has increased from
a few thousand genes in prokaryotes (eg,Escherichia coliwith
4,000 genes) to 7,000 to 25,000 genes in nonvertebrate eukary-
otes and 50,000 to 100,000 genes in vertebrates. Bird12 has
proposed that, if the number of tissue-specific genes is to
increase during evolution, the efficiency of gene repression
must be high. This repression, or transcriptional noise reduc-
tion, in eukaryotes has been attributed to two features (the
nuclear envelope and histones) that are present in eukaryotes
but not in prokaryotes. Vertebrates, in turn, have several fold
more genes than the nonvertebrate eukaryotes, and one possible
additional repression mechanism for vertebrates could be DNA
methylation. A comparison of methylation patterns in inverte-
brates versus vertebrates shows some important differences. In
the invertebrates, methylation of cytosine occurs at only a minor
fraction of the CpG dinucleotides in the genome and in some
cases, such asDrosophila, cannot be detected at all. It is likely
that, in the vast majority of eukaryotes, DNA methylation
functions as part of a system that silences potentially damaging
DNA elements such as transposons, viral genomes, etc. How-
ever, vertebrates have the bulk of their DNA methylated, except
for CpG islands. Bird12 proposes that DNA methylation in
vertebrates provides a novel layer of global repression, further
reducing the transcriptional noise and thereby allowing verte-
brates to accumulate and selectively use the extra genes that are
crucial to their development.

The alternative theory proposed is that cytosine methylation
in mammals is a nuclear host-defense system that evolved
primarily to counter the threats posed by endogenous parasitic
mobile genetic elements.5 Cytosine methylation inactivates the
promoter of most viruses and transposons, including retrovi-
ruses and Alu elements, and such sequences are methylated in
the DNA of differentiated cells. In fact, the large majority of
5-mCs in the genome lie within these elements. Demethylating
drugs have been shown to activate transcription of endogenous
transposons.130Also, cloned, unmethylated human L1 elements
transpose at a higher rate in transfected human cells,131 and this
transposition rate is far in excess of the rate of the identical but
methylated endogenous elements. In an interspecific mamma-
lian hybrid involvingMacropus eugeniiandWallabia bicolor,
the occurrence of genome-wide undermethylation, retroviral
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element amplification, and chromosome remodeling has been
demonstrated.114 Yoder et al5 also argue that there is little
compelling evidence for a role for reversible promoter methyl-
ation in developmental gene control. However, our laboratory
has shown that methylation does appear to play a role in specific
developmental gene control.52-54

METHYLATION AND FOREIGN GENE SILENCING

In both cultured cells transfected with foreign DNA and
transgenic organisms, the newly integrated foreign DNA fre-
quently becomes de novo methylated.132 It has been proposed
that de novo methylation constitutes a cellular defense mecha-
nism to silence integrated foreign DNA or genes.132

Evidence over the past several years suggests that DNA
methylation is involved in the inactivation of virally introduced
genes in vivo. The MoMuLV has been shown to be completely
inactive in embryonic stem cell and embryonic carcinoma cell
lines, and the inactivity is accompanied by de novo methylation
of the proviral sequences.133,134Orend et al135 have shown that,
upon integration, de novo methylation spreads from the center
of the integrated collinear viral DNA. Methylation of specific
sites in the adenoviral promoter results in promoter inactiva-
tion.136 Herpes virus also undergoes de novo methylation in
mammalian cells.137 Epstein-Barr virus DNA has been found to
be methylated in the normal lymphocytes of healthy volun-
teers.138

In transduced murine hematopoietic cells, transcriptional
inactivation of the proviral MoMuLV-LTR was shown to be
associated with methylation of the proviral-LTR.139 We have
recently demonstrated that an in vitro-methylated retroviral
LTR fragment containing 13 CpG dinucleotides was able to
compete in binding assays for an MeCP complex that has a
mobility similar to MeCP-1,140 although the role of methylation
in LTR silencing remains unresolved.

Methylation-mediated inactivation of foreign gene expres-
sion in specific cell types has important therapeutic and
pharmacological implications in that inhibition of the methyl-
ation of therapeutically introduced genes might enhance gene
therapy significantly by preventing transcriptional silencing.

