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Preface

Volume 301 of Current Topics in Microbiology and Immunology, DNA Methyl-
ation: Basic Mechanisms, which was published earlier this year, provided an
introduction to the field and summarized ongoing research on elementary
mechanisms related to DNA methylation. Due to the delayed availability of
some of the manuscripts scheduled to appear in the book, the chapters dealing
with the significance of this genetic signal for development, genetic disease,
and cancer were assigned to this follow-up volume.

Obviously, the study of DNA methylation has had a profound impact on
research in many areas of biomedicine. By January 2006, there were well over
10,000 citations in PubMed on DNA methylation and its ramifications. It has
become clear that we need to re-sequence the human and other genomes at
least partly to obtain a true account of the distribution of the fifth nucleotide in
functionalgenomes.At this time,weare far fromunderstanding theregulatory
and structural functions that the fifth nucleotide exerts on chromatin.

What, for many years, seemed to be the almost-forgotten fifth nucleotide in
DNA, 5-methyldeoxycytidine (5-mC), has now been generally recognized as
one of the important topological signals in molecular genetics. In an intricate
way and in conjunction with histone modifications, 5-mC residues in highly
specific locations in a nucleotide sequence play crucial roles in long-term gene
silencing and in influencing chromatin structure. The two mechanisms are
probably intimately connected. Moreover, the genomes of many organisms
are characterized by unique patterns of DNA methylation that can differ from
genome segment to genome segment and cell type to cell type. These patterns
can be instrumental in determining cell type and function. Studies on the role
of DNA methylation have now moved center stage in many fields of biology
and medicine such as developmental biology, genetic imprinting, genetic
disease, tumor biology, gene therapy, cloning of organisms, and others. Again,
basic research in molecular biology has opened new vistas for biomedical
problems.



VI Preface

In this volume, the 12 contributions written by experts in the fields of
development, genetic disease, and cancer biology deal with the role of DNA
methylation in biology and pathogenesis. The series Current Topics in Micro-
biology and Immunology continues a long-standing tradition in that it offers
indispensable reading in many fields of biology and medicine for novice and
expert alike.

Erlangen/Köln, January 2006 Walter Doerfler
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Abstract All developmental processes in metazoans require the establishment of dif-
ferent genetic programs to generate functionally specialised cells. Differential gene
expression is also the basis for the alterations in the developmental potential of differ-
entiating cells. However, the molecular details concerning how this is achieved are still
poorly understood. The haematopoietic system has for many years served as an excel-
lentmodel systemto studyhowdevelopmental processes are regulatedat the epigenetic
level. In this article we will summarise recent results from others and from our own
laboratory that have yielded profound insights into the general principles of how cell-
fate decisions are regulated in the cell nucleus. We summarise (1) how the interplay of
sequence-specific transcription factors and chromatin components is responsible for
the cell type and cell stage-specific activation of specific genes and (2) how these find-
ings impact on current concepts of epigenetic regulation of developmental processes.

1
Cell-fate Decisions in the Haematopoietic System

All metazoans originate from totipotent fertilised eggs which undergo a se-
ries of cell divisions before establishing cell types with altered developmental
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potential. Germ cells are set aside very early in development and retain their
totipotency, whereas all other differentiating cells undergo a gradual loss of
developmentalpotential in favourof functional specialisation.Theelucidation
of the molecular mechanism of this process has been a long-standing funda-
mental question in biology. Studies of what drives differentiation of individual
cell lineages have been instrumental in experimentally addressing this ques-
tion. A cell lineage forms part of a developmental pathway, which is defined
as a hierarchy of differentiating cells. These cells originate from a defined
precursor cell type that has the potential to give rise to related but function-
ally specialised cells. One of the best-characterised developmental pathways
is blood cell development. All blood cells originate from haematopoietic stem
cells (HSCs), which in the adult mammalian organism reside in the bone
marrow and have the capacity to self-renew as well as differentiate (Weiss-
man et al. 2001). The different cell lineages are depicted in Fig. 1. The first
major developmental decision occurs at the branch point between lymphoid
and myeloid cells. This generates the first functionally restricted precursors:
common lymphoid precursors, which only generate B cells, T cells and nat-
ural killer (NK) cells, and common myeloid precursors, which only give rise
to granulocytes, erythrocytes, mast cells, megakaryocytes and monocytes.
These two precursor types undergo further restrictions in developmental
potential until terminally differentiated cells are generated.

It is nowabundantly clear that the crosstalkbetweenextracellular signals—
triggering surface receptor responses—and the nucleus regulates the survival
and the differentiation of specific blood cell types. It is also clear that these
signals co-operate with cell type-specific sets of sequence-specific transcrip-
tion factors. These factors interact with genes organised in specific chromatin
architectures, and the assembly of transcription factor complexes on spe-
cific cis-regulatory elements sets chromatin remodelling and modification
events in motion that ultimately lead to the stable establishment of specific
genetic programs. This “opening-up” of silent chromatin is not an all-or-none
event, but a multi-step process that takes place much earlier than previously
thought. A number of experiments over the last several years have shown
an ever-increasing number of epigenetic alterations accompanying the acti-
vation of genes during haematopoietic development, all of which occur in
a co-ordinated and regulated fashion.

In our laboratory we are interested in the following questions: What is the
order of events taking place during the developmental activation of specific
genes, and which factors participate in this process? At which developmental
stage do such processes start?

Using myeloid-specific genes and macrophage differentiation as a model,
our lab has uncovered a number of important insights that are summarized
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Fig. 1 Haematopoietic hierarchy and the specification of a lineage-specific gene ex-
pression program. This figure shows the development of the different blood cell types
originating from multipotent haematopoietic stem cells (HSCs), which in a first step
differentiate into functionally restricted common lymphoid precursors (CLPs) and
common myeloid precursors (CMPs). HSCs—but to some extent also CMPs and
CLPs—show lineage-promiscuous gene expression, which is then silenced in inap-
propriate lineages. In addition, genes not expressed in HSCs are activated during
cell-lineage differentiation

below regarding the order of events taking place during the activation of gene
expression from the silent state. The picture is far from complete, but the
experiments aimed at answering these questions have yielded a first glimpse
of the principles governing the epigenetic basis of development.

2
Transcription Factors Co-operate with Chromatin Components
and Reorganise Chromatin Structure Prior to the Activation
of Gene Expression

Permanently inactive genes are organised in silent chromatin, which can be
characterised as being tightly packed and poorly accessible to the action of
DNA binding proteins, and lacking active histone marks, such as acetylated
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histones (Gilbert et al. 2004). Instead, such genes present inactive histone
marks such as methylated histone H3 lysine 9 (Fig. 2). In addition, the
DNA within silent chromatin is often methylated at CpG dinucleotides. This
renders such genes poorly accessible to the action of DNA binding proteins.
An extensive description of all known heterochromatin proteins interacting
with DNA and with each other is not the subject of this article and has been
extensively reviewed (see, for example: Dillon and Festenstein 2002; Jaenisch
and Bird 2003). However, in the context of the regulation of cell-fate decisions,
it is important to mention three important facts: (1) Heterochromatin can
spread via protein complexes that bind to methylated DNA and modified
histones; (2) heterochromatin formation at a specific DNA region is a self-
sustaining process; and (3) an open chromatin structure has to be actively
maintained. Once established, patterns of heterochromatin are faithfully
maintained throughout cell division, until a gene-activating stimulus is
received (reviewed in Maison and Almouzni 2004). The nature of this
stimulus is different for each gene but in all cases involves sequence-specific
transcription factors as the endpoints of such signalling processes.

Heterochromatin restricts access of transcription factors in a number of
ways, and for transcription to occur it has to be reorganised so that the tran-
scription machinery can gain access to promoters. In addition, methyl groups
on the DNA need to be removed. Methylated DNA does not only recruit the
gene-silencing machinery, but many transcription factors are unable to bind
to their recognition sequences if these contain methylated CpG dinucleotides.
Moreover, demethylating DNA does not only remove the signal for the recruit-
ment of repressive complexes, but also serves as a stable memory mark—for
the next cell generation—that the gene is destined for activation (Thomassin
et al. 2001). To gain further insight into these processes, we studied the onset
of chromatin remodelling and the dynamics of DNA demethylation during
cell differentiation, using the chicken lysozyme gene as a model.

Within the haematopoietic system, the chicken lysozyme gene is expressed
specifically in granulocytes and macrophages and is first transcriptionally ac-
tivated at the granulocyte–macrophage progenitor (GMP) stage (Jägle et al.
1997). It reaches its highest level of expression in lipopolysaccharide (LPS)-
stimulated macrophages (Huber et al. 1995). We analysed the methylation
status of key regulatory regions of the chicken lysozyme locus in early
haematopoiesis—where the gene is silent—and the kinetics of demethylation
at all stages of macrophage differentiation up to the terminally differenti-
ated state. We found that one of the first steps in gene locus activation was
the selective demethylation of specific CpGs (Lefevre et al. 2003; Tagoh et al.
2004a). This occurred already in early multipotent precursor cells long before
the gene started to be expressed. However, when we measured the kinetics
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Fig. 2 Gene locus activation during haematopoietic development occurs in distinct
steps. This model for the activation of a gene locus starts from the epigenetically
silent, heterochromatinised state, which is characterised by compacted chromatin,
methylated DNA (CH3), histone H3 methylated at lysine 9 (K9CH3) and the binding
of silencing factors such as heterochromatin protein 1 (HP1) and polycomb proteins
(PcG). The transient action of transcription factors (TF, indicated as heterogeneous
shapes) then leads to a dynamic primed state. The gene is still not transcribed, but is
already marked by selective DNA demethylation and a partially reorganised chromatin
structure. The next step is the active but non-induced state. This state is characterised
by the removal of all heterochromatin proteins, the formation of transcription factor
complexes, further chromatin remodelling, the removal of inactive histone marks, the
partial acquisition of active histone marks, such as low-level acetylation of histone
H3 lysine 9 (Ac) or monomethylation of histone H3 lysine 4 (K4me1) and low-level
transcription. High-level transcription in the active, induced state goes along with full
and stable transcription factor complex occupancy and DNase I hypersensitive site
formation as well as histone hyperacetylation, histone H3 serine 10 phosphorylation
(P) and histone H3 lysine 4 trimethylation (K4me3)

of demethylation we found that it was not uniform. Specific CpGs within
individual cis-elements were demethylated with differential kinetics. Central
CpGs within the core of important transcription factor binding sites were
demethylated very early in development, but methyl groups at surrounding
CpGs disappeared much slower. DNA demethylation was not the only epige-
netic modification present in the chromatin of precursor cells. We saw changes
in DNA topology as measured by UV photofootprinting, indicating that par-
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tial chromatin remodelling had taken place (Kontaraki et al. 2000; Tagoh et al.
2004a). We inferred from these results that it was the transcription factors
themselves which were responsible for the selective removal of the methyl
group. This is in concordance with a number of experiments by others. For
example, it was shown that the demethylation of the immunoglobulin κ-chain
locus during B cell maturation requires the presence of the transcription
factor nuclear factor (NF)κB (Kirillov et al. 1996). Another example is the
B cell-specific mb-1 gene, which is hypermethylated in haematopoietic stem
cells but becomes demethylated during B cell differentiation. This process
is directly dependent on the presence or absence of the transcription factor
early B cell factor (EBF). Transfection of this factor into B cells can induce
DNA demethylation at specific sites within the mb-1 gene (Maier et al. 2004).

In order to test the hypothesis that transcription factor binding was directly
responsible for DNA demethylation in early multipotent precursor cells and
to identify the factors responsible for the differential loss of methyl groups
during macrophage differentiation, we performed in vivo footprinting exper-
iments (Tagoh et al. 2004a). This technique allows the identification of DNA
sequences that are occupied by transcription factors in vivo. We used the
dimethyl sulphate (DMS) footprinting method described by Kontaraki et al.
(2000), which depends on the fact that transcription factor binding affects the
reactivity of DNA with DMS, which can rapidly penetrate intact cells. After
in vivo formation of alkylated bases, the position of these lesions is deter-
mined at nucleotide resolution by use of ligation-mediated PCR (LM-PCR).
In contrast to our expectations, we saw little or no binding of transcription fac-
tors in early multipotent haematopoietic precursor cells. During macrophage
differentiation we started to see significant transcription factor interaction
with DNA only at the GMP stage, coinciding with the onset of lysozyme gene
expression. The DMS footprinting pattern in GMPs was indistinguishable
from that of mature cells, indicating that the same transcription factor com-
plexes interact with their recognition sequences at all differentiation stages.
However, throughout a number of differentiation stages, transcription factor
binding appeared to be unstable as indicated by partial footprints. Complete
occupancy as indicated by maximal footprinting signals was only seen in
fully differentiated macrophages. But if there was little or no binding of tran-
scription factors to DNA in early multipotent progenitors and if transcription
factor binding was unstable for a number of cell generations in differenti-
ating cells, how was DNA-demethylation and partial chromatin remodelling
achieved?

This question was answered by experiments with multipotent progenitor
cell lines, which provided more material for biochemical assays. In these cell
lines, we obtained the same results as in the primary cells. In vivo footprinting
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experiments showed no transcription factor binding at all, and we saw the
same type of partial DNA-methylation pattern. In addition, we neither saw
formation of DNase I hypersensitive sites nor the establishment active his-
tone marks such as acetylated histone H3 lysine 9 or trimethylated H3 lysine 4
(Huber et al. 1995; Kontaraki et al. 2000; Lefevre et al. 2003). However, chro-
matin immunoprecipitation assays showed that certain transcription factors,
although not bound stably enough to cause alterations in DMS reactivity,
could transiently bind to lysozyme chromatin (Lefevre et al. 2003). Transient
transcription factor interaction is not a phenomenon unique to the lysozyme
locus. A similar result was reported with the mouse mammary tumour virus
enhancer. Here it was shown that chromatin structure at this element was
altered in the absence of stable binding of transcription factors (Belikov et al.
2004). The question now arose: What are the consequences of these findings
on how gene locus activation is regulated in precursor cells?

3
The Role of Transcription Factors and Chromatin Components
in the Regulation of Cell-fate Decisions

It has been known for many years that shifting the balance of specific tran-
scription factors in haematopoietic precursor cells can dictate the outcome
of cell differentiation (reviewed in Graf 2002; Orkin 2000), and this principle
holds true for all differentiation decisions in all multicellular organisms that
have been studied so far. To quote a few examples: The overexpression of the
transcription factor PU.1 in multipotent progenitor cells shifts differentiation
towards myeloid cells (DeKoter and Singh 2000; McIvor et al. 2003; Nerlov and
Graf 1998; Yamada et al. 2001). PU.1 functions in opposition to GATA-1, which
regulates erythropoiesis and inhibits GATA-1 action (Heyworth et al. 2002;
Kulessa et al. 1995; Nerlov et al. 2000; Zhang et al. 2000). The overexpression of
myeloid-specific transcription factors in mature B cells can reprogram these
cells into macrophages (Xie et al. 2004). In turn, the conditional elimination
of the B cell-specific transcription factor Pax5 in mature B cells leads to the
re-expression of myeloid-specific genes in B cells, indicating that not only
activators, but also repressors are required for the establishment of a spe-
cific genetic program (Mikkola et al. 2002; Tagoh et al. 2004b). In addition,
Pax5-null cells in the bone marrow of knock-out mice are blocked in B cell
differentiation (Hayashi et al. 2003; Nutt et al. 1997). The reason for this is that
Pax5 is required for the activation of B cell-specific genes (Nutt et al. 1998),
indicating that the same factors can act as activators and repressors in one
cell type.
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It is now firmly established that the extended developmental potential of
haematopoietic stem cells goes along with a promiscuous genetic program
that promotes expression of genes destined to become lineage specific (Enver
and Greaves 1998). Such “lineage priming” is the likely reason for the influence
of transcription factor balance on cell differentiation. However, transcription
factors are not the entire story. As outlined above, it takes two to tango:
Transcription factors encounter a specific chromatin architecture and co-
operate with chromatin-modifying complexes to establish genetic programs.
From genetic studies with worms and flies it has been long known that basic
chromatin components are involved in the regulation of cell-fate decisions, it
was therefore not surprising that recent studies showed the same to be true
for cell differentiation processes in the mammalian haematopoietic system.
Knock-out of the gene encoding the methyl-binding protein MBD2, which is
part of the gene-silencing machinery recruited by methylated DNA, leads to
early onset of gene expression and delays gene silencing (Hutchins et al. 2002).
Similar results were obtained with mice that carried a conditional mutation
of the DNA methyltransferase 1 (dnmt1) gene (Makar and Wilson 2004). But
how are transcription factors and chromatin components working together
in precursor cells?

The results of our experiments described above point to a scenario in which
transcription factors can influence the activation of genetic programs by a
“hit and run” mechanism depicted in Fig. 2. This mechanism relies on tran-
siently interacting transcription factors that recruit chromatin modification
complexes, which in turn leave a modified chromatin structure behind and
block de novo DNA methylation. Such a mechanism could direct progressive
demethylation after each cell division. This may occur immediately after DNA
synthesis, when the epigenotype has to be newly established. This is consis-
tent with experiments demonstrating that lineage-determining activators are
induced in bipotent progenitors in a cell cycle-independent fashion but re-
quire entry in to S-phase to execute a program of differentiation (Mullen et al.
2001). In addition, it was shown that the interaction of high-affinity DNA
binding proteins with DNA can lead to the progressive demethylation of CpG
sequences. Moreover, it was demonstrated that transcription factor-mediated
demethylation requires DNA replication, (Matsuo et al. 1998). However, re-
cently published experiments describe rapid, DNA replication-independent
removal of DNA methylation at the interleukin 2 gene following T cell acti-
vation (Bruniquel and Schwartz 2003). The mechanism by which this occurs
is currently unknown, because no enzymatic activity for DNA demethylation
has been found yet.

DNA demethylation and partial chromatin remodelling events bring the
gene closer to the active conformation until transcription factor complexes
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are able to assemble, recruit RNA polymerase and initiate gene expression.
But who does the first step? It is likely that not all factors are able to transiently
interact with their binding sites. For example, we can exclude all factors that
are unable to bind to methylated DNA or are unable to recognise their bind-
ing sites when they are masked by a positioned nucleosomes or compacted
chromatin. It has been postulated that distinct “pioneer factors” have to act
first which are unaffected by silent chromatin. This was based on findings de-
scribing (1) factors that bind with high affinity to condensed chromatin and
activate genes early in development (Cirillo and Zaret 1999) and (2) other fac-
tors that prefer to bind to methylated rather than unmethylated DNA (Bhende
et al. 2004).

4
Outlook: Epigenetic Plasticity and Reprogramming

A number of studies have recently shown that apparently committed cells still
have the potential to differentiate into cells of another lineage if subjected
to experimental manipulation (reviewed in Graf 2002). As described above,
altering the dosage of transcription factors in mature B cells was sufficient
to promote the upregulation of myeloid-specific genes. This indicates that
most of the trans-acting factors required to express alternate lineage genes
are still present in those cells. However, very few studies have addressed
the chromatin structure of specific genes upon which those factors act. To
address this issue, we studied epigenetic silencing of the gene for colony-
stimulating factor 1 receptor (csf1-r or c-fms) during B lymphopoiesis (Tagoh
et al. 2004b). c-fms is a target of the transcription factor PU.1 in macrophages
and is already expressed in at a low level in HSCs. This gene is upregulated
during macrophage differentiation and is silenced in B lymphopoiesis, despite
the presence of PU.1 in both macrophages and B cells. As described above,
c-fms can be reactivated in B lymphoid cells, and we could show that this
ability correlates with a partially active chromatin structure of this gene.
Althoughnotranscription factorswereboundto c-fmscis-regulatoryelements
in mature B cells, its chromatin was still DNase I accessible, nucleosomes
were positioned in the active conformation and the DNA of the cores of
cis-elements were unmethylated. We inferred from these results that it is
difficult to convert an active chromatin structure into an inactive one while
transcriptional activators for lineage specific genes are still present. Similar
to what we described for the lysozyme locus, it is tempting to speculate that
transcription factors capable of activating c-fms, such as PU.1, transiently
interact with recognition sequences and protect these sequences from being
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methylated during cell division and prevent chromatin from being completely
silenced. This notion is consistent with our observation that in T cells, which
do not express PU.1, c-fms is fully methylated and chromatin has reverted to
the inactive state.

As discussed above, DNA methylation is a stable epigenetic mark that has
to be removed to allow for gene expression. We would extend this statement
to say that efficient reactivation of gene expression by shifting transcription
factor balance is difficult if a gene is organised in silent heterochromatin and
is fully methylated. Once permanently shut down, genes require additional
treatment with methyltransferase inhibitors such as 5-azacytidine (5-AzaC)
to be effectively reactivated. In support of this idea, it was recently reported
that even unrelated cells such as neural stem cells can be reprogrammed
into haematopoietic cells by treatment with 5-AzaC and the histone acetylase
inhibitor trichostatin A, followed by transplantation into the bone marrow of
lethally irradiated mice, which provides the necessary signalling environment
(Schmittwolf et al. 2005).

In summary, the experiments described above indicate that cell-fate deci-
sions occur gradually at the epigenetic level. Up to a certain developmental
stage early haematopoietic cells still retain the ability up to respond to ma-
nipulation of extrinsic and intrinsic signals and change cell fate. Our data
also indicate that a specific, partially accessible chromatin structure corre-
lates with the ability to reactivate gene expression. This could indicate that the
future may hold significant promise with the design of chromatin-modifying
compounds tailored to activate or repress specific genes in a disease context.
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Abstract In mouse and most other mammalian species, the paternal and maternal
genomes undergo parent-specific epigenetic reprogramming during preimplantation
development. The paternal genome is actively demethylated within a few hours after
fertilization in the mouse, rat, pig, bovine, and human zygote, whereas the mater-
nal genome is passively demethylated by a replication-dependent mechanism after
the two-cell embryo stage. These genome-wide demethylation waves may have a role
in reprogramming of the genetically inactive sperm and egg chromatin for somatic
development. Disturbances in this highly coordinated process may contribute to de-
velopmental failures and defects in mammals. The frequency and severity of abnormal
phenotypes increase after interfering with or bypassing essential steps of gametogene-
sis, early embryogenesis, or both. Nevertheless, it is plausible that normal fertilization,
assisted reproduction, and embryo cloning are all susceptible to similar dysregulation
of epigenetic components. Although the mouse may be an excellent model for early hu-
man development, species and strain differences in the molecular and cellular events
shortly after fertilization may have important implications for the efficiency of epi-
genetic reprogramming and the incidence of reprogramming defects. Some species,
i.e., rabbit and sheep, do not require drastic genome-wide demethylation for early
development, most likely because the transition from maternal to embryonic control
occurs relatively late during preimplantation development. A better understanding
of key reprogramming factors—in particular the demethylase activity in the fertil-
ized egg—is crucial for improving human infertility treatment and the efficiency of
mammalian embryo cloning.
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In mammals, both the paternal and the maternal genome are required for
normal development (McGrath and Solter 1984; Surani et al. 1986). Genomic
imprinting is an epigenetic mechanism by which the expression of a subset of
genes becomes dependent on their parental origin (Bartolomei and Tilghman
1997). Following the establishment of imprinting in the male and female germ
lines, respectively, the two parental genomes exhibit functional differences at
fertilization. Methylation of 5′-cytosine residues in CpG dinucleotides is crit-
ical for regulating the temporal, spatial, and parent-specific gene expression
patterns. DNA methylation establishes and maintains an inactive chromatin
structure by posttranslational histone modifications (Wolffe and Matzke 1999;
Jaenisch and Bird 2003). The sperm and egg genomes that are combined at
fertilization are both highly methylated; however, there are important germ
line-specific differences in the methylation patterns of genomic sequences
(Reik et al. 2001; Haaf et al. 2004). Whereas the genomic methylation patterns
and levels in somatic cells aregenerally stableandheritable,dramaticgenome-
wide changes occur in early embryos, where the two complementary parental
genomes must be reprogrammed for somatic development. Methylation re-
programming may help to “revive” the inactive sperm and egg genomes and to
restoreabroaddevelopmentalpotential inembryonic cells.This entireprocess
appears to be maternally driven. However, the cellular machinery and factors
in the fertilized egg that can reprogram the two very different gamete nuclei as
well as a somatic cell nucleus that has been introduced into an oocyte during
cloning remain to be elucidated. This chapter reviews recent cytological and
molecular experiments that have addressed fundamental questions related to
the reprogramming mechanisms and capabilities of mammalian oocytes.

1
Methylation Reprogramming in Early Mouse Embryos

Immunofluorescent staining with an antibody against 5-methylcytosine (mC)
provides a valuable tool to directly visualize the genome-wide demethylation
and remethylation waves in preimplantation mouse embryos (Rougier et al.
1998; Mayer et al. 2000a; Santos et al. 2002). The oocyte genome completes
its meiotic maturation after sperm entry by extrusion of the second polar
body. Very shortly after fertilization, the mouse zygote shows equally high
methylation levels of sperm nucleus, maternal meiotic metaphase II chromo-
somes, and second polar body (Haaf et al. 2004). The activated oocyte then
remodels the gamete chromatin into functional male and female pronuclei
that oppose each other. In the normal diploid mouse zygote, the paternal
genome is rapidly and drastically demethylated before onset of the first DNA
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replication. The maternal genome, although exposed to the same cytoplasm,
is resistant to this active demethylation process. Bisulfite sequencing studies
revealed that paternal zygotic demethylation affects widely different classes
of repetitive and single-copy sequences (Oswald et al. 2000). Only the con-
trol regions of imprinted genes seem to be protected against the maternal
demethylase activity.

The mouse oocyte efficiently demethylates multiple male pronuclei in
polyspermic embryos (Santos et al. 2002), whereas it cannot demethylate
the additional female genome in parthenogenetic, gynogenetic, and triploid
digynic embryos (Barton et al. 2001). This suggests that active demethyla-
tion depends on a sperm-derived factor. Before the male pronucleus can be
formed, the highly compacted sperm chromatin must be decondensed and
the protamines be exchanged by histones (Perreault 1992; Kanka 2003). Dur-
ing this period, the paternal DNA is unusually loosely packaged and provides
a unique opportunity for binding of a demethylating enzyme whose molec-
ular nature remains unknown. Paternal zygotic demethylation may be facil-
itated by strikingly different histone modifications in paternal and maternal
pronuclei. The paternal zygotic genome becomes transiently associated with
hyperacetylated histone H4 (Adenot et al. 1997; Santos et al. 2002), whereas
the maternal genome is preferentially associated with methylated histone H3
(Cowell et al. 2002).

The global methylation level of the maternal genome is maintained up to
the two-cell embryo stage. Interestingly, even breakdown of the pronuclear
envelopes and first mitosis do not lead to an intermingling of the two parental
chromosome sets (Fig. 1A). Topological genome separation is preserved at
least up to the two-cell stage, each (the methylated maternal genome and the
demethylated paternal genome) occupying approximately half of the nucleus
(Fig. 1B, left nucleus). The existence of separate nuclear compartments may
facilitate parent-specific methylation reprogramming in the early embryo
(Mayer et al. 2000b; Haaf 2001). In contrast to first metaphase, where both
sister chromatids of the maternal chromosomes are equally methylated, in the
second metaphase only one of the two sister chromatids remains methylated
(Fig. 1B, right metaphase). This sister chromatid differentiation is consis-
tent with a replication-dependent demethylation mechanism of the maternal
genome (Fig. 1C).

Because mC cannot be incorporated directly into replicating DNA, main-
tenance of DNA methylation patterns requires DNA methyltransferase 1
(DNMT1), which has a high affinity for hemimethylated sites that are gen-
erated transiently during DNA replication. DNMT1 detects methylated CpG
sites in the parental DNA strand and adds methyl groups to the corresponding
sites in the newly synthesized strand (Bestor 2000). Gradual demethylation of
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�
Fig. 1 A–D A, B Parent-specific genome methylation patterns in early mouse embryos.
Nuclei were stained with fluorescein isothiocyanate (FITC)-conjugated anti-mC anti-
body (green) and counterstained with 4′-6′-diamidino-2-phenylindole (DAPI) (blue).
A One-cell embryo during first mitosis. The maternal chromosomes are methylated in
both sister chromatids and spatially separated from the fully demethylated paternal
chromosomes. B Two-cell embryo in which one cell goes through second mitosis. The
interphase nucleus exhibits a methylated maternal and a demethylated paternal com-
partment. During second mitosis, only one of the two sister chromatids of the maternal
chromosomes remains methylated.C Differential demethylation of maternal (red) and
paternal (blue) chromosomes during mouse preimplantation development. Both DNA
strands of the paternal chromosome (DNA double helix) are already demethylated
(blue dotted lines) in the zygote before onset of the first DNA replication. The ma-
ternal chromosome is protected from this active demethylation process. Following
the first DNA replication cycle in the absence of maintenance DNA methyltransferase,
the maternal chromosome consists of two hemimethylated sister chromatids (DNA
double helices). After the first cell division and another round of DNA replication,
the maternal chromosome consists of a hemimethylated and a fully demethylated
sister chromatid, resulting in differential sister chromatid staining. D Methylation dy-
namics in early mouse embryos. The paternal (blue) genome undergoes active zygotic
demethylation, whereas the maternal (red) genome is gradually demethylated after the
two-cell stage. Both parental genomes are equally demethylated at the morula stage
and then remethylated. The newly established somatic methylation patterns (green
line) are identical on both parental alleles. Embryonic lineages derived from the inner
cell mass (dark green) are more heavily methylated than the trophoblast (light green).
Imprinted genes (dotted lines) escape this genome-wide methylation reprogramming
after fertilization and maintain their germ-line methylation patterns. Methylated im-
printed alleles do not become demethylated, and demethylated imprinted alleles are
not remethylated

the maternal genome is achieved by sequestration of DNMT1 from the nucleus
into the cytoplasm, which prevents binding to its target sites in hemimethy-
lated DNA (Cardoso and Leonhardt 1999; Ratnam et al. 2002). When half of the
methyl groups are lost with every round of replication, full double-stranded
demethylation in one chromatid occurs after two cell cycles (Fig. 1C, red
ideograms). Consequently, four-cell embryos have a much weaker mC den-
sity over the maternal half of the nucleus. After the eight-cell embryo stage,
paternal andmaternal chromosomes showequivalently lowmethylation levels
(Mayer et al. 2000a). Later, in mouse blastocyst-stage embryos, genome-wide
de novo methylation (Fig. 1D, green graph) occurs preferentially in the inner
cell mass, establishing somatic methylation patterns in cells that give rise to
the different embryonic lineages. Trophoblast cells that give rise to the ex-
traembryonic lineages become less heavily methylated (Dean et al. 2001; Reik
et al. 2001).



Methylation Dynamics in the Early Mammalian Embryo 17

2
Species Differences in Methylation Reprogramming

If genome-wide methylation reprogramming in the early embryo is funda-
mental to the formation of totipotent embryonic cells, one would expect that
the preimplantation methylation dynamics is conserved among mammalian
species. Indeed, active demethylation of the paternal zygotic genome is ob-
served in mouse, rat, pig, bovine, and human embryos (Mayer et al. 2000a;
Dean et al. 2001; Beaujean et al. 2004a). However, the timing of remethy-
lation already differs between species. In bovine embryos, considerable de
novo methylation already occurs at the 8- to 16-cell stage, whereas in mouse,
remethylation begins only in the blastocyst. In sheep and rabbit embryos
anti-mC immunofluorescence revealed equally high methylation levels of the
two parental genomes throughout preimplantation development (Beaujean
et al. 2004a; Shi et al. 2004). The lack of detectable genome-wide methyl-
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ation changes in these two species suggests that neither active nor passive
demethylation is an obligatory requirement for epigenetic reprogramming
after fertilization.

Interestingly, mouse sperm injected into sheep oocytes is significantly
demethylated, although to a lesser extent than mouse sperm in murine
oocytes. Ram sperm, which is not demethylated in sheep oocytes, can be par-
tially demethylated in bovine oocytes (Beaujean et al. 2004b). Evidently, the
demethylating activity of the ooplasm differs among species, being the highest
in mouse, medium in bovine, and low in sheep (and rabbit) oocytes. How-
ever, the demethylation process must also involve a sperm-derived factor(s),
i.e., differences in male pronuclear chromatin structure. The biological sig-
nificance of the observed species differences in methylation reprogramming
remains unclear. The timing and degree of demethylation are likely to play
an important role for remodeling the two complementary germ line genomes
into a diploid somatic genome (Haaf 2001; Haaf et al. 2004). The mouse em-
bryonic genome, which is the most rapidly and drastically demethylated of
all analyzed species, is already activated in the two-cell stage (Schulz 1993).
Demethylation of the paternal genome in human, pig, and bovine zygotes is
also associated with a relatively early transition from maternal to embryonic
control of development (Memili and First 2000; Kanka 2003). By contrast, in
rabbit and sheep embryos, which maintain high methylation levels after fer-
tilization, maternal factors seem to control the preimplantation period, and
transition to embryonic control of development occurs only at the 8- to16-cell
stage (Manes 1973).

3
Methylation Reprogramming Defects

In mouse, cow, and most other mammalian species, the paternal and ma-
ternal genomes are demethylated by different mechanisms and at different
times during preimplantation development (Fig. 1C, D). Disturbances in this
spatially and temporally highly coordinated process provide one important
explanation for the high rate of embryo loss after fertilization (Shi and Haaf
2002). Immunofluorescence staining demonstrated 20% abnormal methyl-
ation patterns in mouse two-cell embryos that were flushed from the oviducts
of superovulated females, compared to 10% from non-superovulated females.
Of the embryos, 14% from superovulated females, but only 5% from non-
superovulated matings, failed to develop in culture to the blastocyst stage.
This reflects an overall reduction in the reprogramming capability of the
oocyte and embryo quality after hormone treatment. The dramatic differ-
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ences in methylation reprogramming and development of in vitro fertilized
mouse embryos that were cultured in different media may be due to a subop-
timal environment at or shortly after fertilization. Since the preimplantation
embryo is much less protected than the germ cells, this may be the time when
environmental factors, i.e., nutrition and drugs, have the greatest impact
on epigenetic reprogramming. Acetaldehyde, the toxic metabolic product of
ethanol—and by extrapolation alcohol consumption—can cause methylation
disturbancesanddevelopmental arrest inearlymouseembryos.Theefficiency
of methylation reprogramming also depends on genetic factors (strain- and
species-specific differences). Embryos from most inbred mouse strains or
hybrids can efficiently develop in culture to the blastocyst stage, whereas em-
bryos fromNavalMedicalResearch Institute,USA(NMRI) andother so-called
blocking strains show high incidences (20%–60%) of abnormal methylation
patterns and arrest in in vitro development.

Disturbances in the establishment or maintenance of the appropriate
parent-specific methylation patterns may also contribute to the medical prob-
lems of assisted reproductive technologies (ART). Genome-wide alterations
cause early developmental failure and embryo loss (Barton et al. 2001; Shi
and Haaf 2002), whereas methylation changes at specific gene loci have been
associated with aberrant fetal growth and abnormal phenotypes. Initially it
was shown in mouse and ruminants that isolation, manipulation, and culture
of gametes and early embryos can affect the methylation and regulation of
imprinted genes, leading to phenotypic defects (Koshla et al. 2001, Young
et al. 2001). Recent studies in children conceived with ART also reported un-
expectedly high incidences of certain rare human imprinting diseases, such as
Beckwith-Wiedemann and Angelman syndromes, resulting from epigenetic
DNA methylation defects, specifically an abnormal hypomethylation of the
normally methylated maternal alleles (Maher et al. 2003; Ludwig et al. 2005).
In light of growing concerns about epigenetic disturbances resulting from
superovulation and embryo culture, there is clearly a need for both basic
research on reproductive epigenetic events and long-term follow up studies
of children born of ART.

Similar to ART, somatic cell nuclear transfer technologies interfere with
essential reprogramming events in gametogenesis and early embryogenesis;
however, the epigenetic insults in clonedembryosaremuchmore frequent and
pronounced. A somatic cell nucleus that has been introduced into an oocyte
duringcloningcanbereprogrammedtosomeextent for somaticdevelopment,
but the embryo cloning efficiency is generally low and somewhat variable
between species (Solter 2000; Shi et al. 2003). Methylcytosine staining of
cloned bovine embryos demonstrated incomplete or delayed demethylation
of the donor genome (or both effects) (Bourc’his et al. 2001; Dean et al.
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2001). The genome of cloned embryos is likely to be a mixture of normally
and abnormally methylated sequences. Expression profiling of more than
10,000 genes showed frequent (4%) abnormal gene expression in placentas
and livers of neonatal cloned mice (Humpherys et al. 2002). Reactivation of
key embryonic genes that are necessary for the development of pluripotent
cell lineages may be particularly inefficient in clones derived from somatic
cell nuclei (Bortvin et al. 2003). Disruption of the allele-specific methylation
and expression patterns of imprinted genes were observed in more than 95%
of cloned mouse blastocysts (Mann et al. 2003). Collectively, these results
suggest that the frequent developmental failures and defects resulting from
cloning are largely due to epigenetic reprogramming defects.
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Abstract Epigenetic regulation of gene transcription relies on molecular marks like
DNA methylation or histone modifications. Here we review recent advances in our
understanding of epigenetic regulation in the fruit fly Drosophila melanogaster. In the
past, DNA methylation research has primarily utilized mammalian model systems.
However, several recent landmark discoveries have been made in other organisms. For
example, the interaction between DNA methylation and histone methylation was first
described in the filamentous fungus Neurospora crassa. Another example is provided
by the interaction between epigenetic modifications and the RNA interference (RNAi)
machinery that was first reported in the fission yeast Schizosaccharomyces pombe.
Another organism with great experimental power is the fruit fly Drosophila. Epigenetic
regulation by chromatin has been extensively analyzed in the fly and several of the key
components have been discovered in this organism. In this chapter, we will focus on
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three aspects that represent the complexity of epigenetic gene regulation. (1) We will
discuss the available data about the DNA methylation system, (2) we will illuminate
the interaction between DNA methylation and chromatin regulation, and (3) we will
provide an overview over the Polycomb system of epigenetic chromatin modifiers that
has proved to be an important paradigm for a chromatin system regulating epigenetic
programming.

1
DNA Methylation in Drosophila

Until recently, it was assumed that Drosophila genomic DNA is completely
unmethylated. This assumption was based on the fact that most researchers
had failed to detect methylated bases in the fly genome. Thus, the fly appeared
to belong to an exceptional group of organisms that lack an epigenetic DNA
modification that is otherwise conserved from bacteria to humans. It was pro-
posed that DNA methylation might be dispensable for less complex genomes
(Bird 1995) or for genomes with non-canonical centrosome sequences (Dong
etal. 2001).However, theDrosophilagenome isnotparticularly simple (Adams
et al. 2000) and the centrosome organization is conserved in a wide range of
organisms, including humans (Blower et al. 2002). In addition, DNA methyl-
ation has been described in several other insect species (Field et al. 2004).

The sequencing of the Drosophila genome revealed the presence of a single
candidate DNA methyltransferase gene, which belongs to the Dnmt2 fam-
ily of eukaryotic DNA methyltransferases (Hung et al. 1999; Tweedie et al.
1999). When the Drosophila Dnmt2 gene was first described, it was generally
assumed that Dnmt2 proteins are not enzymatically active. This assumption
was mainly based on the fact that the protein had failed to reveal DNA methyl-
transferase activity in vitro. However, Dnmt2 proteins are widely conserved
in evolution and also show perfect conservation of the catalytic (cytosine-5)
DNA methyltransferase motifs. Only the Dnmt2 homolog from fission yeast
contains an insertional mutation in one of the essential catalytic motifs
(Wilkinson et al. 1995). Intriguingly, the DNA methyltransferase activity of
this protein was restored upon removal of the inserted amino acid (Pinarbasi
et al. 1996). This finding strongly suggested that Dnmt2 proteins represent
active DNA methyltransferases.