CONCLUSION

DNA methylation clearly plays an important regulatory role
in vertebrates, as evidenced by its vital role in embryonic
development. Whether the primary evolutionary role of DNA
methylation is through transcriptional silencing or as a host
defense system against endogenous and exogenous parasitic
sequence elements remains to be fully determined. However,
there is substantial evidence that DNA methylation plays a
critical role in silencing specific genes during development and
cell differentiation. The intrinsic mutagenicity of 5-mC, activa-
tion of proto-oncogenes through hypomethylation, transcrip-
tional inactivation of tumor-suppressor genes through hyper-
methylation, and defects in chromosomal segregation due to
failure of de novo methylation may all contribute to neoplasia.
Selective modulation of DNA methylation may therefore have
important clinical implications for the prevention and treatment
of cancer. To develop safe and effective strategies for therapeu-
tic alteration of DNA methylation, the factors that regulate the
specificity of both the methylation and demethylation processes

must be more fully understood. Likewise, understanding the
factors involved in DNA methylation-induced gene silencing
will facilitate attempts to selectively affect gene expression.
Recent studies have linked two global mechanisms of gene
regulation, DNA methylation, and histone deacetylation.61,62

Further investigations are necessary to understand the complex
links between the methyltransferases, demethylases, methyl
cytosine binding proteins, histone acetylation, and the transcrip-
tional activity of genes.

ACKNOWLEDGMENT

The authors acknowledge the helpful assistance of Catharine W.
Tucker in preparing their manuscript and thank Dr Steven Snyder for
comments.

REFERENCES

1. Weissbach A: A chronicle of DNA methylation (1948-1975). EXS
64:1, 1993

2. Urieli-Shoval S, Gruenbaum Y, Sedat J, Razin A: The absence of
detectable methylated bases in Drosophila melanogaster DNA. FEBS
Lett 146:148, 1982

3. Proffitt JH, Davie JR, Swinton D, Hattman S: 5-Methylcytosine is
not detectable in Saccharomyces cerevisiae DNA. Mol Cell Biol 4:985,
1984

4. Li E, Bestor TH, Jaenisch R: Targeted mutation of the DNA
methyltransferase gene results in embryonic lethality. Cell 69:915, 1992

5. Yoder JA, Walsh CP, Bestor TH: Cytosine methylation and the
ecology of intragenomic parasites. Trends Genet 13:335, 1997

6. Bartolomei MS, Tilghman SM: Genomic imprinting in mammals.
Annu Rev Genet 31:493, 1997

7. Reik W, Walter J: Imprinting mechanisms in mammals. Curr Opin
Genet Dev 8:154, 1998

8. Heard E, Clerc P, Avner P: X-chromosome inactivation in
mammals. Annu Rev Genet 31:571, 1997

9. Bird AP: CpG-rich islands and the function of DNA methylation.
Nature 321:209, 1986

10. Antequera F, Bird A: Number of CpG islands and genes in
human and mouse. Proc Natl Acad Sci USA 90:11995, 1993

11. Antequera F, Bird A: CpG islands. EXS 64:169, 1993
12. Bird AP: Gene number, noise reduction and biological complex-

ity. Trends Genet 11:94, 1995
13. Tazi J, Bird A: Alternative chromatin structure at CpG islands.

Cell 60:909, 1990
14. Cross SH, Bird AP: CpG islands and genes. Curr Opin Genet

Dev 5:309, 1995
15. Baylin SB: Tying it all together: Epigenetics, genetics, cell cycle,

and cancer. Science 277:1948, 1997
16. Bird A: The essentials of DNA methylation. Cell 70:5, 1992
17. Cedar H: DNA methylation and gene activity. Cell 53:3, 1988
18. Bestor TH, Verdine GL: DNA methyltransferases. Curr Opin

Cell Biol 6:380, 1994
19. Bestor T, Laudano A, Mattaliano R, Ingram V: Cloning and

sequencing of a cDNA encoding DNA methyltransferase of mouse
cells. The carboxyl-terminal domain of the mammalian enzymes is
related to bacterial restriction methyltransferases. J Mol Biol 203:971,
1988

20. Yen RW, Vertino PM, Nelkin BD, Yu JJ, el-Deiry W, Cuma-
raswamy A, Lennon GG, Trask BJ, Celano P, Baylin SB: Isolation and
characterization of the cDNA encoding human DNA methyltransferase.
Nucleic Acids Res 20:2287, 1992

21. Laayoun A, Smith SS: Methylation of slipped duplexes, snap-
backs and cruciforms by human DNA(cytosine-5)methyltransferase.
Nucleic Acids Res 23:1584, 1995

DNA METHYLATION 4067

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/93/12/4059/1654163/4059.pdf by guest on 08 June 2024



22. Christman JK, Sheikhnejad G, Marasco CJ, Sufrin JR: 5-Methyl-
28-deoxycytidine in single-stranded DNA can act in cis to signal de
novo DNA methylation. Proc the Natl Acad Sci USA 92:7347, 1995

23. Tollefsbol TO, Hutchison CA 3rd: Control of methylation
spreading in synthetic DNA sequences by the murine DNA methyltrans-
ferase. J Mol Biol 269:494, 1997

24. Yoder JA, Yen RWC, Vertino PM, Bestor TH, Baylin SB: New 58

regions of the murine and human genes for DNA (cytosine-5)-
methyltransferase. J Biol Chem 271:31092, 1996

25. Pradhan S, Talbot D, Sha M, Benner J, Hornstra L, Li E, Jaenisch
R, Roberts RJ: Baculovirus-mediated expression and characterization
of the full-length murine DNA methyltransferase. Nucleic Acids Res
25:4666, 1997

26. Lei H, Oh SP, Okano M, Juttermann R, Goss KA, Jaenisch R, Li
E: De novo DNA cytosine methyltransferase activities in mouse
embryonic stem cells. Development 122:3195, 1996

27. Okano M, Xie S, Li E: Dnmt2 is not required for de novo and
maintenance methylation of viral DNA in embryonic stem cells.
Nucleic Acids Res 26:2536, 1998

28. Yoder JA, Bestor TH: A candidate mammalian DNA methyltrans-
ferase related to pmt1p of fission yeast. Hum Mol Genet 7:279, 1998

29. Bird AP, Southern EM: Use of restriction enzymes to study
eukaryotic DNA methylation: I. The methylation pattern in ribosomal
DNA from Xenopus laevis. J Mol Biol 118:27, 1978

30. Waalwijk C, Flavell RA: MspI, an isoschizomer of hpaII which
cleaves both unmethylated and methylated hpaII sites. Nucleic Acids
Res 5:3231, 1978

31. McGhee JD, Ginder GD: Specific DNA methylation sites in the
vicinity of the chicken beta-globin genes. Nature 280:419, 1979

32. Singer-Sam J, Grant M, LeBon JM, Okuyama K, Chapman V,
Monk M, Riggs AD: Use of a HpaII-polymerase chain reaction assay to
study DNA methylation in the Pgk-1 CpG island of mouse embryos at
the time of X-chromosome inactivation. Mol Cell Biol 10:4987, 1990

33. Church GM, Gilbert W: Genomic sequencing. Proc Natl Acad
Sci USA 81:1991, 1984

34. Pfeifer GP, Steigerwald SD, Mueller PR, Wold B, Riggs AD:
Genomic sequencing and methylation analysis by ligation mediated
PCR. Science 246:810, 1989

35. Maxam AM, Gilbert W: Sequencing end-labeled DNA with
base-specific chemical cleavages. Methods Enzymol 65:499, 1980

36. Frommer M, McDonald LE, Millar DS, Collis CM, Watt F, Grigg
GW, Molloy PL, Paul CL: A genomic sequencing protocol that yields a
positive display of 5-methylcytosine residues in individual DNA
strands. Proc Natl Acad Sci USA 89:1827, 1992

37. Herman JG, Graff JR, Myohanen S, Nelkin BD, Baylin SB:
Methylation-specific PCR: A novel PCR assay for methylation status of
CpG islands. Proc Natl Acad Sci USA 93:9821, 1996

38. Gonzalgo ML, Jones PA: Rapid quantitation of methylation
differences at specific sites using methylation-sensitive single nucleo-
tide primer extension (Ms-SNuPE). Nucleic Acids Res 25:2529, 1997

39. Xiong Z, Laird PW: COBRA: A sensitive and quantitative DNA
methylation assay. Nucleic Acids Res 25:2532, 1997

40. Riggs AD: X inactivation, differentiation, and DNA methylation.
Cytogenet Cell Genet 14:9, 1975

41. Holliday R, Pugh JE: DNA modification mechanisms and gene
activity during development. Science 187:226, 1975

42. Ginder GD, McGhee JD: DNA Methylation in the Chicken Adult
b-Globin Gene: A Relationship With Gene Expression: Organization
and Expression of Globin Genes. New York, NY, Liss, 1981, p 191