The presence of a putative DNA methyltransferase gene in the Drosophila
genome raised the possibility that DNA methylation in this organism might
have escaped detection in the past. Additional experiments showed that
Dnmt2 is developmentally regulated, with the highest messenger RNA
(mRNA) expression levels during early development (Hung et al. 1999;
Lyko et al. 2000b). This finding focused the subsequent DNA methylation
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analysis on genomic DNA from embryos, rather than the later developmental
stages that were predominantly used in previous studies. Chromatographic
analysis of genomic DNA from early stages of embryonic development indeed
revealed a low but significant level of cytosine methylation (Gowher et al.
2000; Lyko et al. 2000a). Interestingly, most of the 5-methylcytosine was found
in the context of CpT/A dinucleotides (Lyko et al. 2000a). This finding is of
substantial interest because it implies that DNA methylation in Drosophila
is not maintained by symmetrical methylation of CpG dinucleotides. In
contrast to vertebrate cells that stably maintain their methylation patterns
throughout development, DNA methylation in Drosophila appears to be
a transient epigenetic signal during early developmental stages.

Importantly, the recent data on Drosophila methylation do not contra-
dict the previous studies that claimed the absence of 5-methylcytosine from
Drosophila DNA. For example, it has also been demonstrated that CpG
methylation is not detectable in embryos (Urieli-Shoval et al. 1982). However,
these experiments lacked the requisite sensitivity to uncover low levels of
CpT/A methylation. Another landmark paper demonstrated that pupal DNA
is unmethylated (Patel and Gopinathan 1987). Because DNA methylation in
Drosophila is developmentally regulated, this finding cannot be extrapolated
to other stages of development. The same restriction also applies to other
studies that demonstrated the absence of methylation in adult flies (Bird and
Taggart 1980; Rae and Steele 1979).

2
The Dnmt2 Methyltransferase

The Dnmt2 family of proteins is distinguished by several characteristic fea-
tures (Dong et al. 2001): (1) They represent the most widely conserved family
of eukaryotic DNA methyltransferases, and homologs have been described in
various organisms ranging from protozoans to humans. (2) Dnmt2 proteins
are characterized by a compact structure that resembles bacterial methylases.
(3) Dnmt2 proteins contain only a catalytic DNA methyltransferase domain,
and lack an extended regulatory domain, like other eukaryotic DNA methyl-
transferases. By now, catalytic activity of Dnmt2 proteins has been shown for
the Entamoeba histolytica (Fisher et al. 2004), Drosophila (Kunert et al. 2003),
mouse (Mund et al. 2004), and human (Hermann et al. 2003) homologs. Al-
though it seems thatDnmt2enzymesareverywell capableofmethylatingnon-
CpG dinucleotides, a consensus target sequence has not been established yet.

In Drosophila, Dnmt2 is both necessary and sufficient for DNA methylation
(Kunert et al. 2003). When Dnmt2 was knocked down by RNA interference
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(RNAi), embryonic DNA methylation was completely lost. When Dnmt2 was
overexpressed in adult flies, significant hypermethylation could be detected
(Kunert et al. 2003). In light of these findings, it seems likely that Dnmt2 is
the only DNA methyltransferase in Drosophila. The indications for a second
enzyme are restricted to the detection of an unknown protein with a Dnmt1-
specific antibody (Hung et al. 1999) and cannot be substantiated by the avail-
able genome sequence. In conclusion, the combined data thus indicate that
Drosophila DNA is methylated at low levels by the Dnmt2 methyltransferase
specifically during embryogenesis. These characteristics establish major dif-
ferences to the mammalian DNA methylation systems that depend heavily on
the Dnmt1 and Dnmt3 enzymes and are highly active during late stages of de-
velopment. However, the exceptional conservation of Dnmt2 proteins makes it
likely that Dnmt2 represents the ancestral eukaryotic DNA methyltransferase
and that Dnmt1 and Dnmt3 proteins appeared later during evolution. In addi-
tion, there are more direct indications for an evolutionary conservation of the
Dnmt2 methylation system: The genome sequences of Drosophila pseudoob-
scura and Anopheles gambiae also contain a single candidate DNA methyl-
transferase homolog, which belongs to the Dnmt2 family (Marhold et al.
2004c). Consistent with the observations made in Drosophila melanogaster,
embryos fromDrosophilapseudoobscuraandAnopheles gambiaealso revealed
low but significant levels of 5-methylcytosine (Marhold et al. 2004c). Thus, the
Dnmt2 methylation system appears to have been conserved over at least 250
million years separating Drosophila melanogaster from Anopheles gambiae.

In light of the wide evolutionary conservation of Dnmt2 proteins, it will be
interesting to determine the function of Dnmt2-mediated DNA methylation.
Mouseembryonic stemcellswithadisruptedDnmt2geneproliferatenormally
and show no apparent phenotype (Okano et al. 1998). Consistent with these
findings, RNAi-mediated knockdown of Dnmt2 did not affect the viability
of Drosophila embryos (Kunert et al. 2003). However, the presence of subtle
phenotypes in post-embryonic stages (J. Marhold and F. Lyko, unpublished
data) suggested that DNA methylation is required for an as-yet-unidentified
cellular function. It will be important to establish and analyze Dnmt2 mutant
fly strains that will provide intriguing insights into the biological function of
DNA methylation.

3
DNA Methylation-Dependent Chromatin Structures

Recent studies in the filamentous fungus Neurospora crassa and in Arabidop-
sis thaliana revealed a close interaction between histone methylation and
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DNA methylation. In Neurospora, dim-2-mediated DNA methylation has been
shown to be dependent on the activity of the histone H3 methyltransferase
dim-5 (Tamaru and Selker 2001). In Arabidopsis, CHROMOMETHYLASE3-
mediated DNA methylation has been shown to be dependent on the activity of
the histone H3 methyltransferase KRYPTONITE (Jackson et al. 2002). A sim-
ilar interaction between DNA methylation and histone methylation can be
also found in Drosophila. The Su(var)3-9 histone methyltransferase specifi-
cally methylates lysine 9 of histone H3 (H3K9) (Schotta et al. 2002). Because
in Su(var)3-9 null mutant larvae H3K9 methylation was strongly reduced at
the chromocenters, the protein seems to be specific for the methylation of
histones in centromeric heterochromatin (Schotta et al. 2002). Null mutant
flies for Su(var)3-9 are viable and fertile (Tschiersch et al. 1994), similar to
knockout mice for the murine Drosophila Su(var)3-9 homologs Suv39h1 and
Suv39h2 (Peters et al. 2001). Immunofluorescence staining of Su(var)3-9-null
mutant fly embryos revealed a dramatic reduction if not complete loss of
DNA methylation (Kunert et al. 2003), demonstrating a conservation of the
interaction between DNA methylation and histone methylation.

Moreover, histonemethylationalsoplays an important role in the transmis-
sion of epigenetic information from DNA methylation to repressive chromatin
structures. Ectopic expression of the mouse DNA methyltransferase DNMT3a
in Drosophila leads to lethality, which is characterized by irregular chromo-
some condensation and dysregulation of histone modifications (Weissmann
et al. 2003). This lethality could be partially rescued when the ectopic expres-
sion of DNMT3a was induced in a Su(var)3-9 mutant background (Weissmann
et al. 2003). These data together with additional results from Arabidopsis sug-
gest a mutual and complex relationship between DNA methylation and H3K9
methylation (Weissmann and Lyko 2003).

4
The Methyl-DNA Binding Protein MBD2/3

Epigenetic information encoded by methylated DNA has to be translated into
specific chromatin structures in order to repress genes or establish special-
ized genomic compartments (or both). In vertebrates, this process involves
a family of proteins that specifically bind to methylated CpG dinucleotides
via a methyl-CpG binding domain (MBD) (Hendrich and Tweedie 2003). The
first methyl-DNA binding protein investigated was MeCP2. Point mutations
within the MBD of MeCP2 cause Rett syndrome, a childhood neurodevelop-
mental disorder (Amir et al. 1999). It has been shown that MeCP2 interacts
with the SIN3 corepressor complex (Jones et al. 1998; Nan et al. 1998). This
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complex contains the SIN3 corepressor and (among other proteins) the his-
tone deacetylases HDAC1 and HDAC2. Similar interactions have also been de-
scribed for MBD2, another member of the MBD protein family. MBD2 recruits
the MI-2/NuRD (nucleosome remodeling and histone deacetylase) complex
to methylated sites of DNA. This complex also contains histone deacetylase
activity and additionally an ATP-dependent nucleosome-remodeling activity,
which is mediated by MI-2 (Tong et al. 1998; Wade et al. 1999; Zhang et al.
1999).

The Drosophila genome contains homologs for all vertebrate NuRD sub-
units, many of which have been shown to be necessary for proper development
of the fly. Drosophila MI-2 mutants die as first or second instar larvae, indicat-
ing that MI-2 is essential for embryogenesis (Kehle et al. 1998). The histone
deacetylase RPD3, which is also contained in the Drosophila NuRD complex,
is important for embryonic segmentation (Mannervik and Levine 1999). The
fly genome also contains a single gene encoding a methyl-DNA binding do-
main protein, which has been designated MBD2/3. This protein shares more
than 70% amino acid similarity to the vertebrate methyl-CpG binding pro-
teins MBD2 and MBD3 (Tweedie et al. 1999). Alternative splicing of MBD2/3
generates two distinct isoforms of the protein: The long isoform contains the
methyl-DNA binding domain, a Drosophila-specific domain, and a coiled-coil
domain, whereas the shorter protein (MBD2/3Δ) is lacking the Drosophila-
specific domain and parts of the methyl-DNA binding domain (Roder et al.
2000; Tweedie et al. 1999). The long isoform can be detected during early to
mid-embryogenesis, while the shorter protein is expressed in mid- and late
embryogenesis (Ballestar et al. 2001; Marhold et al. 2002). Post-embryonic
stages did not appear to express the protein (Marhold et al. 2002). The expres-
sion of MBD2/3 thus closely coincides with the expression of Dnmt2 and the
presence of methylated DNA in the Drosophila genome (Kunert et al. 2003;
Lyko et al. 2000b).

MBD2/3 has been shown to function as a transcriptional corepressor. Us-
ing reporter assays of transfected cell lines, it was shown that both MBD2/3
isoforms repress transcription, probably through the recruitment of his-
tone deacetylase and nucleosome-remodeling activities (Ballestar et al. 2001;
Roder et al. 2000). An association of MBD2/3 with RPD3 and MI-2 has been
suggested previously, based on results from co-immunoprecipitation experi-
ments (Tweedie et al. 1999). Biochemical fractionation of protein extracts also
suggested the presence of MBD2/3Δ in the Drosophila MI-2/NuRD complex
(Ballestar et al. 2001; Marhold et al. 2004a).

MBD2/3 associates with DNA during embryogenesis. During cleavage and
syncytial blastoderm stages, MBD2/3 is excluded from DNA. This pattern
changes dramatically during cellular blastoderm, when the protein forms
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bright foci that precisely colocalize with DNA (Marhold et al. 2002). More-
over, MBD2/3 also associates with the activated Y-chromosome in primary
spermatocytes (Marhold et al. 2002). Here, the protein formed bright nu-
clear foci, while no such signals were detectable in mutants lacking an active
Y-chromosome. These data indicate that MBD2/3 might be involved in the
epigenetic regulation of the Drosophila genome during large-scale genome
activation.

Similar to MBD2 knockout mice (Hendrich et al. 2001), null mutants of
MBD2/3 are viable and fertile, but reveal chromosomal segregation defects,
suggesting that MBD2/3 plays an important role in the stabilization of peri-
centric heterochromatin (Marhold et al. 2004b). Confocal analysis of MBD2/3
mutant embryos, which were stained for MI-2, showed an abnormal MI-2
staining, suggesting that a proportion of MI-2 complexes is targeted by
MBD2/3 (Marhold et al. 2004b). This appeared similar to a subset of ver-
tebrate MI-2 complexes that are recruited by MBD2 (Ng et al. 1999; Wade
et al. 1999; Zhang et al. 1999). Thus, MBD2/3 shares important functional
characteristics with the mammalian methyl-DNA binding protein MBD2.

The similarity between Drosophila MBD2/3 and mammalian MBD2 has
been discussed and is particularly controversial with respect to the methyl-
DNA binding properties of MBD2/3. One report described the binding of
a CpG-methylated probe to the short isoform of MBD2/3, which lacks parts
of the MBD (Roder et al. 2000). In other reports no binding could be de-
tected (Ballestar et al. 2001; Tweedie et al. 1999). Remarkably, only probes
with methylated CpGs were used, which does not reflect the endogenous
methylation pattern of Drosophila, which is mCpA/T (Lyko et al. 2000a). In-
deed, recent work with probes containing methylated cytosine residues in
the context of CpA and CpT showed specific binding to the long isoform of
MBD2/3, but not to the short isoform (Marhold et al. 2004b). Under these con-
ditions, no binding to CpG-methylated probes could be observed. Moreover,
experimental demethylation of the Drosophila genome by RNAi of the DNA
methyltransferase Dnmt2 or treatment with the DNA methyltransferase in-
hibitor 5-azacytidine led to the delocalization of MBD2/3 from DNA (Marhold
et al. 2004b). These results provided an additional confirmation for a func-
tional conservation between MBD2/3 and mammalian MBD2.

5
A Functional DNA Methylation System in Drosophila

It has been proposed that Drosophila melanogaster belongs to an atypical
group of animals with no detectable genomic DNA methylation (Bird 1995).
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After the detection of Dnmt2 and MBD2/3 genes, it was subsequently sug-
gested that both genes encode inactive proteins and represent evolutionary
vestiges of a simple DNA methylation system (Tweedie et al. 1999). However,
several lines of evidence now demonstrate that Drosophila DNA is methy-
lated and that Dnmt2 encodes an active DNA methyltransferase (Kunert et al.
2003; Tang et al. 2003). Importantly, this process seems to be conserved in
other dipteran insects (Marhold et al. 2004c). Several characteristics that may
have contributed to its longstanding elusiveness distinguish Drosophila DNA
methylation from mammalian DNA methylation. Similar arguments also per-
tain to the functional characteristics of MBD2/3. Until recently, the ability
of the protein to bind methylated DNA has only been analyzed in a very re-
stricted experimental context. All in vitro assays were performed with probes
that were methylated at CpGs, which does not reflect the endogenous pat-
tern of DNA methylation in the fly. In addition, the binding of MBD2/3 to
Drosophila DNA had not been investigated in vivo. Recent results demon-
strate that MBD2/3 binds specifically to CpT/A-methylated probes in vitro
and that the protein becomes mislocalized in embryos with reduced DNA
methylation (Marhold et al. 2004b). In summary, it thus appears likely that
Drosophila contains an active DNA methylation system (Fig. 1). This system
might utilize both DNA methylation and chromatin-based mechanisms to
establish and maintain epigenetic information during development.

Fig. 1 Schematic illustration of the Drosophila DNA methylation system. DNA is
methylated by Dnmt2. MBD2/3 binds to methylated DNA and initiates the recruitment
of the NuRD (nucleosome remodeling and deacetylase) complex. This results in the
establishment of repressive chromatin structures
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6
Chromatin-Based Maintenance of Gene Expression

The Polycomb group (PcG) and Trithorax group (TrxG) proteins were initially
identified as part of a regulatory system maintaining the expression state of
the homeotic (Hox) genes of Drosophila. The products of the Hox genes are
required to determine segmental identity. Initially, their expression level is
set in the early embryo by transcriptional regulators encoded by the maternal
and segmentation genes. With the downregulation of the segmentation gene
products during mid-embryogenesis, the PcG and TrxG proteins take over and
continue to maintain the silenced and the active state, respectively, through
all following developmental stages. It is now well established that PcG and
TrxG proteins regulate Hox gene expression in all multicellular organisms
from Caenorhabditis elegans to mammals. Apart from their role in Hox gene
regulation, additional target genes have been identified and their importance
has been emphasized by their involvement in mammalian X-chromosome
inactivation, cancer formation, and the maintenance of embryonic and adult
stem cell fate (Muyrers-Chen and Paro 2001; Silva et al. 2003; Valk-Lingbeek
et al. 2004).

Both thePcGandTrxGproteinsact as largemultisubunitproteincomplexes
by modulating the chromatin structure in the vicinity of their target genes.
Genetic studies inDrosophila identified several switchable cis-regulatoryDNA
elements, termed PcG response elements (PREs) or cellular memory modules
(CMMs), that enable PcG proteins to bind and to maintain the status of
transcriptional activity of the corresponding gene. In contrast to the low
number of genetically identified target loci, PcG and TrxG proteins bind to
about 200 chromosomal loci on polytene chromosomes. However, due to the
low resolution of cytogenetic chromosome mapping, it is impossible to infer
the precise localization of PREs and the corresponding PcG/TrxG responsive
genes. A recent study used the knowledge gained from known PRE sequences
to devise an algorithm that predicts PREs at a genome-wide level in Drosophila
(Ringrose et al. 2003). This bioinformatic approach identified 167 candidate
PREs and the genes that are possibly regulated by them (Table 1). Since
PREs can be located tens of kilobases away from their responsive genes and
only a subset of the predicted PREs overlap directly with gene sequences,
the functional relationship between these genes and the new PREs has to be
demonstrated. Nevertheless, the data provided new insights into the wide
spectrum of pathways regulated by PcG and TrxG proteins and have the
potential to uncover new information for the mammalian systems, in which
no PRE sequence could be identified so far.
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Table1 Classes of predicted PcG/TrxG-regulated genes. Among the genes regulated by
the 167 candidate PREs, about half can be related to specific developmental functions

Quantity Molecular function/developmental process

26 Transcription factors (10 homeodomain proteins)

17 Embryonic patterning

10 Oogenesis

27 Late cell fate specification
(Nervous system development, 13)
(Eye development, 10)

2 Tumor suppressors
(p53-like transcription factors)

7
Characterization of PcG/TrxG Complexes

Questions concerning themolecular mechanismsofPcG/TrxG-mediatedgene
regulation such as (1) the targeting of PcG and TrxG proteins, (2) their mecha-
nism of conveying epigenetic inheritance through DNA replication and mito-
sis, and (3) the integration of their counteracting and cross-regulatory activi-
ties remain largely unsolved. In recent years the biochemical purification and
characterization of distinct PcG and TrxG complexes has shed light on these
problems. Especially the identification of accompanying enzymatic activities
gave new insights into the opposing PcG and TrxG complexes and how they
generate epigenetic signals that survive mitosis and DNA replication.

Two physically and functionally distinct classes of PcG complexes have
been purified from Drosophila. The Polycomb repressive complex 1 (PRC1)
and the related chromatin-associated silencing complex for homeotics
(CHRASCH) contain the founding member of the PcG, the Polycomb
(PC) protein. PcG proteins associated with these complexes are present in
Drosophila and vertebrates but are absent in plants and C. elegans. The
other complex (PRC2) contains the PcG proteins Extra sex combs (ESC),
Enhancer of zeste [E(Z)] and Suppressor of zeste 12 [SU(Z)12] as core
components. These proteins have been found in all multicellular model
organisms from plants to mammals. In the following sections we focus on
recent progress regarding molecular interactions and enzymatic activities
of the PcG complexes and associated proteins and correlate them with the
known antagonistic activities of TrxG proteins.
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8
PC-Containing PcG Complexes and the Compaction of Chromatin

The core composition of PRC1 purified from Drosophila embryos and hu-
man HeLa cells has been conserved (Levine et al. 2002; Saurin et al. 2001;
Shao et al. 1999), although the Drosophila complex seems to contain addi-
tional accessory proteins (see below). Consistent with the hypothesis that
PcG complexes repress genes by affecting chromatin structure, purified PRC1
inhibited chromatin remodeling of in vitro assembled nucleosomal arrays by
the human SWI/SNF (hSWI/SNF) complex. The hSWI/SNF complex is the
homolog of the Drosophila Brahma (BRM) complex, a large ATP-dependent
chromatin remodeling machine that contains the TrxG proteins BRM, Moira
(MOR), OSA, and SNR1 (Crosby et al. 1999; Kal et al. 2000; Vazquez et al.
1999). A reconstituted recombinant PRC1 core complex (PCC) consisting
of the four core components—PC, Polyhomeotic (PH), Posterior sex combs
(PSC), and dRING/Sex combs extra (SCE)—also inhibited remodeling and
repressed transcription on a chromatinized DNA template (Francis et al. 2001;
King et al. 2002).

A prerequisite for the inhibition of chromatin remodeling was the prein-
cubation of the chromatin template with PRC1, which speaks against the
simple inactivation of SWI/SNF but rather for modulation of the chromatin
substrate. The chromatin compaction of reconstituted nucleosomal arrays
mediated by the PCC has been visualized by electron microscopy (Francis
et al. 2004). Upon incubation of nucleosomal arrays with PCC, the relaxed
beads-on-a-string conformation transformed to a compacted structure in
which individual nucleosomes could not be detected. The observed chro-
matin compaction was independent of the histone tails and not mediated by
the linker DNA, which does not exclude an important function of histone tails
in PcG/TrxG mediated gene regulation in vivo (see Sect. 10). Previous work
demonstrated a key role for PSC in the in vitro inhibition of chromatin re-
modeling and transcription (Francis et al. 2001; King et al. 2002) and showed
that PH is dispensable for the PCC mediated in vitro functions (Lavigne et al.
2004). The underlying reasons for these observations could be visualized by
electron microscopy. PSC alone and the PCC without PH were able to compact
the chromatin templates. In addition, it could be shown that the C-terminus
of PSC was required for chromatin compaction and inhibition of chromatin
remodeling and transcription (Francis et al. 2004).

Another in vitro activity of mouse and Drosophila PCCs is their ability to
recruit and repress a second chromatin template (Lavigne et al. 2004). PREs,
the binding sites for PcG proteins, can be located tens of kilobases apart from
their regulated genes but PcG proteins could be also localized at promoter
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regions (Orlando et al. 1998; Strutt and Paro 1997). In addition, the Drosophila
PRE prediction proposed a PRE at or near the promoter of PRE-containing
genes (Ringrose et al. 2003). Together, this indicates a mechanism of how PcG
proteins could propagate their silencing effect, namely by interaction of PRE-
bound PcG proteins with the promoter region of the corresponding gene.
The PcG-promoter interaction was further confirmed by the identification
of promoter associated factors like TBP (TATA-box binding protein) and
several TBP-associated factors (TAFs) as accessory components of the PRC1
complex purified from Drosophila embryos (Saurin et al. 2001). TBP co-
immunoprecipitates with PC, PH, and PSC from embryonic nuclear extracts,
and chromatin immunoprecipitation assays detected the colocalization of PC,
PH, and the general transcription factors TFIIB and TFIIF at PcG-regulated
Hox gene promoters in Drosophila cells (Breiling et al. 2001; Saurin et al. 2001).

Two additional proteins that co-purified with Drosophila PRC1 have been
identified as the PcG protein Sex comb on midleg (SCM) and Zeste (Saurin
et al. 2001; Shao et al. 1999). Zeste is a sequence-specific DNA binding protein
that is associated with both PcG-mediated gene silencing and TrxG-mediated
gene activation. It colocalizes with many PC binding sites at polytene chro-
mosomes and has been shown to be involved in the maintenance of repression
(Hur et al. 2002; Rastelli et al. 1993). The incorporation of Zeste into recom-
binant PCC enhanced the inhibitory activity of this complex and mediated
a preference for templates containing Zeste binding sites (Mulholland et al.
2003). In contrast, Zeste has also been shown to be recruited to an activated
Fab-7 minimal PRE, which subsequently led to the binding of BRM (Dejardin
and Cavalli 2004).

In an attempt to identify the protein complex that is responsible for his-
tone H2A ubiquitination, another PcG complex has been purified from hu-
man HeLa cells that contains Ring1 and Ring2 (the human homologs of
dRing/SCE) Bmi1 (a PSC homolog) and HPH2 (a PH homolog) (Wang et al.
2004). Because of its similarity to PRC1—PC is the only missing subunit
from the four core components—the complex was termed human PRC1-like
(hPRC1L). Ring2 and dRing/SCE have been identified as E3 ubiquitin ligases
that ubiquitinate histone H2A at lysine 119. A point mutation within the RING
domain of dRing/SCE that results in an inactive enzyme leads to Ultrabitho-
rax (a Drosophila Hox gene) derepression in wing imaginal discs (Wang et al.
2004). Since dRing/SCE is a core component of PRC1, it will not be surprising
if PRC1 also shows H2A ubiquitination activity.

Lastly, the CHRASCH complex that was purified from a Drosophila cell line
is also similar to PRC1. The main difference has been found in the association
of the PcG protein Pipsqueak (PSQ), a sequence-specific DNA binding protein
that mediates the binding of the complex to PREs that contain the (GA)n motif
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(Huang and Chang 2004; Huang et al. 2002), suggesting that the CHRASCH
complex might be involved in the regulation of a specific subset of PC target
genes.

9
ESC/E(Z)-Containing Complexes and Histone Deacetylation/Methylation

The PC-containing complexes are considered to be responsible for the direct
repression of gene activity, whereas the ESC/E(Z)-containing complexes are
thought to be required earlier, for the establishment of molecular marks
that initiate PcG-mediated silencing. Consistent with this notion, ESC has
a special place among the known PcG proteins. Its mRNA is only expressed
during oogenesis and the first hours of embryonic development, and the
function of the protein seems to be required for only a brief 3- to 4-h period
of embryogenesis (Simon et al. 1995). E(Z) has been shown to be required for
the binding of other PcG proteins to chromosomes and colocalizes with other
PcG proteins at many sites (Carrington and Jones 1996; Rastelli et al. 1993).

In recent years, several groups have independently purified ESC/E(Z)-
containing complexes from Drosophila and human cells (Cao et al. 2002;
Czermin et al. 2002; Furuyama et al. 2003; Kuzmichev et al. 2002; Muller et al.
2002; Tie et al. 2001, 2003; van der Vlag and Otte 1999). All the complexes
contain the same PcG proteins [ESC, E(Z) and SU(Z)12], the histone binding
protein p55 that is also a component of the nucleosome remodeling complexes
NuRD and NURF, and the chromatin assembly factor CAF-1 (Marhold et al.
2004a; Martinez-Balbas et al. 1998; Tyler et al. 1996).

The composition of ESC/E(Z) complexes undergoes dynamic changes dur-
ing Drosophila embryonic and larval development. In embryonic extracts, a
600-kDa (termed PRC2) and a 1-MDa complex could be separated, with the
latter disappearing at the end of embryogenesis and a new 3-MDa complex be-
coming detectable in larval extracts (Furuyama et al. 2003; Tie et al. 2003). In
addition to the four core components, the 1-MDa complex also contained the
RPD3 histone deacetylase and the PcG protein Polycomb-like (PCL), whereas
the 3-MDa complex contained RPD3 and the SIR2 histone deacetylase (Fu-
ruyama et al. 2004; Tie et al. 2003). Although mutations in either Rpd3 or Sir2
do not result in PcG phenotypes, they enhance the phenotypes of PcG mutants
(Chang et al. 2001; Furuyama et al. 2004; Mannervik and Levine 1999), which
suggests a functional role in PcG regulation.

The presence of a SET [Su(var)3-9, E(Z), and Trithorax] histone methyl-
transferase (HMT) domain in E(Z) provided a strong indication for HMT ac-
tivity in ESC/E(Z) complexes. Indeed, PRC2 complexes can methylate lysines 9
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and 27 of histone H3 (H3K9me, H3K27me) (Cao et al. 2002; Czermin et al.
2002; Kuzmichev et al. 2002; Muller et al. 2002). In addition, mammalian E(Z)
was shown to methylate lysine 26 in histone H1 (H1K26me) under certain
conditions (Kuzmichev et al. 2004). This specificity of mammalian E(Z) is
triggered by the interaction with specific isoforms of EED [the mammalian
E(Z) homolog]. Complexes with shorter isoforms of EED methylate H3K27,
whereas complexeswith longer isoformsmethylatehistoneH1.Theadditional
domain that is present in the longer splice variant seems to be responsible
for H1K26 methylation and is absent in Drosophila ESC (Levine et al. 2004).
Together, these results provided convincing evidence for a functional role of
histone methylation in epigenetic regulation by ESC/E(Z) complexes.

10
The Complexity of PcG/TrxG-Regulated Chromatin

During the last decade, several covalent histone modifications have been rec-
ognized to play a fundamental role in chromatin-influenced processes such as
transcription (Strahl and Allis 2000; Turner 2002). Regulation of gene activity
has been correlated with acetylation of histones by histone acetyltransferases
(HATs) and deacetylation by deacetylases (HDACs) (Marmorstein and Roth
2001). In fission yeast, histone acetylation provides an epigenetic tag that is
stably inherited through mitosis and meiosis (Ekwall et al. 1997). The role of
histone acetylation in PcG/TrxG-dependent processes is supported by the ob-
servation that disruption of PRE-mediated silencing in Drosophila transgenes
is accompanied by local accumulation of hyperacetylated histone H4 (Cavalli
and Paro 1999). Thus, the active status of a PRE appears to involve histone
acetylation. The direct interaction of TrxG proteins with histone acetyltrans-
ferase activity could be demonstrated by the purification of the TAC1 complex
that contained TRX, dCBP (a member of the CBP/p300 HAT family), and the
antiphosphatase Sbf1 (Petruk et al. 2001).

The discovery that E(Z) methylates H3K9 and H3K27 suggested an attrac-
tive hypothesis how E(Z) could set a chromatin mark that is responsible for
establishing and maintaining the silent state. PC contains a chromodomain
that binds a histone H3 tail peptide methylated at lysine 27 and with lower
affinity also a peptide methylated at lysine 9 (Fischle et al. 2003). This in-
teraction could potentially stabilize PRC1 complexes at their site of action.
Indeed, differently methylated histones have been identified at different gene
locations, suggesting that different combinations of H3K9me/H3K27me con-
tribute to locus-specific stabilities of PRC1 complexes [see Ringrose et al.
(2004) and Ringrose and Paro (2004) for a more thorough discussion of this
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topic]. As such, histone methylation seems to play a crucial role in PcG/TrxG-
dependent processes. The TrxG proteins TRX and ASH1 (Absent Small or
Homeotic discs 1) that are present in two separate complexes in Drosophila
embryonic extracts were identified as antirepressors required throughout
development to specifically counteract the silencing effects of the PcG (Kly-
menko and Muller 2004; Papoulas et al. 1998). Both proteins also contain
a SET domain and exhibit HMT activity specific for lysine 4 of histone H3,
which was previously connected to transcriptional activation (Beisel et al.
2002; Czermin et al. 2002; Strahl and Allis 2000).

To date, 18 PcG and 17 trxG genes have been genetically identified in
Drosophila (Ringrose and Paro 2004) of which only 10 and 5 proteins, respec-
tively, are described in this review based on the available information with
respect to their molecular function. This suggests that additional complexes
may exist. Indeed, there is strong evidence that the function and composition
of the core complexes are modulated in a tissue- and target gene-specific way
(Furuyama et al. 2003; Otte and Kwaks 2003; Rastelli et al. 1993; Strutt and
Paro 1997). For example, co-immunoprecipitation experiments of PC with
early Drosophila embryonic extracts showed an interaction with E(Z), ESC,
and Pleiohomeotic (PHO), a DNA binding PcG protein (Poux et al. 2001). An
interaction with PH and PSC could not be detected in these experiments. Five
DNA binding proteins have been linked to PcG/TrxG-dependent regulatory
mechanisms in Drosophila, namely Zeste, PSQ, PHO, PHO-Like, and GAF, but
how they mediate PRE binding remains elusive (for a review of interactions
see Ringrose and Paro 2004).

To fully understand the molecular mechanisms underlying PcG/TrxG-
mediated epigenetic inheritance, we need to obtain more information about
the identity and molecular interactions of these proteins and complexes.
Histone-modifying activities have been tightly connected to the PcG/TrxG
system, but their exact function remains to be uncovered. Regarding the
regulation of these proteins, the investigation of enzymatic activities that
modify PcG and TrxG proteins will also give new insights into this complex
system.
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Abstract Epigenetics is the study of genes during development. Gene expression states
are set by transcriptional activators and repressors and locked in by cell-heritable
chromatin states. Inappropriate expression or repression of genes can change de-
velopmental trajectories and result in disease. Aberrant chromatin states leading to
aberrant gene expression patterns (epimutations) have been detected in several recog-
nizable syndromes as well as in cancer. They can occur secondary to a DNA mutation
in a cis- or trans-acting factor, or as a “true” or primary epimutation in the absence of
any DNA sequence change. Primary epimutations often occur after fertilization and
lead to somatic mosaicism. It has been estimated that the rate of primary epimutations
is one or two orders of magnitude greater than somatic DNA mutation. Therefore, the
contribution of epimutations to human disease is probably underestimated.

1
Epigenetic Inheritance

Variations in the DNA sequence account for most of the heritable diversity
of a species. DNA sequence changes that are not repaired before mitosis are
transmitted to daughter cells and, if deleterious, can impair cellular function.
Mutations that are present in the germline will be transmitted to the next
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generation. Mutation research is therefore an integral component of genetics
andhasmade importantcontributions to theunderstandingofhumandisease.

Over the past 30 years, it has been increasingly recognized that genetic
disease can be caused not only by chromosomal aberrations and DNA mu-
tations, but also by aberrant gene activity states that occur in the absence of
a DNA sequence change. During the development of an organism, different
sets of genes are switched on or off by transcription factors. The activity states
of these genes are stably transmitted through several rounds of cell division,
but they may also be reversed. The transmission of cell-heritable, potentially
reversible gene activity states is the basis of epigenetic inheritance. Epige-
netic inheritance is essential for the normal development and function of an
organism. Therefore, it is not unreasonable to assume that epigenetic varia-
tion contributes significantly to phenotypic variance. It is also possible that
variation of the epigenetic system, which buffers the developmental process
against genetic and environmental perturbations (Waddington 1959), allows
hidden genetic variation to be phenotypically manifested (Sollars et al. 2003).
In turn, some of the epigenetic variation has a genetic basis.

While it is well established that epigenetic states are transmitted from cells
to daughter cells, it is a matter of debate whether epigenetic states can be
transmitted from one generation to another. It is generally believed that the
genome is reprogrammed during gametogenesis and early embryonic de-
velopment. Nevertheless, transgenerational epigenetic inheritance has been
demonstrated in experimental model systems. However, evidence for trans-
generational inheritance in normal populations is lacking, although there are
some suggestive data (Chong and Whitelaw 2004).

Epigenetic states are not encoded in the DNA sequence, but in the config-
uration of the chromatin. Roughly speaking, chromatin exists in a transcrip-
tionally competent or a transcriptionally silent state. Distinguishing features
of different epigenetic states are the modification of the DNA and histones,
the presence or absence of different non-histone proteins and the position
of the nucleosomes. Acetylation of histone 3 at lysine 9 (H3K9), for example,
is typically found in transcriptionally competent chromatin, whereas H3K9
methylation is a hallmark of the transcriptionally silent state. In mammals,
the silent state of certain regions is also marked by the methylation of cytosine
residues located in CpG dinucleotides at the 5′ end of genes. Mitotic trans-
mission of these states implies that the DNA methylation patterns are copied
onto the newly synthesized daughter strand and that the appropriate histone
and non-histone proteins are (re)assembled on the two daughter helices. The
DNA methylation patterns are replicated by the maintenance DNA methyl-
transferase DNMT1, which recognizes hemimethylated DNA. The assembly
of the appropriate proteins is less well understood.
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2
Classification of Epimutations

It is obvious that errors in replicating the DNA methylation pattern and/or
the histone pattern can affect the epigenetic state of a gene in the daughter
cell. Such epimutations (Holliday 1987) can lead to inappropriate activation
of a gene that should be silent, or inactivation of a gene that should be active.
Epimutations can also result from mutations in cis-regulatory elements or
trans-acting factors. In the following, we will refer to epimutations that occur
without any DNA sequence change as primary or “true” epimutations, and to
epimutations that result from a DNA mutation as secondary epimutations.

2.1
Secondary Epimutations

Secondary epimutations are most often the result of a hereditary DNA se-
quence change and present in all cells of a patient. The underlying genetic
defect can be close to the affected gene (cis) or impair the function of an
epigenetic protein encoded somewhere else in the genome (trans).

2.1.1
Secondary Epimutations Resulting from a cis-Acting DNA Mutation

There are at least two genetic diseases in which a secondary epimutation rep-
resents the major pathogenetic mechanism. These are the fragile X mental
retardation syndrome (FMR1) and the facioscapulohumeral muscular dystro-
phy (FSHD). FMR1 is an X-linked dominant disease caused by the expansion
of an unstable trinucleotide repeat (CGG) within exon 1 of the FMR1 gene.
It is one of the most common causes of mental retardation. The number of
repeats varies in the human population. Repeats with more than 58 copies
are unstable and can expand to several hundred copies during the prolifera-
tion of the diploid oogonia in the fetal ovary. After fertilization of an oocyte
carrying an expanded FMR1 allele, the CGG repeat and FMR1 promoter are
methylated. DNA methylation, histone deacetylation and the establishment
of repressive chromatin in this region silence the FMR1 gene.

FSHD is an autosomal dominant disorder that has been linked to a 3.3-kb
tandemly repeated sequence (D4Z4) in the subtelomeric region of the long
arm of chromosome 4. In normal individuals the number of D4Z4 repeats
varies between 11 and 150 units, whereas FSHD patients have fewer than 11
repeats. Gabellini et al. have shown that a sequence element within D4Z4
specifically binds a multiprotein complex consisting of the transcriptional
repressor YY1, the architectural protein HMGB2 and nucleolin, and that this
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multiprotein complex mediates transcriptional repression of adjacent genes
in 4q35 genes (Gabellini et al. 2002), probably by establishing a repressive
chromatin structure over a very large distance. Based upon these results, the
authors propose that deletion of D4Z4 is associated with an open chromatin
structure in 4q35 and the inappropriate expression of several genes within
this region. However, these findings have remained controversial.

Imprinting defects resulting from mutations in a cis-acting imprinting con-
trol element are another example of secondary epimutations. Imprinting is an
epigenetic process by which the male and the female germline mark specific
chromosome regions so that only the maternal or paternal allele of certain
genes is active. Imprint establishment and imprint maintenance are under
the control of imprinting centres (IC). The IC on human chromosome 15
contains two critical elements, which are defined by the shortest region of
deletion overlap (SRO) in Angelman syndrome (AS) and Prader–Willi syn-
drome (PWS) patients with an imprinting defect (AS-SRO and PWS-SRO,
respectively) (Buiting et al. 1995). The AS-SRO element is necessary for the
establishment of the maternal imprint in the female germline. A deletion
of this element prevents maternal imprinting of the mutated chromosome.
A child inheriting this chromosome will develop AS, which is a neuroge-
netic syndrome characterized by severe mental retardation, lack of speech,
jerky movements and a happy disposition (estimated prevalence 1/15,000
newborns). It is caused by the loss of function of the UBE3A gene, which
encodes an enzyme involved in targeted protein degradation. In the brain,
the gene is active on the maternal chromosome only. In contrast to many
other imprinted genes, mono-allelic expression of UBE3A is not associated
with differential DNA methylation of the promoter/exon 1 region. There is
some tentative evidence that the paternal allele is silenced by an antisense
RNA which originates at the neighbouring SNRPN locus (Rougeulle et al.
1998; Runte et al. 2001). In normal individuals, SNRPN is methylated on the
maternal chromosome and expressed from the paternal chromosome (Ozce-
lik et al. 1992; Zeschnigk et al. 1997). In AS patients with an imprinting defect
(which accounts for approximately 3% of cases), the maternal SNRPN allele
is unmethylated and expressed, and the maternal UBE3A allele is silenced. Of
these patients, 10% have an AS-SRO deletion, whereas 90% have a primary
epimutation (see Sect. 2.2). Most of the other AS patients have a large mater-
nally derived chromosomal deletion, a maternal UBE3A mutation or paternal
uniparental disomy 15.