43. Shen CK, Maniatis T: Tissue-specific DNA methylation in a
cluster of rabbit beta-like globin genes. Proc Natl Acad Sci USA
77:6634, 1980

44. van der Ploeg LH, Flavell RA: DNA methylation in the human

gamma delta beta-globin locus in erythroid and nonerythroid tissues.
Cell 19:947, 1980

45. Razin A, Riggs AD: DNA methylation and gene function.
Science 210:604, 1980

46. Razin A, Cedar H: DNA methylation and gene expression.
Microbiol Rev 55:451, 1991

47. Tate PH, Bird AP: Effects of DNA methylation on DNA-binding
proteins and gene expression. Curr Opin Genet Dev 3:226, 1993

48. Rountree MR, Selker EU: DNA methylation inhibits elongation
but not initiation of transcription in Neurospora crassa. Genes Dev
11:2383, 1997

49. Meehan RR, Lewis JD, McKay S, Kleiner EL, Bird AP:
Identification of a mammalian protein that binds specifically to DNA
containing methylated CpGs. Cell 58:499, 1989

50. Boyes J, Bird A: DNA methylation inhibits transcription indi-
rectly via a methyl-CpG binding protein. Cell 64:1123, 1991

51. Boyes J, Bird A: Repression of genes by DNA methylation
depends on CpG density and promoter strength: Evidence for involve-
ment of a methyl-CpG binding protein. EMBO J 11:327, 1992

52. Singal R, Ferris R, Little JA, Wang SZ, Ginder GD: Methylation
of the minimal promoter of an embryonic globin gene silences
transcription in primary erythroid cells. Proc Natl Acad Sci USA
94:13724, 1997

53. Ginder GD, Whitters MJ, Pohlman JK: Activation of a chicken
embryonic globin gene in adult erythroid cells by 5-azacytidine and
sodium butyrate. Proc Natl Acad Sci USA 81:3954, 1984

54. Burns LJ, Glauber JG, Ginder GD: Butyrate induces selective
transcriptional activation of a hypomethylated embryonic globin gene
in adult erythroid cells. Blood 72:1536, 1988

55. Zeleznik-Le NJ, Harden AM, Rowley JD: 11q23 translocations
split the ‘‘AT-hook’’ cruciform DNA-binding region and the transcrip-
tional repression domain from the activation domain of the mixed-
lineage leukemia (MLL) gene. Proc Natl Acad Sci USA 91:10610, 1994

56. Prasad R, Yano T, Sorio C, Nakamura T, Rallapalli R, Gu Y,
Leshkowitz D, Croce CM, Canaani E: Domains with transcriptional
regulatory activity within the ALL1 and AF4 proteins involved in acute
leukemia. Proc Natl Acad Sci USA 92:12160, 1995

57. Cross SH, Meehan RR, Nan X, Bird A: A component of the
transcriptional repressor MeCP1 shares a motif with DNA methyltrans-
ferase and HRX proteins. Nat Genet 16:256, 1997

58. Meehan R, Lewis J, Cross S, Nan X, Jeppesen P, Bird A:
Transcriptional repression by methylation of CpG. J Cell Sci Suppl
16:9, 1992

59. Tate P, Skarnes W, Bird A: The methyl-CpG binding protein
MeCP2 is essential for embryonic development in the mouse. Nat Genet
12:205, 1996

60. Nan X, Campoy FJ, Bird A: MeCP2 is a transcriptional repressor
with abundant binding sites in genomic chromatin. Cell 88:471, 1997

61. Nan XS, Ng HH, Johnson CA, Laherty CD, Turner BM,
Eisenman RN, Bird A: Transcriptional repression by the methyl-Cpg-
binding protein Mecp2 involves a histone deacetylase complex. Nature
393:386, 1998

62. Jones PL, Veenstra GJ, Wade PA, Vermaak D, Kass SU,
Landsberger N, Strouboulis J, Wolffe AP: Methylated DNA and MeCP2
recruit histone deacetylase to repress transcription. Nat Genet 19:187,
1998

63. Kass SU, Pruss D, Wolffe AP: How does DNA methylation
repress transcription? Trends Genet 13:444, 1997

64. Keshet I, Lieman-Hurwitz J, Cedar H: DNA methylation affects
the formation of active chromatin. Cell 44:535, 1986

65. Kass SU, Landsberger N, Wolffe AP: DNA methylation directs a
time-dependent repression of transcription initiation. Curr Biol 7:157,
1997