The PWS-SRO of the chromosome 15 IC is necessary for the postzygotic
maintenance of the paternal imprint (Bielinska et al. 2000). A paternally
derived deletion of this element leads to an epigenetic state that resembles the
maternal imprint. A child with such a chromosome will develop PWS, which is
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characterized by neonatal muscular hypotonia, hypogonadism, hyperphagia
and obesity, short stature, small hands and feet, sleep apnoea, behavioural
problems and mild to moderate mental retardation (estimated prevalence,
1/25,000 newborns). PWS is caused by the loss of function of imprinted genes
which are active on the paternal chromosome only. Although all of the genes
in the critical region are known, it is unclear which are the “PWS genes”.
In patients with an imprinting defect, which is found in approximately 1%
of cases, all paternally expressed genes are silent. Of these patients, 10%
have a PWS-SRO deletion, whereas 90% have a primary epimutation (see
Sect. 2.2). Almost all of the other PWS patients have a large paternally derived
chromosomal deletion, or maternal uniparental disomy.

Most of the IC deletions are familial deletions. Since deletions of the AS-
SRO affect maternal imprinting only, they are silently transmitted through
the paternal germline. Likewise, deletions of the PWS-SRO, which affect the
paternal imprint only, are silently transmitted through the maternal germline.
This explains why in some families only a few and distantly related individuals
are affected. In some cases, the IC deletion has occurred de novo or is the
result of germline mosaicism. There is only one case in which the deletion
occurred postzygotically (Bielinska et al. 2000).

In contrast to AS and PWS, more than 50% of patients with transient
neonatal diabetes mellitus or Beckwith–Wiedemann syndrome (BWS) have
an imprinting defect. BWS is an overgrowth syndrome characterized by high
birth weight, hypoglycaemia, macroglossia, exomphalos and increased risk
of Wilms’ tumour (estimated prevalence, 1/25,000 newborns). It is caused by
overexpression of the paternally active IGF2 gene and silencing of the mater-
nally expressed H19 gene or by silencing of the maternally active CDKN1C
gene. These genes map to the short arm of chromosome 11, but are controlled
by two different ICs, the IGF2/H19 IC (IC1) and LIT1/KCNQ1OT1 (IC2), which
controls imprinting of CDKN1C. Similar to imprinting defects in AS and PWS,
secondaryepimutations inBWSarevery rare. Sparagoet al. have recently iden-
tified two families segregating a microdeletion in the IGF2/H19 IC. Maternal
transmission of the deletions resulted in hypermethylation of the IGF2/H19
IC, biallelic IGF2 expression, H19 silencing and BWS (Sparago et al. 2004).
Prawitt et al. (2005) have identified a family with a similar deletion. A deletion
of IC2 has been described by Niemitz and colleagues (2004). When inherited
maternally, the deletion caused BWS with silencing of CDKN1C. When inher-
ited paternally, there is no phenotype, suggesting that the LIT1/KCNQ1OT1
RNA itself is not necessary for normal development in humans.

A unique epimutation affecting the α-globin gene HBA2 has recently been
described by Tufarelli and colleagues (2003). The authors studies an individ-
ual with an inherited form of α-thalassaemia who has a deletion that results
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in a truncated, widely expressed gene (LUC7L) becoming juxtaposed to the
structurally normal α-globin gene HBA2. Although it retains all of its local
and remote cis-regulatory elements, expression of HBA2 is silenced. LUC7L
is transcribed from the opposite strand to the α-globin genes. In the pa-
tient, RNA transcripts from the truncated copy of LUC7L (missing the last
three exons) extend into the HBA2 CpG island, thus generating antisense
transcripts with respect to HBA2. Antisense RNA transcription appears to
mediate methylation of the HBA2 CpG island during early development and
silencing of HBA2 expression.

There are also several examples of chromosomal translocations affecting
the epigenetic state of genes adjacent to the breakpoints. This is in particular
the case in translocations involving the X chromosome. A very instructive case
was published by Jones and colleagues (1997). The authors studied a male pa-
tient with an unbalanced X;13 translocation [46,XY,der(13)t(X;13)(q10q10)]
and bilateral retinoblastoma. DNA replication and methylation studies sug-
gested that the extra copy of Xq, which is attached to the long arm of one
chromosome 13, was inactivated and that inactivation had spread to chromo-
some 13 and silenced the RB1 gene in 13q14. This epimutation is equivalent
to a constitutional RB1 mutation and explains the development of bilateral
tumours in this patient.

2.1.2
Secondary Epimutations Resulting from trans-Acting DNA Mutations

In the last few years, many epigenetic players have been identified. They
include DNA methyltransferases, methyl-CpG binding proteins, histone
modifying enzymes, chromatin-remodelling factors and others. Loss of
function of these proteins has a major impact on the epigenetic control of gene
expression. In contrast to epimutations caused by a cis-acting DNA mutation,
epimutations caused by trans-acting DNA mutations can affect many different
genes on different chromosomes. In humans, several recognizable syndromes
have been linked to a mutation in one of the epigenetic players. Mutations in
the de novo DNA methyltransferase DNMT3a, for example, cause autosomal-
recessive ICF syndrome (immunodeficiency, centromere instability and facial
anomalies). The patients die of severe recurrent infections. Chromosome
instability correlates with severe hypomethylation of the satellite DNA.

X-linked α-thalassaemia mental retardation (ATRX) syndrome is a devel-
opmental disorder characterized by mental retardation, facial dysmorphism,
abnormal genitalia and anaemia resulting from reduced expression of the
α-globin genes. It results from mutations in the ATRX gene, which encodes
a member of the SWI/SNF family of chromatin remodelling factors.
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Rett syndrome (RTT) is an X-linked dominant neurodevelopmental disor-
der. Girls with RTT have apparently normal development throughout the first
6 months of life; they subsequently begin to loose previously acquired skills
and develop microcephaly, hand stereotypies, autistic features, seizures and
gait apraxia. RTT is caused by mutations in the MeCP2 gene, which encodes
the methyl-CpG-binding protein 2. One function of MeCP2 is to recruit the
Sin3A corepressor complex, which contains histone deacetylase, and to set up
repressive chromatin. Initially it was believed that the loss of MeCP2 leads to
widespread loss of gene repression. This, however, does not appear to be the
case. To date, only two genes (BDNF and DLX5) have been identified as target
genes (Chen et al. 2003; Horike et al. 2005).

2.2
Primary or “True” Epimutations

Compared to secondary epimutations, primary epimutations appear to be
more frequent. As mentioned above, only 10% of imprinting defects in AS
and PWS are caused by an IC mutation; in 90% of cases the imprinting
defect is a primary epimutation. In BWS almost all imprinting defects are
primary epimutations. Epimutations affecting genomic imprints can occur
during imprint erasure inprimordial germcells, imprint establishmentduring
later stages of gametogenesis or imprint maintenance after fertilization. If it
occurs in the germline, all cells of the patient are affected. If it occurs after
fertilization, it often results in somatic mosaicism.

Buiting et al. have found that in PWS patients with an imprinting defect
not caused by an IC mutation the affected chromosome is always derived from
the paternal grandmother (Buiting et al. 2003). This finding suggests that the
(grand)maternal imprint was not erased in the paternal germline. Thus, the
child inherited an epigenetic state from the grandmother. This is the best
example of transgenerational epigenetic inheritance in man.

Wey et al. have recently described a PWS patient with a mosaic imprinting
defect (Wey et al. 2004). In this patient, the epimutation most likely occurred
after fertilization, although we cannot exclude the possibility that somatic mo-
saicism results from the postzygotic correction of an inherited epimutation.

In contrast to PWS, mosaic imprinting defects in AS are relatively common.
Nazlican et al. have estimated that at least 30% of AS patients with a primary
imprinting defect are mosaics (Nazlican et al. 2004). In two patients studied,
somaticmosaicismwasprovedbymolecular andcellular cloning, respectively.
X inactivation studies of cloned fibroblasts from one patient suggest that the
imprinting defect occurred before the blastocyst stage. To quantify the degree
of mosaicism, the authors developed a quantitative methylation assay based



52 B. Horsthemke

on real-time PCR. In 24 patients tested, the percentage of normal cells ranged
from less than 1% to 40%. Regression analysis suggested that patients with
a higher percentage of normally methylated cells tend to have milder clinical
symptoms than patients with a lower percentage. Some mosaic patients have
“atypical Angelman syndrome” characterized by obesity, muscular hypotonia
and ability to speak (Gillessen-Kaesbach et al. 1999). We might assume that
the role of mosaic imprinting defects on chromosome 15 in mental retardation
is underestimated.

Primary epimutations have not only been recognized in “imprinting dis-
orders”, but also in cancer. In 1983, A. Feinberg and B. Vogelstein discovered
altered DNA methylation in cancer cells (Feinberg and Vogelstein 1983). Sub-
sequently, these and other authors demonstrated that hypomethylation can
lead to inappropriate activation of oncogenes. In 1986, S. Baylin and col-
leagues identified hypermethylation of the calcitonin gene in human lung
cancers and lymphomas (Baylin et al. 1986), but the role of these changes
in tumour development were unknown. Soon after the discovery of the first
tumour suppressor gene (the retinoblastoma gene RB1), our own group found
that the RB1 promoter is methylated in a significant subset of retinoblastomas
(Greger et al. 1989, 1994), suggesting that tumour-suppressor silencing can
also occur by an epigenetic pathway. Subsequently, methylation of tumour-
suppressor genes has been found in virtually all tumours, and the field of
cancer epigenetics is rapidly growing (Feinberg and Tycko 2004).

In general, tumour-associated epimutations are found only in premalig-
nant or malignant cells. There is only one case in which an inherited cancer
epimutation has been described. Suter et al. have reported two individuals
with soma-wide, allele-specific and mosaic hypermethylation of the DNA mis-
match repair gene MLH1 (Suter et al. 2004). Both individuals lacked evidence
of DNA sequence mutation in any mismatch repair gene, but had multiple
primary tumours that show mismatch repair deficiency. The epimutation was
also present in spermatozoa of one of the individuals, indicating a germline
defect and the potential for transmission to offspring.

Primary epimutations appear to play a role in cardiovascular disease also.
Similar to tumours, atherosclerotic lesions are characterized by global DNA
hypomethylation and local DNA hypermethylation. These similarities should
not be surprising, because a key step of the atherogenetic process is the pro-
liferation and migration of smooth muscle cells. Once within the intima, the
phenotype of the smooth muscle cells switches from contractile to “dedif-
ferentiated”. It has been suggested that methylation of oestrogen receptor-α
gene (ESR1) could contribute to these processes (Ying et al. 2000).
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3
Causes of Primary Epimutations

Whereas secondary epimutations result from DNA mutations, it is less clear
what triggers the occurrence of primary epimutations. Primary epimutations
probably represent stochastic errors in the establishment or maintenance
of an epigenetic state. An interesting model for tumour-suppressor methyl-
ation has been proposed by S. Clark (Stirzaker et al. 2004). According to this
model, a combination of transient gene silencing and methylation seeding
leads to the recruitment of the methyl-CpG-binding protein MBD2, histone
deacetylase and DNA methyltransferase. This then leads to the spreading of
DNA and histone methylation and consequently the establishment of silent
chromatin.

The spontaneous epimutation rate can be modified by genetic and envi-
ronmental factors.

3.1
Genetic Factors

It is tempting to speculate that certain DNA sequence variants are more sus-
ceptible to epimutations than others. Murrell et al. have recently obtained
tentative evidence for a genetic predisposition to epimutations in the BWS re-
gion (Murrell et al. 2004). Four single nucleotide polymorphisms (SNPs) were
found in a differentially methylation region of the IGF2 gene (T123C, G358A,
T382G and A402G), which occurred in three out of 16 possible haplotypes:
TGTA, CATG and CAGA. There was a significant increase in the frequency of
the CAGA haplotype and a significant decrease in the frequency of the CATG
haplotype in BWS patients compared to controls. Our group has found pref-
erential maternal transmission of a particular AS-SRO haplotype in families
with an AS imprinting defect patient (Zogel et al. 2006).

Epigenetic states may also be affected by sequence variations in genes that
encode epigenetic players. It has been shown, for example, that sequence vari-
ants of the MTHFR gene, which encodes the 5,10-methylenetetrahydrofolate
reductase, are associated with variation in DNA methylation (Paz et al. 2002;
Castro et al. 2004). The reductase is a key regulatory enzyme of the one-carbon
metabolism. Changes in MTHFR activity affect the levels of S-adenosyl-
methionine (SAM), which is the methyl donor of both DNA methyltrans-
ferases and histone methyltransferases. As described by Zogel et al. (2006),
women who are homozygous for the MTHFR 677C>T variant might have an
increased risk of conceiving a child with an AS imprinting defect.
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3.2
Environmental Factors

SAM levels are also dependent on folic acid, and the enzymes involved in one-
carbon metabolism use vitamin B cofactors. As folic acid and vitamin B are
provided by nutrition, it should not be surprising that epigenetic states can
be influenced by the diet. Changes in DNA methylation by folate have been
observed in various types of cancers as well as in animal models (Garfinkel
and Ruden 2004).

In 2002, Cox et al. suggested that assisted reproduction (ART) might be
associated with an increased risk of imprinting defects (Cox et al. 2002). The
authors described two children with Angelman syndrome and an imprinting
defect who were conceived by intracytosplasmic sperm injection (ICSI). In
both cases, an IC deletion was excluded. Thus, the imprinting defects were
primary epimutations that had occurred spontaneously. In 2003, Orstavik
reported another ICSI child with AS and an imprinting defect (Orstavik et al.
2003), and three groups reported a 3- to 6-fold increased prevalence of ART
in children with BWS (DeBaun et al. 2003; Gicquel et al. 2003; Maher et al.
2003). In a large case-control study, Halliday et al. have recently found that
the risk of BWS in children conceived by ART is nine times greater than in the
general population (Halliday et al. 2004). Despite this highly increased risk,
the absolute risk of conceiving a child with BWS or AS after ART remains
very low. It is of interest to note that imprinting defects in AS and BWS
are characterized by hypomethylation of imprinting control regions on the
maternal chromosome.

In view of experimental data in animals and the tentative epidemiologi-
cal evidence in humans, it is possible, but far from being proved, that ART
is associated with an increased risk of imprinting disorders. Assuming the
association was genuine, it is unclear whether the risk can be attributed
to infertility itself and/or the technique. To shed more light on these ques-
tions, Ludwig et al. have recently conducted a cohort study on patients with
Angelman syndrome (Ludwig et al. 2005). These authors found an increased
prevalence of imprinting defects in patients with Angelman syndrome born to
subfertile couples (defined as having had a time to pregnancy >2 years and/or
infertility treatment; relative risk, 6.25; 95% CI 1.68–16.00). Interestingly, the
relative risk was the same in untreated couples with time to pregnancy ex-
ceeding 2 years and in couples treated by ICSI or hormonal stimulation alone,
although the increase did not reach statistical significance, possibly due to
the small sample size. The relative risk was highest in couples with time to
pregnancy exceeding 2 years and infertility treatment (relative risk, 12.50; 95
CI 1.40–45.13). The findings suggest that imprinting defects and subfertility
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can have a common, possibly genetic cause, and that superovulation rather
than ICSI may further increase the risk of conceiving a child with an im-
printing defect. Superovulation may lead to the maturation of epigenetically
imperfect oocytes that would not have been ovulated without treatment, or
may disturb the process of DNA methylation in the oocyte. As shown by an-
imal studies, another risk factor may be the culture of gametes and the early
embryo (Khosla et al. 2001).

4
Epigenetic Candidate Diseases

Are primary epimutations restricted to “imprinting disorders” and cancer?
This author thinks they are not. The apparent restriction of primary epimu-
tations to “imprinting disorders” and cancer is most probably due to an
ascertainment bias. As soon as it had emerged that Prader–Willi and An-
gelman syndromes involved imprinted genes, it was a reasonable hypothesis
that a subset of patients should have PWS or AS because of an error in the
imprinting process (Glenn et al. 1993; Reis et al. 1994). Likewise, after the
identification of the first tumour suppressor gene (RB1), it was tempting
to speculate that in some tumours it might be inactivated by DNA methyl-
ation (Greger et al. 1989). These investigations were facilitated by the fact
that tissues enriched for the epimutation (tumour specimens) were available
for analysis. Primary epimutations, which often occur in a mosaic form, are
difficult to detect, unless they confer selective growth advantage onto the af-
fected cell. Hyperplastic tissues and tumours are often subjected to a biopsy
or removed, so that a relatively pure sample of the affected tissue can be
studied. If, however, the epimutation leads to selective growth disadvantage,
it is very difficult, if not impossible, to obtain material from the affected cell
lineage. Thus, epigenetic defects leading to dysgenesis/dysplasia or agene-
sis/aplasia are likely to escape detection. It is not unreasonable to assume
that a developmental master gene is silenced by an epimutation, similar to
the epigenetic silencing of a tumour suppressor gene. Of course, the same
reasoning holds true for somatic DNA mutations, but it has been estimated
that the rate of primary epimutations may be one or two orders of magni-
tude greater than somatic DNA mutation (Bennett-Baker et al. 2003). This
suggests that the contribution of epimutations to human disease is probably
underestimated.

Epigenetic candidate diseases defy simple Mendelian inheritance. Thus,
the study of diseases that meet one or more of the following criteria may
prove fruitful:
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– The disease occurs mainly sporadically, with only a few familial cases.

– There is a broad phenotypic spectrum with mainly unilateral manifesta-
tion.

– There are discordant monozygotic twins.

These criteria are also met by the so-called complex diseases, which are
indeed good candidates for epigenetic involvement (Petronis 2001). Further-
more, ageing may be regarded as an epigenetic disease.
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Abstract Epigenotypes are modified cellular or viral genotypes which differ in tran-
scriptional activity in spite of having an identical (or nearly identical) DNA sequence.
Restricted expression of latent, episomal herpesvirus genomes is also due to epige-
netic modifications. There is no virus production (lytic viral replication, associated
with the expression of all viral genes) in tight latency. In vitro experiments demon-
strated that DNA methylation could influence the activity of latent (and/or crucial
lytic) promoters of prototype strains belonging to the three herpesvirus subfami-
lies (α-, β-, and γ-herpesviruses). In vivo, however, DNA methylation is not a ma-
jor regulator of herpes simplex virus type 1 (HSV-1, a human α-herpesvirus) latent
gene expression in neurons of infected mice. In these cells, the promoter/enhancer
region of latency-associated transcripts (LATs) is enriched with acetyl histone H3,
suggesting that histone modifications may control HSV-1 latency in terminally dif-
ferentiated, quiescent neurons. Epstein–Barr virus (EBV, a human γ-herpesvirus) is
associated with a series of neoplasms. Latent, episomal EBV genomes are subject to
host cell-dependent epigenetic modifications (DNA methylation, binding of proteins
and protein complexes, histone modifications). The distinct viral epigenotypes are
associated with distinct EBV latency types, i.e., cell type-specific usage of latent EBV
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promoters controlling the expression of latent, growth transformation-associated EBV
genes. The contribution of major epigenetic mechanisms to the regulation of latent
EBV promoters is variable. DNA methylation contributes to silencing of Wp and Cp
(alternative promoters for transcripts coding for the nuclear antigens EBNA 1–6) and
LMP1p, LMP2Ap, and LMP2Bp (promoters for transcripts encoding transmembrane
proteins). DNA methylation does not control, however, Qp (a promoter for EBNA1
transcripts only) in lymphoblastoid cell lines (LCLs), although in vitro methylated
Qp-reporter gene constructs are silenced. The invariably unmethylated Qp is probably
switched off by binding of a repressor protein in LCLs.

Herpesviruses are “large genome” double-stranded DNA viruses defined by
the morphology of the virion. They are widespread in nature and are associ-
ated with a broad range of diseases in their host species. In many cases they
efficiently infect a significant proportion of the host population, and infected
individuals carry the viral genomes lifelong in their cells. A “core” gene set
or complement (around 40 conserved genes) is present in most herpesvirus
genomes and codes for structural proteins of the virion and viral enzymes.
In addition, the viral DNA encompasses less conserved “non-core” genes as
well which encode control or modulator proteins and virion tegument or sur-
face components. Highly divergent “non-core” genes code for proteins that
interfere with the immunological defense mechanisms of the host or induce
malignant transformation of certain host cells (tumorigenesis). The genomes
of extant herpesvirus strains (members of the subfamilies designated as α-,
β-, and γ-herpesviruses) are products of a more than 200 million years of
co-evolution that affected the genomes of the host species as well (cospe-
ciation) (McGeoch and Davison 1999). Latency is a remarkable property of
herpesviruses, which ensures maintenance of their genetic information in
their hosts for an extended period in the absence of productive (lytic) replica-
tion. Members of all three herpesvirus subfamilies are capable of establishing
latent infection, which is associated with a restricted expression of the viral
genome.

1
Cellular and Viral Epigenotypes

Epigenotypes are modified genotypes that differ in transcriptional activity
in spite of having an identical (or nearly identical) DNA sequence (Wolffe
and Matzke 1999; Whitelaw and Martin 2001). Thus, in diploid cells gene
expression patterns of nearly sequence-identical alleles may differ even within
the same cell, cell type, or tissue due to differentially imprinted (modified)
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domains carried by the maternal chromosome (maternal epigenotype) and
the paternal chromosome (paternal epigenotype) (Obata and Kono 2002;
Adam et al. 1996; Mitsuya et al. 1997; Forejt et al. 1999; Su et al. 2004; Saitoh
et al. 1996).

Epigenetic modifications (DNA methylation, DNA associated proteins and
protein complexes, histone modifications) regulate cell type- or tissue-specific
and developmental stage-specific gene expression as well (reviewed by Ehrlich
2003; Levine et al. 2004; Egger et al. 2004). Thus, in principle, one could
define cell type-specific, tissue-specific, and developmental stage-specific
epigenotypes—whichdeterminegeneexpressionprobabilities inmammalian
genomesor in importantdomainsof suchgenomes—byhigh-resolutionmap-
ping of CpG methylation, in vivo DNA–protein interactions, and analysis of
histone modifications region by region.

The association of certain genetic loci with transcriptionally repressive nu-
clear subcompartments (such as the constitutive heterochromatin and the nu-
clear periphery) or subcompartments favoring transcription (euchromatin)
provides a tool for coregulation of gene batteries in a heritable, cell-type spe-
cific manner (Kosak et al. 2002; Alcobia et al. 2000; Brown et al. 1997). Thus,
subnuclear compartmentalization and the possibility for relocation of certain
chromosomal regions (subcompartment switch), which can occur at a specific
stage of development or cellular differentiation, can also be considered as an
epigenetic mechanism and an important feature of the epigenotype.

Developmental and lineage-specific coregulation of gene sets can be me-
diated by complex cis-acting elements called locus control regions (LCRs)
as well (reviewed by Li et al. 2002). LCRs can provide accessibility for ubiq-
uitous and tissue- or cell type-specific transcription factors to an insulated
chromatin domain. It is interesting to note that the mouse T cell receptor α/δ
locus LCR can contribute, when active, to the alteration of the epigenotype
by inducing localized demethylation (Santoso et al. 2000).

The genomes of DNA viruses and proviral (DNA) genomes of retroviruses
can integrate into the host cell nuclei; they are targets, therefore, to epige-
netic modifications as well (Sutter and Doerfler 1980; Vardimon et al. 1980;
Toth et al. 1990; Wettstein and Stevens 1983; Jaenisch et al. 1985; Bednarik
1996). Latent herpesvirus genomes can persist as unintegrated episomes that
co-replicate with the cellular genome (Nonoyama and Pagano 1972; Adams
and Lindahl 1975). Episomal genomes of Epstein–Barr virus (EBV, a human
γ-herpesvirus associated with a series of malignant tumors) are attached
to the nuclear matrix (Jankelevich et al. 1992) and are subject to host cell-
dependent epigenetic modifications (DNA methylation, protein–DNA inter-
actions, and histone modifications) resulting in cell type-specific promoter
usage and viral gene expression (Minarovits et al. 1991; Salamon et al. 2001;
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Li and Minarovits 2003; Chau and Lieberman 2004). Thus, there are distinct
viral epigenotypes associated with well-defined transcriptional patterns of
latent, growth transformation-associated viral genes (latency types).

2
Epigenetic Modifications of α-Herpesvirus Genomes

α-Herpesviruses have a relatively short reproductive cycle and their produc-
tive (lytic) replication results in destruction of the infected cells. In vitro they
spread rapidly after infection in sensitive cell types. In vivo they establish
latency first in sensory ganglia and in cells of the central nervous system, al-
though equine herpesvirus 1 and equine herpesvirus 4 target the lymphoretic-
ular system (Welch et al. 1992) and latent Marek’s disease virus genomes are
associated with lymphomas in chicken (reviewed by Morimura et al. 1998).
T lymphoblastoid cell lines derived from such lymphomas carry methylated
viral genomes (Kanamori et al. 1987). The latent genomes of herpes simplex
virus are associated with nucleosomes (Deshamne and Fraser 1989) and exist
in an extrachromosomal (episomal) state (Mellerick and Fraser 1987). De-
pending on the host cell, both DNA methylation and modification of histone
tails may affect expression of the best-characterized α-herpesvirus genomes.

2.1
Methylation Patterns of Latent HSV-1 Genomes In Vitro and In Vivo

In a pioneering study, Youssoufian et al. investigated a major epigenetic reg-
ulatory mechanism, cytosine methylation (a heritable form of DNA modifi-
cation) using cells either carrying latent herpes simplex virus type 1 (HSV-1)
genomes or undergoing productive infection (Youssoufian et al. 1982). Diges-
tion with cytosine methylation-sensitive and cytosine methylation-resistant
restriction enzyme pairs followed by Southern blotting revealed that the la-
tent HSV-1 genomes were highly methylated in cells of a persistently infected
lymphoblastoid T cell line (CEM) treated with concanavalin A. In contrast,
only unmethylated viral genomes could be detected during productive infec-
tion in this reversible in vitro model of viral latency. This study suggested that
DNA methylation might play a role in the maintenance of HSV-1 latency.

In contrast, using a similar assay, HSV-1 DNA isolated from the brains of
latently infected mice in an in vivo model of HSV-1 latency were found to be
predominantly unmethylated (Dressler et al. 1987). Acutely infected brains
(productive HSV-1 replication) and purified virion DNA yielded identical
restriction fragments after digestion with SmaI (methylation sensitive) and
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XmaI (methylation insensitive) enzymes, indicating that the viral genomes
were unmethylated. Thus, extensive methylation of latent HSV-1 genomes is
dispensable for in vivo latency and HSV-1 latency is not associated with de
novo methylation of the viral genomes in vivo.

In another in vivo model of HSV-1 latency, latent viral genomes isolated
from mouse dorsal root ganglia were analyzed by sequencing bisulfite-treated
DNA samples (Kubat et al. 2004a). This method permits positive identification
of all 5-methylcytosine residues in individual DNA strands (Frommer et al.
1992). The promoter of ICP4, an immediate–early (IE) gene—which is not
expressed in latent HSV-1 infection but expressed during acute (productive)
infection—was found to be predominantly unmethylated in DNA samples
isolated from latently infected ganglia, acutely infected ganglia, and HSV-1
virions (Kubat et al. 2004a). During latency the episomal HSV-1 genomes
express latency-associated transcripts (LATs) from a single transcription unit
(Stevens et al. 1987 Dobson et al. 1989). Kubat et al. observed that similarly to
the ICP4 promoter, the LAT promoter was also predominantly unmethylated
in latency, acute infection, and in virion DNA (Kubat et al. 2004a). These
results confirmed the conclusions of Dressler et al. and also suggested that
DNA methylation is not a major regulator of HSV-1 latent gene expression in
neurons.

Thus, CpG methylation is apparently not used for silencing of crucial
lytic HSV-1 promoters during in vivo latency, in spite of the fact that a well-
characterized lytic HSV-1 promoter (the thymidine kinase promoter) can be
silencedbyDNAmethylation in vitro (Christy andScangos1982;Buschhausen
et al. 1985, 1987; Tasseron-de Jong et al. 1989).

2.2
Histone Modifications Associated with Latent HSV-1 Genomes

Modification of histone tails influences chromatin structure and might reg-
ulate transcription by affecting chromatin configuration (Jenuwein and Allis
2001; Egger et al. 2004). Acetylated histones mark transcriptionally active do-
mains of chromatin while histone deacetylation is associated with silencing
of promoter activity.

Arthur et al. used a neonatal rat dorsal root ganglion-derived neuronal
culture system to study HSV-1 latency and reactivation in vitro. They con-
structed recombinant viruses carrying reporter genes under the control of
viral promoters and observed that, in latently infected cultures, inhibition
of histone deacetylases by trichostatin A (TSA) switched on the activity of
HSV-1 IE110 promoter (Arthur et al. 2001). They speculated that this could be
an indirect effect mimicking nerve growth factor (NGF) withdrawal (which
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also switches on the lytic cycle) because TSA can induce expression of certain
cellular factors blocking NGF action (Sano and Kitayama 1996).

Kubat et al., using the same in vivo model system as in their DNA methyl-
ation analysis, determined the level of histone H3 acetylation (at lysines 9 and
14) using a chromatin immunoprecipitation assay, at a region located within
the LAT promoter, a region corresponding to the HSV-1 DNA polymerase
gene (expressed in the early phase of the lytic cycle) and promoters of two
IE genes (UL54/ICP27 promoter and ICP4 promoter). They found that the
LAT promoter is enriched with acetyl histone H3 (K9, K14) compared to the
viral polymerase gene and the IE promoters analyzed. They speculated that
in latently infected, terminally differentiated, quiescent neurons, HSV-1 em-
ploys a relatively dynamic epigenetic mechanism—i.e., histone acetylation
and deacetylation—to activate the LAT promoter and repress lytic viral pro-
moters, respectively (Kubat et al. 2004a). In a follow-up study, they observed
that the LAT enhancer (including rcr, a region critical for induced reactivation
of HSV-1) is hyperacetylated even in the absence of LAT transcription and
suggested that this cis-acting regulator region maintains a transcriptionally
permissive chromatin domain (Kubat et al. 2004b).

Histone deacetylation might explain the highly efficient silencing of het-
erologous promoters incorporated into recombinant HSV-1 genomes that
occurs after establishment of the latent state (a phenomenon observed by Lo-
kensgard et al. 1994). The mouse phosphoglycerate kinase (PGK) promoter is
highly active and the murine metallothionein promoter (MT1) shows a mod-
erate activity after acute (productive) infection of dorsal root ganglia by the
recombinant viruses; they do not drive, however, the expression of the lacZ
reporter gene in the latent phase of infection (Lokensgard et al. 1994).

3
Epigenetic Modifications Regulate the Activity
of a β-Herpesvirus Promoter

β-Herpesviruses are highly species-specific viruses that grow slowly in cul-
tured cells. The site(s) of residence for β-herpesviruses (monocytes and their
bone marrow progenitors, endothelial cells) is still a subject of intensive re-
search. Infection with human cytomegalovirus (HCMV, human herpesvirus 5,
the best-characterized β-herpesvirus) and similar viruses isolated from
other primates, domestic animals, and rodents causes typical cytopathologic
changes involving cell enlargement.

Honess et al. analyzed dinucleotide frequencies in herpesvirus DNA and
observed a local deficiency of CpG dinucleotides in the major IE genes of hu-
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man, murine, and simian cytomegalovirus genomes (Honess et al. 1989). The
complete genome of human and murine cytomegalovirus is not CpG deficient;
as a matter of fact, the observed CpG frequency is higher than the expected
one (Takacs et al. 2001b). Because a relative CpG deficiency and a surplus of
TpG+CpA dinucleotides is thought to be a consequence of DNA methylation
in vertebrate genomes (methylcytosine is relatively unstable), Honess et al.
suggested that IE regions of latent cytomegalovirus genomes undergo local
methylation. Unfortunately, this idea has not been tested yet, probably due
to the difficulties in identifying the sites of cytomegalovirus latency.

The HCMV IE1 promoter is considered to be a “strong” promoter and
it is frequently used, therefore, to drive the expression of reporter genes or
other genes to be expressed in vitro or in vivo. Methylation of the IE en-
hancer/promoter at CpG dinucleotides by the Spiroplasma methyltransferase
SssI completely repressed the activity of the promoter, probably via silencing
by a methylcytosine binding protein (Prosch et al. 1996).

When incorporated into an adenovirus vector, the cytomegalovirus pro-
moter and enhancer could drive expression of the human fibroblast growth
factor 4 gene after intramuscular injection of rats (peak activity at 6 h) (Brooks
et al. 2004). The promoter was practically silenced, however, at 24 h after injec-
tion and remained silent at day 3 and 28. In parallel, the promoter-enhancer
sequences became methylated. Thus, in principle, DNA methylation could
modulate (silence) the activity of HCMV IE1 promoter in latent human cy-
tomegalovirus genomes too.

When incorporated into a heterologous viral genome (recombinant
HSV-1), the silent HCMV IE1 promoter could be activated in latently in-
fected neuronal cultures by NGF withdrawal or through inhibition of histone
deacetylases (trichostatin A treatment) (Arthur et al. 2001). Thus, histone
acetylation/deacetylation could potentially also regulate HCMV IE1 promoter
activity and influence HCMV latency and reactivation.

4
Epigenetic Modifications of Latent γ-Herpesvirus Genomes

γ-Herpesviruses replicate in epithelial cells (lytic infection) and establish
latency in lymphoid cells in vivo. In γ-herpesvirus-infected lymphocytes
and lymphoblastoid cell lines cultured in vitro, both virus production and
tight latency can be observed. Latent γ-herpesvirus transcripts frequently en-
code oncoproteins and protein non-coding small RNAs that may contribute
to immortalization and malignant transformation of host cells. Although
γ-herpesviruses are favorite subjects of epigenetic studies, there are no data
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yeton theassociationof latent, episomalγ-herpesvirusgenomeswithdifferent
nuclear subcompartments (euchromatin or heterochromatin). Association of
EBV genomes with the nuclear matrix (Jankelevich et al. 1992) and a colinear
arrangement of the functional units of a 30-kb region the EBV genome with
the rearranged human immunoglobulin gene loci (Niller et al. 2004a) suggest,
however, that a viral LCR may control latent EBV gene expression in a host
cell-dependent manner (Niller et al. 2004b). The putative EBV LCR consists
of a c-Myc binding site (Niller et al. 2003), transcription units of two protein
non-coding viral RNAs (EBER 1 and 2), and oriP, the latent origin of EBV
replication (which acts as a long range enhancer as well). How such a struc-
ture regulates host cell-dependent activity of latent EBV promoters remains
to be studied. Low- and high-resolution DNA methylation maps have been
established in several regions of certain latent γ-herpesvirus genomes (her-
pesvirus saimiri, EBV, Kaposi’s sarcoma-associated herpes virus), and recent
studies suggest a role for histone modifications and protein–DNA interactions
in the control of latent γ-herpesvirus promoters, and latent origins of DNA
replication too (see Sect. 4.4).

4.1
Methylation Patterns of Herpesvirus Saimiri DNA In Vitro and In Vivo

Herpesvirus saimiri causes lymphoma or leukemia in certain New World
primates. The virion DNA was found to be unmethylated (Desrosiers 1982),
but methylated viral DNA molecules were detected in lymphoid tumor cell
lines (Desrosiers et al. 1979) and in DNA samples isolated from peripheral
blood of one owl monkey and three white-lipped marmosets with leukemia
(Desrosiers 1982). This suggests that de novo methylation of the viral genomes
occurred in vivo and was not a result of prolonged in vitro cultivation of the
tumor cells. Using CpG methylation-sensitive and resistant isoschizomers, an
unmethylated region was also mapped in viral genomes carried by a cell line
established from a marmoset tumor (Desrosiers 1982).

4.2
Host Cell-Dependent Epigenotypes of Latent Epstein–Barr Virus Genomes

EBV replicates in epithelial cells of the oropharynx and establishes latency in
B cells. The virus is associated with a series of human neoplasms (endemic
Burkitt’s lymphoma, posttransplant lymphoproliferative disease, AIDS-
associated B cell lymphoma, peripheral T cell lymphoma, Hodgkin’s disease,
nasopharyngeal carcinoma, midline granuloma, etc.; reviewed by Klein 1996;
Liebowitz 1998; Li and Minarovits 2003). EBV immortalizes human B cells in
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vitro very efficiently, resulting in the generation of lymphoblastoid cell lines
(LCLs). Depending on the activity of the latent viral promoters, different
sets of latent gene products are expressed in various host cells carrying EBV
episomes. These products define the major latency types of EBV (type I,
II, and III latency, also called viral latency program; reviewed by Li and
Minarovits 2003).

In Burkitt’s lymphomas (BLs) and BL-derived cell lines maintaining the
BL biopsy phenotype (group I BL lines, type I latency), only transcripts for
a single nuclear antigen (EBNA 1) are expressed from a promoter called Qp
(located to the BamHI Q fragment of the viral genome). EBNA 1 binds to
the latent origin of viral DNA replication (oriP) and it is necessary for the
maintenance of viral episomes. Two protein non-coding viral RNAs (EBER 1
and 2) are also expressed and might contribute to the pathogenesis of BL
(reviewed by Niller et al. 2004c). The significance of BamHI A rightward
transcripts (BARTs, BARF0; Chen et al. 1992) which can also be detected
in group I BL lines is unknown at present (see references in de Jesus et al.
2003). There are no data on methylation of the BART promoter, the adjacent,
inactive BARF1 promoter, and TRp (a promoter localized in the first terminal
repeat of the EBV genome, see below) in BL lines. With these exceptions,
one could conclude that the promoters that are active in type I latency are
unmethylated (Tao et al. 1988; Minarovits et al. 1992; Salamon et al. 2001),
while all of the silent promoters studied (Wp and Cp for transcription of EBNA
1–6 RNAs; LMP promoters for RNAs encoding latent membrane proteins) are
highly methylated (Jansson et al. 1992; Altiok et al. 1992; Robertson et al.
1995; Schaefer et al. 1997; Takacs et al. 1998, 2001a; Salamon et al. 2001, 2003;
see Table 1). Type I latency with methylated Wp, Cp, and LMP1p was also
described in gastric carcinomas carrying EBV genomes (Imai et al. 1994).

Chronic active EBV infection (CAEBV), a non-neoplastic T cell-lympho-
proliferative disease, is a unique form of EBV latency. The expression pattern
resembles type I latency in most cases, but the promoter usage (and probably
the splicing of viral transcripts) is different since Cp (not Qp) seems to be used
for EBNA 1 transcription only (Yoshioka et al. 2003a). In addition, the active
Cp is highly methylated. This suggests that an unknown regulatory mech-
anism may overrule the inhibitory effect of Cp methylation in proliferating
non-neoplastic T cells. Monoclonal or oligoclonal EBV-infected T cells pro-
liferate in EBV-associated hemophagocytic syndrome as well, but the latency
is less restricted (type III, see below) and EBNA 1 and EBNA 1–6 messages
are generated from unmethylated Qp and methylated Wp/Cp, respectively
(Yoshioka et al. 2003b).

Type II latency is best characterized in nasopharyngeal carcinomas (NPCs)
and midline granulomas (see Table 2). Similarly to group I BL lines, NPCs also
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Table 1 Activity and methylation patterns of latent Epstein–Barr virus promoters in
type I latency

Designation Activity CpG methylation

EBNA 1–6/EBNA 1 promoters
Wp Off +
Cp Off +
Qp On −

LMP promoters
LMP1p Off +
TRp Off ?
LMP2Ap Off +
LMP2Bp Off +

EBER promoters
EBER1p On −
EBER2p On −

Promoters for BamHI A transcripts
BARTp On ?
BARF1p Off ?

initiate EBNA 1 transcripts at the unmethylated Qp and express EBER 1 and 2
from unmethylated EBER transcription units. They express BART transcripts
too. In addition, a series of promoters that are silent in type I latency are
switched on in NPC cells. These include one of the alternative promoters
for LMP1 messages, TRp (Sadler and Raab-Traub 1995), or LMP1p (which
is active in LCLs, see the following paragraph) and the LMP2A and LMP2B
promoters. LMP1p and LMP2Bp share common regulatory elements, and
the LMP1 and LMP2B genes are expressed co-ordinately in NPC biopsies
(Chen et al. 1995). Latent membrane proteins modulate signal transduction
pathways and contribute to immortalization and malignant transformation
of host cells (reviewed by Longnecker 1998). A gene coding for a putative
transforming protein (BARF1; Strockbine et al. 1998) is also expressed in
NPCs (Decaussin et al. 2000). BARF1p is active during productive (lytic) EBV
infection as well, and it was initially described as a lytic promoter. All of the
active latent promoters (Qp, EBER1p, EBER2p, BARTp) studied in type II
latency are unmethylated (Tao et al. 1998; Minarovits et al. 1992; de Jesus
et al. 2003) while the silent Wp (in NPCs and midline granulomas) and Cp
(studied inmidline granulomas) ismethylated (Hu et al. 1991;Minarovits et al.
1994). LMP1p is also unmethylated in NPCs (Hu et al. 1991; Falk et al. 1998)
and midline granulomas (Minarovits et al. 1994) expressing LMP1 protein
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Table 2 Activity and methylation patterns of latent Epstein–Barr virus promoters in
type II latency

Designation Activity CpG Methylation

EBNA1–6/EBNA1 promoters
Wp Off ?
Cp Off +
Qp On −

LMP promoters
LMP1p ? −
TRp On ?
LMP2Ap On ?
LMP2Bp On −

EBER promoters
EBER1p On −
EBER2p On −

Promoters for BamHI A transcripts
BARTp On −
BARF1p On ?

or LMP1 mRNA, respectively, but the activity of this promoter (versus the
alternative promoter, TRp) in type II latency, remains to be established.

Type III latency is characterized by expression of six nuclear antigens
(EBNA 1–6) encoded by transcripts originating at Cp, a lymphoid-specific
promoter (see Table 3; Sung et al. 1991; Jin and Speck 1992; Contreras-Brodin
et al. 1991). Cp is active only in B lymphoblastoid cells (LCLs) and group III
BL lines. EBNA 2 is the major transactivator protein of EBV, which is involved
in immortalization and malignant transformation of B cells. It binds to a cel-
lular protein (CBF1, C promoter binding factor 1) at regulatory sequences of
viral and cellular promoters (Ling et al. 1994). EBNA 3, 4, 6, and 5 (also called
EBNA 3a, b, c, and LP, respectively) modulate the activity of EBNA 2-regulated
promoters. It is interesting to note that at the beginning of in vitro EBV infec-
tion and immortalization of human B cells, Cp is inactive while an alternative
promoter, Wp, is active (Woisetschlaeger et al. 1990). Wp is methylated and
switched off, however, at a later stage when the unmethylated Cp is activated
(promoter switch) (Tierney et al. 2000). Cp may also replace Qp during the
type I to type III latency switch accompanying a phenotypic change (drift)
in cultivated BL lines (Kerr et al. 1992; Altiok et al. 1992). Wp methylation
is variable, however, in LCLs and group III BL lines, suggesting that other
epigenetic regulators may also contribute to the suppression of Wp activity
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Table 3 Activity and methylation patterns of latent Epstein–Barr virus promoters in
type III latency

Designation Activity CpG methylation

EBNA1–6/EBNA1 promoters
Wp Off +/−
Cp On −
Qp Off −

LMP promoters
LMP1p On −
TRp ? ?
LMP2Ap On −
LMP2Bp On −

EBER promoters
EBER1p On −
EBER2p On −

Promoters for BamHI A transcripts
BARTp On ?
BARF1p Off ?

(Minarovits et al. 1991; Elliott et al. 2004). Qp is silent (in spite of the fact that
it is unmethylated) in LCLs; it is probably repressed by binding of a cellular
protein (Salamon et al. 2001). The active EBER transcription units and the
active LMP promoters studied are unmethylated in LCLs (Minarovits et al.
1992; Salamon et al. 2001, 2003; Takacs et al. 2001a; see Table 3).

4.3
Reactivation of γ-Herpesviruses: A Dual Role for DNA Methylation?

Productive (lytic) replication of herpesviruses can be induced in cells carrying
latent viral genomes by activation of IE genes. IE gene products activate
thereafter transcription of lytic viral genes in a cascade-like manner. The
promoter for the ORF50 gene encoding Lyta (KSHV/Rta), an IE protein of
Kaposi’s sarcoma-associated herpesvirus (KSHV; human herpesvirus 8), was
heavily methylated in primary effusion lymphoma (PEL)-derived cell lines
during latency, but induction of the lytic cycle by 12-O-tetradecanoylphorbol-
13-acetate (TPA) caused Lyta promoter demethylation (Chen et al. 2001). This
suggests that KSHV maintains latency by controlling (repressing) the activity
of a key promoter, Lyta, via DNA methylation. In contrast, demethylation
impairs activation of Rp, the IE promoter for the BRLF1 gene of EBV, by the IE
protein BZLF1 (Z) (Bhende et al. 2004). Bhende et al. suggest that preferential
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binding of BZLF1 to the methylated form of its downstream target gene
permits reactivation of highly methylated EBV genomes, probably by inviting
a histone acetylase to the region. Rp methylation (which is due in large part
to the action of DNA methyltransferase 3B), is not necessarily high, however,
in latent EBV genomes; as a matter of fact, Rp is only moderately methylated
(“mixed pattern”) in certain LCLs (Tao et al. 2002).

4.4
Activator/Repressor Complexes and Histone Modifications
in Regulatory Regions of γ-Herpesvirus Genomes

A series of cell type-specific or general transcription factors bind to regulatory
regions of γ-herpesviruses. Most of them were identified in in vitro exper-
iments. In vivo footprinting studies partly supported and partly extended
these results. A consequent finding at the EBNA 2-activated Cp and LMP2Ap
of EBV was the presence of a CBF1 footprint(s) in cells actively using these
promoters and the absence of a typical CBF1 footprint in cells with silent Cp
and LMP2Ap (Salamon et al. 2001, 2003). This implies that although CBF1 is
present in cells with silent Cp and LMP2Ap, in the absence of EBNA 2 it does
not bind to its recognition sites.

A multiprotein complex of Max, Mad1, and mSin3A binds to a transcrip-
tional silencer and recruits histone deacetylases, inactivating the LMP1 pro-
moter by altering the structure of chromatin (Sjöblom-Hallén et al. 1999).
Inhibition of histone deacetylases induces LMP1 transcription in two BL lines
(Daudi, P3HR-1) but not in Rael. LMP1p is highly methylated in Rael cells
(Salamon et al. 2001), and 5-azacytidine, an inhibitor of DNA methyltrans-
ferases, is capable of switching on LMP1p in this BL line (Masucci et al. 1989;
Sjöblom-Hallén et al. 1999). These results imply that more than one epigenetic
mechanism contributes to transcriptional repression of LMP1p.

Histone modifications may extend to larger regions, not only to the vicin-
ity of latent EBV promoters (Chau and Lieberman 2004). Methylation of
histone H3 on lysine 4 (H3mK4) is a characteristic feature of a region encom-
passing LMP1p, EBER 1 and 2, oriP, Cp, and the W repeats in an LCL (type III
latency), but it is confined to the EBER transcription units and oriP in a BL line
(type I latency). Outside of EBER genes and oriP, it is replaced with methylated
histone H3 at lysine 9 (H3mK9), which correlates with transcriptional repres-
sion (rep*, a highly methylated sequence is located in this area, 3′ of oriP;
Niller et al. 2001). The heterochromatic region reaches LMP1p and Cp, which
are silent in type I latency. In addition, Chau and Lieberman charted a region
5′ from Cp, at the boundary of the euchromatic and heterochromatic domain,
where CTCF (CCCTC-binding factor) was bound. They suggest that CTCF
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blocks expansion of histone H3mK4 from the oriP enhancer region (which is
hypomethylated or unmethylated in BLs and LCLs; Falk et al. 1998; Salamon
et al. 2000) to Cp, interfering thereby with the activity of the enhancer.
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Abstract Despite significant effort, understanding the causes and mechanisms of com-
plex non-Mendelian diseases remains a key challenge. Although numerous molecular
genetic linkage and association studies have been conducted in order to explain the
heritable predisposition to complex diseases, the resulting data are quite often incon-
sistent and even controversial. In a similar way, identification of environmental factors
causal to a disease is difficult. In this article, a new interpretation of the paradigm of
“genes plus environment” is presented in which the emphasis is shifted to epigenetic
misregulation as a major etiopathogenic factor. Epigenetic mechanisms are consistent
with various non-Mendelian irregularities of complex diseases, such as the existence
of clinically indistinguishable sporadic and familial cases, sexual dimorphism, rela-
tively late age of onset and peaks of susceptibility to some diseases, discordance of
monozygotic twins and major fluctuations on the course of disease severity. It is also
suggested that a substantial portion of phenotypic variance that traditionally has been
attributed to environmental effects may result from stochastic epigenetic events in the
cell. It is argued that epigenetic strategies, when applied in parallel with the traditional
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genetic ones, may significantly advance the discovery of etiopathogenic mechanisms
of complex diseases. The second part of this chapter is dedicated to a review of
laboratory methods for DNA methylation analysis, which may be useful in the study of
complex diseases. In this context, epigenetic microarray technologies are emphasized,
as it is evident that such technologies will significantly advance epigenetic analyses in
complex diseases.

1
Introduction

The possibility of understanding the molecular basis of human diseases is
one of the most exciting perspectives of contemporary biomedical research.
Since most (if not all) diseases exhibit inherited predisposition, significant
research effort has been dedicated to identification of heritable risk factors.
Despite major technological and computational developments, the progress
in elucidation of aetiological DNA sequence variants in the overwhelming
majority of human disease, primarily complex non-Mendelian disease, has
been slow. The problems in understanding the molecular origin of complex
diseases could be due to limitations in the current research strategy, which
is focused primarily on DNA sequence variation (e.g. mutations, polymor-
phisms). As a rule, such DNA sequence variants are thought to be located
in the coding or regulatory part of a gene, and this expectation originates
from a series of discoveries in simple Mendelian disorders such as sickle
cell anaemia, thalassaemia, phenylketonuria, Duchenne muscular dystrophy
and cystic fibrosis. The idea of the essential role of DNA sequence variation
has been generalized and extrapolated to the “fundamentally different group
of diseases” (Risch 1990), namely complex non-Mendelian diseases. Com-
plex diseases, unlike simple ones, exhibit irregular (non-Mendelian) mode
of inheritance, discordance of monozygotic (MZ) twins, possible role of en-
vironmental factors, sexual dimorphism, a fluctuating course of disease and
parental origin effects, among other features. Some methodological changes
have been required in order to fit complex diseases into the already devel-
oped schemes of analyses. Such modifications basically consist of treating
the genes as “predisposing” factors instead of “causative” factors and put
some emphasis on environmental effects. It has to be admitted that to some
extent the current paradigm has been successful in some complex diseases,
especially familial cases, and a series of gene mutations has been identified
in colon cancer, breast cancer and Alzheimer’s disease, to name a few. The
overwhelming proportion of non-Mendelian pathology, however, remains
unexplained. In this context, epigenetics—with its multifaceted role in regu-
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lation of various genomic functions—arrives as a new frontier of molecular
studies of complex disease. By definition, epigenetics refers to regulation of
various genomic functions that are brought about by heritable, but poten-
tially reversible changes in DNA modification (more specifically, methylation
of cytosines) and chromatin structure (modifications of chromatin proteins
such as histone acetylation, methylation or phosphorylation; Henikoff and
Matzke 1997). Genes, even the ones that carry no mutations or disease pre-
disposing polymorphisms, may be useless or even harmful if not expressed
in the appropriate amount, at the right time of the cell cycle or in the right
compartment of the nucleus. There is increasing evidence that cells can op-
erate normally only if both DNA sequence and epigenetic components of the
genome function properly. Thus far, the role of epigenetic factors has been
primarily investigated in rarepaediatric syndromes, suchasPrader–Willi,An-
gelman (Nicholls 2000; Nicholls and Knepper 2001), Beckwith–Wiedemann
(Feinberg 1999; Walter and Paulsen 2003; Weksberg et al. 2003) and Rett syn-
drome (Amir et al. 1999), and also the malignant transformation of cells in
cancer (Baylin and Herman 2000; Jones and Laird 1999). This study describes
the advantages of the epigenetic interpretation of common non-Mendelian
complexities as well as epigenetic re-interpretation of a series of clinical and
molecular findings in complex disorders. In the second part of the chapter,
laboratory methods for DNA methylation analysis, which may be useful in
the study of complex diseases, are reviewed and recommendations for their
applications are provided.

2
Epigenetics and Complex Disease

The epigenetic theory of complex disease is based on three premises:

1. The epigenetic status of genes and genomes is far more dynamic in com-
parison to the DNA sequence and is subject to changes under the influence
of developmental programs and the internal and external environment of
the organism (Cooney et al. 2002; Sutherland and Costa 2003; Waterland
and Jirtle 2003; Weaver et al. 2004). After mitotic division, the daughter
chromosomes do not necessarily carry identical epigenetic patterns in
comparison to the parental chromosomes. Over time, substantial epige-
netic differences may be accumulated across the cells of the same cell line
or the same tissue. In addition, quite significant epigenetic changes may
occur even in the absence of evident environmental differences, i.e. due to
stochastic reasons. In tissue culture, fidelity of maintenance methylation
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in mammalian cells was detected to be between 97% and 99.9% and de
novo methylation activity was as high as 3%–5% per mitosis (Riggs et al.
1998). It is important to note that epigenetic patterns are not established
chaotically; there is a significant continuity of epigenetic patterns during
mitotic divisions.

2. Some epigenetic signals can be transmitted along with DNA sequence
across the germline generations, i.e. such signals exhibit partial meiotic
stability. Although it has been generally accepted that, during the mat-
uration of the germline, gamete’s epigenetic signals are erased and new
epigenetic profiles are established (Li 2002), it is now becoming clear that
not all epigenetic signals are removed during gametogenesis, and epi-
genetically determined traits can be transmitted from one generation to
another (Rakyan and Whitelaw 2003; Rakyan et al. 2001, 2002).

3. Epigenetic signals are critically important for the regulation of various
genomic functions (Henikoff and Matzke 1997), and epigenetic misreg-
ulation may be as detrimental to an organism as are mutant genes. In
addition to regulation of gene activity (Constancia et al. 1998; Ehrlich
and Ehrlich 1993; Jones et al. 1998; Nan et al. 1998; Razin and Shemer
1999; Riggs et al. 1998; Siegfried et al. 1999), epigenetic factors play an
important role in numerous other genomic functions (Bestor and al. 1994;
Riggs and Porter 1996) including genetic recombination (Petronis 1996)
and DNA mutability (Yang 1996).

The scientific value of the epigenetic model of complex disease lies in the
possibility of integrating a variety of apparently unrelated data into a new the-
oretical framework, which provides the basis for new hypothesis and experi-
mental approaches. The below overview is primarily based on the epigenetic
re-analysis of various non-Mendelian irregularities in three major psychiatric
diseases: bipolar disorder, schizophrenia and major depression.

2.1
Discordance of Monozygotic Twins, Environmental Impact, Stochasticity

Common phenotypic differences (discordance) in identical twins have been
one of the hallmarks of complex non-Mendelian disease. For example, pro-
band-wise, MZ concordance for major depression is 31% for male and 48% for
female MZ twins (Kendler and Prescott 1999), 62%–79% in bipolar disorder
(Bertelsen et al. 1977), and 41%–65% in schizophrenia (Cardno and Gottes-
man 2000) [for concordance rates in other diseases, in both MZ and dizygotic
(DZ) twins, see Fig. 1]. The phenomenon of differential susceptibility to dis-
ease in genetically identical twins was identified decades ago; however, the
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Fig. 1 Concordance of MZ and DZ twins for different disorders. As a rule, the degree
of concordance in MZ twins is lower than 100% for nearly all complex diseases but
substantially higher in comparison to the concordance rate in DZ twins

causes of such differences remain unknown. The traditional explanation for
only one MZ twin having a clinical disease consists of the so-called “non-
shared” environmental effects (Reiss et al. 1991), which supposedly produce
disease in one of the two genetically predisposed co-twins. Several attempts
to identify DNA sequence differences in MZ twins discordant for psychiatric
diseases were carried out, but they did not detect any systemic DNA sequence
differences in the tested twins (Deb-Rinker et al. 1999, 2002; Lavrentieva et al.
1999; Polymeropoulos et al. 1993; Tsujita et al. 1998; Vincent et al. 1998).
Following the epigenetic model of complex disease (see Sect. 2.5 below), phe-
notypic differences in MZ twins result from their epigenetic differences. Due
to the partial stability of epigenetic signals, a substantial degree of epigenetic
dissimilarity can be accumulated over millions of mitotic divisions of cells
in genetically identical organisms. This is well illustrated in inbred animals
(Rakyan et al. 2002) and Beckwith–Wiedemann MZ twins (Weksberg et al.
2002), as well as in schizophrenia MZ twins (Petronis et al. 2003).

Epigenetic differences in identical twins may reflect differential exposure
to a wide variety of environmental factors (that are very difficult to investi-
gate directly) (Taubes 1995). There is an increasing list of such environmental
factors that may have an impact on the epigenetic status of the genomes and
individual genes (Jablonka and Lamb 1995; Ross 2003; Sutherland and Costa
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2003). Epigenetic changes induced by diet have been of particular interest.
For example, intake of affects both the global methylation level in the genome
and regulation of imprinted genes (Ingrosso et al. 2003; Wolff et al. 1998).
“Street” may also modify epigenetic regulation: Recent studies showed that
methamphetamine that causes psychosis in humans alters DNA methylation
as well as expression of genes in brain regions that are thought to be involved
in schizophrenia (Numachi et al. 2004). This effect may be mediated via mis-
regulation of DNA methylation enzymes, such as DNA methyltransferase,
DNMT1, which was detected to be upregulated in the brain of schizophre-
nia patients (Veldic et al. 2004). During pregnancy, maternal dietary methyl
supplements increase DNA methylation and change methylation-dependent
epigenetic phenotypes in mammalian offspring (Cooney et al. 2002; Water-
land and Jirtle 2003). Particularly interesting was the finding that pup licking
and grooming and arched-back nursing by rat mothers altered the offspring’s
DNA methylation and histone modifications at a glucocorticoid receptor gene
promoter in the hippocampus (Weaver et al. 2004).

In addition, quite significant epigenetic changes may occur even in the
absence of evident environmental differences, i.e. due to stochastic reasons
(Fig. 2). After mitotic division, the daughter chromosomes do not necessarily
carry identical epigenetic patterns in comparison to the parental chromo-
somes, and this takes place without any specific environmental input. Over
time, substantial epigenetic differences may be accumulated across the cells
of the same cell line or the same tissue. As has been mentioned already, ex-

Fig. 2a, b Stochastic fluctuations in the methylation content of a genomic DNA frag-
ment. a Top: Fully methylated regions may be particularly stable. The methylation
level barely varies over time (line). Bottom: Epigenetic metastability of a short ge-
nomic region, indicated by fluctuations in the methylation level over time. The loss or
gain of methyl groups at specific CpG dinucleotides results in different epigenotypes
in the cells with identical genotypes. b An epimutation transmitted to identical twins
causes the disease in only one co-twin (due to epigenetic differences in the brains),
but the disease risk to the offspring of such discordant MZ twins is similar (due to the
epigenetic similarities in their germline; Petronis 2004)
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periments performed in tissue culture (where the genomes were identical
and environment was fully controlled), fidelity of maintenance methylation
in mammalian cells was detected to be a few percentage points short of 100;
plus, evidence for some degree of de novo methylation activity was identified
(Riggs et al. 1998). Such stochastic events may add up over the numerous mi-
totic divisions in two identical twins and result in quite substantial epigenetic
differences is some genes and genomic regions, which results in phenotypic
discordance.

2.2
Sex Effects and Critical Age

One of the important peculiarities of complex disease is sexual dimorphism—
differential susceptibility to a disease in males and females—that cannot
be explained by genetic risk factors on the sex chromosomes. For example,
women experience a lifetime episode of major depression about twice as often
as men (Piccinelli and Wilkinson 2000). Additionally, data of longitudinal
studies suggest that depressedwomenhave longer episodesofdepression than
men and a lower rate of spontaneous remission (Weissman and Olfson 1995).
The onset of the gender gap in depression occurs between the ages of 11 years
and 13 years, when a precipitous rise in depression rates for adolescent girls
far exceeds that in adolescent boys, and by 15 years of age females are twice as
likely as males to have experienced a major depressive episode (Cyranowski
et al. 2000). These findings argue that changes in the endocrine milieu, as
females progress from pre-puberty to post-puberty, might explain gender-
linked increases in major depression (Warren and Brooks-Gunn 1989). In
schizophrenia, the first episode usually occurs in one of three critical ages:
adolescence/early adulthood, in the late 40s in women and in the sixth decade
inbothmales and females (Howardet al. 2000),which evidently coincideswith
the periods of major hormonal rearrangements in the organism. Generally,
intracellular effects of hormones are very consistent with the basic idea of
epigenetic misregulation. Various hormones, including sex hormones, have
an impact on epigenetic regulation. This is achieved by changing chromatin
conformation (Csordas et al. 1986; Jantzen et al. 1987; Pasqualini et al. 1989;
Truss et al. 1992), the local pattern of gene methylation (Saluz et al. 1986;
Yokomori et al. 1995), or both. Hormone- induced epigenetic changes in
critical genes may precipitate the onset of illness, and may also contribute
to the differential susceptibility of the two sexes to complex diseases and the
multiple age peaks seen in the onset of major psychosis. The findings of sex-
specific effects in major depression, such as male-only linkage on 12q22-q23.2
(Abkevich et al. 2003) and female-only linkage on 2q33-35 (Zubenko et al.
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2003), may be mediated via sex hormone-specific epigenetic modifications of
the genes in these regions. Such findings argue that in some cases, to become
a disease risk factor a gene (haplotype) must be epigenetically modified by
oestrogens or androgens.

2.3
Parent-of-Origin Effects

In some psychiatric diseases, risk to offspring depends on the sex of the af-
fected parent. For example, the risk of developing bipolar disorder is higher
in the offspring whose mother is affected rather than the father (McMahon
et al. 1995). Parent of origin-dependent clinical differences were also detected
in schizophrenia (Crow et al. 1989; Ohara et al. 1997). Genetic linkage studies,
although rarely performed in sex-specific fashion, also reveal parental origin
effects in major psychosis (McMahon et al. 1997; Petronis et al. 2002; Schulze
et al. 2003). One of the most common mechanisms of parent-of-origin effects
is genomic imprinting (Hall 1990). The essence of genomic imprinting con-
sists of the differential epigenetic modification of genes depending upon their
parentalorigin (Barlow1995).Disruptionof thenormal imprintingpatternof-
ten causes diseases that affect cell growth, development and behaviour (Pfeifer
2000). Animal studies investigating biological effects of genomic imprinting
shed some new light on the impact of disrupted imprinting patterns on the
development of the brain. Chimeric mice containing normal and uniparental
cells have shown that parthenogenetic (Pg, complete maternal disomy) and
androgenetic (Ag, complete paternal disomy) cells contribute differentially
to specific regions of the brain (Allen et al. 1995; Schumacher 2001). In early
development, Ag cells contribute substantially to those parts of the brain that
are important for primary motivated behaviour (e.g. hypothalamus, septum
and preoptic area) and proliferate extensively in the medio-basal forebrain.
By contrast, Pg cells accumulate in the developing neocortex, striatum and
telencephalic structures, where Ag cells are excluded (Keverne 1997). These
results suggest an important role of epigenetic processes such as parent-of-
origin effects or genomic imprinting in brain development. Such epigenetic
events result in known aberrations of brain development. For example, An-
gelman syndrome—which presents with paroxysms of laughter, seizures,
attention deficit, hyperactivity and aggressive behaviour—frequently shows
anomalous cortical growth, resulting in cortical atrophy, microencephaly and
ventricular dilation (Leonard et al. 1993; Schumacher 2001; Williams et al.
1989).
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2.4
Familiality and Sporadicity in Complex Disease

While the explanation of all the above non-Mendelian features was based on
the partial epigenetic stability in somatic cells, there is also an interesting
perspective on the role and outcomes of the partial epigenetic stability during
the maturation of the germline (Fig. 3). The meiotic epigenetic metastability
allows for re-thinking on the issue of familiality (minor proportion of all
cases) and sporadicity (overwhelming majority of the cases) in complex dis-
ease. Extrapolating from a single experimental finding of intergenerational
dynamics of epigenetic regulation (Allen et al. 1990), it can be hypothe-
sized that disease epimutations may develop in two possible ways: (1) regress
towards the norm in the germline of an affected individual, and his/her off-
spring will not be affected, or (2) may persist across generations and become

Fig. 3a, b Epigenetic perspective on the familial and sporadic cases of psychiatric
disease. a Some epimutations may persist across generations and become even more
pathogenic, which results in increased clinical severity and earlier age of onset. In
some diseases it can occur that the symptoms get progressively worse every generation.
b Other epimutations may regress towards the normal in the germline of a psychiatric
patient, and his/her offspring will not be affected
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even more pathogenic (Petronis 2004). Such meiotically persistent and pro-
gressing epimutations result in increasing clinical severity and earlier age
of onset, which is characteristic of genetic anticipation (Petronis 2004). Ge-
netic anticipation is a pattern of inheritance of genetic diseases where each
successive generation seems to contract a more severe form of the genetic dis-
ease. Genetic anticipation has been widely investigated in psychiatric diseases
(McInnis 1996; Petronis and Kennedy 1995) but is very difficult to prove due to
various ascertainment biases (Heiman et al. 1996; Hodge and Wickramaratne
1995). Epigenetic studies of the intergeneration epigenetic dynamics relevant
to the disease may also shed a new light on the issue of genetic anticipation.

2.5
The Epigenetic Model of Complex Disease

The epigenetic model of complex disease could be imagined as a result of
a chain of aberrant epigenetic events that begins with a pre-epimutation,
a primary epigenetic problem that takes place during the maturation of the
germline. Yet, pre-epimutation increases the risk for the disease but is not
sufficient to cause the disease per se. The epigenetic misregulation can be
tolerated to some extent, and the age of disease onset may depend on the mul-
tidirectional effects of tissue differentiation, stochastic factors, hormones and
probably some external environmental factors (nutrition, infections, medi-
cations, addictions, etc.; Jaenisch and Bird 2003; Sutherland and Costa 2003;
Petronis 2004). It may take decades until the epigenetic misregulation reaches
a critical threshold beyond which the cell (tissue, structure) is no longer able
to function normally. The phenotypic outcome depends on the overall effect
of the series of pre- and post-natal impacts on the pre-epimutation. Only some
predisposed individuals will reach the “threshold” of epigenetic misregula-
tion that causes the phenotypic changes that meet the diagnostic criteria for
a clinical disorder (Fig. 4). Severity of epigenetic misregulation may fluctuate
over time, which in clinical terms is called remission and relapse. In some
cases, “ageing” epimutations may start slowly regressing back to the norm. For
example, in major psychosis, this is seen as fading psychopathology or even
partial recovery, which is consistent with age-dependent epigenetic changes
in the genome (Fuke et al. 2004).

In conclusion, it can be argued that epigenetic mechanisms have the poten-
tial to explain a number of non-Mendelian features of complex disease. The
advantages of the epigenetic scenario in comparison to the DNA sequence-
based model is that the former is consistent with long years of ostensible
health, critical susceptibility periods, fluctuating course and even clinical
improvement after decades of being affected with a debilitating disease. The
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Fig. 4 Disease-development due to pre-epimutations. A pre-epimutation changes dur-
ing development and may be influenced by various factors such as cell differentiation,
intra- and extracellular environment, hormones and stochastic factors. Reaching a cer-
tain epigenetic threshold results in psychosis

epigenetic theory doesnot reject the roleofDNAsequencevariationbut rather
suggests that, in complex diseases, contribution of epigenetic factors may be
substantial, and DNA sequence variation within genes should be investigated
in parallel with the epigenetic regulation of genes.

3
Strategies for Detection of Epigenetic Differences in Complex Genomes

3.1
Methodological Issues in Epigenetic Studies of Complex Disease

The aforementioned theoretical speculations provide the basis for numerous
working hypotheses of epigenetic differences between individuals affected
with complex disease and controls. Despite significant heuristic value, epige-
netic studies of complex disease are confounded by a number of factors which
should be taken into account when designing experiments or interpreting
data.

First, for an epigenetic study, specific tissues—the primary sites of the
disease manifestation—are required, unlike the traditional genetic (linkage
and association) studies where the cell/tissue source of the DNA sample is
not critical. Disease-associated epigenetic differences are more likely to be
detected in the disease-related tissue than the unrelated one, so in the case of
major psychiatric disease, post-mortem brain samples are necessary.

Second, when dealing with complex organs such as brain, cellular hetero-
geneity should be taken into account as well, because there is little doubt that
different types of neurons and glial cells may exhibit epigenetic differences—
orcolonepithelial cells versus thewhole tissue.An ideal epigenetic experiment
would investigate homogeneous cells collected by laser capture microdissec-
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tion or fluorescence-activated cell sorting. However, the microdissection ap-
proach can only yield several hundred cells (and nanograms of DNA), which
may limit the application of further methods (that require large amounts of
DNA) for mapping of epigenetic differences.

Third, human tissues usually become available after a relatively long (12 h–
30 h) post-mortem interval, which causes degradation of the nuclear epige-
nomic components, primarily histones. The same applies to the archived
pathology samples, such as paraffin-embedded or formalin-fixed tissue sec-
tions. In comparison to histone modification, DNA modification is relatively
stable (this is oneof themain reasonswhy thebelowreviewof specificmethods
and the majority of epigenetic research to date is focused on DNA methylation
analysis).

The fourth complexity is related to our ignorance of what specific genes
and genomic loci could be aetiologically important in epigenetic studies of
complex disease. It is not clear, for example, if in major psychosis the genes
encoding dopamine or serotonin receptors (that are among the most popular
molecules in psychiatric research) are really the best targets for epigenomic
analyses. The focus on such genes may just be a reflection of our biased and
superficial understanding of the etiopathogenic mechanisms of the disturbed
brain.

Fifth, it is not clear what size of epimutation—the disease-specific epige-
netic change—can be expected in complex disease: Is it a major difference—
“black or white” case (such as seen in imprinted genes)—between the affected
individuals and controls, or rather the more “shades of grey” scenario, where
the epigenetic differences between the affected and unaffected subjects are
rather subtle.

Sixth, detected associations of epigenetic changes and disease phenotype
do not automatically imply the cause–effect relationship, as disease process
can be caused not only by epigenetic changes but could be the cause of some
epigenetic changes. Longitudinal studies, especially the ones that include the
premorbid conditions (before the presentation of the clinical symptoms) are
practically limited to experimental animals. In human studies, analysis of the
tissues that are not involved in the disease process may provide some insights
on the cause–effect relationship. The expectation is that at least some epige-
netic changes can also be detected in other tissues, which may reveal tissue
non-specific epigenetic changes reflecting events that took place before the
tissues were formed, such as in early embryogenesis. Precedents for this type
of research are evidenced by the epimutations at IGF2 (Cui et al. 2003) in lym-
phocytes of colon cancer patients, and at KCNQ1OT1 in the lymphocytes and
skin fibroblasts of Beckwith–Wiedemann syndrome individuals (Weksberg
et al. 2002).
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3.2
Experimental Techniques in DNA Methylation Analysis

A myriad of techniques exist for the identification of methylated cytosines
(Table 1). Despite their diversity, most of the analytical approaches can be
divided into the bisulphite modification-based techniques and the ones that
use methylation-sensitive restriction enzymes (MSREs).

3.2.1
Bisulphite Modification-Based Approaches

The bisulphite modification method has been one of the most significant de-
velopments in methylation analysis. The key advantage of this method is sen-
sitivity, as the degree of methylation in each position of cytosines can be iden-
tified with great precision. Although there are different permutations of the
bisulphite technology, all of them are based on the conversion of cytosine into
uracil under conditions where 5-mC remains unaltered (Frommer et al. 1992).
A number of published protocols differ in the way the chemical modification
is performed; however, the approach remains one of the more demanding
techniques of molecular biology. The most commonly encountered artefact
arises due to the high salt concentrations in the bisulphite reaction, which
favours reannealing of DNA and, in turn, inhibits the sulphonation. The in-
complete conversion will then be detected as false methylated cytosines (Rein
et al. 1998). In addition, a small portion of 5-methylcytosines (5-mC) may
be converted to thymine, which results in false negatives (Thomassin et al.
1999). Furthermore, treatment with bisulphite, especially at high tempera-
tures, leads to DNA degradation due to partial acid-catalysed depurination.
Consequently, a high proportion of the template DNA is too fragmented to
be analysed. This problem is important when only limited amounts of start-
ing material is available, e.g. when using post-mortem brain samples, small
amounts of body fluids or microdissected tissues. This predicament intensi-
fies further if the remaining DNA fragments are lost during the subsequent
purification (desalting), which has to be extremely stringent. Since sodium
bisulphite is a very effective pH buffer, residual bisulphite will prevent the
complete alkalinization of the DNA solution during desulphonation. How-
ever, if the reaction intermediate uracil-sulphonates are not converted, any
DNA polymerase will be unable to replicate the template. Additionally, due to
the 3-dimensional nature of the single-stranded (ss)DNA template, it may oc-
cur that some cytosines are not converted because they are included in hairpin
structures that contain double-stranded regions (Rother et al. 1995). When
analysing hypermethylated sequences, this effect can be even more severe,
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Table 1 Methylation profiling technologies

Category Method BS MSR PCR Gene Diff Global Resolutiona Reference(s)

BS-based Standard bisulphite genomic sequencing • – • • – – High Frommer et al. 1992
RNase1 T1-MALDI-TOF • – • • – – Medium Schatz et al. 2004
MethylQuant • – • – – – Very high Thomassin et al. 2004
MethyLight/HeavyMethyl-
MethyLight/ConLight-MSP

• – • • – – High Cottrell et al. 2004;
Eads et al. 2000;
Rand et al. 2002

Pyrosequencing • – • • – – Very high Dupont et al. 2004;
Uhlmann et al. 2002

Chloroacetaldehyde assay • – – – – • Very low Oakeley et al. 1999
MALDI-mass spectrometry • – • • – – Very high Tost et al. 2003
Quantitative analysis
of methylated alleles (QAMA)

• – • • – – Medium Zeschnigk et al. 2004

Methylation-specific PCR (MSP) • – • • – – High Herman et al. 1996
MSP-DHPLC • – • • – – High Baumer et al. 2001
Methylation-sensitive single-nucleotide
primer extension (Ms-SnuPE)

• – • • – – High Gonzalgo and Jones 2002

Primer extension
and ion pair reverse phase HPLC

• – • • – – High Matin et al. 2002

Quantitative real-time PCR • – • • – – High Lo et al. 1999
Methylation-sensitive dot blot assay
(MS-DBA)

• – • • – – Medium Clement and
Benhattar 2005

Microplate-based quantitative
methylation assay (MANIC)

• – • • – – Low Yamamoto et al. 2004
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Table 1 (continued)

Category Method BS MSR PCR Gene Diff Global Resolutiona Reference(s)

Enzymatic regional methylation
assay (ERMA)

• – • • – – Medium Galm et al. 2002;
Zhang et al. 2004

Denaturing gradient gel
electrophoresis (DGGE)

• – • • – – Very low Guldberg et al. 2002

In-tube melting curve analysis
and melting curve methylation specific
PCR (McMSP)

• – • • – – Very low Akey et al. 2002;
Guldberg et al. 2002;
Worm et al. 2001

Methylation-sensitive single-strand
conformation analysis (MS-SSCA)

• – • • – – Low Dobrovic et al. 2002

Methylation-specific oligonucleotide
microarray

• – • • • • High Adorjan et al. 2002;
Balog et al. 2002;
Gitan et al. 2002

Combined bisulphite restriction analysis
(COBRA)

• • • • – – High Xiong and Laird 1997

Melting curve combined bisulphite
restriction analysis (McCOBRA)

• • • • – – Medium Akey et al. 2002

MSR-based Arbitrarily primed (AP)-PCR/restriction
fingerprinting (MSRF)

– • • – • – Low Gonzalgo et al. 1997;
Huang et al. 1997;
Liang et al. 2002

McrBC-PCR – • • • – – Low Chotai and Payne 1998
MS-RDA/methylated CpG island
amplification (MCA)-RDA

– • • – • – Low Toyota et al. 1999;
Ushijima et al. 1997

Amplification of inter-methylated
sites (AIMS)

– • • – • • Low Frigola et al. 2002
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Table 1 (continued)

Category Method BS MSR PCR Gene Diff Global Resolutiona Reference(s)

Methylation-sensitive amplicon
subtraction (MS-AS)

– • • – • – Low Mueller and
Doerfler 2000

MS-AFLP – • • – • – Low Xiong et al. 1999
Electrochemical sensoring LM-PCR – • • • – – Low Hou et al. 2003a
MS-amplicon epigenetic-oligonucleotide
microarray

– • • • • • High Schumacher et al. 2006

NotI-CODE microarrays – • • – • • Very low Li et al. 2002
NotI-MS-AFLP microarray – • • • • • Very low Yamamoto and

Yamamoto 2004
Hypermethylated fraction amplicon
microarray

– • • • • • Medium Hatada et al. 2002;
Yan et al. 2002

Methylation-sensitive restriction
(MSR)-Southern

– • – – – • High Rein et al. 1998

McrBC-Southern – • – – – • Very low Sutherland et al. 1992
Restriction landmark genomic
scanning (RLGS)

– • – • • – Very low Hayashizaki et al. 1993

Photocrosslinking oligonucleotide
hybridization assay

– • – • – – Medium Peoples et al. 2004

Size fractionation MSR microarray – • – • • • High Tompa et al. 2002

Other High-performance liquid
chromatography (HPLC)

– – – – – • Very low Kuo et al. 1980

High-performance or micellar
electrokinetic capillary electrophoresis
(HPCE)/(MECE)

– – – – – • Very low Fraga et al. 2002;
Stach et al. 2003
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Table 1 (continued)

Category Method BS MSR PCR Gene Diff Global Resolutiona Reference(s)

Thin-layer chromatography (TLC) – – – – – • Very low Schmitt et al. 1997
SssI acceptance assay – – – – – • Very low Wu et al. 1993
5mC-antibody immunochemical assay – – – – – • Low Oakeley et al. 1997
Nearest-neighbour [3H-CH3]-analysis – – – – – • Low Hubrich-Kuhner

et al. 1989
Hydrazine (N2H4)-sequencing – – • • – – High Rev.Thomassin et al. 1999
Permanganate (MnO4

−)-sequencing – – • • – – High Rev.Thomassin et al. 1999
Ligation-mediated (LM)-PCR – – • • – – High Pfeifer et al. 1989
Methyl-CpG binding domain (MBD)
column assays/ICEAMP

– – – – • – Very low Brock et al. 2001;
Cross et al. 1994

BS, bisulphite conversion; MSR, methyl-sensitive restriction enzymes; gene, method is suitable to interrogate larger DNA stretches or
whole genes; Diff., enables the direct genome-wide comparison of two test-samples without a priori knowledge of the target; global,
enables assessment of the total methylation level of a genome
a Very high, quantitative single CpGs; high, nucleotide level; medium, several CpGs; low, many CpGs; very low: global
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since methyl groups stabilize the double-helix structure. Finally, the ampli-
fication of bisulphite-treated DNA may result in preferential amplification
of either the methylated or unmethylated alleles. The “classical” bisulphite
modification approach requires cloning and sequencing of the PCR products
amplified from the bisulphite-treated DNA. Since the average number of such
clones to be sequenced is at least 20, it is evident that this step makes the entire
bisulphite modification approach a very labour-intensive procedure. Several
approaches that by-pass the cloning and sequencing step by means of direct
interrogation of C/T ratio (metC/C before bisulphite modification) in the am-
plicon have been developed over the last decade: for example, pyrosequencing
and methylation-sensitive single-nucleotide primer extension.