66. Siegfried Z, Cedar H: DNA methylation: A molecular lock. Curr
Biol 7:R305, 1997

4068 SINGAL AND GINDER

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/93/12/4059/1654163/4059.pdf by guest on 08 June 2024



67. Enver T, Zhang JW, Papayannopoulou T, Stamatoyannopoulos
G: DNA methylation: A secondary event in globin gene switching?
Genes Dev 2:698, 1988

68. Sullivan CH, Norman JT, Borras T, Grainger RM: Developmen-
tal regulation of hypomethylation of delta-crystallin genes in chicken
embryo lens cells. Mol Cell Biol 9:3132, 1989

69. Monk M, Boubelik M, Lehnert S: Temporal and regional
changes in DNA methylation in the embryonic, extraembryonic and
germ cell lineages during mouse embryo development. Development
99:371, 1987

70. Kafri T, Ariel M, Brandeis M, Shemer R, Urven L, McCarrey J,
Cedar H, Razin A: Developmental pattern of gene-specific DNA
methylation in the mouse embryo and germ line. Genes Dev 6:705,
1992

71. Araujo FD, Knox JD, Szyf M, Price GB, Zannis-Hadjopoulos M:
Concurrent replication and methylation at mammalian origins of
replication. Mol Cell Biol 18:3475, 1998

72. Szyf M: The DNA methylation machinery as a target for
anticancer therapy. Pharmacol Therapeutics 70:1, 1996

73. Paroush Z, Keshet I, Yisraeli J, Cedar H: Dynamics of demethyl-
ation and activation of the alpha-actin gene in myoblasts. Cell 63:1229,
1990

74. Szyf M, Theberge J, Bozovic V: Ras induces a general DNA
demethylation activity in mouse embryonal P19 cells. J Biol Chem
270:12690, 1995

75. Lichtenstein M, Keini G, Cedar H, Bergman Y: B cell-specific
demethylation: A novel role for the intronic kappa chain enhancer
sequence. Cell 76:913, 1994

76. Kirillov A, Kistler B, Mostoslavsky R, Cedar H, Wirth T,
Bergman Y: A role for nuclear NF-kappaB in B-cell-specific demethyl-
ation of the Igkappa locus. Nat Genet 13:435, 1996

77. Jost JP: Nuclear extracts of chicken embryos promote an active
demethylation of DNA by excision repair of 5-methyldeoxycytidine.
Proc Natl Acad Sci USA 90:4684, 1993

78. Jost JP, Siegmann M, Sun L, Leung R: Mechanisms of DNA
demethylation in chicken embryos. Purification and properties of a
5-methylcytosine-DNA glycosylase. J Biol Chem 270:9734, 1995

79. Weiss A, Keshet I, Razin A, Cedar H: DNA demethylation in
vitro: involvement of RNA. Cell 86:709, 1996

80. Swisher JF, Rand E, Cedar H, Marie Pyle A: Analysis of putative
RNase sensitivity and protease insensitivity of demethylation activity in
extracts from rat myoblasts. Nucleic Acids Res 26:5573, 1998

81. Bhattacharya SK, Ramchandani S, Cervoni N, Szyf M: A
mammalian protein with specific demethylase activity for mCpG DNA.
Nature 397:579, 1999

82. Weiss A, Cedar H: The role of DNA demethylation during
development. Genes Cells 2:481, 1997

83. Kautiainen TL, Jones PA: DNA methyltransferase levels in
tumorigenic and nontumorigenic cells in culture. J Biol Chem 261:
1594, 1986

84. Issa JP, Vertino PM, Wu J, Sazawal S, Celano P, Nelkin BD,
Hamilton SR, Baylin SB: Increased cytosine DNA-methyltransferase
activity during colon cancer progression. J Natl Cancer Inst 85:1235,
1993

85. Laird PW, Jackson-Grusby L, Fazeli A, Dickinson SL, Jung WE,
Li E, Weinberg RA, Jaenisch R: Suppression of intestinal neoplasia by
DNA hypomethylation. Cell 81:197, 1995

86. Baylin SB, Herman JG, Graff JR, Vertino PM, Issa JP: Alter-
ations in DNA methylation: A fundamental aspect of neoplasia. Adv
Cancer Res 72:141, 1998