Pyrosequencing This method is based on an indirect bioluminometric assay
of pyrophosphate (PPi) that is released from each deoxynucleotide (dNTP)
upon DNA-chain elongation. In the first step, a primer is hybridized to
a bisulphite-treated single-stranded, PCR-amplified template DNA and in-
cubated with dNTP in the presence of exonuclease-deficient Klenow DNA
polymerase (see Fig. 5a). Nucleotides are sequentially added to the reac-
tion mix in a predetermined order. If a nucleotide is complementary to the
template base and thus incorporated, PPi is released. PPi is then used as
a substrate by an ATP sulphurylase, which converts quantitatively adenosine
5′-phosphosulphate (APS) to adenosine triphosphate (ATP). This ATP drives
a luciferase-mediated conversion of luciferin to oxyluciferin that generates
visible light in amounts that are proportional to the amount of ATP. The
emitted light is detected by a charge-coupled device (CCD) and finally results
in a peak, indicating the number and type of nucleotide incorporated in the
form of a pyrogram.

Pyrosequencing can be applied to quantitate several CpG dinucleotides
in one reaction and it works well with very short PCR fragments (Dupont
et al. 2004; Uhlmann et al. 2002). This is particularly important in the analysis
of samples that may contain moderately degraded DNA, such as paraffin-
embedded tissues or post-mortem brain-samples. Pyrosequencing is a rela-
tively rapid analysis once bisulphite-converted DNA is prepared. Addition-
ally, cytosines outside of the analysed CpG positions can be used as internal
controls to confirm completion of the bisulphite treatment. Nevertheless,
an inherent problem with the described method is sequencing of polymor-
phic regions in heterogeneous DNA material. Polymorphisms may cause the
sequencing reaction to become out of phase, making the interpretation of
the succeeding sequence difficult. Another problem is the difficulty in deter-
mining the number of incorporated nucleotides in homopolymeric regions,
which are present at a high frequency in bisulphite-treated DNA, due to the
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Fig. 5a, b Fine-mapping and confirmation of methylation abnormalities. a Pyro-
sequencing of bisulphite DNA. In this reaction, dCTP (the nucleotide added) is incor-
porated by a DNA polymerase complementary to the next unpaired nucleotide (G) on
the bisulphite-treated template DNA. The pyrophosphate (PPi) released is converted to
ATP and then to a light signal via an enzyme cascade, including ATP-sulphurylase and
luciferase.Before theadditionof thenextnucleotide starts, anyexcessofnucleotideand
ATP is degraded by apyrase, which regenerates the reaction solution. b Schematic out-
line of methylation-sensitive single-nucleotide primer extension (MS-SNuPE). After
bisulphite treatment, the DNA is amplified with a strand-specific primer that does not
discriminate between methylated and unmethylated alleles. Then, a primer is annealed
upstream of the target sequence, immediately terminating 5′ to the original CpG. Fi-
nally, a single-nucleotide extension reaction is performed using radioactively or fluo-
rescently labelled triphosphates, and the incorporation of the nucleotides is quantified

nonlinear light response following incorporation of more than 5–6 identical
nucleotides.

Methylation-Sensitive Single-Nucleotide Primer Extension This PCR-based
technique allows the quantitative analysis of several CpG sites in parallel.
After bisulphite conversion, the region of interest is amplified by strand-
specific PCR (Fig. 5b). The MS-SNuPE assay utilizes internal primers that
anneal to the amplified template and terminate immediately 5′ of the single
nucleotide(s) to be assayed. The annealed bisulphite-specific primers, which
should not preferentially discriminate between methylated and unmethylated
alleles, are extended by a DNA polymerase. Quantitation of the ratio of
methylated versus unmethylated cytosine (C versus T) at the original CpG
sites can then be determined by incubating the PCR product, primer(s) and
DNA polymerase with either [32P]dCTP or [32P]TTP or fluorescent-labelled
nucleotides followed by denaturing polyacrylamide gel electrophoresis or
quantitation in a sequencer. Opposite-strand Ms-SNuPE primers can also
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be designed which would incorporate either [32P]dATP or [32P]dGTP. The
amount of methylation at multiple CpG sites can be analysed in a single
reaction by using a multiplex oligonucleotide strategy without the need
for restriction enzymes. Advantages of the Ms-SNuPE technique are that
it can be performed in a quantitative manner and with a small amount of
starting material. However, it is likely that cytosines which are located close
to a CpG dinucleotide of interest do affect the results (Kaminsky et al. 2005).
This problem is particularly important when analysing CpG islands. Until
recently, many such regions have been investigated using Ms-SNuPe, but
CpG dinucleotides in the area of primer design had to be avoided (Dahl and
Guldberg 2003), which is a noticeable limitation of the technology. Recent
attempts have been made to overcome the problem of Ms-SNuPe primer
mismatch effects in order to interrogate CpG sites independent of sequence
context, including GC-rich regions, using matrix-assisted laser desorption
ionization (MALDI) mass spectrometry (Tost et al. 2003).

3.2.2
Methylation-Sensitive Restriction Enzyme-Based Approaches

Methylation sensitive restriction enzymes were first applied to epigenetic
studies at least three decades ago and for a long time were the primary tools
forDNAmethylationanalysisuntil thefinemappingusing thebisulphitemod-
ification approach was developed. The interest in MSREs is now resurging as
these enzymes are the key tools for large-scale epigenomic profiling using mi-
croarrays (see Sect. 3.3). Classical examples of methods using MSREs are MS-
Southern and the restriction landmark genomic scanning (RLGS), a method
that was used to detect genomic regions with alterations in DNA methylation
associated with tumourigenesis (Hayashizaki et al. 1993). RLGS employs di-
rect end labelling of the genomic DNA digested with a methylation-sensitive
restriction enzyme (usually NotI) and two-dimensional gel-electrophoresis.
The status of DNA methylation can then be determined by monitoring the
appearanceordisappearanceof spots in thegel.Othermethodsuse the restric-
tion endonuclease McrBC to compare DNA sample pairs (Chotai and Payne
1998; Sutherlandetal. 1992).McrBCcleavesDNAcontaining mCononeorboth
strands but will not act upon unmethylated DNA. McrBC will act upon a pair
of PumCG sequence elements, thereby detecting a high proportion of methy-
lated CpGs, but will not recognize HpaII/MspI sites (5′-CmCGG-3′) in which
the internal cytosine is methylated. McrBC digestion was used as a diagnostic
test forPrader–Willi andAngelmansyndromesbasedondifferential digestion
of repressed (maternally imprinted) SNRPN sequences by McrBC, followed
by PCR amplification of the SNRPN promoter (Chotai and Payne 1998).
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Over 250 different methylation-sensitive restriction enzymes (including
isoschizomers) are now available (see also Table 2), but which of these en-
zymes are really useful and informative for methylation profiling? Informative
MSREs are defined by the number of cleavage fragments in the range of ap-
proximately 75 bp to 2,000 bp that can be ligated to adaptors and efficiently
amplified, and are not lost during column-purification steps. Some enzymes,
although they cut frequently in the genome, produce fewer informative frag-
ments compared to other enzymes that do not cut as frequently. For example,
the non-palindromic AciI (5′-CCGC-3′) recognizes more than twice as many
CpG sites in CpG island regions compared to HpaII, but on the other hand
produces fewer fragments in the size range that can be detected by PCR or
amplified fragment length polymorphism (AFLP) methods (Table 2). Other
important enzyme features are their digestion- and ligation-efficiency, non-
specific (“star”) activity (e.g. Eco72I), costs and alternate CpG recognition
sequences. An example for the latter is TauI (5′-GCC/GGC −3′) that covers ap-
proximately 11% of all CpG dinucleotides in CpG islands; however, the results
canbeambiguous, since this enzymerecognizes twodifferent CpG-containing
sequences. Many other enzymes might be useful for specific purposes, but
may be exchanged with enzymes of higher CpG coverage. For example, Kpn2I
has the recognition sequence 5′-TCCGGA-3′, which is already covered by the
4-base cutter HpaII (5′-CCGG-3′). Other MSREs, such as Fnu4HI (5′-GCNGC-
3′), will also cut sequences that do not contain a CpG dinucleotide, hence they
are relatively inadequate in methylation analysis. All of these requirements
for the enzyme reduces the list of potentially useful and informative MSREs
to about 17 (Table 2), which would cover up to 85% of all CpG island CpG
dinucleotides but less than 50% of all CpG dinucleotides in other genomic
regions. The number of CpG sites that could be interrogated would even
increase dramatically if a methylation-sensitive enzyme was developed that
could cut the palindromic 4-base sequence 5′-TCGA-3′.

To gain the most out of restriction analyses, it is crucial to choose the right
enzyme combination for the targets to be interrogated. For example, some
MSREs cut relatively frequently in CpG islands but rarely recognize a se-
quence outside of a CpG island region, as it is the case for Hin6I (5′-GCGC-3′)
or Bsp143II (5′-PuGCGCPy-3′). In contrast, enzymes such as HpyCH4IV (5′-
ACGT-3′) cut predominantly outside of CpG island sequences and are less use-
ful in the interrogation of CpG islands, for instance in CpG island microarray-
based studies (see Sect. 3.3). Several other methods rely on the specific
methylation-sensitive cleavage of the rare cutter NotI (5′-GCGGCCGC-3′),
for example RLGS and AFLP methods and a couple of microarray approaches
(Li et al. 2002; Yamamoto and Yamamoto 2004). However, NotI-sites are not
well represented in the genome and will only provide a very rough overview
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Table 2 Methylation-sensitive restriction enzymes

MSRE Cut site 5′-3′ Overhangb CpGs in CpG
islandsa (∼%)

CpGs in non-CpG
islandsa (∼%)

Fragments/kb in
CpG islandsa

Fragments/kb in
non-CpG islandsa

AciI (SsiI) CCGC, GCGG 5′-CG-3′ 30.60 17.36 3.23 1.79

Hin6I (HinP1I) GCGC 5′-CG-3′ 14.40 5.05 3.98 0.61

Bsh1236I (AccII) CGCG Blunt end 12.06 2.45 3.57 0.25

HpaII (BsiSI) CCGG 5′-CG-3′ 11.70 9.33 3.98 1.18

TauI GCSGC 3′-GGC-5′ 11.30 2.07 3.25 0.18

Hin1I (BsaHI) GRCGYC 5′-CG-3′ 2.6 0.9 1.92 0.11

Bsh1285I (BsaO) CGRYCG 3′-Py-Pu-5′ 2.4 <0.05 1.82 <0.02

Eco52I (EagI) CGGCCG 5′-GGCC-3′ 1.7 <0.05 1.17 <0.02

HpyCH4IV (TaiI) ACGT 5′-CG-3′ 1.66 6.73 1.24 0.97

Esp3I (BsmBI) CGTCTC Blunt end 1.3 1.93 0.59 0.18

CpoI (CspI) CGGWCCG 5′-GAC-3′ 0.24 <0.05 0.1 <0.02

Bsp119I (AsuII) TTCGAA 5′-CG-3′ 0.11 0.13 0.11 <0.02

PvuI (BspCI) CGATCG 3′-TA-5′ 0.11 0.13 0.02 <0.02

SalI GTCGAC 5′-TCGA-3′ 0.09 0.26 <0.02 <0.02

Bsu15I (ClaII) ATCGAT 5′-CG-3′ <0.05 0.39 <0.02 0.02

NotI (CciNI) GCGGCCGC 5′-GGCC-3′ <0.05 <0.05 0.1 <0.02

Pfl23II (SunI) CGTACG 5′-GTAC-3′ <0.05 0.13 <0.02 <0.02

R = A/G; Y = C/T; W = A/T; S = C/G
a The number of 75-bp- to 2-kb-long (“informative”) fragments, derived from several Mbp of randomly selected CpG island and non-CpG
island sequences on chromosomes 1, 2, 4, 5, 6, 9, 17, 19 and 20
b The isoschizomers may produce different overhangs
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of methylation patterns. Hence, it is not advisable to include NotI in genome-
wide analyses of complex diseases. All the above MSRE aspects are directly
relevant to their application in the large-scale high-throughput microarray-
based DNA methylation profiling.

3.3
Methods for Large-Scale DNA Modification Analysis: Microarrays

Microarrays constitute a significant advance in methylation analysis of com-
plex disease because they may interrogate a very large number of loci in
a highly parallel fashion. The principle of “epigenomic” microarrays is the
same as in other kinds of arrays: Fluorescently labelled fragments of the
tested nucleic acids hybridize to the complementary DNA sequences on the
microarray, and intensity of fluorescent signal at each specific spot represents
the amount of a specific fragment in the tested sample. Thus far, enzyme-
based “epigenomic” microarray approaches have focussed predominantly
on the enrichment and analysis of the hypermethylated DNA fraction of
the genome. This technology was used in several studies for the identifica-
tion of abnormally methylated CpG islands in tumour cells (Hatada et al.
2002; Hou et al. 2004; Huang et al. 1999; Shi et al. 2003b; Yan et al. 2002).
Using the hypermethylated DNA fragments for methylation analyses seems
to be practical for detection of major epigenetic changes in some regions
of the genome. However, the overall proportion of CpG dinucleotides that
can be interrogated is substantially lower compared to a potential analysis
using the unmethylated DNA fraction. Also, unmethylated cytosines repre-
sent a much smaller part of cytosines in comparison to the methylated one
(depending on the tissue, over 70% of cytosines in the human genome are
methylated). Analysis of this smaller unmethylated fraction is more sensi-
tive to detect subtle methylation abnormalities. For example, if 20% of all
CpGs in a given tissue are unmethylated, a de novo methylation of 10%
would result in 100% (decrease of from 20% to 10%) difference in the un-
methylated fraction. In the same scenario, only a 12% change (from 80%
to 90%) would be detected for the hypermethylated fraction of genomic
DNA. An approach using the hypomethylated DNA fraction was suggested
(Tompa et al. 2002), where a fragmentation by a methyl-sensitive restriction
endonuclease is followed by a sucrose gradient size-fractionation. The small
fragments (<2.5 kb) will predominantly contain hypomethylated fragments
and can then be labelled and hybridized to microarrays (Fig. 6c). In the orig-
inal protocol, MspI was used for DNA cleavage; however, this enzyme is only
blocked by methylation of the outer cytosine in the 5′-CCGG-′3 sequence,
a form of methylation that is encountered in plants but usually not in hu-
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Fig. 6a–c Microarray strategies for methylation profiling. a Typical bisulphite
approach. An amplified bisulphite-treated sample is hybridized to a set of oligo-
nucleotides (19–25 nucleotides in length) that discriminate methylated and un-
methylated cytosine at specific nucleotide positions, and quantitative differences in
hybridization are determined by fluorescence analysis. b Restriction-based approach
that uses the hypermethylated fraction of the genome. Tester and control are cleaved
and adaptors specific for the cut-sites are ligated to the fragments. Unmethylated
sequences are eliminated by cleavage with MSREs. The remaining hypermethylated
fragments are labelled and hybridized to a microarray. c After methylation-sensitive
cleavage, small fragments (< 2.5 kb; mostly unmethylated) are size-fractionated in
a sucrose gradient, labelled and hybridized

mans. Hence, to apply this technique for the study of complex human disease,
the endonuclease has to be replaced by another MSRE, such as HpaII or AciI
(see Table 2).

For detailed DNA methylation profiling, high-resolution oligonucleotide
arrays are recommended, for example microarrays that are based on
25-nucleotide perfect match–mismatch oligomers that have been generated
by Affymetrix for transcriptome studies (Kapranov et al. 2002). At this
time, microarrays that cover all the non-repetitive regions of human
chromosomes 21 and 22 and the regions selected for the ENCODE project
(http://www.genome.gov/page.cfm?pageID=10005107) of the human genome
are commercially available. There is a very good chance that in the next
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5 years high-resolution oligonucleotides-based microarrays for the entire
human genome will be manufactured.

Since restriction enzymes are used in many methylation assays, DNA se-
quence variation (single-nucleotide polymorphisms, SNPs) may simulate epi-
genetic differences. However, until now most methods used in epigenetic
studies have not been differentiating between methylation changes and the
presence of SNPs within the restriction sites of the applied restriction en-
zymes. In order to exclude the impact of DNA sequence variation, it is sug-
gested to check the available SNP databases and identify the DNA sequence
variation within the restriction sites of the used enzymes. From CpG island
microarray studies, the estimate is that 10% to 30% of methylation variation
detected between individuals could be in fact due to DNA sequence variation
(Schumacher et al. 2006). For comparison, in a pilot study for the Human
Epigenome Project (HEP), interrogation of 3,273 unique CpG sites within the
human major histocompatibility complex (MHC) on chromosome 6 revealed
that 101 CpGs overlapped with known SNPs, all representing sites at which
the CpG was lost (Rakyan et al. 2004).

Microarrays can also be used to interrogate C→T transitions in bisulphite-
modified DNA sequences (Adorjan et al. 2002; Balog et al. 2002; Gitan et al.
2002; Hou et al. 2003a, b; Shi et al. 2003a, b). Bisulphite arrays contain oligonu-
cleotides that measure the C(G)/T(A) ratio in the bisulphite-treated DNA,
which correspond to metC/C in the native DNA (Fig. 6a). Bisulphite-based mi-
croarray technologies have the advantage that they are not limited to specific
recognition sequences, as in cleavage-based approaches. However, although
informative and precise, microarrays can contain only a limited number
of oligonucleotides because treatment with bisulphite degenerates the four-
nucleotide code, which results in the loss of specificity of a large portion of
the genome. For example, after bisulphite treatment all of the possible 16 per-
mutations of a four-base sequence containing unmethylated C and T (CCCC,
CTCT, CCCT, CCTT, TCTC, TTTC, TTTT, etc.) will become identical TTTT

Fig. 7 After bisulphite treatment, all of the possible 16 permutations of a four-base
DNA sequence containing unmethylated C and T will become identical
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(Fig. 7). This degeneration will predominantly affect unmethylated regions,
such as CpG islands.

4
Study of the Epigenetic Norm

Inaddition tohumanmorbidepigenetics, researchof the“normal”epigenome
is also of significant interest, as such information may be crucial in under-
standing of the molecular mechanisms of development, ageing, tissue speci-
ficity and sex differences, among other systemic aspects in human biology.
Documentation of normal epigenome patterns, however, is not a trivial task.

What would it be to accomplish a comprehensive annotation of the hu-
man epigenome? A conservative approach would require epigenomic pro-
filing of DNA methylation and various kinds of histone modifications (at
least 10 types) of roughly 16 million nucleosomes (as the basic structural
unit of chromosomes) in approximately 260 different cell-types in the hu-
man body, at, let us say, approximately 20 different time-points (from the
zygote stage through embryogenesis and post-natal development, adoles-
cence, youth, adulthood and ageing) in 100 males and 100 females, each
measurement performed in duplicate. Taken all together, one would gener-
ate 11 × 260 × 20 × 200 × 16 × 106 × 2 = 3.6×1014 data points (bits). Each data
point has to be referenced, which means that the chromosomal location, for
example, of the modification, its time point in development, the kind of mod-
ification (methylation or acetylation) and so on, have to be stored along with
it. For the storage of this raw data alone, one would require at least 0.37 PB
(petabytes) of memory capacity, which is equivalent to several hundred av-
erage computer systems today. Although it is difficult to imagine how all this
epigenetic information can be processed, it is very likely that there are numer-
ous levels of redundancy (such as hypermethylated DNA regions will usually
exhibit histone hypoacetylation, cells originating from the same stem should
exhibit numerous epigenetic similarities).

An analogy with the game of chess illustrates the possible reduction in
information content to be processed. Chess is known to have an infinite
number of possible positional combinations; however, in praxis the number is
finite, since specific positions and combinations of pieces would be illegal (e.g.
the king cannot move into check). In fact, a “mere” 2×1046 moves (roughly)
are theoretically possible, a number that can be mathematically approached.
Out of such subsets of data, “normal” patterns, and eventually the collective
behaviours of the system, and the algorithms of the system’s interaction with
its environment, can be identified.
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In the field of complexity theory, statistical approaches that reduce the
data without loosing the essential features and characteristics of the system
have been developed. For example, an average “behaviour” of a large num-
ber of components can be considered rather than the “behaviour” of any
individual component (e.g. the co-operation of DNA methyl groups with hi-
stone modifications), drawing heavily on the laws of probability and aiming
at predictions of larger systems on the basis of the properties of their single
constituents. Additionally, not all combinations of epigenetic components are
unique; there are patterns present in the arrangements that allow us to classify
and filter many combinations in the same way. There are also several practi-
cal interrelated approaches based on heuristic functions to study a complex
system, which do not rely on static algorithms and pre-defined ideas. Heuris-
tic approaches are self-learning or adaptive processes, based on empirical
information intended to increase the probability of solving a problem. For
example, “heuristic programming” would approach the problem of finding
epigenetic patterns by a method of trial and error in which the success of
each attempt at solution is used to improve the subsequent attempts, until
a solution acceptable within defined limits is reached.

A good starting point in gathering and interpreting epigenetic data would
be to understand ways of describing complex systems (especially the need
for a uniform epigenetic nomenclature for multicomponent data). Second,
we have to understand the interactions of the components giving rise to the
pattern of behaviour and the process of formation of epigenetic information
(within the cell and on the evolutionary scale). Ultimately, it is unlikely that the
human epigenomic databases will consist of traditional raw data; rather, it will
be user-friendly profiles, diagrams, and equations describing developmental,
intra- and inter-individual variation, and epigenetic “plasticity” Altogether,
this effort will provide a much “loftier view of life” (Beck et al. 1999).
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Abstract Epigenetics describes changes in genome function that occur without
a change in the DNA sequence. Dosage compensation is a prime example of the
regulation of gene expression by an epigenetic mechanism. Dosage compensation has
evolved to balance the expression of sex-linked genes in males and females, which
possess different numbers of sex chromosomes. However, the genetic sequence of
the chromosomes is the same in both sexes. This mechanism therefore needs (1) to
function in a sex-specific manner, (2) to target the sex chromosome from amongst the
autosomes and (3) to establish and maintain through development a precise, equalised
level of gene expression in one sex compared to the other. The process by which dosage
compensation is orchestrated has been well characterised in fruit flies and mammals.
Although each has evolved a specific dosage-compensation mechanism, these systems
share some underlying themes; the molecular components that mediate dosage
compensation in both include non-coding RNA molecules, which act as nucleation
points for the compensation process. Both systems utilise chromatin-modifying
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enzymes to remodel large domains of a chromosome. This review will discuss the
mechanism of dosage compensation in Drosophila in light of recent developments that
have brought into question the previous model of dosage compensation.

1
Introduction

Sexual reproduction occurs in most eukaryotes, and the increased genetic
variability thus conferred on the organism gives it an evolutionary advantage
to adapt to changing environments. This advantage, however, comes at a cost.
In some cases sexual reproduction has led to the generation of sex chromo-
somes, which evolved from a pair of autosomes following their recruitment
into a chromosomal system for sex determination. A barrier to meiotic recom-
bination then developed on the heterogametic (e.g. Y) chromosome to prevent
the creation of mixtures of alleles and intersex organisms. This insulation of
the sex-determining region eventually spread throughout the chromosome
and, in the absence of recombination, the accumulation of mutation events
subsequently led to the degeneration of this chromosome (Ohno 1967). Since
failure to balance the resulting twofold difference in the homogametic (e.g.
X) chromosome’s gene expression between the sexes would be lethal, certain
mechanisms have evolved to compensate for this difference.

In the three systems—mammals, nemotode worms and fruit flies—in
which such processes have been studied at a molecular level, it is clear that this
mechanism has evolved independently several times (Pannuti and Lucchesi
2000).

In eutherian mammals, one X chromosome in females (XX) is inactivated
to equalise gene expression from the XY males (Lyon 1961). In Caenorhabditis
elegans hermaphrodites (XX), gene expression from both X chromosomes is
reduced by half in comparison to XO males (Meyer and Casson 1986). In
Drosophila melanogaster, transcription is upregulated twofold in XY males
to equalise that from XX females (Mukherjee and Beermann 1965). Since the
X chromosomes of males and females are identical at the DNA level, the cell
is posed with several gene-regulation problems. First, a chromosome-wide
control of genes is required, and this needs to override local gene control.
Second, this regulation needs to function in a sex-specific manner. Third,
the X chromosome needs to be distinguished from the autosomes, and in
the case of mammals one of the X chromosomes needs to be chosen from
its identical counterpart. Finally, this regulation needs to be quantitative,
establishing and maintaining a specific level of gene expression relative to the
other sex throughout the lifetime of the organism. The three above-mentioned
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systems achieve this regulation of gene expression through modulation of
their chromatin organisation in a process termed dosage compensation.

2
The DCC of Drosophila melanogaster

The process of dosage compensation is best understood in Drosophila, where
genetic manipulation has allowed the identification of many of the compo-
nents involved. Several genetic screens, scoring for lethality occurring specifi-
cally in males, have identified a number of genes essential for dosage compen-
sation. The encoded proteins have been termed male specific lethals (MSL)
and include MSL-1, MSL-2, MSL-3, maleless (MLE, an RNA helicase) and
males absent on the first [MOF, a histone acetyltransferase (HAT); Bashaw
and Baker 1995; Hilfiker et al. 1997; Kelley et al. 1995; Kuroda et al. 1991; Zhou
et al. 1995; for review see Taipale and Akhtar 2005]. In combination with
these proteins, two non-coding RNAs, RNA on the X chromosome 1 (roX1)
and roX2, constitute the dosage-compensation complex (DCC) (Franke and
Baker 1999). This complex associates with hundreds of discrete sites on the X
chromosome in males but not in females. This localisation can be visualised
in immunofluorescence microscopy by the painting of the male X chromo-
some at specific bands by antibodies against members of the complex in
larval polytene chromosome squashes (Bashaw and Baker 1995; Franke and
Baker 1999; Kuroda et al. 1991). The dosage-compensated chromosome is
also characterised by a more decondensed chromatin structure that corre-
lates with acetylation of lysine 16 of the histone H4 tail (H4K16Ac). This
acetylation is mediated by the MOF histone acetyltransferase and is thought
to be partly responsible for the twofold increase in gene expression (Akhtar
and Becker 2000; Hilfiker et al. 1997; Smith et al. 2000; Turner et al. 1992).
Another probable member of the dosage-compensation complex is the kinase
JIL-1. Although this protein does not have a male-specific phenotype, weak
alleles of jil-1 cause distortions of the sex ratio, with males more susceptible
to partial loss of the protein (Wang et al. 2001). Moreover, it associates with
the DCC and leads to enrichment of phosphorylation at serine 10 of histone
H3 (H3S10P) (Jin et al. 2000; Wang et al. 2001).

It is worth noting that all the MSL proteins in Drosophila have orthologues
in mammals (Marin 2003). The human orthologues are hMSL1, hMSL2,
hMSL3, RNA helicase A (MLE orthologue) and MYST1 (MOF orthologue).
To date only the transcriptional coactivator RNA helicase A has been well
characterised (Nakajima et al. 1997). Interestingly, some of these MSL
orthologues also interact in human cells (Taipale et al 2005; Bouazoune et al.
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2004). They do not, however, appear to be involved in dosage compensation
in mammals, since neither MYST1 nor hMSL3 localise specifically to the
silenced X chromosome in female cells (M. Taipale and A. Akhtar, unpub-
lished observations). Moreover, it has been shown that the specific enzymatic
activity of Drosophila MOF for H4K16 is conserved in its human counterpart
(M. Taipale and A. Akhtar, unpublished observations), suggesting that the
mammalian MSL complex may also have a gene-activating function.

3
Initiation of Dosage Compensation

The first step in dosage compensation is for a cell to determine if it is male or
female. In Drosophila, sex is determined and the dosage compensation path-
way initiated by the master switch gene sex lethal (sxl) (Bashaw and Baker
1997; Kelley et al. 1997). In females where the ratio of X chromosomes to
autosomes is one to one, functional SXL protein is produced. This ratio is de-
tected by a mechanism where activating numerator loci on the X chromosome
and negative denominator loci on the autosomes encode transcription factors
that compete for control of the sxl promoter (Erickson and Cline 1998). The
presence of SXL in females inhibits translation of MSL-2 messenger (m)RNA
by binding to its 3′- and 5′-untranslated regions and thus prevents its stable
association with the ribosome (Gebauer et al. 2003; Grskovic et al. 2003). So al-
though both males and females express the other four MSL proteins, it is only
in males, where MSL-2 is translated, that the functional DCC will be formed.

4
Assembly of the DCC

Much of the knowledge we have regarding the assembly of the chromatin
modifying DCC has been gained from genetic manipulations combined with
immunofluorescence microscopy analysis of the giant polytene chromosomes
of larval salivary glands. These studies clearly show that formation of a func-
tional DCC is subject to some degree of both hierarchy and interdependence
between the components.

MSL-2 is the primary determinant of DCC assembly. In the absence of MSL-
2 the other MSL proteins no longer localise to the X chromosome. Transgenic
flies in which MSL-2 is expressed in females are able to assemble the MSL
complex on both X chromosomes. This leads to developmental delays and
lethality, most likely due to overexpression of X-linked genes (Kelley et al.
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1995). MSL-2 interacts with and stabilises MSL-1, and together these proteins
form the central core of the DCC, which can localise to the X chromosome in
the absence of the other MSLs (Chang and Kuroda 1998; Copps et al. 1998).
Similar to MSL-2 fly mutants, depletion of MSL-2 in Schneider cells desta-
bilises the whole complex; however, MSL-1 and MSL-2 can still be detected
on the X chromosome in MSL-3 or MOF-depleted cells (Buscaino et al. 2003).
The subsequent stages in the formation of the complex are unclear, as they
may not occur in obvious steps, but instead appear to be interdependent and
probably happen concurrently.

MSL-1 is also able to interact with MSL-2, MSL-3 and MOF, possibly co-
ordinating their assembly into the DCC (Gorman et al. 1995; Scott et al. 2000).
MLE is also likely to be involved in DCC assembly, since in mle mutants, MOF
and MSL-3 do not localise to the X chromosome (Gu et al. 2000). However, it
has been shown in Schneider cells that depletion of MSL-3 or MOF by RNA in-
terference causes dissociation of MLE from the complex (Buscaino et al. 2003).
This suggests interplay between the different factors to maintain a stable DCC.

RNA is also important for assembly of the complex. Both roX1 and roX2
genes encode non-translated RNAs that are expressed specifically in males.
They are redundant in function although they are very different in size and se-
quence (Amrein and Axel 1997; Kageyama et al. 2001; Meller et al. 1997). They
are required for association of the MSL proteins with the X chromosome, and
lossof bothgenes results inmale-specific lethality,with very fewmale escapers
(Franke and Baker 1999; Meller and Rattner 2002). Further interdependence
between the roX RNAs and the MSL proteins has been demonstrated, since
both MSL-3 and MOF have also been shown to interact with RNA (Akhtar
et al. 2000; Buscaino et al. 2003). Moreover, association of MLE, MSL-3 and
MOF to the X chromosome is sensitive to treatment with RNase (Buscaino
et al. 2003; Richter et al. 1996).

JIL-1 can interact in vitro with both MSL-1 and MSL-3 via its kinase
domains (Jin et al. 2000). Epitope-tagged JIL-1 can also be co-immuno-
precipitated with MSL-1, MSL-2 and MSL-3 in Drosophila cultured cells (Jin
et al. 2000). In contrast to the other MSL proteins, MSL-2 association with the
X chromosome is not lost in JIL-1 mutants, suggesting that it is not involved
in assembly of the DCC (Wang et al. 2001).

5
Targeting and Distribution of the DCC

Previously it was thought that the characteristic distribution of the DCC
along the X chromosome was achieved in a two-step, targeting and spreading
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fashion. In this model, the core components MSL-1 and MSL-2 are targeted
to approximately 35 discrete sites, termed “chromatin entry sites”. These
sites serve as nucleation centres on which a mature DCC assembles and
then spreads in cis to associate with hundreds of sites along the rest of the
X chromosome, where it mediates a twofold increase in transcription of
X-linked genes (Kageyama et al. 2001; Kelley et al. 1999). Although this was
a reasonable model based on existing data, it is now clear that both the
aspects of “chromatin entry sites” and “spreading” need to be revisited.

The concept of chromatin entry sites came from the observation that MSL-
1 and MSL-2 together are able to bind reproducibly to around 35 sites on
the male X chromosome in the absence of the other MSL proteins (Kelley
et al. 1999; Lyman et al. 1997). The converse is not true, in msl-1 or msl-2
mutants the rest of the MSL proteins cannot bind (Lyman et al. 1997). The
complete DCC was found to localise to these approximately 35 sites when the
concentration of the individual MSL proteins was reduced (Demakova et al.
2003). Taken together, these findings led to the proposal that the core DCC,
MSL-1 and MSL-2, would nucleate at these 35 or so sites only. A complete
DCC could then assemble at these sites.

However, until recently, only two of the roughly 35 chromatin entry sites
have been characterised, and remarkably they contain the genes encoding
roX1 and roX2 (Kelley et al. 1999; Meller et al. 2000). In both cases, a 200–
300 bp DNA fragment is able to recruit the MSL complex to the autosomes, and
these sequences are sensitive to DNase I treatment only in males (Kageyama
et al. 2001; Kelley et al. 1999; Meller et al. 2000; Park et al. 2002). Transgenic
insertion of this roX DNA fragment on an autosome not only resulted in
attraction of the DCC but also resulted in spreading of the complex from
the insertion site into flanking chromatin (Kageyama et al. 2001; Kelley
et al. 1999). This led to the spreading model in which the assembled DCC
would spread in cis from the chromatin entry sites to coat the X chromo-
some.

Work from the laboratories of Kuroda (characterising a third chromatin
entry site) and Baker (testing the validity of the spreading model) has
generated strong evidence to dispute the targeting and spreading model
(Fagegaltier and Baker 2004; Oh et al. 2004). Oh et al. identified a third entry
site that maps to the cytological location 18D10 of the X chromosome. This
region encompasses a DNase I hypersensitive site that includes a 510-bp
sub-region which is sufficient to attract core and assembled MSL complexes in
vivo (Oh et al. 2004). However, while mapping the 18D region, they discovered
that DNA sequences lacking any chromatin entry sites—when inserted into
an autosome—were also able to attract an MSL complex. Both groups verified
this surprising result when they looked at the consequences of transposition of
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regions of the X chromosome onto an autosome. Interestingly, they found that
transposed pieces of the X chromosome lacking any entry site attracted the
MSL complex when inserted into an autosome (Fagegaltier and Baker 2004;
Oh et al. 2004). Fagegaltier and Baker showed that for each of the 11 transpo-
sitions studied the binding pattern of the transposed piece of X chromosome
was the same as that on the endogenous X (Fagegaltier and Baker 2004). This
implies that each of the hundreds of sites to which the MSL complex binds is
necessary and sufficient for attracting the DCC, irrespective of the presence
of any nearby entry sites.

This group then went on to show that none of the transpositions dis-
played any spreading of DCC, either for X into autosome or for autosome
into X translocations. This was true regardless of the number of high affin-
ity/chromatin entry sites in the transposed section. Moreover, they observed
no spreading even in transpositions that contained the roX1 or the roX2 entry
sites (Fagegaltier and Baker 2004). This is in contrast to earlier work that led
to the spreading model, where spreading was observed from roX transgenes
inserted on an autosome (Kageyama et al. 2001). Oh et al. also found some
degree of spreading from a cosmid containing the 18D10 entry site, although
this was very rare (<1%; Oh et al. 2004). Fagegaltier and Baker postulate that
spreading may be a phenomenon specific to transgenes. Overall, these studies
imply that spreading in cis along the length of the X chromosome is not part
of the dosage compensation mechanism in Drosophila.

It is of course still possible for spreading to occur on a smaller scale at
each individual site to mediate the upregulation of transcription of individual
genes. However, studying spreading at this resolution is not straightforward
and will require development of a special experimental system.

Since the hypothesis of chromatin entry sites and the idea of spreading are
now put into question, a new model for how the DCC achieves its distribution
along the length of the X chromosome at hundreds of specific sites needs to
be postulated.

Any part of the X chromosome that can attract the endogenous MSL
complex is also able to attract the complex to an autosome (Fagegaltier and
Baker 2004). Therefore, the approximately 35 entry sites are now simply
thought to be sites of higher affinity for the MSL complex and there is no
functional difference between them and the other hundreds of sites. This is
in keeping with previous work where the number and position of the DCC
was recorded in relation to varying amounts of MSL complex. By titrating the
amount of MSL-2 expression in females, the concentration of the rest of the
MSL complex could be controlled. In the mutants with low levels of MSL-2
they found binding at only four sites on the X chromosome. Expressing more
MSL-2 led to binding at more sites, up to a certain point where 40 binding
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sites were observed. These binding sites exactly correlate with the roughly 35
so-called entry sites (Demakova et al. 2003).

Important in this model is the role of roX RNAs for proper targeting and
distributing of the DCC. In the absence of roX RNAs the MSL complex is not
properly targeted to the X chromosome, and low levels of DCC can be seen
to associate with the autosomes, implying that roX1 and roX2 play a role in
the correct targeting of the MSL complex to its appropriate locations on the
X chromosome (Franke and Baker 1999; Meller and Rattner 2002).

Although probably an artefact, at least at the resolution studied so far, the
phenomenon of spreading of DCC from transgenes can give some insights
into how the MSL complex is targeted to its endogenous loci. Spreading of the
DCCfroma roX transgene intoflankingchromatinof anautosomeoccursonly
rarely. However, when the level of endogenous roX RNA is reduced, by deleting
the roX genes from the X chromosome, the amount of spreading dramatically
increases (Park et al. 2002). Moreover, MSL proteins are required for roX
stability, and it has been shown that overexpression of MSL-1 and MSL-2
increases the extent of DCC spreading from a roX transgene (Demakova et al.
2003; Meller et al. 2000). These results suggest that the roX RNAs compete
for a limiting pool of MSL proteins. Furthermore, the MSL complexes that
spread from these roX transgenes have been shown to contain roX RNA and to
co-localise with H4K16Ac, implying that they are mature complexes (Kelley
et al. 1999). It has also been shown that transcription from a roX transgene is
required for spreading to occur (Park et al. 2002, 2003).

Recent work from the Becker laboratory has generated important ground
rules when considering a possible model. They used fluorescence recovery
after photobleaching (FRAP) techniques to determine the dynamics of the
association of the DCC with the X chromosome. In cells expressing fluores-
cently labelled MSL-2 they bleached a region of the X chromosome. If the
MSL complex is dynamic then unbleached fluorescent MSL-2 should move
to the bleached region of the X chromosome after some time. Surprisingly, it
was found that the bleached MSL region remained bleached. The DCC there-
fore has a very stable binding to the X chromosome; once bound it does not
reposition (Straub et al 2005; Bouazoune et al. 2004). This observation also
provides evidence to contradict the spreading model, where one would expect
a large degree of mobility from the high-affinity sites to facilitate spreading.
The stability of binding to the X chromosome could reflect the importance
of keeping the DCC on the X chromosome to maintain the twofold increase
in transcription, or it could be to prevent the DCC from straying onto the
autosomes and perhaps misregulating gene expression there.

With all these observations in mind, one can now revise the dosage-
compensation model (Fig. 1). It has been proposed that the roX genes are
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Fig. 1A–C A model of how the dosage-compensation complex (DCC) may localise to
the hundreds of sites on the X chromosome. Partial complexes formed in the nucleus
are able to associate with specific sites (A). Mature complexes could then form at these
locations. However, partial complex binding appears to be limited to 35–70 high-
affinity sites (Gilfillan et al. 2004); fully functional complexes would therefore also
need to form in the vicinity of the X chromosome and bind in a hierarchical manner
to mediate DCC binding along the entire chromosome (C). Alternatively, it has been
proposed that the roX genes are the sites of MSL complex formation (Fagegaltier and
Baker 2004; Park et al. 2002). MSL2 is able to regulate transcription from the roX
loci (Rattner and Meller 2004); here the MSL proteins could be integrated into mature
complexes by binding newly synthesized roX RNA (B). This would result in a high local
concentration of mature MSL complexes at the X chromosome, from where they would
then diffuse to high affinity sites (HAS). C Once the high-affinity sites are all bound,
the MSL complex would then begin to associate with lower affinity sites (LAS) to
eventually bind to the hundreds of sites along the X chromosome and thereby mediate
the twofold upregulation of transcription. The nature of the MSL binding sites, and
their difference in affinities for MSL complex binding is not well understood. Targeting
of the DCC could be to consensus DNA sequences, specific chromatin modifications,
sites of active transcription or by an as-yet-undescribed mechanism
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the sites of assembly of the DCC (Fagegaltier and Baker 2004; Park et al.
2002), where MSL proteins assemble into mature active complexes by bind-
ing nascent roX transcripts. When the concentration of MSL proteins is low,
roX RNAs diffuse away from their site of transcription and are degraded in
the nucleoplasm. When there is the correct balance of MSL proteins present
they are able to bind nascent roX transcripts and thus stabilise them. Since
both roX genes are located on the X chromosome, this would ensure a high
concentration of functional complex in the neighbourhood where it is re-
quired to operate. From these roX sites a mature DCC could then diffuse
to sites of high affinity in the nearby chromosome territory and, once these
sites are occupied, to sites of lower affinity. The DCC would eventually tightly
associate with the hundreds of discrete sites that coat the X chromosome
and mediate the twofold upregulation of transcription required for dosage
compensation.

6
MSL Binding Sites

The last issue to address in relation to targeting the DCC is the nature of the
MSL binding sites themselves and how they mediate attraction of the DCC. It is
unclear what size these binding sites are. By immunofluorescence microscopy
these sites can be visualised as bands on stained polytene chromosomes of
salivary glands. The size of these bands has been estimated to span up to sev-
eral hundred kilobases in length (Fagegaltier and Baker 2004). However, these
bands may contain several individual binding sites that cannot be separated at
this level of resolution, or the size may be exaggerated by the enhancement of
the fluorescent signal. A more detailed approach using chromatin immuno-
precipitations followed by whole genome array analysis (ChIP on chip) with
MSL-1 or MSL-2 antibodies should help in determining the size of these sites
and whether there is any consensus sequence within them.

As already mentioned, only three of these sites have been characterised in
any detail. These sites include regions spanning the roX1 and roX2 genes as
well as a region at 18D10. Although a short functional conserved sequence
was found in the two roX genes, no such sequence was found in the 18D10 site,
nor indeed in the rest of the genome (Oh et al. 2004). This conserved sequence
may function specifically in the putative role of the roX sites in MSL complex
assembly. Although a clear-cut consensus MSL binding sequence has not been
identified, some have put forward the idea that a form of consensus sequence
may have evolved with dosage compensation (Marin and Baker 2000; Marin
et al. 1996).
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During sex chromosome evolution in Drosophila, the Y chromosome grad-
ually degenerated. Depending on whether a specific gene has yet degenerated
(through mutation) and whether it is important in males, it can be more im-
portant or less important to compensate for its degree of expression from the
single X chromosome. Consequently, during evolution, one may expect that
different genes (or regions of chromosomes) acquired different affinities for
the compensation machinery as determined by their individual importance
(Marin and Baker 2000; Marin et al. 1996). These affinities may be reflected
in consensus binding sites at the nucleotide level. Interestingly, the X chro-
mosome has been shown to have molecular characteristics distinct from the
autosomes. In particular it shows some enrichment in certain mono- and
dinucleotide repeats and also certain satellite related repeats (DiBartolomeis
et al. 1992; Lowenhaupt et al. 1989; Pardue et al. 1987; Waring and Pollack
1987). It is more likely that these specific repeats have a role outside of tar-
geting the MSL complex. Complete mapping of the DCC binding sites should
answer this question.

It is also possible that these affinities are mediated at the chromatin level
and that there is a consensus epigenetic mark that can attract the DCC to
specific regions. Both DNA methylation and the covalent modification of hi-
stone amino termini have been shown to act as specific binding sites for
various complexes (de la Cruz et al. 2005; Hung and Shen 2003). Indeed,
methylation of histone H3 is required for dosage compensation in mammals
(Plath et al. 2003; Mermoud et al. 2002). Such epigenetic marks could be set
during embryogenesis, as in mammals, and maintained throughout develop-
ment.

It is also feasible that there are no X chromosome specific consensus sites,
either at the nucleotide or the chromatin level. The DCC could be targeted to
sites of ongoing transcription on the X. There is some evidence to support
this idea.

Ectopic activation of transcription on the X or on an autosome using
an upstream activation sequence (UAS)-Gal4 system is able to attract the
MSL complex to the site of transcription (Sass et al. 2003). The reason that
the MSL complex then preferentially targets the X and not the autosomes
may simply be due to the proximity of its site of assembly (roX genes) to
the rest of the chromosome. It is possible that more highly expressed genes
(e.g. housekeeping genes) would recruit more MSL complex and so may
represent the high-affinity sites discussed earlier. Further mapping of these
sites together with expression analysis should clarify this possibility.

The aforementioned alternatives for binding site recognition are not mu-
tually exclusive and indeed, may work collaboratively.
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7
Modification of Chromatin by the DCC

Eukaryotic DNA is packaged with histones to form chromatin. The resulting
compaction is necessary to fit a large genome into a small cell. However,
transcription of the genetic material is dependent on its accessibility. Certain
molecular mechanisms therefore exist to control the accessibility of this chro-
matin. First, covalent modification of the histones, by enzymatic addition of
acetyl, methyl, phosphate or ubiquitin moieties, can mediate the subsequent
binding of effector molecules that can either promote or repress transcription
(Jenuwein and Allis 2001). Alternatively, enzymes that remodel chromatin
using the energy from ATP hydrolysis can alter the interaction between the
DNA and histones (Kingston and Narlikar 1999). Both of these mechanisms
are involved in the control of gene expression during dosage compensation.

Covalent histone modifications and their role in chromatin organisation
have been the subject of much attention in recent years. This has led to
the histone code hypothesis, which explains how chromatin structure can
be established and maintained. Basically, this hypothesis predicts that there
are (1) enzymes that covalently modify the amino terminal tails of histones
and (2) protein modules that specifically recognise these modifications and
translate them to functional states (Jenuwein and Allis 2001; Strahl and Allis
2000). At least two of the components of the DCC possess enzymatic activity
towards a chromatin substrate. MOF is a histone acetyltransferase (HAT) and
JIL-1 is a histone kinase.

MOF is a member of the MYST (MOZ/YBF2/SAS2/TIP60) family, a group of
acetyltransferases characterised by a C2HC-type zinc finger in their catalytic
domain. MOF also possesses a chromo domain (Hilfiker et al. 1997). A single
amino acid change that renders the enzyme inactive also results in male-
specific lethality. Histone acetylation is generally regarded as an activating
mark, resulting in a more open chromatin structure that is permissive to
transcription (Eberharter and Becker 2002). Indeed, it has been shown that
the acetylation of lysine 16 on histone H4 (H4K16Ac) is enriched on the
hyperactive male X chromosome (Turner et al. 1992). In contrast to many
acetyltransferases, MOF is very specific, acetylating only the lysine at position
16 on the amino terminal tail of histone H4 (H4K16Ac) (Akhtar and Becker
2000; Smith et al. 2000).

JIL-1 contains two tandemly arranged serine/threonine kinase domains
and can phosphorylate histone H3 in vitro (Jin et al. 1999). It is required for the
maintenance of chromatin structure in flies, and null mutants are not viable.
Reduced levels of JIL-1 kinase cause an aberrant condensation of chromatin
and lower levels of histone H3 serine 10 phosphorylation (H3S10P) (Wang
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et al. 2001). JIL-1 is enriched approximately twofold on the X chromosome,
and this localisation correlates with S10P and phosphoacetylated S10P/K14Ac
histone H3 (Wang et al. 2001). The above observations strongly argue for
a role of the chromatin marks set by these enzymes in the mechanism by
which the DCC leads to a twofold upregulation in gene expression from the
male X chromosome.

Another member of the DCC may have enzymatic capabilities. MSL-2
contains a RING finger, which is essential for its function in dosage compen-
sation. Two of the original msl-2 mutants contained mutations in their RING
finger and constructs with point mutations in their RING finger were unable
to rescue msl-2 mutant flies (Lyman et al. 1997; Zhou et al. 1995). Many RING
finger proteins possess E3 ligase activity; this means that they can catalyse the
ligation of an activated ubiquitin moiety to a lysine residue of another pro-
tein (Joazeiro and Weissman 2000). Interestingly, ubiquitylation of histones
is also important in transcriptional regulation (Zhang 2003). Ubiquitylation
followed by deubiquitylation of histone H2B is important for gene transcrip-
tion by the SAGA complex and this works together with histone acetylation
and histone methylation with some kind of dynamic interdependence (Henry
et al. 2003). Whether MSL-2 possesses ubiquitin ligase activity remains to be
seen; if it does, it may provide another chromatin mark to facilitate dosage
compensation.

8
Interpreting the Histone Modifications Placed by the DCC

There still exists a chicken-and-egg type question over the presence of
H4K16Ac on the compensated X chromosome. Whether it is a consequence
of the hypertranscription of the X or a cause for specific upregulation is still
unclear. Most experimental evidence supports the latter option. Immunoflu-
orescence studies on polytene chromosomes have shown H4K16Ac to be
enriched only on the male X chromosome and absent from transcriptionally
active autosomes (Bone et al. 1994; Turner et al. 1992). Furthermore,
H4K16Ac mediated by MOF can lead to derepression of transcription both
in vitro and in vivo (Akhtar and Becker 2000).

However, things may not be so simple; H4K16Ac may play a role in other
aspects of dosage compensation. Overexpression of MOF in Schneider cells
leads to ectopic association of the MSL complex with the autosomes (Gu et al.
2000), suggesting that acetylation plays a role in targeting of the complex.
These functions are not mutually exclusive, and may even collaborate to
mediate dosage compensation.



130 S. Rea · A. Akhtar

It is clear that MOF is the enzyme that sets this acetylation mark on the
hyperactive X chromosome, but which module is responsible for recognising
it? The most obvious candidate is a bromodomain-containing protein. Several
examples of bromodomain proteins binding to specifically acetylated histone
tails exist (de la Cruz et al. 2005). A number of transcriptional coactivators
contain bromodomains; however, so far no binding protein for H4K16Ac has
been identified (de la Cruz et al. 2005). It is also possible that H4K16Ac is
not a binding site but, on the contrary, may function to inhibit the binding of
aprotein.One likely victimfor this actionwouldbe thechromatin remodelling
factor imitation switch (ISWI) (Deuring et al. 2000).

ISWI is an ATPase of the SWI2/SNF2 family and is the catalytic subunit of
three chromatin remodelling complexes, NURF, CHRAC and ACF (Deuring
et al. 2000). On polytene chromosomes it localises to RNA polymerase II-poor
regions, implying that its in vivo function is repressive (Deuring et al. 2000).
Male flies mutant for ISWI show dramatic changes in the organisation of their
X chromosome; this abnormal phenotype can be suppressed by disruption of
the DCC (Corona et al. 2002). Furthermore, overexpression of MOF enhances
the phenotype of ISWI mutants, and the presence of H4K12Ac or H4K16Ac
inhibits the binding of ISWI and its ATPase activity (Corona et al. 2002). It
therefore appears that one role for the acetylation of histone H4 K16 by MOF
is to antagonise the repressive effects of the chromatin remodeller ISWI.

The role of the JIL-1 kinase is unclear. Weak alleles of jil-1 show a distortion
in sex ratio, with males being more vulnerable to loss of the protein. It also
does not appear to be required for proper assembly or localisation of the
complex. However, jil-1 mutants show defects in chromatin structure, with the
X chromosome being more severely affected than the autosomes (Wang et al.
2001). Phosphorylation of histone H3 at serine 10 correlates with activation
of immediate–early genes, especially in combination with H3 acetylation
(Thomson et al. 2001). It is possible then that JIL-1 co-operates with the DCC
to generate a more open chromatin structure to facilitate gene expression.

Another possibility is that these chromatin modifications, H4K16Ac and
H3S10, together act as an epigenetic mark to maintain the hyperactive X
chromosome’s expression pattern during development. Chromatin modifica-
tions such as DNA methylation and histone methylation are known to confer
heritable repressive states (Jenuwein and Allis 2001). But, acetylation and
phosphorylation are generally regarded as more transient modifications and
thus would not be suitable for a role in the long-term maintenance of a chro-
matin state (Jenuwein and Allis 2001). Methylation of histone H3 at lysine 4
has been shown to correlate with transcriptionally active regions (Schnei-
der et al. 2004). However, there is to date no evidence for this more stable
mark being involved in dosage compensation in Drosophila. Further experi-
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ments are required to clarify the chromatin environment on the hyperactive
X chromosome.

9
Molecular Mechanism of Dosage Compensation

It is still the subject of much speculation as to how the DCC achieves the
twofold transcriptional upregulation of the large number of genes on the X
chromosome. Individual genes are expressed at different levels and can be
expressed or silenced in different cell types at different stages of develop-
ment. The dosage compensation machinery, therefore, needs to adapt to each
particular gene and also to respond to different developmental stimuli. It is
highly unlikely that the DCC can deal with the abundance of dynamic devel-
opmental signals on a gene-by-gene basis but instead must co-operate with
the transcription machinery.

The DCC could exert its function either by increasing the rate of tran-
scription initiation or through enhancing transcription elongation. It is well
known that several genes require acetylation at their promoters to allow tran-
scription to initiate (Kuo et al. 1998, 2000; Reid et al. 2000). However, it is more
likely that the DCC operates at the stage of transcription elongation than being
required for transcription initiation. Mutant male embryos lacking the MSL
complex can develop to larval stages without any significant developmental
defects. The eventual lethality in these mutants is not due to an absence, but to
an imbalance of X-linked to autosome gene products (Demakova et al. 2003).

The enzymatic activity of MOF is believed to be of central importance in
dosage compensation. To address the role of MOF-mediated histone H4 ly-
sine 16 acetylation, Smith et al. performed ChIP experiments with antibodies
against H4K16Ac (Smith et al. 2001). They found that H4K16Ac levels were
enriched in the coding regions of genes, whereas the promoters had relatively
low levels of acetylation. They also found that a gene that is dosage compen-
sated, but not by the MSL complex, is void of H4K16Ac. Although only three
genes were used in this study, it suggests that the MSL complex is involved in
elongation rather than initiation.

There is further evidence for the involvement of histone acetylation in
transcription elongation. In vitro studies on elongation rates using T7 bac-
teriophage polymerase have shown that the acetylation of the histone tails
greatly increases the rate of transcription elongation (Protacio et al. 2000).
Winkler et al. have shown in Saccharomyces cerevisiae that the function of
the Elongator complex, which associates with elongating RNA polymerase II,
is dependent on its histone acetyltransferase activity (Winkler et al. 2002).
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Furthermore, it has been demonstrated that the elongation ability of RNA
polymerase III was increased in the environment of acetylated histones which
correlated with an unfolded chromatin state (Tse et al. 1998). But what is the
function of this histone acetylation at the molecular level?

Recent unpublished data from Tamkun’s lab defines an interesting new role
for the ISWI ATPase. Immunostaining of ISWI mutant flies revealed that the
chromatin of the X chromosome, but not the autosomes, lacks histone H1. Its
presence on the autosomes is due to the low levels of maternal ISWI and the
lack of H4K16Ac on the autosomes. These remarkable results reveal a new role
for ISWI in the stabilisation of higher order chromatin by genome-wide in-
corporation of histone H1 (Bouazoune et al., 2004; J.W. Tamkun, unpublished
observation). One of MOF’s more important roles could be to counteract the
repressive abilities of ISWI by inhibiting its binding to the X chromosome.

Based on the recent evidence and observations summarised above, we
can come up with a speculative model for dosage compensation. First,
the MSL complex is assembled and stabilised at the roX genes on the
male X chromosome. The MSL complex is then targeted to high-affinity
sites/transcriptionally active regions in the vicinity. MOF acetylates histone
H4 at lysine 16 in the coding region of genes; this modification inhibits
the binding of the ATPase ISWI. Lack of ISWI results in a reduction in the
amount of histone H1; this in turn interferes with the formation of repressive
higher order chromatin. This less-condensed, acetylated chromatin template
allows for enhanced transcriptional elongation to take place.

It should be noted that not all genes on the X chromosome are dosage
compensated by the MSL complex. Several genes escape compensation (e.g.
larval serum protein, LSPα) and are thus expressed more in females than in
males (Chiang and Kurnit 2003; Ghosh et al. 1989). Yet others are compensated
by another mechanism; the X-linked runt gene is dosage compensated by
some mechanism (possibly directly by the master gene sxl) not involving the
MSL complex (Smith et al. 2001). Moreover, this gene is located in a large
chromosomal region that lacks H4K16Ac (Smith et al. 2001). This suggests
that use of H4K16Ac has been monopolised by the MSL complex to mediate
its role of dosage compensation.

Since there are already several striking similarities between mammals and
flies in their executionofdosage compensation, another interestingpossibility
is theuseof chromosomal territories. TheXchromosome in flies appears close
to thenuclear periphery inSchneider cells (J.KindandA.Akhtar, unpublished
data), this is reminiscent of the dosage compensated X chromosome in female
mammals. Elegant screens conducted in the Laemmli laboratory identified
several genes whose encoded proteins could protect a reporter gene from
a surrounding heterochromatin environment, allowing its expression. This
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activation ability was mediated by physical tethering of a chromatin region to
the nuclear pore complex (NPC) (Ishii et al. 2002). It would be fascinating if
the conspicuous location of the hyperactive X chromosome in flies reflected
an interaction with the NPC, which somehow helps mediate regulation of
gene expression.

10
The Inverse Effect Hypothesis

It is broadly accepted that the MSL complex functions to specifically upreg-
ulate the expression of genes from the single male X chromosome. However,
there is another school of thought that believes this is an oversimplified model
of dosage compensation. There are several reasons for this. For example,
dosage compensation occurs not only in males (1X:2A), but also in meta-
males (1X:3A), metafemales (3X:2A) and triploid intersexes (2X:3A; Birchler
1992; Birchler et al. 2003). The dosage compensation mechanism described
above cannot account for these scenarios. This and other inconsistencies have
led the Birchler group to use the inverse effect hypothesis to explain dosage
compensation.

It was observed that when large sections of chromosomes were deleted
(segmental aneuploidy) themost commoneffect observedwasagenome-wide
upregulation of genes (Birchler and Schwartz 1979; Sabl and Birchler 1993).
This phenomenon is called inverse dosage effect, where the deleted region
often contains negative regulators and loss thereof results in the upregulation
of many unlinked genes. The larger the deletion is, the more global the inverse
effect. Importantly, this also means that the deleted segment (or parts thereof)
may not be downregulated, as the global upregulation feeds back on its non-
deleted homologue and returns its expression to normal levels; however,
much of the rest of the genome suffers an approximate twofold increase in
gene expression (Birchler et al. 2001).

The similarity to Drosophila, where the presence of a single X chromosome
in males essentially generates an aneuploid state, is obvious. Such an aneu-
ploid state could result in an inverse dosage effect on the autosomes, whereas
the single X chromosome is automatically compensated by the upregulation
feedback. Such a large-scale twofold upregulation from the autosomes would
be lethal for a cell. Birchler and colleagues have proposed that the function of
the DCC is to sequester the MOF histone acetyltransferase to the X chromo-
some (Birchler et al. 2001, 2003; Hiebert and Birchler 1994). This sequestration
would remove H4K16Ac and its transcriptional activation effects from the au-
tosomes to the X chromosome. This loss of H4K16Ac would cause a drop in
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gene expression to near that in females and so rescue the autosomes from an
otherwise hyperactive state.

Some experimental support for this model comes from work by Bhadra
et al. In some msl mutant males, binding of the MSL complex to the X chromo-
some is disrupted and the complex becomes associated with all the chromo-
somes. This results in an increase in the level of acetylation on the autosomes
and a corresponding increase in the level of gene expression (Bhadra et al.
1999, 2000). Moreover, gene expression experiments in mle or mof mutants,
which lack an MSL complex, revealed that transgenes on the X chromo-
some remained dosage compensated; however, many autosomal transgenes
are upregulated (Birchler 1996). Finally, ectopic expression of MSL-2 in fe-
males induces MSL complex formation, which, according to the previous
model, should cause an increase in expression of genes on the X chromo-
some. This, however, is not so. Bhadra and coworkers did not detect any
increased expression from X-chromosomal transgenes tested (Bhadra et al.
1999, 2000).

In this model, most of the X chromosome is automatically compensated,
but having attracted excessive amounts of H4K16Ac, a mechanism is needed
to counteract its activating effects. Similar to results obtained by Corona et al.,
Birchler’s group has shown that X-linked genes show increased expression in
ISWI mutant individuals (Corona et al. 2002; Pal Bhadra et al. 2005). This has
led them to propose that it is the repressive actions of ISWI that limit the
hyperactivating effects of hyperacetylation of the X chromosome (Pal Bhadra
et al. 2005).

It is not completely clear whether there is one true dosage compensation
system. There is experimental evidence to support both possibilities. Further
characterisation of the members of the DCC and identification of interacting
proteins will help to elucidate this important mechanism of large-scale gene
regulation.
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Abstract Tumor DNA contains valuable clues about the origin and pathogenesis of
human cancers. Alterations in DNA methylation can lead to silencing of genes asso-
ciated with distinct tumorigenic pathways. These pathway-specific DNA methylation
changes help define tumor-specific DNA methylation profiles that can be used to fur-
ther our understanding of tumor development, as well as provide tools for molecular
diagnosis and early detection of cancer. Female sex hormones have been implicated in
the etiology of several of the women’s cancers including breast, endometrial, ovarian,
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and proximal colon cancers. We have reviewed the DNA methylation profiles of these
cancers to determine whether the hormonal regulation of these cancers results in spe-
cific DNA methylation alterations. Although subsets of tumors in each of these four
typesof cancerswere found to share someDNAmethylationalterations, wedidnotfind
evidence for global hormone-specific DNA methylation alterations, suggesting that
female sex hormones may participate in different tumorigenic pathways that are asso-
ciated with distinct DNA methylation-based molecular signatures. One such pathway
may include MLH1 methylation in the context of the CpG island methylator phenotype.

1
Introduction

The past decade of cancer research has been characterized by an increased
interest in the field of epigenetics. The genetic information encoded in the
nucleotide sequence of the genome is selectively decoded during normal de-
velopment and differentiation of an organism. This is achieved by modulating
gene expression in a coordinated spatial and temporal manner. The blueprint
for the gene expression pattern in a specific cell is contained in the epigenetic
information, which manifests its influence on gene expression without alter-
ing the primary nucleotide sequence of the DNA. Covalent modifications of
histone proteins, RNA-associated gene silencing processes, and DNA methyl-
ation are integral components of the epigenetic mechanism controlling gene
expression patterns (Egger et al. 2004). All these systems have the potential to
work in concert to modify the spatial structure of the DNA and the proteins
associated with it (chromatin), in order to establish structural states that are
either favorable (open chromatin), or not favorable (closed chromatin) for
gene expression. As a result, transcription factors that mediate gene expres-
sion are allowed or denied access to important regulatory regions of genes
called promoters, and thus genes can be activated or silenced.

Increased DNA methylation at promoter regions is associated with tran-
scriptional silencing that translates into closed chromatin states. Lack of
promoter DNA methylation is generally necessary, but not sufficient, for tran-
scriptional activity and translates into active or open chromatin states. At this
time, it is not clear what the sequence of events is that leads to the estab-
lishment of specific chromatin states. One proposed scenario is that histone
modifications precede the changes in DNA methylation, and represent the
initiating event in gene silencing, whereas DNA methylation acts as a lock to
maintain a permanent state of gene silencing (Tamaru and Selker 2001). Alter-
natively, DNA methylation may precede histone modifications and thus may
be the initiating event. Understanding the dynamics of epigenetic regulation
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will help us gain insight into the molecular mechanisms responsible for in-
appropriate gene expression or silencing of genes in pathological conditions.

The distribution of DNA methylation across the genome is highly com-
partmentalized, reflecting the role DNA methylation plays in regulating gene
expression. Heavily methylated DNA regions, mainly associated with repeti-
tive elements, alternate with DNA regions that are free of methylation, usually
associated with promoter regions of genes. However, not all gene promoters
are unmethylated. This distribution reflects the role DNA methylation plays
to silence the expression of parasitic DNA sequences such as transposon and
endogenous retroviruses, and of genes on the inactive chromosome X in
women, imprinted genes, and germ-line specific genes, as well as other genes
with tissue-specific expression. Since the spectrum of genes associated with
promoter DNA methylation may differ from tissue to tissue, specific profiles
of DNA methylation are expected to be characteristic for each cell type. The
normal DNA methylation profiles that are specific or variable between cell
types are largely unknown. More recently, the Human Epigenome Project has
been launched with the purpose of characterizing the global epigenetic pro-
files of human cells, known also as the “human methylome” or “epigenome”
(Fazzari and Greally 2004).

The normal DNA profiles become severely altered during the process of
malignant transformation and aging, reflecting the dynamic nature of DNA
methylation. In these instances, DNA methylation is redistributed across the
genome such that much of the genome loses some DNA methylation, while
selected gene promoters become abnormally hypermethylated. The overall
result of these changes is a net reduction in the genomic content of cytosine-5
methylation. Chromosomal instability, retroviral and transposon reactiva-
tion, and loss of imprinting are probably the most important consequences of
loss of DNA methylation in cancer cells. Specific promoter hypermethylation
events can lead to transcriptional silencing of tumor-suppressor genes, as
well as loss of imprinting. While the effects of DNA hypomethylation for can-
cer development have been less well studied so far, cancer-associated DNA
hypermethylation has been the topic of investigation in numerous studies.
DNA methylation aberrations have been documented in virtually all types
of human malignancies, and these changes appear to be more frequent than
genetic alterations.

Accumulating evidence suggests that the occurrence of DNA hypermethyl-
ation in cancer is not entirely random (Costello et al. 2000; Esteller et al.
2001a; Feltus et al. 2003; Huang et al. 1999). The spectrum of DNA regions
affected by hypermethylation has been shown to differ between tumor types,
such that unique profiles of DNA hypermethylation can be defined for each
type of human cancer. The differential susceptibility of various DNA regions
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to DNA hypermethylation suggests that specific cellular pathways may have
been disrupted and thus have the potential to influence the development of
different types of tumors. The systematic characterization of cancer-specific
DNA methylation profiles may provide clues about the molecular mecha-
nisms involved in the tumorigenesis of specific types of cancers. Similarly,
correlations can be made between DNA methylation profiles and risk factors
associated with specific cancers in order to elucidate the role of these factors
in inducing methylation changes. The information gained from characteriz-
ing DNA methylation profiles in various human cancers has proved useful for
the development of DNA methylation-based tumor markers for diagnostic,
prognostic, and therapeutic purposes.

Despite the fact that as few as 15 DNA methylation markers may be suf-
ficient to correctly classify tumors according to their tissue type (Paz et al.
2003), more specific and sensitive tumor markers are needed for clinical ap-
plications. Also, better insight into the mechanistic pathways of cancer and
other epigenetic diseases (Egger et al. 2004), as well as a better understanding
of the normal patterns of DNA methylation, can be achieved if a larger number
of DNA methylation markers are investigated. This can only be accomplished
by using high-throughput methods of screening and analysis of DNA methyl-
ation. In the past several years, our laboratory has established a collection
of more than 200 DNA methylation markers for MethyLight analysis using
a candidate gene approach. Most of these reactions have been successfully
used to acquire detailed DNA methylation profiles of colorectal, esophageal
(Eads et al. 2001), gastric (Eads et al. 2001), breast (Widschwendter et al.
2004), and ovarian cancers, as well as of normal and diseased brain tissues.

The scope of this review is to summarize data available in the literature or
obtained inourown laboratory to exemplifyhowanalysesofDNAmethylation
profiles analysis can be exploited to identify methylation markers directly
related to known cancer risk factors. For this we examined and compared the
most frequent DNA methylation alterations associated with cancers driven
by female sex steroid hormones, and we comment on the potential DNA
methylation markers that could be directly related to the effect of sex steroid
hormones on DNA methylation and that may be relevant for the pathogenesis
of gender-specific malignancies.

2
Normal and Aberrant DNA Methylation Profiles

By DNA methylation, we specifically refer to a methylated cytosine immedi-
ately 5′ to a guanine. The covalent binding of a methyl group at the 5′-position
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of the cytosine occurs in almost 70% of all CpG dinucleotides in the human
genome and serves as a mark for both the transcription and replication ma-
chinery. During DNA replication, the methylation marks from the parental
strand serve as a template that will be reproduced on the newly synthesized
daughter strand. A family of DNA methyltransferases (DNMTs) consisting
of three major enzymes, DNMT1, 3a, and 3b, and their alternatively spliced
isoformsare responsible for the establishment andmaintenanceof themethyl-
ation information. DNA methylation is established early during embryogen-
esis and is stably maintained throughout the replicative life of a cell.

The DNA methylation profile of a cell is defined by the DNA methylation
status across many sites in the genome (Laird 2003). Normal DNA methyl-
ation profiles are related to the CpG dinucleotide distribution throughout the
genome, and reflect the spectrum of gene expression in a certain tissue and
the age of the organism. The presence of methylation at CpG sites has led to
the depletion of 80% of these dinucleotides during the course of evolution
due to the spontaneous deamination of the methylated cytosine to thymine.
The remaining CpGs are dispersed throughout the genome, except at the 5′
regions of genes where discrete clusters of CpGs can be found, termed CpG
islands. A CpG island usually encompasses the promoter and the first exon
of a gene transcript. Different transcripts of the same gene can have sepa-
rate promoters and alternatively spliced first exons, and thus distinct CpG
islands can be associated with these promoters. Some tissue-specific genes
lack CpG islands at their 5′-end region. With few exceptions, CpG islands
are unmethylated in normal cells, whereas the dispersed CpGs are usually
methylated. The tissue-specific genes with CpG-poor promoters are methy-
lated in the tissues where these genes are silenced, and unmethylated in
the tissues where they are expressed (Eden and Cedar 1994). Most of the
tissue-specific genes with CpG islands remain methylation-free even when
their associated genes are repressed (Bird 2002). Several notable exceptions
have been described, however, including the methylation of the adenomatosis
polyposis coli (APC) gene CpG island in normal gastric mucosa (Eads et al.
2001), and the methylation of the DNAJC15(MCJ) gene CpG island in normal
ovarian tissue and other normal cells of epithelial origin (Strathdee et al.
2004). DNA methylation profiles of older individuals are different from those
of younger ones due to progressive methylation of selected CpG islands ac-
companied by global loss of methylation in the dispersed CpGs. Genes that
undergo age-related methylation have been designated as “type A” genes (Issa
2000).

The methylation changes detected in cancer cells mimic those in aging
cells but the former occur to a greater extent. Genes that become methylated
specifically in cancers have been designated as “type C.” Tumor DNA methyl-
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ation profiles reflect, in part, the methylation profile of the cell of origin for
a specific tumor and the age-specific methylation changes of type A genes,
as well as the abnormal methylation of type C genes. As many as 3,500 CpG
islands (Markl et al. 2001) or an average 600 CpG islands per genome (Costello
et al. 2000) have been estimated to become abnormally methylated in blad-
der cancer or various other types of cancers, respectively. It is highly un-
likely that all cancer-associated methylation changes play a causative role
in tumor development. However, DNA methylation abnormalities associ-
ated with some genes can lead to tumorigenesis if the proteins encoded by
these genes are involved in important regulatory pathways such as cellu-
lar proliferation or apoptosis. The existence of distinct tumor-specific DNA
methylation profiles has been reported (Costello et al. 2000; Esteller et al.
2001a; Feltus et al. 2003; Huang et al. 1999), suggesting that at least some
of these methylation changes may be pathway specific rather than random
events.

DNA methylation-based molecular signatures of individual tumor types
can thus be defined by the combination of three or four DNA methylation
events in tissue-specific, type A, and pathway-specific type C genes. Such
DNA methylation markers have been used successfully to detect tumor DNA
in a variety of biological fluids including serum and plasma (Laird 2003)
or biopsy specimens (Pellise et al. 2004). Subtypes of the same tumor type
can also have distinct DNA methylation profiles. The most notable example
is the molecular signature of proximal colon cancer, a subset of colorectal
cancers with distinct clinicopathological and molecular features (Iacopetta
2003). Methylation of a unique subset of genes that includes MLH1 [mutL ho-
molog 1, colon cancer, nonpolyposis type 2 (E. coli)] and p16INK4a (CDKN2A)
occurs frequently in these cancers in the context of the CpG island mutator
phenotype (CIMP). CIMP represents a generalized methylation defect de-
fined by the presence of concordant methylation of multiple type C genes
(Kondo and Issa 2004). CIMP has also been described in a subset of gas-
tric tumors, suggesting that this phenomenon may occur in other tumors as
well.

Distinct DNA methylation profiles in a given tumor have already been
shown to predict tumor behavior. Unique DNA methylation profiles may also
be characteristic for tumors that are under the influence of common risk
factors such as exposure to particular carcinogens or regulation by specific
hormonal pathways. The challenge of finding such profiles still lies ahead.
The latest advances in new methylation marker development will speed up
this endeavor.
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3
Gender-Specific Gene Methylation Profiles
in Four Hormone-Driven Cancers

Sex steroid hormones play a pivotal role in the development of several fe-
male and male malignancies. Women experiencing prolonged exposure to
or having high circulating levels of estrogen are at increased risk for breast,
endometrial, and ovarian cancers. Various aspects of the ovarian reproduc-
tive function represent well-established risk factors for these types of cancers.
Aside from these cancers that develop from cells that are established physio-
logic targets of female hormones, epidemiological studies have also described
several other human cancers that have higher frequencies in women, includ-
ing the cancers that develop in the proximal colon. The hormonal link of this
malignancy is just starting to be elucidated.

CpG island hypermethylation is one of the earliest somatic alterations to
occur during cancer development. Many genes are also abnormally methy-
lated in female cancers, and specific DNA methylation profiles of these can-
cers have already been described. In order to compare and contrast possible
common or divergent tumorigenic pathways, and to assess the association
between the female sexual hormones and DNA methylation changes in these
four hormone-driven cancers, we performed a review of the literature with
respect to the methylation patterns of 12 genes. We chose these genes based
on their potential functional association with female hormonal regulatory
pathways or the presence of methylation in these genes in female-associated
cancers. These genes include the steroid receptor genes for estrogen (ESR1,
ESR2) and progesterone (PGR), genes involved in DNA damage prevention
and repair (BRCA1, GSTP1, MGMT, MLH1), genes involved in the cell cycle
control (ARF, CDKN2A, RASSF1), and tumor invasion and metastasis gene
E-cadherin (CDH1), as well as the tumor suppressor gene APC and the pro-
inflammatory gene COX-2 (PTGS2).

3.1
Breast Cancer

The incidence rates for the three most common gynecological malignancies—
breast cancer, endometrial adenocarcinomas, and ovarian adenocarcino-
mas—increase sharply at menarche and decline abruptly at menopause (Pike
et al. 2004). This was a clear indication that risk factors associated with the
ovarian function are involved in the etiology of these tumors. Menopause is
the most effective protective factor against each of these cancers (Pike et al.
2004). Early age at menarche, late age at menopause, and late age at first
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full-term pregnancy increase the risk for breast cancer, while removal of the
ovaries at a younger age has a protective effect against breast cancer (Kelsey
and Bernstein 1996). Ultimately, these risk factors modulate the status of the
two ovarian hormones, estrogen and progesterone, that are known to control
the normal development of the mammary gland and also induce breast tu-
morigenesis. Estrogen is thought to serve either as a preinitiator or initiator of
breast tumorigenesis, or as a growth promoter of existing breast malignancies
(Hilakivi-Clarke 2000). The estrogen antagonist synthetic compounds such as
tamoxifen, which block the action of estrogen, are very efficient in preventing
the breast tumorigenesis and the recurrence of the disease (Gelber et al. 1996).

All sexual hormones exert their effects on their target tissues through
steroid receptors. The mechanism by which sexual hormones can influence
the pathogenesis of various hormonal-driven cancers may be related to the
function of these receptors. The female sex steroid receptors, estrogen recep-
tor α (ERα), estrogen receptor β (ERβ), and progesterone receptor (PR), are
DNA binding molecules that act as transcription factors. Following their acti-
vation by binding to their specific ligands, estrogen and progesterone steroid
receptors recognize and bind specific hormone-responsive DNA elements sit-
uated in the promoter regions of the hormonally regulated genes. The steroid
receptors are among the few receptors that interact directly with components
of the transcriptional machinery and chromatin structure to regulate gene
expression (Kinyamu and Archer 2004). The steroid receptors are expressed
in a tissue- and cell-specific manner, and their expression can be affected by
methylation during aging and tumorigenesis.

3.1.1
ESR1 and ESR2

Most of the biological effects of estrogen and its therapeutic synthetic antag-
onists are mediated via two distinct estrogen receptors called ERα and ERβ,
which are encoded by the ESR1 and ESR2 genes, respectively. Although they
recognize the same estrogen-responsive elements, they have been shown to
have opposing activities at activating protein-1 (AP1) sites (Paech et al. 1997)
and to differ in the use of their ligand-independent activation function (AF1)
domains for transactivation (Cowley and Parker 1999). In vitro studies have
also shown that these two receptors have different responses to tamoxifen and
other synthetic antagonists of estrogen (Nilsson et al. 2001). While estrogen-
activated ERα stimulates cell proliferation (Nilsson et al. 2001), ERβ has been
shown to inhibit the proliferation and invasion of breast cancer cells (Lazen-
nec et al. 2001). Consequently, the differential expression of these receptors
in a tissue-specific manner may also explain some of the tissue-specific ef-
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fects of estrogen. While both ERs are expressed in ductal and lobular breast
epithelium (Flototto et al. 2001), ERβ is more abundant than ERα in normal
breast epithelium (Widschwendter and Jones 2002).

Both of these receptors have promoter-associated CpG islands that have the
potential to become abnormally methylated in cancer. The subsequent loss
of expression of these receptors can disrupt the normal estrogen-signaling
pathway and result in inactivation of downstream targets of this pathway.
Multiple promoters have been described for both ESRs corresponding to
various isoformsof these receptors.However,mostof themethylationanalyses
have been performed on the A promoter for the ESR1 and on the promoter
associated with exon 1 for the ESR2.