87. Laird PW, Jaenisch R: The role of DNA methylation in cancer
genetic and epigenetics. Annu Rev Genet 30:441, 1996

88. Coulondre C, Miller JH, Farabaugh PJ, Gilbert W: Molecular
basis of base substitution hotspots in Escherichia coli. Nature 274:775,
1978

89. Gonzalgo ML, Liang G, Spruck CHr, Zingg JM, Rideout WMr,
Jones PA: Identification and characterization of differentially methyl-
ated regions of genomic DNA by methylation-sensitive arbitrarily
primed PCR. Cancer Res 57:594, 1997

90. Bender CM, Zingg JM, Jones PA: DNA methylation as a target
for drug design. Pharmaceutical Res 15:175, 1998

91. Greenblatt MS, Bennett WP, Hollstein M, Harris CC: Mutations
in the p53 tumor suppressor gene: Clues to cancer etiology and
molecular pathogenesis. Cancer Res 54:4855, 1994

92. Magewu AN, Jones PA: Ubiquitous and tenacious methylation of
the CpG site in codon 248 of the p53 gene may explain its frequent
appearance as a mutational hot spot in human cancer. Mol Cell Biol
14:4225, 1994

93. Gama-Sosa MA, Slagel VA, Trewyn RW, Oxenhandler R, Kuo
KC, Gehrke CW, Ehrlich M: The 5-methylcytosine content of DNA
from human tumors. Nucleic Acids Res 11:6883, 1983

94. Christman JK, Sheikhnejad G, Dizik M, Abileah S, Wainfan E:
Reversibility of changes in nucleic acid methylation and gene expres-
sion induced in rat liver by severe dietary methyl deficiency. Carcinogen-
esis 14:551, 1993

95. Pogribny IP, Miller BJ, James SJ: Alterations in hepatic p53 gene
methylation patterns during tumor progression with folate/methyl
deficiency in the rat. Cancer Lett 115:31, 1997

96. Hanada M, Delia D, Aiello A, Stadtmauer E, Reed JC: bcl-2 gene
hypomethylation and high-level expression in B-cell chronic lympho-
cytic leukemia. Blood 82:1820, 1993

97. Feinberg AP, Vogelstein B: Hypomethylation distinguishes genes
of some human cancers from their normal counterparts. Nature 301:89,
1983

98. Greger V, Debus N, Lohmann D, Hopping W, Passarge E,
Horsthemke B: Frequency and parental origin of hypermethylated RB1
alleles in retinoblastoma. Hum Genet 94:491, 1994

99. Sakai T, Toguchida J, Ohtani N, Yandell DW, Rapaport JM,
Dryja TP: Allele-specific hypermethylation of the retinoblastoma
tumor-suppressor gene. Am J Hum Genet 48:880, 1991

100. Ohtani-Fujita N, Fujita T, Aoike A, Osifchin NE, Robbins PD,
Sakai T: CpG methylation inactivates the promoter activity of the
human retinoblastoma tumor-suppressor gene. Oncogene 8:1063, 1993

101. Gnarra JR, Tory K, Weng Y, Schmidt L, Wei MH, Li H, Latif F,
Liu S, Chen F, Duh FM, Lobensky I, Duan DR, Florence C, Pozzatti R,
Walther MM, Bander NH, Grossman HB, Brauch H, Pomer S, Brooks
JD, Isaacs WB, Lerman MI, Zbar B, Linehan WM: Mutations of the
VHL tumour suppressor gene in renal carcinoma. Nat Genet 7:85, 1994

102. Herman JG, Latif F, Weng Y, Lerman MI, Zbar B, Liu S, Samid
D, Duan DS, Gnarra JR, Linehan WM, Baylin SB: Silencing of the VHL
tumor-suppressor gene by DNA methylation in renal carcinoma. Proc
Natl Acad Sci USA 91:9700, 1994

103. Liggett WH Jr, Sidransky D: Role of the p16 tumor suppressor
gene in cancer. J Clin Oncol 16:1197, 1998

104. Merlo A, Herman JG, Mao L, Lee DJ, Gabrielson E, Burger PC,
Baylin SB, Sidransky D: 58 CpG island methylation is associated with
transcriptional silencing of the tumour suppressor p16/CDKN2/MTS1
in human cancers. Nat Med 1:686, 1995