Aberrant methylation of the ESR1 gene promoter A has been documented
in various normal epithelial tissues as an age-dependent modification, as well
as in many types of cancers, including colon and breast cancers (Kondo and
Issa 2004; Table 1). Due to the increase in methylation of the ESR1 gene with
age, it has been hypothesized that hypermethylation of ESR1 in cancers may
simply reflect the stochasticpredispositionof the ESR1gene tobecomemethy-
lated with progressive rounds of DNA replication (Velicescu et al. 2002), and
thus may not be of consequence for the tumorigenic process (Kondo and Issa
2004). Indeed, breast tumors from older individuals are more likely to have
ESR1 gene promoter methylation, whereas ESR1 methylation is less frequently
methylated in women that develop breast cancer at younger age (M. Campan,
D.J. Weisenberger, Q. Feng, S.E. Hawes, N.B. Kiviat, P.W. Laird, manuscript in
preparation). Interestingly, the accumulation of ESR1 methylation does not
appear to continue after cells become malignantly transformed. The majority
of breast cancers do not have high levels of ESR1 methylation, despite the high
rate of proliferation, characteristic for tumor cells. Loss of ESR1 expression
has been recently shown to induce changes in the chromatin structure of the
PGR gene and of many other downstream targets of the estrogen-signaling
pathway, with accompanying promoter hypermethylation and transcriptional
silencing (Leu et al. 2004). These results suggest that epigenetic inactivation
of ESR1, even due to age-related stochastic events, can have important biolog-
ical consequences that can result in tumorigenesis, by disrupting important
growth regulatory pathways. These results also suggest that DNA methylation
changes can be pathway specific, rather than as a consequence of stochastic
processes, and this may help to explain the existence of tumor type-specific
DNA methylation profiles. Based on these findings, it would be interesting
to determine if the observed age-related methylation of the ESR1 gene is
caused by similar mechanisms, as a consequence of reduction in the estro-
gen levels, as occurs during menopause in women. Almost all breast cancers
show some degree of DNA methylation at the ESR1 gene promoter (Wid-
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Table 1 DNA methylation frequencies of select genes in breast, endometrial, ovarian, colon, and proximal colon cancers. The methylation
frequency for each gene represents a weighted average of methylation frequencies when multiple reports were available

HUGO Chromo- Frequency (%) Referencesa

gene symbol somal Breast Endo- Ovarian Colon Proximal

location cancer metrial cancer cancer colon

cancer cancer

APC 5q21 28 37 14 21 52 [9, 33, 11, 16, 25, 53, 22, 8, 21, 35, 54–56]

ARF 9p21 20 16 13 30 29 [9, 11, 19, 7, 41, 42, 14, 22, 4, 21, 40, 54–56]

BRCA1 17q21 16 ND 17 0 ND [9, 11, 49, 33, 2, 5, 43, 36, 14, 3, 47, 54, 56]

CDH1 16q22 41 26 26 49 64 [49, 9, 11, 2, 33, 35, 26, 30, 36, 22, 21, 13, 54–56]

CDKN2A 9p21 17 16 8 30 27 [9, 11, 19, 7, 41, 42, 14, 22, 4, 21, 40, 9, 11, 33, 19, 42,
48, 51, 43, 14, 23, 29, 45, 22, 8, 39, 31, 4, 21, 50, 56]

ESR1 promoter A 6q25.1 49 1 29 81 ND [49, 20, 33, 2, 28, 38, 32, 8, 15, 54–56, 54–56b]

ESR1 promoter C 6q.25.1 ND 94

ND ND ND [38]

ESR2 14q21 52 0 22 22 ND [38, 49, 54–56b]

GSTP1 11q13 29 0 3 4 9 [2, 9, 11, 33, 19, 10, 36, 21, 54–56]

MGMT 10q26 8 0 4 38 29 [9, 11, 49, 21, 22, 54–56]

MLH1 3p21 29 41 10 20 40 [9, 11, 49, 34, 27, 12, 48, 44, 43, 17, 45, 22, 8, 24, 21,
55, 56]

PGR promoter A 11q22 ND 0

ND 37 ND [37, 56]

PGR promoter B 11q22 66 75 0 80 ND [37, 49, 54, 55]
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Table 1 (continued)

HUGO Chromo- Frequency (%) Referencesa

gene symbol somal Breast Endo- Ovarian Colon Proximal

location cancer metrial cancer cancer colon

cancer cancer

PTGS2 1p25 99 ND 0 13 38 [49, 46, 21, 54–56]

RASSF1 3p21 77 ND 31 19 ND [2, 18, 34, 49, 6, 1, 19, 36, 14, 52, 21, 54–56]

HUGO, The Human Genome Organisation; ND, not determined
a References: 1Agathanggelou et al. 2001; 2Bae et al. 2004; 3Baldwin et al. 2000; 4Burri et al. 2001; 5Catteau et al. 1999; 6Dammann et
al. 2001; 7Dominguez et al. 2003; 8Eads et al. 1999; 9Esteller et al. 2001a; 10Esteller et al. 1998a; 11Esteller et al. 2001b; 12Esteller et al.
1998b; 13Garinis et al. 2002; 14Ibanez de Caceres et al. 2004; 15Issa et al. 1994; 16Jin et al. 2001; 17Kane et al. 1997; 18Kondo and Issa 2004;
19Krassenstein et al. 2004; 20Lapidus et al. 1996; 21Lee et al. 2004; 22Lind et al. 2004; 23McCluskey et al. 1999; 24Miyakura et al. 2001;
25Moreno-Bueno et al. 2002; 26Moreno-Bueno et al. 2003; 27Murata et al. 2002; 28Navari et al. 2000; 29Niederacher et al. 1999; 30Nishimura
et al. 2003; 31Norrie et al. 2003; 32O’Doherty et al. 2002; 33Parrella et al. 2004; 34Paz et al. 2003; 35Pijnenborg et al. 2004; 36Rathi et al. 2002;
37Sasaki et al. 2001a; 38Sasaki et al. 2001; 39Schneider-Stock et al. 2003; 40Shen et al. 2003; 41Silva et al. 2001; 42Silva et al. 2003; 43Strathdee
et al. 2001; 44Strathdee et al. 1999; 45Toyota et al. 1999; 46Toyota et al. 2000b; 47Wang et al. 2004; 48Whitcomb et al. 2003; 49Widschwendter
et al. 2004; 50Wiencke et al. 1999; 51Wong et al. 1999; 52Yoon et al. 2001; 53Zysman et al. 2002; 54M. Campan, D.J. Weisenberger, Q. Feng,
S.E. Hawes, N.B. Kiviat, P.W. Laird, manuscript in preparation; 55Ehrlich et al. 2006; 56D.J. Weisenberger, K. Siegmund, M. Campan, J.
Young, T.I. Long, M.A. Faasse, G.H. Kang, M. Widschwendter, D. Weener, D. Buchanan, H. Koh, L. Simms, M. Barker, B. Leggett, J. Levine,
A.J. French, S.N. Thibodeau, J. Jass, R. Haile, P.W. Laird, submitted
b Methylation frequencies from cell lines have been included in the analysis
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schwendter et al. 2004). However, only 30% of these tumors may have high
enough levels of DNA methylation at this locus (Bae et al. 2004; Lapidus et al.
1996; Parrella et al. 2004) that can result in loss of ESR1 expression. This
is in agreement with the finding that two-thirds of breast cancers express
ERα.

The hormonal receptor (HR) status of breast tumors, defined by the pres-
ence or absence of ER and PR, constitutes an important indicator of response
to therapy and survival. For instance, patients with ER+ breast tumors have
better survival rates, respond better to anti-estrogenic therapy, and are less
likely to have tumor recurrence than those with ER− or ER−/PR− breast tu-
mors (Li et al. 2003). We have recently shown an association between DNA
methylation changes of ESR1 and PGR in breast tumors and the HR status and
response to anti-estrogenic therapy (Widschwendter et al. 2004). A molecular
profiling of breast tumors, using DNA methylation profiles, identified two
distinct groups of tumors that differed with respect to their HR status. DNA
methylation of neither of the two HR genes was the best predictor of the
overall HR status, suggesting either a complex interplay between hormone
receptor gene methylation and hormone receptor status, or that DNA methyl-
ation markers may not always correlate with the gene expression status, due
to threshold effects. Nevertheless, we found that ESR1 methylation was the
best predictor of PR status and of response to tamoxifen treatment, whereas
the methylation of PGR was the best predictor of ER status. Interestingly,
the association between ESR1 methylation and PR status was not inversely
correlated, even though estrogen signaling is known to activate PGR expres-
sion (Widschwendter et al. 2004). It is clear that a full understanding of the
relationship between hormone receptor gene expression and DNA methyl-
ation, and its role in breast carcinogenesis will require further investigation.
ESR1 methylation was also shown to be associated with the methylation
of CDH1, GSTP1, CCND2, and TRβ1, suggesting that this association may
represent a molecular signature of a specific subset of breast cancers with yet-
unidentified common phenotypic characteristics (Nass et al. 2000; Parrella
et al. 2004).

The methylation status of the ESR2 gene promoter in normal or various
cancerous tissues has not yet been investigated to a large extent. As in the
case of ESR1, low levels of ESR2 gene promoter methylation are detected
in the majority (79%) of breast cancers (Widschwendter et al. 2004), al-
though only about 10% may have high levels of methylation (M. Campan,
D.J. Weisenberger, Q. Feng, S.E. Hawes, N.B. Kiviat, P.W. Laird, manuscript in
preparation).
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3.1.2
PGR

The progesterone receptor (PR) is a member of the steroid receptor superfam-
ily responsible for mediating the physiological effects of progesterone. The
PGR gene encodes two protein isoforms, PR-A and PR-B, which are regulated
independently (Kastner et al. 1990). PR-B can also be induced by the estrogen-
signaling pathway, following the activation of the ER by estrogen, whereas the
shorter isoform PR-A is not induced by ER (Widschwendter et al. 2002).
PR-B acts as a transcription factor, whereas PR-A acts as a trans-dominant
repressor of other nuclear receptor activities, including PR-B and ER (Vegeto
et al. 1993). Both PRs are expressed in hormonally receptive tissues of the
breast, endometrium, and ovary. In mice, PR-A was shown to be important
for progesterone-dependent reproductive responses required for female fer-
tility associated with the function of the ovary and endometrium, while the
PR-B isoform was required for the normal proliferation and differentiation of
the mammary gland (Conneely et al. 2003). Progesterone, through its nuclear
receptors, is believed to play a role in the development of breast, endometrial,
and ovarian cancers. PRs may also be involved in tumorigenesis as a conse-
quence of its activation by the estrogen-signaling pathway. The presence of
PR in breast tumors is used to predict functional ER status and therefore also
to predict the response to endocrine therapies and disease prognosis (Clarke
and Sutherland 1990; Widschwendter et al. 2002). PR status is concordant
with that of the ER status in breast tumors.

The presence of CpG islands in the promoters of both PR isoforms suggests
that their expression can be modulated by DNA methylation changes. Despite
evidence for loss of PR expression, or changes in the ratio between the two
isoforms in various cancers, very few studies have tried to assess the role of
DNA methylation in these processes. Low levels of PGR-B methylation are
frequently detected in almost all breast tumors (Widschwendter et al. 2004).
It is not clear whether or not this is age related. However, high levels of
methylation that may result in gene silencing are detected in only 16% of
the breast tumors (M. Campan, D.J. Weisenberger, Q. Feng, S.E. Hawes, N.B.
Kiviat, P.W. Laird, manuscript in preparation). Leu et al. have recently shown
that methylation of the PGR promoter can result from the disruption of the
estrogen-signaling pathway (Leu et al. 2004).

3.1.3
BRCA1

BRCA1 is thought to act as a tumor suppressor gene for both breast and ovar-
ian cancers. The BRCA protein is involved in important cellular processes such
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as transcriptional regulation, control of homologous recombination, and re-
pair of DNA damage (Welcsh and King 2001). The expression of BRCA1 is
suggested to be under the control of sexual hormones. During puberty and
pregnancy, when the levels of estrogen increase considerably, BRCA1 protein
expression is also sharply upregulated. The induction of BRCA1 by estrogen
during these periods of intense breast epithelial proliferation may reduce the
risk of breast cancer by preventing the accumulation of genetic and chro-
mosomal abnormalities. However, no estrogen-responsive element has been
identified in the promoter of the BRCA1 gene, suggesting that BRCA1 regula-
tion by sexual hormones may occur at the RNA or protein levels (Marks et al.
1997). Alternatively, BRCA1 may be required to modulate the effects of estro-
gens on breast epithelium. BRCA1 was shown to inhibit estrogen-dependent
transcriptional pathways related to mammary epithelial proliferation (Fan
et al. 1999). BRCA1 mutations are very common in the inherited breast and
ovarian cancers, but they are rare in the sporadic form of these diseases.
Inactivation of BRCA1 in these circumstances can occur via chromosomal
deletions and epigenetic silencing (Esteller et al. 2000a).

The frequency of BRCA1 methylation in sporadic breast cancers is around
17% (Catteau et al. 1999; Esteller et al. 2000a, 2001b; Parrella et al. 2004;
Widschwendter et al. 2004); however, the vast majority of the tumors with
BRCA1 promoter methylation belong to specific subtypes of breast cancers—
medullary and mucinous—which are also the most common types of heredi-
tary breast cancers (Esteller et al. 2000a). BRCA1 gene promoter methylation
is more frequent in breast tumors that lack ER and PR expression (Catteau
et al. 1999). Hormone receptor negative tumors occur more frequently in
younger women (Althuis et al. 2004), suggesting that BRCA1 inactivation by
DNA methylation may be characteristic of a distinct tumorigenic pathway
that is not yet fully understood. However, we did not find BRCA1 methylation
to be significantly correlated with either the ER status or the PR status in
breast cancers (Widschwendter et al. 2004). At this point, it is unclear how
DNA methylation of the BRCA1 gene promoter can be influenced by estrogen-
or progesterone-mediated processes in the breast and ovary. The BRCA1 state
in hereditary and sporadic breast and ovarian cancers parallels the circum-
stances of another DNA repair gene, MLH1, in hereditary nonpolyposis colon
cancer (HNPCC) and sporadic colon and endometrial cancer, which are dis-
cussed in more detail below (see Sects. 3.1.9 and 3.2, and 3.4)
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3.1.4
RASSF1

The protein encoded by this gene is a member of the Ras family of GTPases in-
volved in the cell cycle regulation of progression through mitosis, DNA repair,
and Ras-induced apoptosis (Vos et al. 2000). Several aspects of the tumori-
genic process can be associated with the Ras signaling pathways, including
regulation of anchorage-dependent and anchorage-independent growth, tu-
mor initiation, and invasion (Malaney and Daly 2001). Loss of RASSF1 gene
expression occurs in many types of cancer, suggesting a tumor-suppressor
function for this gene (Pfeifer et al. 2002). The mechanisms responsible for the
loss of RASSF1 expression in human cancers involve chromosomal deletions
but also epigenetic inactivation by hypermethylation of its gene promoter
(Pfeifer et al. 2002). Hypermethylation of the RASSF1 gene promoter occurs
in a large percentage of breast cancers (77%) as an early event during breast
tumorigenic process (Agathanggelou et al. 2001; Bae et al. 2004; Dammann
et al. 2001; Krassenstein et al. 2004; Lehmann et al. 2002; Widschwendter
et al. 2004). More recently, we have also shown that RASSF1 methylation is
a significant predictor of the hormonal status of advanced breast tumors
(Widschwendter et al. 2004). The relevance of this epigenetic process to the
hormonal regulation of tumor development in the mammary gland requires
further investigation. RASSF1 methylation can also be detected in less than
10% of normal tissues, possibly because of age-related methylation changes
(Widschwendter and Jones 2002).

3.1.5
PTGS2

Prostaglandin-endoperoxide synthase 2 (PTGS2), also known as cyclooxy-
genase-2 or COX-2, is the key enzyme in prostaglandin biosynthesis involved
in inflammation and mitogenesis. Prostaglandin levels are increased at sites
of inflammation and in cancers. These molecules stimulate cell proliferation
(Nolan et al. 1988), inhibit the proliferation of the immune cells (Huang et al.
1996), andalter theantigenprocessing functionsof thedendritic cells (Sharma
et al. 2003). Prostaglandin can also promote mitogenesis of mammary epithe-
lial cells (Bandyopadhyay et al. 1987) and can increase the local estrogen
synthesis in the breast by increasing the aromatase expression, which is re-
sponsible for estrogen synthesis in the adipose tissue adjacent to the breast
tumor (Zhao et al. 1997).

Growth factors, proinflammatory cytokines, and tumor promoters (Hla
and Neilson 1992) regulate the expression of PTGS2, and PTGS2 expression is
altered in many human malignancies. Many tumors including breast cancers
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overexpress PTGS2 (Soslow et al. 2000). However, low PTGS2 expression has
been reported in colon and gastric cancers. The loss of PTGS2 expression has
been shown to be associated with aberrant methylation of its gene promoter
in CIMP+ proximal PTGS2 methylation!colon cancerscolon cancers (Toyota
et al. 2000b) that occur more frequently in women. Despite the fact that PTGS2
is overexpressed in breast tumors, we found that the frequency of methylation
of the PTGS2 gene promoter is almost 100% in breast tumors (Widschwendter
et al. 2004). PTGS2 gene promoter methylation appears to be tumor-specific,
since it was not detected in DNA extracted from non-neoplastic breasts.
Some possible explanations for this discrepancy are that the region of the
PTGS2 gene investigated by our MethyLight assay may not be important
for the transcriptional regulation of this gene or that the methylation may
be restricted to one allele of the gene while the gene can still be expressed
from the remaining unmethylated allele. Alternatively, methylation may occur
in other cell types than the mammary epithelium, such as inflammatory
cells that can be common in some tumors. The relationship between PTGS2
expression and the methylation of its gene promoter in breast cancer remains
to be investigated in future studies. Nevertheless, PTGS2 methylationbreast
cancers can be used as a powerful marker for diagnosis and prognosis of
breast cancers.

3.1.6
CDH1

The CDH1 gene encodes a protein known as E-cadherin, which belongs to the
cadherin superfamily comprising calcium-dependent glycoproteins involved
in cell–cell adhesion. Loss of CDH1 function occurs in many human cancers,
and is believed to contribute to tumor progression by facilitating tumor inva-
sion and metastasis. Mutation-related loss of function is common in breast,
ovarian, and colorectal cancers. In many cancers, however, CDH1 gene ex-
pression has been shown to be suppressed by DNA methylation (Yoshiura
et al. 1995).

In breast cancers, loss of CDH1 expression is more common in poorly
differentiated and advanced-staged tumors (Widschwendter and Jones 2002).
Approximately 41% of the breast cancers have tumor-specific methylation of
the CDH1 gene promoter (Bae et al. 2004; Esteller et al. 2001a, b; Parrella et al.
2004; Widschwendter et al. 2004). No detectable methylation of this gene was
found in benign breast tumors, attesting to the role of this protein in tumor
progression (Parrella et al. 2004). An association between the methylation
of CDH1 and ESR1 was also established, suggesting that it may represent
a molecular feature of a subset of breast tumors (Parrella et al. 2004).
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3.1.7
CDKN2A and ARF

The short arm of human chromosome 9, which is lost in many human ma-
lignancies, harbors the CDKN2A tumor-suppressor gene encoding two struc-
turally and functionally unrelated tumor suppressors, the p16INK4A and the
ARF protein, also referred to as p14ARF. The two alternative transcripts of
the CDKN2A locus are initiated from separate promoters, and have distinct
first exons, which splice into common downstream exons that are translated
in alternative reading frames. Both of these proteins are involved in cell cy-
cle regulation, and exert their effects on two of the most important tumor
suppressors, RB1 and TP53. p16INK4A prevents the inactivation of RB1 by
blocking the ability of cyclin D-dependent kinases to phosphorylate RB1. The
ARF protein activates TP53 by binding to the MDM 2 protein, thus prevent-
ing the MDM 2-mediated degradation of TP53. Despite their shared genetic
material and close proximity in the genome, these two isoforms are inde-
pendently regulated, and may be epigenetically silenced in various types of
cancers. In a recent study, the methylation of the ARF gene promoter was
found to be higher than that of the p16INK4A promoter [the gene is designated
in this review by its official Human Genome Organisation (HUGO) symbol
CDKN2A], although both methylation events were associated with poor prog-
nosis (Dominguez et al. 2003; Silva et al. 2003). In breast cancer, the overall
frequency of methylation of the CDKN2A and ARF promoters is relatively
low, around 17% (Esteller et al. 2001a, b; Krassenstein et al. 2004; Parrella
et al. 2004; Silva et al. 2003) and 20% (Esteller et al. 2001a; Krassenstein et al.
2004; Silva et al. 2001, 2003), respectively. However, the methylation changes
in these genes may still be important for the tumorigenic process or can serve
as molecular markers for a subset of breast cancers.

3.1.8
APC

Adenomatosis polyposis coli (APC) is a tumor suppressor gene whose inacti-
vation by mutations, deletions, or promoter methylation causes a hereditary
form of colon cancer called familial adenomatous polyposis (FAP). The APC
protein is involved in Wnt-signaling, regulation of chromosomal and cy-
toskeletal integrity, cell–cell adhesion, and cell migration (Narayan and Roy
2003). Its inactivation results in β-catenin stabilization, c-myc gene activation,
impairment of the RB1 pathway and consequent cell cycle deregulation and
chromosomal instability (Narayan and Roy 2003). APC is believed to also
play a role in breast carcinogenesis. Mutations of the APC gene and loss of
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heterozygosity at this gene locus are frequent events in sporadic breast can-
cers, occurring in 18% and 25% of tumors respectively (Furuuchi et al. 2000;
Medeiros et al. 1994). Methylation of the APC gene promoter is detected in
approximately 28% of all sporadic breast cancers (Esteller et al. 2001a; Jin
et al. 2001; Parrella et al. 2004); however, no association with any known
breast cancer subtypes has been described.

3.1.9
MLH1

This gene encodes the MLH1 protein, also known as the mismatch repair mutL
homolog 1, involved in DNA mismatch repair. Defects or loss of expression
of this protein causes a form of genetic instability known as microsatellite
instability (MSI), which is characterized by genome-wide short nucleotide
insertions and deletions. Failure to correct errors occurring during DNA
replication by MLH1 or other members of the DNA mismatch repair system
(MMR) may result in accumulation of mutations in cancer genes that control
cell proliferation and survival (Marra and Boland 1996). The MLH1 gene is
frequently inactivated by mutations in the hereditary colon cancer syndrome
HNPCC, whereas DNA methylation-mediated gene silencing is more common
in sporadic forms of various types of cancers. DNA mismatch repair defects
involving MLH1 also occur in sporadic breast cancers (Moreno-Bueno et al.
2003), although one report suggested that these might be rare events (Adem
et al. 2003). MSI has been reported in sporadic breast cancers (Chagpar et al.
2004). Breast cancers have also been documented among family members
of HNPCC patients, suggesting that this cancer might also be part of the
HNPCC syndrome (de Leeuw et al. 2003; Oliveira Ferreira et al. 2004). MLH1
is inactivated by DNA methylation in about 29% of breast tumors (Esteller
et al. 2001a; Murata et al. 2002; Widschwendter et al. 2004). The phenotypic
characteristics and other molecular features of the breast tumors subtype
with MLH1 methylation still need to be investigated.

3.1.10
GSTP1

Another gene, whose expression is reduced in many types of cancer due to
promoter methylation, is the GSTP1 gene, encoding the glutathione S-trans-
ferase π protein. This enzyme catalyzes the conjugation of glutathione with
electrophilic and hydrophobic compounds, including carcinogens, in order to
facilitatenormal cellulardetoxification reactions (Coles andKetterer 1990).By
preventing the accumulation of genotoxic compounds, GSTP1 acts to protect



DNA Methylation Profiles of Female Steroid 159

cells from DNA damage and tumor initiation. Aberrant methylation leading
to reduced GSTP1 expression levels has been documented only in a limited
number of cancers, including breast cancer. Approximately 29% of all breast
cancers have associated GSTP1 promoter hypermethylation (Bae et al. 2004;
Esteller et al. 1998a, 2001a, b; Krassenstein et al. 2004; Parrella et al. 2004).
It has been proposed that methylation-induced loss of GSTP1 function can
lead to the formation of estrogen-related DNA adducts that, if not repaired,
can initiate tumorigenesis in the breast (Esteller 2000). A recent study has
also shown that estrogen and its inhibitors can regulate GSTP1 expression
through ESR2 activation, which in turn increases the level of cellular protec-
tion against oxidative stress (Montano et al. 2004). The association between
the methylation of GSTP1 and the hormonal status of the breast tumors is
even more intriguing. GSTP1 is expressed only in ER− breast cancer lines,
whereas in the ER+ cell lines GSTP1 expression is lost due to promoter hyper-
methylation (Jhaveri et al. 1998; Moscow et al. 1988). These data suggest the
existence of a connection between estrogen and the activity of this enzyme.
The relationship between GSTP1 gene regulation by the estrogen signaling
pathway and the methylation of the GSTP1 gene promoter requires further
clarification.

3.1.11
MGMT

The protein encoded by this gene is a DNA repair protein capable of remov-
ing mutagenic methyl or alkyl adducts from guanines and thymines. This was
demonstrated in vitro as well as in mouse models (Esteller 2000). However,
since the MGMT protein was shown not to be essential for DNA replication or
cell survival, its role in normal cells is not yet fully understood. Like GSTP1,
MGMT provides protection from genotoxic compounds. This protection may
be lost when MGMT expression is silenced by DNA hypermethylation, and
this event may play a decisive role in the process of malignant transformation.
Abnormally generated O6-methylguanine is recognized as an adenine by the
DNA polymerase machinery, thus deficiency in the MGMT enzyme may lead
to guanine (G)-to-adenine (A) transitions. Accumulation of such mutations
in key regulatory proteins could impact the process of tumor initiation and
progression. Interestingly, this gene is rarely mutated in cancers, and only
transcriptional silencing by DNA methylation has been shown to cause func-
tional loss of MGMT expression. Like MLH1, methylation of MGMT is another
example that epigenetic changes can lead to genetic alterations. MGMT gene
promoter hypermethylation has been reported in several human cancers (Es-
teller et al. 1999). However, fewer than 10% of the breast cancers (Esteller
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et al. 2001a; Widschwendter et al. 2004) have methylation of the MGMT gene
promoter, suggesting that breast carcinogenesis generally does not involve
inactivation of MGMT.

3.2
Endometrial Cancer

Menopause is the most effective protective factor against endometrial can-
cer, suggesting that female sexual hormones also play an important role in
the etiology of this type of cancer (Pike et al. 2004). The risk for endome-
trial cancer is increased primarily by exposure to estrogen unopposed by
progesterone, suggesting that the two female hormones may have opposing
effects, such that estrogen increases the risk, while progesterone has a pro-
tective effect for endometrial cancer (Cohen and Rahaman 1995). ERs and
PRs are highly expressed in endometrial epithelium. The hormone receptor
status of endometrial tumors constitutes an important indicator of response
to therapy, and survival. Loss of ER expression is common and is associated
with poor prognosis in endometrial cancer (Navari et al. 2000), while loss
of PR is associated with more advanced disease. Since PGR is a downstream
target of ER-mediated estrogen activity, these findings support the hypothesis
that excessive estrogen stimulation unopposed by PR-mediated progesterone
activity is critical for the development and progression of endometrial cancer.

Silencing of these receptors by aberrant DNA methylation has been also
documented in endometrial cancer. Interestingly, hypermethylation of an
alternative promoter of the ESR1 gene, the C promoter, has been documented
in over 90% of endometrial cancer (Sasaki et al. 2001b), whereas almost no
methylation of ESR1 promoter A (Navari et al. 2000; Sasaki et al. 2001b)
or ESR2 (Sasaki et al. 2001b) genes have been reported. The absence of age-
relatedmethylationof theESR1genepromoterA ineithernormal endometrial
epithelium or endometrial cancers, despite the high rates of DNA proliferation
that is characteristic forbothof these tissues, is also intriguing.Thedifferential
epigenetic inactivation of specific ESR1 gene promoters in different types of
cancers suggests that the ESR1 silencing through these mechanisms may be
related to the promoter usage of these receptor isoforms in these tissues, and
that the silencing by methylation of these receptors may be important for
tumor development. Both PR isoforms are expressed in normal endometrial
epithelium. However, only PGR promoter B is frequently methylated (75%)
andsilenced inendometrial cancersbutnot innormalendometrial epithelium
(Sasaki et al. 2001a). The significance of the selective methylation of PGR-B
for endometrial cancer development might not be fully understood until the
specific function of the PRs in the normal endometrium is elucidated.



DNA Methylation Profiles of Female Steroid 161

Endometrial cancers are also the most common type of extracolonic tu-
mors occurring in women with hereditary colon cancer syndrome HNPCC
(Watson and Lynch 1993). Defects in mismatch repair genes, including MLH1,
are found in the majority of tumors with MSI (Liu et al. 1994). Approximately
20% of all endometrial cancers exhibit MSI (Risinger et al. 1993). However,
germline and somatic mutations in DNA mismatch repair genes are rela-
tively rare in endometrial cancer (Katabuchi et al. 1995). MLH1 methylation
is a more common finding in endometrial cancers (41%), and the majority
of these methylation events have associated MSI (Esteller et al. 1998b, 2001a;
Whitcomb et al. 2003). Unlike colorectal cancer, where sporadic MSI+ cancers
have MLH1 methylation in association with the methylation of a number of
other genes, in the context of CIMP, no correlation between the methylation
of MLH1 and the methylation of other CIMP genes, including CDKN2A (Es-
teller et al. 1998b) has been reported in endometrial cancers. Relatively low
frequencies of methylation (16%) have been reported for both CDKN2A and
ARF gene promoters in endometrial cancers (Esteller et al. 2001a; Whitcomb
et al. 2003; Wong et al. 1999).

These results prompted the suggestion that MLH1 methylation might not
occur in the setting of widespread abnormal methylation in these tumors
(Matias-Guiu et al. 2001), as is the case in colorectal cancer. However, if
CIMP is caused by defects in transacting factors that might be required for
the protection of CpG islands from abnormal methylation, different defects
might lead to the methylation of distinct groups of structurally similar CpG
islands (Laird 2003). Such transacting factors could be tissue-specific. Also,
their activity could depend on the tissue-specific usage of the promoters
they are protecting. For example, DNA methylation of MLH1 in endometrial
cancer is associated with methylation of a different set of genes from those
characterized for colorectal CIMP (Whitcomb et al. 2003), including throm-
bospondin 2 (THBS2), which is methylated in 62% of all endometrial cancers.
In CIMP+ colon cancers, MLH1 methylation is associated with the methyl-
ation of THBS1, a gene encoding for an angiogenesis modulator. It is likely
that THBS2 rather than THBS1 may be the main modulator of angiogenesis
in endometrium, and its inactivation is required for tumor development in
endometrium. If methylation of either of these two promoters occurs, only the
methylation events at THBS2 should be selected for in endometrial tumors.
DNA methylation of the APC gene promoter, another gene not associated
with CIMP in colorectal cancer, was reported to occur very frequently in
endometrial cancer (37%) in the context of MSI (Moreno-Bueno et al. 2002;
Pijnenborg et al. 2004; Zysman et al. 2002). Methylation of CDH1 occurs in
approximately 26% of all endometrial cancers (Moreno-Bueno et al. 2002;
Nishimura et al. 2003; Pijnenborg et al. 2004). No abnormal methylation of
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the MGMT and GSTP1 gene promoters has been detected in endometrial
cancers (Esteller et al. 2001a). The methylation status of BRCA1 has not been
reported in endometrial cancers, perhaps in part because female carriers of
BRCA1 mutations do not develop this type of cancer.

3.3
Ovarian Cancer

As in the caseofbreast andendometrium,menopause is also themost effective
protective factor against ovarian cancer (Pike et al. 2004). A high number of
pregnancies can also reduce the risk of ovarian cancer. Studies performed
on benign ovarian tumors, which have the same cell of origin as ovarian
carcinomas, have shown that estrogen may be an etiological factor for ovarian
cancer through its growth stimulatory and anti-apoptotic effects, whereas
progesterone appears to offer protection against ovarian cancer (Ho 2003;
Zhou et al. 2002). All ERs and PRs are expressed at various levels in these
tumors.ThepresenceofbothERsandPRs inovariancancers isassociatedwith
a good prognosis (Leake and Owens 1990). About 80% of all ovarian tumors
express ESR1, and about 50% express ESR2, and PGR. Loss of expression of
ESR2 (Bardin et al. 2004) and PGR promoter A (Akahira et al. 2002) has been
proposed to be an important event leading to the development of ovarian
cancer. The methylation status of the HR genes has not been examined in
great detail. Promoter hypermethylation of ESR1 and ESR2 genes occurred in
approximately 29% (O’Doherty et al. 2002) and 22% (Ehrlich et al. 2006) of
ovarian cancers, respectively, while no hypermethylation of PGR-B was found
in these cancers (Ehrlich et al. 2006).

Ovarian cancers can also occur in the context of hereditary cancer syn-
dromes such as HNPCC (Watson and Lynch 1993) and in hereditary breast-
ovarian cancer in women with BRCA1 and BRCA2 germ-line mutations (Claus
et al. 1996). Silencing of MLH1 and BRCA1, respectively, by aberrant DNA
methylation occurs in these syndromes as well as in a small number of spo-
radic ovarian cancers. Hypermethylation and silencing of the MLH1 gene
occurs in 10% of sporadic ovarian cancers (Strathdee et al. 1999, 2001), while
approximately 17% of all ovarian cancers have methylation of the BRCA1 gene
(Baldwin et al. 2000; Catteau et al. 1999; Esteller et al. 2000a, 2001a; Rathi et al.
2002; Ibanez de Caceres et al. 2004; Strathdee et al. 2001; Wang et al. 2004).
MLH1 hypermethylation is associated with MSI and resistance to chemother-
apy (Strathdee et al. 1999). Concordant methylation of multiple genes has
been also reported in ovarian cancers. However, it has been proposed that
more than one CIMP phenomena may be characteristic for subtypes of this
disease (Strathdee et al. 2001). No association with the methylation of MLH or
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other CIMP genes could be demonstrated for BRCA1 (Strathdee et al. 2001),
suggesting that methylation of this gene is representative for a distinct subtype
of breast cancers that may not be part of CIMP. Due to the known regulation
by estrogen of the BRCA1 gene, future studies will be needed to clarify the
relationship between silencing by methylation of this gene and the hormonal
receptor status of the ovarian tumors.

The frequency of CDKN2A methylation reported in the literature varies
substantially, in part due to the analysis of different regions of the promoter in
various studies. Higher frequencies of methylation are common for the CpG
island located in the second exon of the CDKN2A gene; however, this methyl-
ation event is not associated with gene silencing. The CpG island associated
with the promoter and the first exon of CDKN2A was more often reported to
be unmethylated in most ovarian cancers. The overall frequency of methyl-
ation for this gene is less than 10% (Esteller et al. 2001a; Ibanez de Caceres
et al. 2004; McCluskey et al. 1999; Niederacher et al. 1999; Strathdee et al.
2001; Wong et al. 1999). Low frequencies of methylation were also reported
for the ARF and APC genes (Esteller et al. 2001a; Ibanez de Caceres et al.
2004; Rathi et al. 2002). No hypermethylation was found at MGMT, GSTP1,
and PTGS2 gene promoters in ovarian cancers (Esteller et al. 2001a; Rathi
et al. 2002). High frequencies of methylation have been shown, however, for
RASSF1 (31%) and for CDH1 (26%), suggesting that these two genes may play
a role in ovarian cancer development (Agathanggelou et al. 2001; Rathi et al.
2002; Ibanez de Caceres et al. 2004; Yoon et al. 2001).

3.4
Proximal Colon Cancer

A large number of epidemiological studies suggest a hormonal basis for the
pathogenesis of colorectal cancers. Evidence for the potential role of sex hor-
mones in the etiology of colorectal cancer comes from several observations.
Males and females differ in their incidence and mortality rates of colorectal
cancer when localization of the tumor and the age of the patient at the time
of diagnosis are taken in consideration. Age-adjusted colon cancer incidence
rates are slightly higher for men than for women (Wingo et al. 1998). Also,
the risk of colon cancer in family members afflicted by the hereditary colon
cancer syndrome HNPCC is lower in women than in men (Froggatt et al.
1999). However, colon tumors that develop in the proximal part of the large
intestine occur more frequently in older women (Butcher et al. 1985), whereas
tumors of the distal colon are more common in men (Alley and McNee 1986).
Parity and hormone replacement therapy (HRT) have also been shown to
be inversely associated with colon cancer (McMichael and Potter 1980). HRT
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reduces the risk of colorectal cancer (Davis et al. 1989; Furner et al. 1989)
and improves the survival from this disease (Mandelson et al. 2003; Slattery
et al. 1999). These data suggest that estrogen may have a protective effect for
colorectal cancer development in women, and that when the protective effect
is lost during menopause, the proximal colonic epithelium is at greater risk
than the distal one for developing colon cancer.

The mechanism by which estrogens may affect the tumorigenic process is
not clear. One proposed explanation that has not been fully explored is that
estrogens can interfere with bile acid metabolism. Secondary bile acids are
carcinogenic in rats (Reddy et al. 1976), and their concentration in feces is
increased in patients with colorectal cancer as compared with the non-cancer
patients (Reddy et al. 1977). Since the secondary bile acids are absorbed
primarily in the proximal colon, it has been postulated that they may play
a role in the initiation and promotion of tumorigenesis in the proximal colonic
epithelium(McMichael andPotter 1980).Removal of thegallbladder, resulting
in an increase in the intestinal load of secondary bile acids (Malagelada et al.
1973; Pomare and Heaton 1973), has also been shown to be associated with
a slight increase in the risk of proximal colon cancer (Todoroki et al. 1999;
Turunen and Kivilaakso 1981; Vernick et al. 1980). Bile acid synthesis is also
reduced following HRT (Everson et al. 1991). However, HRT has been shown
to improve the survival only from distal colon cancer and not from proximal
colon cancer, which is more common in women (Mandelson et al. 2003).

An alternative mechanism proposed to account for gender-specific differ-
ences in colon cancer, including the reduced incidence and improved prog-
nosis from colon cancer following HRT, is that estrogen might manifest its
influences on colonic epithelium through changes in DNA methylation. In re-
cent years, the development of colon cancer has been linked to several genetic
and epigenetic changes. Proximal and distal colon cancers have been shown to
evolve by different genetic pathways, which could be influenced by sex-related
factors (Breivik et al. 1997). Approximately 15% of sporadic colon cancers ex-
hibit MSI. Colon tumors with MSI are more common in women than in men
andtheyaremore likely tooccur in theproximal colon(Breiviket al. 1997).The
majority of the sporadic colon cancers with MSI are associated with hyperme-
thylation of the MLH1 gene (Kane et al. 1997). Moreover, the high incidence
of MSI tumors in older women and in the proximal colon has been linked
to the methylation of the MLH1 gene (Malkhosyan et al. 2000), suggesting
a direct relationship between female gender and a specific DNA methylation
alteration. Interestingly, various levels of MLH1 methylation were detected in
all of the other women’s cancers. In addition, hypermethylation of the MLH1
gene in MSI colon tumors has also been shown to co-exist with the hyperme-
thylation of several other CpG islands in the context of CIMP (Toyota et al.
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1999). It has been postulated that CIMP reflects the existence of an underlying
molecular mechanism responsible for the protection of CpG islands against
abnormal methylation (Laird 2003). Alternatively, it has been proposed that
CIMP may be caused by continuous exposure to epimutagens such as viral
infections, diet, carcinogens, or chronic inflammation (Kondo and Issa 2004).

The association between MLH1 methylation in the context of CIMP and
the female gender in proximal colon cancers is not yet fully understood.
It has been proposed that genetic defects in chromosome X-linked genes
may be responsible for this gender-specific susceptibility to DNA methyl-
ation (Malkhosyan et al. 2000). Another explanation for this phenomenon is
related to the fact that changes in DNA methylation could result following
gene inactivation. It is possible that during menopause the absence of female
hormones can lead to silencing of many genes that are downstream targets
in the estrogen hormone-signaling pathway. DNA methylation could subse-
quently accumulate in the promoter of some of these genes, especially those
that have weak protection against spreading of methylation from sites in the
genome designated as “methylation centers” (Kondo and Issa 2004). These
centers are normally heavily methylated based on sequence characteristics.
This hypothesis is supported by the findings of a recent paper that showed that
disruption of the estrogen-signaling pathway results in the silencing of multi-
ple downstream target genes, a process accompanied by extensive chromatin
remodeling, including promoter hypermethylation (Leu et al. 2004). Reac-
tivation of these genes required demethylation and could not be achieved
by simply reestablishing the estrogen-signaling pathway. This may explain
why HRT does not improve the prognosis of proximal cancer (Mandelson
et al. 2003). In order to reactivate genes in the estrogen-signaling pathway
that have been already silenced by DNA methylation, a demethylation step
followed by HRT may be required. In view of that, a combination treatment
of DNA methylation inhibitors and HRT may prove to be of clinical benefit
for proximal colon cancer in women. A CIMP-like phenomenon has been
described in ovarian cancers but not in breast or endometrial cancers.