105. Herman JG, Merlo A, Mao L, Lapidus RG, Issa JP, Davidson
NE, Sidransky D, Baylin SB: Inactivation of the CDKN2/p16/MTS1
gene is frequently associated with aberrant DNA methylation in all
common human cancers. Cancer Res 55:4525, 1995

106. Cairns P, Polascik TJ, Eby Y, Tokino K, Califano J, Merlo A,
Mao L, Herath J, Jenkins R, Westra W, Rutter JL, Buckler A, Gabrielson
E, Tockman M, Cho KR, Hedrick L, Bova GS, Isaacs W, Koch W,
Schwab D, Sidransky D: Frequency of homozygous deletion at
p16/CDKN2 in primary human tumours. Nat Genet 11:210, 1995

107. Hannon GJ, Beach D: p15INK4B is a potential effector of
TGF-beta-induced cell cycle arrest. Nature 371:257, 1994

108. Uchida T, Kinoshita T, Nagai H, Nakahara Y, Saito H, Hotta T,

DNA METHYLATION 4069

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/93/12/4059/1654163/4059.pdf by guest on 08 June 2024



Murate T: Hypermethylation of the p15INK4B gene in myelodysplastic
syndromes. Blood 90:1403, 1997

109. Ng MH, Chung YF, Lo KW, Wickham NW, Lee JC, Huang DP:
Frequent hypermethylation of p16 and p15 genes in multiple myeloma.
Blood 89:2500, 1997

110. Lengauer C, Kinzler KW, Vogelstein B: DNA methylation and
genetic instability in colorectal cancer cells. Proc Natl Acad Sci USA
94:2545, 1997

111. Jones PA, Gonzalgo ML: Altered DNA methylation and ge-
nome instability: A new pathway to cancer? Proc Natl Acad Sci USA
94:2103, 1997

112. Chen RZ, Pettersson U, Beard C, Jackson-Grusby L, Jaenisch
R: DNA hypomethylation leads to elevated mutation rates. Nature
395:89, 1998

113. Feinberg AP, Gehrke CW, Kuo KC, Ehrlich M: Reduced
genomic 5-methylcytosine content in human colonic neoplasia. Cancer
Res 48:1159, 1988

114. Oneill RJW, Oneill MJ, Graves JAM: Undermethylation associ-
ated with retroelement activation and chromosome remodelling in an
interspecific mammalian hybrid. Nature 393:68, 1998

115. MacLeod AR, Rouleau J, Szyf M: Regulation of DNA methyl-
ation by the Ras signaling pathway. J Biol Chem 270:11327, 1995

116. Tucker KL, Talbot D, Lee MA, Leonhardt H, Jaenisch R:
Complementation of methylation deficiency in embryonic stem cells by
a DNA methyltransferase minigene. Proc Natl Acad Sci USA 93:12920,
1996

117. Bakin AV, Curran T: Role of DNA 5-methylcytosine transferase
in cell transformation by fos. Science 283:387, 1999

118. Chuang LS, Ian HI, Koh TW, Ng HH, Xu G, Li BF: Human
DNA-(cytosine-5) methyltransferase-PCNA complex as a target for
p21WAF1. Science 277:1996, 1997

119. Busslinger M, Hurst J, Flavell RA: DNA methylation and the
regulation of globin gene expression. Cell 34:197, 1983

120. DeSimone J, Heller P, Hall L, Zwiers D: 5-Azacytidine
stimulates fetal hemoglobin synthesis in anemic baboons. Proc Natl
Acad Sci USA 79:4428, 1982

121. Ley TJ, DeSimone J, Anagnou NP, Keller GH, Humphries RK,
Turner PH, Young NS, Keller P, Nienhuis AW: 5-azacytidine selectively
increases gamma-globin synthesis in a patient with beta1 thalassemia.
N Engl J Med 307:1469, 1982

122. Charache S, Dover G, Smith K, Talbot CC Jr, Moyer M, Boyer
S: Treatment of sickle cell anemia with 5-azacytidine results in
increased fetal hemoglobin production and is associated with nonran-
dom hypomethylation of DNA around the gamma-delta-beta-globin
gene complex. Proc Natl Acad Sci USA 80:4842, 1983

123. Letvin NL, Linch DC, Beardsley GP, McIntyre KW, Nathan
DG: Augmentation of fetal-hemoglobin production in anemic monkeys
by hydroxyurea. N Engl J Med 310:869, 1984

124. Papayannopoulou T, Torrealba de Ron A, Veith R, Knitter G,
Stamatoyannopoulos G: Arabinosylcytosine induces fetal hemoglobin
in baboons by perturbing erythroid cell differentiation kinetics. Science
224:617, 1984

125. Platt OS, Orkin SH, Dover G, Beardsley GP, Miller B, Nathan
DG: Hydroxyurea enhances fetal hemoglobin production in sickle cell
anemia. J Clin Invest 74:652, 1984

126. Ben-Yehuda D, Krichevsky S, Rachmilewitz EA, Avraham A,
Palumbo GA, Frassoni F, Sahar D, Rosenbaum H, Paltiel O, Zion M,
Ben-Neriah Y: Molecular follow-up of disease progression and inter-
feron therapy in chronic myelocytic leukemia. Blood 90:4918, 1997

127. Silverman LR, Holland JF, Weinberg RS, Alter BP, Davis RB,
Ellison RR, Demakos EP, Cornell CJ Jr, Carey RW, Schiffer C: Effects
of treatment with 5-azacytidine on the in vivo and in vitro hematopoi-
esis in patients with myelodysplastic syndromes. Leukemia 7:21, 1993
(suppl 1)

128. Willemze R, Archimbaud E, Muus P: Preliminary results with
5-aza-28-deoxycytidine (DAC)-containing chemotherapy in patients
with relapsed or refractory acute leukemia. The EORTC Leukemia
Cooperative Group. Leukemia 7:49, 1993 (suppl 1)

129. Ramchandani S, MacLeod AR, Pinard M, von Hofe E, Szyf M:
Inhibition of tumorigenesis by a cytosine-DNA, methyltransferase,
antisense oligodeoxynucleotide. Proc Natl Acad Sci USA 94:684, 1997

130. Schmid CW: Alu: Structure, origin, evolution, significance and
function of one-tenth of human DNA. Prog Nucleic Acid Res Mol Biol
53:283, 1996

131. Moran JV, Holmes SE, Naas TP, DeBerardinis RJ, Boeke JD,
Kazazian HH Jr: High frequency retrotransposition in cultured mamma-
lian cells. Cell 87:917, 1996

132. Doerfler W, Schubbert R, Heller H, Kammer C, Hilger-
Eversheim K, Knoblauch M, Remus R: Integration of foreign DNA and
its consequences in mammalian systems. Trends Biotechnol 15:297,
1997

133. Harbers K, Schnieke A, Stuhlmann H, Jahner D, Jaenisch R:
DNA methylation and gene expression: Endogenous retroviral genome
becomes infectious after molecular cloning. Proc Natl Acad Sci USA
78:7609, 1981

134. Jahner D, Jaenisch R: Retrovirus-induced de novo methylation
of flanking host sequences correlates with gene inactivity. Nature
315:594, 1985

135. Orend G, Kuhlmann I, Doerfler W: Spreading of DNA methyl-
ation across integrated foreign (adenovirus type 12) genomes in
mammalian cells. J Virol 65:4301, 1991

136. Kruczek I, Doerfler W: Expression of the chloramphenicol
acetyltransferase gene in mammalian cells under the control of adenovi-
rus type 12 promoters: Effect of promoter methylation on gene
expression. Proc Natl Acad Sci USA 80:7586, 1983

137. Barletta J, Greer SB: Methylation of HSV-1 DNA as a
mechanism of viral inhibition: Studies of an analogue of methyldeoxy-
cytidine: Trifluoromethyldeoxycytidine (F3mdCyd). Antiviral Res 18:1,
1992

138. Robertson KD, Ambinder RF: Methylation of the Epstein-Barr
virus genome in normal lymphocytes. Blood 90:4480, 1997

139. Challita PM, Kohn DB: Lack of expression from a retroviral
vector after transduction of murine hematopoietic stem cells is associ-
ated with methylation in vivo. Proc Natl Acad Sci USA 91:2567, 1994

140. Osborne C, Pasceri P, Singal R, Ginder GR: Ameliorazation of
retroviral vector silencing in locus control regionb-globin transgenic
mice and trasduced F9 embryonic cells. J Virol (in press)

4070 SINGAL AND GINDER

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/93/12/4059/1654163/4059.pdf by guest on 08 June 2024