Based on epigenetic (CIMP) and genetic (MSI) criteria, colorectal cancers
can be divided into at least four different molecular entities: MSI+CIMP+,
MSI−CIMP+, MSI+CIMP−, and MSI−CIMP− tumors (Kondo and Issa 2004).
These four typesof colorectal cancersappear toevolve throughdistinctgenetic
pathways in which defects in two proto-oncogenes, KRAS and BRAF, and a tu-
mor suppressor gene, TP53, play an important role (Rajagopalan et al. 2002;
Toyota et al. 2000a). Recently, BRAF and KRAS mutations have been shown to
be mutually exclusive in colon cancers (Nagasaka et al. 2004). BRAF mutations
appear to associate preferentially with CIMP+ tumors, while KRAS mutations
are more common in tumors with less extensive promoter hypermethylation
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(Nagasaka et al. 2004). Interestingly, BRAF mutations are also very frequent
in two other female-specific cancers, ovarian and thyroid cancers.

The methylation profile of CIMP+MSI+ colon cancers has been defined us-
ing a limited panel of DNA methylation markers. The concordant methylation
of five or six CpG islands associated with three known genes,MLH1, CDKN2A,
and THBS1, and three uncharacterized DNA regions, MINT1, MINT2, and
MINT31, defines CIMP in colon cancers. For instance, hypermethylation of
MLH1 and CDKN2A occurs in approximately 20% (Eads et al. 1999; Esteller
et al. 2001b; Kane et al. 1997; Lind et al. 2004; Miyakura et al. 2001; Paz et al.
2003; Toyota et al. 1999) and 30% (Burri et al. 2001; Eads et al. 1999; Esteller
et al. 2001a, b; Lind et al. 2004; Norrie et al. 2003; Schneider-Stock et al. 2003;
Toyota et al. 1999) of all colon cancers, respectively, usually in association with
the methylation of the other CIMP genes. However, in MSI+ colon cancers, the
frequency of these methylation events increases to 69% (Esteller et al. 2001a;
Laghi et al. 2003; Lee et al. 2004; Miyakura et al. 2001; Yamamoto et al. 2002)
and 60% (Laghi et al. 2003; Yamamoto et al. 2002), respectively. Statistically
significant associations between the methylation of these loci and the female
gender and the proximal location of the tumor in the colon have been also de-
scribed (Lee et al. 2004; Norrie et al. 2003; Schneider-Stock et al. 2003; Toyota
et al. 2000a, b; Welcsh et al. 2001; Wiencke et al. 1999). Methylation of both
ARF (30%) and PTGS2 (13%) gene promoters have been reported in colon
cancers, also in the context of CIMP and MSI (Burri et al. 2001; Dominguez
et al. 2003; Esteller et al. 2001a, b; Lind et al. 2004; Shen et al. 2003; Toyota
et al. 2000a, b). In a recent study, the rate of methylation of the ARF pro-
moter was higher than that of the CDKN2A promoter, but both methylation
events were associated with poor prognosis in colon cancers (Dominguez
et al. 2003). The relationship between the specific methylation of these loci
and the estrogen-signaling pathway, however, still needs to be elucidated.

The hormone receptor status of the proximal colon tumors may be relevant
to our understanding of the tumorigenic process in the colon, as is the case
for other hormone-driven cancers. To date, very few studies have examined
the patterns of expression of the male or female steroid receptors and their
isoforms along the gastrointestinal tract. Interestingly, ERβ, which is also
the main estrogen receptor expressed in the male urogenital tract, is the
predominant estrogen receptor expressed in the colonic epithelium, and its
levels of expression have been shown to be reduced in female colon cancers
(Widschwendter et al. 2004). It has been proposed that activation by estrogens
of this receptor may mediate antimitogenic signals as was observed in breast
cancer cells (Cross et al. 2004).

About 80% of colon cancers show methylation of the ESR1 gene promoter
(Eadset al. 1999; Issaet al. 1994).This is thought tobeage-relatedsincemethyl-
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ation of this gene also occurs in normal colonic mucosa of older cancer-free
people. ESR2 methylation can be detected in approximately 20% of colon can-
cers, but not in the normal colonic mucosa, suggesting that methylation of this
locus is a cancer-specific event (D.J. Weisenberger, K. Siegmund, M. Campan,
J. Young, T.I. Long, M.A. Faasse, G.H. Kang, M. Widschwendter, D. Weener,
D. Buchanan, H. Koh, L. Simms, M. Barker, B. Leggett, J. Levine, A.J. French,
S.N. Thibodeau, J. Jass, R. Haile, P.W. Laird, submitted). The pattern of ex-
pression of individual PR transcripts in the gastrointestinal (GI) tract or in
cancers of the GI tract has not yet been clearly defined. Preliminary data from
our laboratory suggest that both PGR promoters are frequently methylated in
colon cancers. The significance of these methylation changes is not known.
In light of a potential role of sex hormones in the pathogenesis of colon can-
cer, future studies may be needed to clarify whether there are gender, age,
or location-specific differences in the expression of any of these sex steroid
receptors and their isoforms in the colonic mucosa, and how the patterns of
expression change during tumorigenesis.

Methylation of the BRCA1 or GSTP1 genes has not been shown in colon
cancers. In contrast, methylation of MGMT, another gene with DNA repair
functions, has been found in 38% of all colon cancers, and this methylation
event was associated with mutations in the KRAS gene (Esteller et al. 2000b).
Unlike BRAF mutations, the KRAS mutations are very common in the distal
colon cancers that occur more often in male patients. The possible association
between MGMT methylation and male gender is interesting in light of the fact
that MGMT methylation is also a common finding in gliomas, esophageal
adenocarcinomas, and head and neck tumors, which all have a high prepon-
derance in males.

The overall frequency of methylation for RASSF1, APC, and CDH1 genes
colon cancers is 19%, 21%, and 49% respectively (Eads et al. 1999; Esteller
et al. 2001a, b; Garinis et al. 2002; Kondo and Issa 2004; Lind et al. 2004; Paz
et al. 2003; Yoon et al. 2001). No association between these methylation events
and CIMP, gender, tumor location, or MSI status has been established.

4
Conclusions

A single common methylation signature for all of these four women’s cancers
could not be demonstrated using this panel of DNA methylation markers, sug-
gesting that multiple tumorigenic pathways controlled by female hormones
may be involved in the development of these cancers. This is not totally unex-
pected, knowing that estrogen protects against proximal colon cancers but is
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thought to be tumor-promoting in breast, ovarian, and endometrial cancers.
However, methylation of five of these genes,MLH1, CDKN2A, ARF, CDH1, and
APC, was detected in a subset of all of these cancers, suggesting that subtypes
of these cancers may share common tumorigenic pathways. Since MLH1 and
CDKN2A methylation is associated with MSI in the context of CIMP in prox-
imal colon cancers, it would be interesting to determine if these phenomena
are also characteristic for the subtypes of breast, endometrial, and ovarian
cancers that have methylation of these genes. This possibility is not totally
unfounded since all of these types of cancers have also been described in
HNPCC patients. MSI is present in a subset of sporadic breast, endometrial,
and ovarian cancers, and MLH1 methylation with associated MSI has been
demonstrated in sporadic endometrial and ovarian cancers. A recent study
showed high frequencies of DNA methylation for the ARF, CDH1, and APC
genes in proximal colon cancers (Lee et al. 2004). However, it is not clear
if methylation of these genes is associated with CIMP. More studies will be
required to clarify the association between the methylation of these genes,
CIMP, and the hormone regulation in these female-specific cancers.

Distinct tissue-specific methylation signatures for subtypes of these can-
cers also emerged from this review of women’s cancers. GSTP1 methylation
was found only in breast tumors, while BRCA1 methylation was detected only
in subsets of breast and ovarian cancers. Both of these genes are regulated by
the estrogen pathway and GSTP1 can play a role in estrogen metabolism.

Hormone-driven cancers are also characterized by distinct patterns of
methylation of the HR genes, which may reflect the tissue specificity of these
receptors. Loss of ESR1 expression due to epigenetic silencing was detected in
all of these cancers. However, this occurred via selective methylation of differ-
ent ESR1 promoters in different tumors. Differential methylation of the ESR2
gene promoter and both PGR promoters was also observed in these cancers.
The methylation events affecting the expression of these hormone receptors
could be of critical importance for tumor development and progression of
hormone-driven cancers, and also might serve as potential tumor markers
for diagnosis and prognosis. Unfortunately, insufficient data were available
in the literature about the methylation status of these receptors to allow for
a more detailed comparison between the four types of cancers. Ultimately,
complete DNA methylation-based molecular signatures of hormone-driven
cancers, reflecting alterations in hormone regulated pathways, might require
inclusion of information about the DNA methylation status of all HRs, along
with the information about DNA methylation of other relevant genes. Defin-
ing tumor-specific DNA methylation profiles of women’s cancers—and un-
derstanding the role that female hormones play in shaping these profiles—is
still a work in progress.
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Abstract DNA methylation is an epigenetic modification of the DNA sequence and
thus does not change the genetic code but affects chromosomal stability and gene
expression. DNA methylation patterns are heritable and can be passed on to the
daughter cell. In this review, we briefly summarize our current knowledge on normal
DNA methylation patterns and move on to discuss the current state of the field with
respect to altered DNA methylation in cancer. We make a special attempt to address
current questions relating to genome-wide DNA methylation patterns. Since DNA
methylation is used as a therapeutic target in clinical studies, it is of utmost importance
to define potential target sequences that could be used as diagnostic or prognostic
markers. We conclude the review by outlining possible scenarios that may explain



180 C. Plass · D. J. Smiraglia

tumor type-specificDNAmethylationpatternsdescribedbyassaysevaluatinggenome-
wide levels of DNA methylation.

1
Introduction

The human genome project deciphered the whole human genomic sequence
and determined that there are roughly 20,000 to 25,000 genes in a human
cell responsible for all developmental processes and tissue-specific activities
(International Human Genome Sequencing Consortium 2004). The total gene
number seems small in the context of a complex human body and all the dif-
ferent functions certain specialized cells have to acquire, even considering the
presence of alternatively spliced products and alternative promoter sequences
for a number of these genes (Ast 2004). Additional regulatory mechanisms
have been identified, including epigenetic modifications of the DNA itself as
well as the histones surrounding the DNA. Epigenetic modifications do not
change the genetic code of genes; however, they do participate as regula-
tory switches in gene regulation. Most importantly, epigenetic modifications
are heritable. The importance of such epigenetic events for the normal cell
is becoming increasingly evident, and with better understanding of normal
processes we are learning how epigenetic alterations impact human diseases
such as cancer. In this review, we will provide an overview of our current
concept of genome-wide epigenetic modifications and how these alterations
influence tumorigenesis.

2
DNA Methylation and the Genome

DNA methylation is an epigenetic modification of the DNA and describes
the addition of a methyl group to the carbon-5 position of cytosine creating
5-methylcytosine, also known as the fifth base (Doerfler 1983). Targets for
methylation are usually cytosines located next to a guanine in CpG dinu-
cleotides, although exceptions have been described in CpNpG or CpCpW-
pGpG motifs (Clark et al. 1995; Agirre et al. 2003). The majority of CpG
dinucleotide DNA methylation is found in inter- and intragenic regions, in-
cluding repetitive sequences such as satellite sequences and centromeric re-
peats. It was estimated that over 70% of all CpG dinucleotides are methylated
(Cooper and Krawczak 1989). Exceptions are small GC-rich sequences, or
CpG islands, which are found preferentially in the promoter regions of genes
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(Antequera and Bird 1993). CpG islands are usually unmethylated and were
termed HpaII tiny fragments (HTF) islands due to the fact that these se-
quences contain a high abundance HpaII restriction sites and are digested by
HpaII, a methylation-sensitive restriction enzyme (Bird 1986). While most of
the estimated 29,000 CpG islands in the human genome are unmethylated, the
majority of the CpG islands found on the inactive X chromosome in a female
cell are methylated (Goto and Monk 1998). In addition, imprinted genes, ex-
pressed either from the paternal or the maternal chromosome, are associated
with CpG island regions methylated only on one allele (Li et al. 1993; Razin
and Cedar 1994), with these regions referred to as differentially methylated
regions (DMRs).

3
The DNA Methylation Machinery

It has been demonstrated that DNA methylation is essential for mammalian
development; precise methylation patterns are established during embryonic
development (Oswald et al. 2000; Santos et al. 2002). Initially, rapid demethy-
lation is seen in the male pronucleus, followed by progressive demethyla-
tion of the female half of the genome, which is completed in the blastocyst
stage and by this time has erased most of the methylation marks, with the
exception of methylation in imprinted regions (Oswald et al. 2000; Santos
et al. 2002). Following this wave of demethylation, DNA methylation patterns
are reestablished in a cell lineage-specific fashion. DNA methylation levels
increase in ectoderm, whereas DNA methylation seems to be inhibited in
primitive endoderm and in the trophoblast (see Li 2002 for a review). DNA
methylation patterns are established and maintained by an interplay of several
DNA methyltransferase (DNMT) enzymes that transfer a methyl group from
the methyl donor, S-adenosyl-l-methionine (SAM), to cytosine (Hermann
et al. 2004). The importance of these enzymes in mammalian development is
demonstrated in mouse mutants lacking their activity (Li et al. 1992; Okano
et al. 1999). De novo methyltransferases, DNMT3a and DNMT3b, are enzymes
that transfer methyl groups to cytosines of unmethylated DNA with DNMT3a
favoring short regions of low CpG density and providing low levels of methyl-
ation, but with DNMT3b favoring larger regions of higher CpG density such as
pericentromeric regions (Hermann et al. 2004). Mice lacking these enzymes
are embryonic or postnatal lethal due to a lack of de novo methylation in
early development stages. DNMT1, the maintenance methyltransferase, pref-
erentially detects hemimethylated sequences shortly after the passage of the
replication fork where the enzyme copies the methylation pattern of the tem-
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plate strand to the nascent strand, thus maintaining the methylation pattern
(Okano et al. 1999). Dnmt1 mutant mice arrest in late gastrulation and die at
embryonic day 9.5 where they exhibit lack of methylation in minor satellite re-
peats, endogenous C-type retroviruses intracisternal A particles and changes
of DNA methylation in imprinted genes (Li et al. 1992).

4
DNA Methylation and Gene Silencing

Work in the past decade has established the involvement of DNA methylation
on gene silencing in the context of chromatin changes (Jones and Baylin
2002). Initial clues for the interaction between DNA methylation and histone
modifications came from studies in Neurospora crassa, a filamentous fungus,
in which a mutation in a histone methyltransferase gene, defective in DNA
methylation (dim-5), was described (Tamara and Selker 2001). Dim-5 mutants
showed a complete loss of DNA methylation in an organism that does not
require specific methylation patterns to live. These findings linked histone
methylation and the associated chromatin changes with DNA methylation.

The genome is divided into either euchromatin or heterochromatin.
Euchromatic regions generally contain actively transcribed regions of the
genome and have an open chromatin structure, while heterochromatic re-
gions are transcriptionally silent and are associated with a closed chromatin
structure. These chromatin structures are distinguished by a number of
characteristic modifications of the histone tails. It was shown that the histone
acetylation or deacetylation in lysine residues of histones H2A, H2B, H3,
and H4 correlates with the active or inactive state of gene transcription.
In addition, histone tail methylation events also have an impact on gene
expression. H3 Lys4 methylation is associated with active genes, whereas H3
Lys9 methylation has been found in chromatin of silenced genes. We are only
at the beginning of our understanding of such histone tail modifications as
highlighted in recent work by Zhang et al. demonstrating the complexity of
such modifications using a mass spectrometry assay to measure chromatin
modifications on a genome-wide level (Zhang et al. 2003).

Methylated DNA is detected by methyl-CpG-binding domain (MBD) pro-
teins (MECP2, MBD1, MBD2, MBD3, MBD4, and KAISO) (Feng and Zhang
2000; Ng et al. 1999; Prokhortchouk et al. 2001; Rountree et al. 2000). In-
terestingly, it was shown that several of these MBD proteins are found in
protein complexes containing chromatin-modifying enzymes such as histone
deacetylase (HDAC). MECP2 complexes with Sin3a and HDACs and has the
ability to silence gene activity. MBD2, on the other hand, is found in a complex
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with NuRD (nucleosome remodeling and histone deacetylase) in addition to
HDAC, Mi-2, and ATP-dependent chromatin remodeling factors (Ng et al.
1999). These methyl binding domain proteins, their interactions with protein
complexes containing HDACs, and the requirement for the activity of his-
tone methyltransferase for normal DNA methylation in Neurospora crassa, all
indicate an intimate relationship between DNA methylation and histone tail
modifications. The precise nature of this relationship is currently the topic of
intensive study.

5
Aberrant DNA Methylation in Cancer

Our current understanding of tumorigenesis describes a cumulative series
of genetic and epigenetic events leading to increased cellular proliferation
and survival, as well as aberrations in differentiation programs. Genetic and
epigenetic events may lead to changes in gene expression resulting in the
activation of oncogenes, the silencing of growth-suppressing genes, or to
an increased resistance to therapy, providing a selective growth advantage
of cells harboring the defect. This concept is well accepted with respect to
genetic mutations; however, our understanding of how epigenetic events con-
tribute to tumorigenesis is lagging. For several years it has been known that
reduced global levels of 5-methylcytosine characterize human tumors (Fein-
berg and Vogelstein 1983; Gama-Sosa et al. 1983; Goelz et al. 1985). This
net reduction in 5-methylcytosine in cancer is the end result of the com-
bination of two commonly observed major changes in the distribution of
5-methylcytosine: (1) hypomethylation of CpG dinucleotides in large repet-
itive sequences and (2) regional hypermethylation in gene-regulating CpG
islands, with both events occurring in the same cell. Since CpG islands pro-
vide only a small fraction of the total CpG dinucleotide targets of methylation
as compared to the large fraction of CpG dinucleotides located in repetitive se-
quences, the contribution of CpG island hypermethylation to the net change in
5-methylcytosine content is negligible. However, due to its association with
silencing of known tumor-suppressor genes, research has mainly focused on
CpG island or promoter hypermethylation (Baylin et al. 1998).

6
Loss of DNA Methylation in Cancer

The amount of 5-methylcytosine within genomic DNA can be measured di-
rectly by HPLC and by liquid chromatography followed by mass spectrometry,
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or indirectly by using the ability of DNA to accept tritiated methyl groups from
a universal methyl donor SAM, or by specific probes detecting methylation
changes in restriction sites located within the repeat units (Ehrlich et al. 1982;
Ji et al. 1997; Song et al. 2005). These assays demonstrated the general trend
of hypomethylation in tumor genomes, data that closely correlate with the
degree of malignancy as shown for breast, cervical, and ovarian cancer. These
findings led to the conclusion that hypomethylation events may be used as
a biological marker with prognostic value (Bernardino et al. 1997; Kim et al.
1994; Narayan et al. 1998; Widschwendter et al. 2004). Several hypotheses have
been put forth to explain how hypomethylation may contribute to tumori-
genesis and accelerated growth. Early data on CMYC and HRAS supported
the idea that hypomethylation may be involved in the activation of oncogenes
(Del Senno et al. 1989; Fang et al. 1996; Vachtenheim et al. 1994). However,
although significant correlations have been seen between hypomethylation
of these promoters and high-level expression, no direct mechanistic link be-
tween these two events has been demonstrated.

Another hypothesis was proposed based on the finding of hypomethyla-
tion in pericentromeric heterochromatic repeat sequences described in breast
adenocarcinomas, ovarian epithelial tumors, and Wilms tumors (Gama-Sosa
et al. 1983; Qu et al. 1999). These hypomethylation events are associated with
chromosomal rearrangements such as isochromosomes, unbalanced juxta-
centromeric translocations, and whole-arm deletions, plus chromosomal re-
arrangements found in normal cells treated with demethylating agents 5-aza-
cytidine or 5-aza-2-deoxycytidine (Ji et al. 1997). The idea that hypomethy-
lation might lead to chromosomal instability and subsequent tumor growth
supporting gene rearrangements, activations, or both (rearrangements and
activations) found additional support with the description of DNMT3B muta-
tions in a rare genetic disorder, immunodeficiency–centromeric instability–
facial anomalies (ICF) syndrome. ICF syndrome is characterized on the ge-
nomic level by abnormal methylation of pericentromeric heterochromatin of
chromosomes 1 and 16, similar to the abnormalities seen in sporadic cancers
(Hansen et al. 1999; Okano et al. 1999; Xu et al. 1999). Interestingly, however,
increased cancer incidence is not associated with ICF syndrome.

Finally, it has been proposed that hypomethylation may lead to the acti-
vation of normally silenced retrotransposons such as LINE1 elements. This
idea stems from the theory that the normal function of DNA methylation is
to defend the genome from the activity of endogenous viruses and invading
parasitic sequences. Support for this mechanism comes from the description
of loss of LINE1 promoter hypomethylation and transcriptional activation of
a subset of these elements in several human malignancies. Activated LINE1 el-
ements are transcribed, reverse transcribed, and subsequently integrate back
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into the genome at seemingly random sites. Such novel integration sites have
been found in the APC gene in colon cancer or CMYC in breast cancer (Miki
et al. 1992; Morse et al. 1988).

7
Gain of DNA Methylation in Cancer

Although aberrant DNA methylation of CpG islands represents only a small
portion of the sequences that harbor changes in DNA methylation status dur-
ing tumorigenesis, these changes have received major attention due to the fact
that they are involved in gene silencing and thus have similar consequences as
gene deletion. Fundamentally different from genetic abnormalities, however,
is the fact that these promoter methylation events are reversible by demethyl-
ating agents such as 5-azacytidine or 5-aza-2′-deoxycytidine through in-
hibition of DNA methyltransferases. This has received special attention in
hematopoietic malignancies, where these demethylating agents have been
tested in clinical trials for their activities in patients with myelodysplastic
syndromes (Lubbert et al. 2000; Silverman 2004). In addition, these agents are
being tested in lung cancer (Momparler and Ayoub 2001).

Initially, promoter methylation was found in tumor-suppressor genes for
which gene mutations had been described (for a review see Baylin et al. 1998).
Many of these genes were identified as tumor-suppressor genes mutated in
familial cancer syndromes resulting in predisposition to a certain cancer or
set of cancers. With the invention of methylation assays based on bisulfite
conversion (Clark et al. 1994) and subsequent PCR-based assays such as
methylation-sensitive PCR (MSP) (Herman et al. 1996) or combined bisulfite
conversion and restriction analysis (COBRA) (Xiong and Laird 1997), the list
of genes for which transcriptional silencing was associated with CpG island
promoter methylation expanded quickly. It included genes involved in cell
cycle regulation (Rb, p14ARF, CDKN2A and CDKN2B, p73 and p21KIP1),
apoptosis (DAPK1, Caspase 8, and TMS1), differentiation (WT1, PAX6, and
RAR) DNA repair (MGMT and hMLH1), metastasis/invasion (E-cadherin),
drug resistance (GSTP1), andsignal transduction (PTEN), aswell as imprinted
genes (IGF2 and H19) (for a review see Costello and Plass 2001).

While most of these genes have initially been identified based on their ge-
netic defects in either familial or sporadic tumors, there is now a fast-growing
list of genes identified that are mainly silenced by DNA promoter methylation
and for which no, or only a few, gene mutations have been identified. This list
is rapidly growing with the inclusion of genome-wide searches for aberrant
DNA methylation using various techniques such as methylated CpG island
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amplification followed by representational difference analysis (MCA-RDA;
Toyota et al. 1999), methylation-sensitive arbitrarily primed PCR (MS-AP-
PCR; Gonzalgo et al. 1997), differential methylation hybridization (DMH; Yan
et al. 2001), a microarray based gene re-expression approach (MGR; Suzuki
et al. 2002), and restriction landmark genome scanning (RLGS; Smiraglia
and Plass 2002). Examples include RASSF1A, a gene identified in a com-
mon region of loss of heterozygosity in lung cancer on chromosome 3p21.3
(Agathanggelou et al. 2001; Dammann et al. 2000; Hogg et al. 2002), hyperme-
thylated in cancer 1 (HIC1) on chromosome 17p13.3, a gene identified based
on promoter methylation and silencing in leukemia and for which tumor-
suppressor function was demonstrated (Chen et al. 2004; Issa et al. 1997),
epigenetic silencing of secreted frizzled-related proteins (SFRPs) in colorectal
cancer (Suzuki et al. 2004), and four genes, COE3, BMP3B, WIT1, and SOCS1,
identified in RLGS scans for aberrant DNA methylation (Dai et al. 2004; Plass
et al. 1999; Yoshikawa et al. 2001; Zardo et al. 2002). All of these assays iden-
tified novel target sequences and genes methylated in cancer cell lines and
primary tumor tissue. A recent study combining data obtained from bacterial
artificial chromosome comparative genome hybridization (BAC-CGH) array
and RLGS demonstrated that genetic deletions and DNA methylation target
different chromosomal regions (Zardo et al. 2002). Thus, it is very likely that
the majority of methylated genes are still to be discovered, since past searches
focused on genes frequently inactivated by genetic defects.

8
Number of Methylated CpG Islands in the Tumor Genome

Several important questions could be addressed using genome-wide searches
for methylation. First, the extent of CpG island methylation in primary hu-
man malignancies was measured using RLGS. This two-dimensional gel elec-
trophoresis displays about 1,500–2,000 unmethylated NotI restriction sites
within a single gel. Comparison of RLGS profiles between normal and tu-
mor allows the identification of those sequences that are lost (methylated)
in the tumor profile. Using this assay, it was shown that on average 16 CpG
islands out of a total of 1,184 analyzed, or 1.4%, were methylated in a set
of 98 primary human malignancies composed of eight different tumor types
(Costello et al. 2000). DMH analysis of primary breast carcinomas determined
the average levels of CpG island methylation to be about 1%, confirming the
range of methylation seen by RLGS (Yan et al. 2001). Based on this num-
ber and the 29,000 CpG islands identified by the human genome sequencing
project (Venter et al. 2001), one can calculate that an average of 392 CpG
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islands are methylated in human malignancies. The range included tumors
with no methylated CpG islands and others with frequencies as high as 8.3%
in a patient with acute myeloid leukemia (Rush et al. 2001), 8.1% in a patient
with chronic lymphocytic leukemia (Rush et al. 2004), 5.3% in a patient with
non-small cell lung cancer (Dai et al. 2001), 2.1% in a patient’s head and
neck squamous cell carcinoma (Smiraglia et al. 2003), and 3.0% in a patient’s
testicular germ cell tumor (Smiraglia et al. 2002). Most human malignancies
showed elevated levels of promoter methylation. Interesting, the seminoma-
tous subgroup of testicular germ cell tumors showed only very little CpG
island methylation with an average of 0.08%, whereas the nonseminomatous
subgroup showed an average of 1.1% (Smiraglia et al. 2002). The frequen-
cies of aberrant CpG island methylation are much higher in cancer cell lines
where 5- to 93-fold increases in CpG island methylation have been reported
(Smiraglia et al. 2001). The highest percentage of CpG island methylation was
found in the leukemia cell line HL60, with 48% of all CpG islands methylated
(Smiraglia et al. 2001).

These numbers were questioned using data obtained from MGR. In this
approach, the colon cancer cell line RKO was treated with a low dose of 5-
aza-2′-deoxycytidine and histone deacetylase inhibitor trichostatin A (TSA).
Differences in gene expression with or without drug treatment were measured
using complementary DNA (cDNA) microarrays following a cDNA subtrac-
tion step. Out of 10,841 gene sequences tested, 74 were upregulated with the
treatment, suggesting that only roughly 0.7% of genes were epigenetically
regulated (Suzuki et al. 2004). On the surface, these numbers may appear to
contrast with the findings reported by RLGS and DMH where about 1.4%
of CpG islands were demonstrated to be methylated in primary tumors and
minimally 5% were methylated in cells lines (15% for colon cancer cell lines)
(Costello et al. 2000; Smiraglia et al. 2001; Yan et al. 2001). However, it is
inappropriate to try to directly compare these data sets. While the RLGS and
DMH data are simply measuring the presence or absence of DNA methylation
at a set of CpG islands, the MGR data are assessing the changes in gene ex-
pression following treatment with two drugs that have global effects on DNA
methylation and histone acetylation. Treatment with 5-aza-2′-deoxycytidine
and TSA might not lead to expression of a gene with a methylated CpG island
for a number of possible reasons including:

1. The treatment is insufficient toappropriately alter the chromatin structure
at a specific locus.

2. the cell no longer has the required set of transcription factors needed to
drive expression of the gene, perhaps due to genetic damage.
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3. the drugs may have induced the expression of a transcriptional repressor,
or repressed the expression of a critical transcriptional activator for the
gene.

4. the gene may not normally be expressed in the cell type.

5. the CpG island is involved with a function other than the control of
expression of the nearby gene.

One question that needs to be addressed in this context is: Do all methyl-
ation events result in gene silencing? Given the large number of CpG islands
shown to be methylated in cancer by RLGS and DMH data, it is unreasonable
to expect that so many genes need be silenced in a cancer cell. The question
then becomes: Which of these methylation events, or what proportion is as-
sociated with aberrant gene silencing? This question is usually addressed in
a cell line system.

It is currently impossible to target a specific sequence for demethylation.
The approach generally used is that cancer cell lines—in which the endoge-
nous gene in question is hypermethylated and transcriptionally silenced—are
treated with demethylating agents, 5-azacytidine or 5-aza-2′-deoxycytidine,
and gene expression is tested by RT-PCR before and after treatment. If re-
expression occurs, it is assumed that the candidate gene was silenced by DNA
methylation.

Using this strategy, Costello et al. tested 16 methylated genes identified in
a genome scan in glioblastomas and found six genes regulated by methyl-
ation (Costello et al. 2000). Similarly, Rush et al. tested five genes in acute
myeloid leukemia cell lines and found restoration of gene expression in three
(Rush et al. 2001), and in the chronic lymphocytic leukemia line WaC3CD5
five of five tested genes showed increased expression after treatment with
5-aza-2′-deoxycytidine (Rush et al. 2004). However, it is difficult to interpret
the negative results from the Costello and Rush studies, and other similar
studies. These data do not necessarily mean that those genes are not epi-
genetically regulated. In addition to problems of interpretation of negative
5-aza-2′-deoxycytidine data described above, studies on imprinted genes have
shown us that methylated regions could potentially regulate several genes lo-
cated within the imprinted gene cluster, and the genes could be at a distance
exceeding 30 kb away from the methylated sequence, as for the mouse Ras-
grf1 gene (Plass et al. 1996). In addition, the “true” promoter sequences may
not be identified and a gene regulated by a certain methylation event could
be missed. Therefore, it is very difficult to estimate how many CpG island
hypermethylation events result in, or correlate with, gene silencing. Use of
expression studies after 5-aza-2′-deoxycytidine and TSA treatment can help
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to shed light on this. However, while a positive result has relatively few inter-
pretation problems, negative results have many; thus, the numbers provided
by these types of drug-induced re-expression studies very likely represent
a minimum estimate of the number of genes regulated by methylation.

9
Targets for Promoter Hypermethylation

RLGS data further demonstrated that patterns of CpG island methylation do
not represent a random distribution of DNA methylation events over all CpG
island sequences (Costello et al. 2000). These data were subsequently con-
firmed in an independent study utilizing a candidate gene approach and the
MSP assay to detect promoter methylation (Esteller et al. 2001). Interestingly,
about half of the CpG island sequences analyzed by RLGS were never methy-
lated in any of the tumor samples (n = 209) studied, while other sequences are
methylated at high frequencies, an observation not explainable if methylation
targets were randomly selected (Plass and Smiraglia, unpublished data). Sup-
port for the non-random nature of the methylation patterns also comes from
the observation that genes such as GSTP1 and MLH1 in prostate and colon
cancers show very high frequencies of hypermethylation-associated silencing
but few, if any, mutations in the sporadic cancers (Lee et al. 1994). Two possible
explanations are currently discussed that may explain non-random patterns
of DNA methylation and lead us to a proposed model of how aberrant DNA
methylation patterns are established.

10
The Establishment of Tumor Type-Specific and Non-random Aberrant
DNA Methylation

In our model (Fig. 1), we consider a genetic event, such as oncogene activation,
that triggers the initiation of tumorigenesis and results in a deregulation
of the DNA methylation machinery. Subsequently, we are considering three
possible pathways (A–C in Fig. 1) that could generate non-random DNA
methylation patterns. Our current knowledge may not be sufficient to decide if
aberrantDNAmethylation is causedbyageneticdefect.Onecouldassumethat
a genetic defect directly results in accelerated promoter methylation and other
hypomethylation events by activating or disturbing the DNA methylation
machinery. An alternative scenario would be that DNA methylation changes
are an indirect result of accelerated growth of the tumor cells and the cells are
not able to maintain the normal methylation patterns.
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Fig. 1A–C A model explaining the establishment of tumor type-specific and non-
random aberrant DNA methylation in human malignancies. See text for explanations

In pathway A, accelerated tumorigenesis would be mediated by intrinsic
factors that regulate which sequences are “methylatable” and which ones are
“unmethylatable” (Fig. 1). One possibility is that “unmethylatable” sequences
are protected by the DNA binding factors preventing access of methyltrans-
ferases. It was proposed that transcription might in some way protect se-
quences from methylation (Clark and Melki 2002). Under this hypothesis,
promoter sequences of housekeeping genes would be protected. Alterna-
tively, methyltransferases may be recruited to certain target sequences by
DNA binding factors. Support for this possibility comes from recent work on
onco-fusion protein PML/RAR that binds DNMT1 and DNMT3A and recruits
methyltransferase activity to RARβ promoter (Di Croce et al. 2002). Similar
recruitment of DNMT1 by onco-fusion protein RUNX1/MTG8 has recently
been reported. This fusion is a result of translocation, t(8;21)(q22;q22), a com-
mon abnormality in a cytogenetic subgroup of acute myeloid leukemia. The
authors were able to show that in addition to the previously reported interac-
tion with histone deacetylases (HDACs), RUNX1/MTG8 also recruits DNMT1
for gene repression (Liu et al. 2005). Similarly, oncogenic transcription factor
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CMYC together with DNA-binding factor MIZ1 is able to target DNMT3a and
redirects its activity to aberrant target sequences including p21Cip1 (Bren-
ner et al. 2004). These various proposed mechanisms would allow for the
establishment of non-random patterns of DNA methylation without further
selection processes.

In pathway B, the establishment of non-random patterns of DNA methyl-
ation postulates an initially random event in which each CpG island has the
same possibility to become methylated. Depending on the genes that would
be influenced by this event, cells would either gain a growth advantage and
thus conserve a methylation pattern, or the silencing of genes would be dele-
terious to the cell and a selective disadvantage would act against maintaining
this pattern. Primary tumors represent the endpoint of a cellular evolutionary
process; thus, it is difficult to determine the nature of non-random patterns
and whether they arose out of selection or differential susceptibility to aber-
rant methylation. However, examples for “unmethylatable” sequences are
RLGS fragments representing CMYC, FOS, CDK6, MBD1, and SF3A1, genes
required for cell growth inanycell typeandconsideredashousekeepinggenes.
It is likely that methylation of these genes is negatively selected against, and
that this might explain why their methylation has not been observed. On the
other hand, methylation of RLGS fragments representing tumor-suppressor
genes such as SOCS1 (Yoshikawa et al. 2001) and BMP3B (Dai et al. 2004) is
frequently observed, which may suggest that when these loci are randomly
methylated, those cells obtain a growth or survival advantage, thus perpetu-
ating the event in the tumor. In the setting of a cell line, the drastic increase
in CpG island hypermethylation might then be explained by (1) fewer genes
critical to cell survival or growth given the vastly different in vitro environ-
ment, thus less negative selection against methylation, and (2) the energetic
benefit of no longer expressing unneeded genes, thus more positive selective
pressure for methylation.

Pathway C uses some of the concepts from both pathways A and B, where
CpG island hypermethylation can be thought of as “semi-random.” Under this
scenario, we would propose that the process is random in that the aberrantly
functioning methylation machinery does not purposefully target specific loci
or types of loci (unlike the targeting by transcription factor DNA binding sites
in pathway A); however, not every locus has the same chance of becoming
hypermethylated. Certain loci may be highly susceptible to attracting the
attention of an opportunistic aberrant methylation machinery, or others may
be very resistant. For instance, genes that are highly transcribed may be far
less likely to become hypermethylated than loci that are not transcribed or
are being transcribed at a low level. In addition, certain sequence motifs
might create secondary structures that are more or less attractive targets for
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aberrant methylation machinery. Furthermore, areas of DNA damage, such
as double stranded breaks, might make for more attractive targets. Thus,
each locus could have a level of susceptibility to aberrant hypermethylation
that can be impacted either positively or negatively by many different factors
including transcriptional activity, cis elements, and local DNA structure, and
these factors may vary from cell type to cell type.

A recent study showed that certain sequences are more susceptible to be-
come methylation targets (Feltus et al. 2003). In this study, overexpression of
DNMT1 in SV40-transformed human fibroblasts resulted in consistent DNA
methylation of a subset of 3.8% of CpG island sequences (of a total of 1,749
sequences) in different transformed lines, while other sequences where never
methylated. Pattern recognition and supervised learning techniques identi-
fied sequence motifs that are more frequently associated with methylated than
with unmethylated sequences. It is possible that the identified sequences are
part of binding site motifs of transcription factors that interact with DNMTs
or that these sequences are important for secondary structures in the chro-
mosomes that supports DNMT activity. Using these sequence motifs it was
possible to predict potential methylation targets with 82% accuracy. Since the
data relied on an in vitro system to identify sequences preferentially methy-
lated, it would be interesting to determine if these sequence motifs are also
found in sequences aberrantly methylated in primary tumors and if there are
differences between tumor types that may explain the tumor type-specific
nature of aberrant DNA methylation patterns.

Beyond whether or not a locus is an initial target of hypermethylation is
the question of whether or not the methylation event is perpetuated. This
would then depend upon the consequence of the methylation event and the
resulting selective pressure. Many events might have little or no effect because
they occur where genes are already not expressed, the loss of expression of the
gene is inconsequential, or perhaps the level of methylation at the particular
locus is insufficient to have an effect. These events can be expected to have
neutral selective pressure and may or may not be perpetuated, depending on
other events in the cell. Methylation at other loci may impact the expression
of important genes such that they give the cell a growth or survival advantage
or disadvantage, and these will have positive or negative selective pressures,
respectively. Thus, there could be an initially random process with each locus
weighted either positively or negatively in terms of whether or not they would
attract the aberrant methylation machinery, followed by selective screening of
the consequences of these events, leading to a non-random output of aberrant
hypermethylation that we have observed in cancers.
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Abstract Cancer cells that have a large number of aberrantly methylated CpG islands
(CGIs) are known to have CpG island methylator phenotype (CIMP), and decreased
fidelity in replicating methylation patters has been analyzed as an underlying mech-
anism. First we developed a method to analyze the number of errors in replicat-
ing CpG methylation patterns in a defined period. A single cell was expanded into
106 cells, and the number of errors during the culture was measured by counting the
deviation from the original methylation patterns. It was shown that methylated status
of a CpG site was more stably inherited than unmethylated status, suggesting that the
genome is constantly exposed to de novo methylation. Promoter CGIs showed higher
fidelities than CGIs outside promoter regions. We then analyzed error rates in two
gastric cancer cell lines without CIMP and two with CIMP for five promoter CGIs.
Two CIMP(−) cell lines showed error rates smaller than 1.0×10−3 errors per site per
generation (99.90%–100% fidelity) for all the five CGIs. In contrast, AGS cells showed
significantly elevated error rates, mainly due to increased de novo methylation, in three
CGIs (1.6- to 3.2-fold), and KATOIII cells showed a significantly elevated error rate in
one CGI (2.2-fold). Presence of densely methylated DNA molecules was observed only
in KATOIII and AGS. These data demonstrated that some cancer cells have decreased
fidelity in replicating CpG methylation patterns that underlie CIMP.
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1
Introduction

DNA methylation is inherited upon cell division, and methylation of CpG is-
lands (CGIs) in gene promoter regions is known to suppress the expression of
the downstream genes (Jones and Baylin 2002; Bird 2002). Aberrant methyl-
ation of promoter CGIs of tumor-suppressor genes is known to be deeply
involved in carcinogenesis. At the same time, it has recently been recognized
that variousCGIs, not only thoseof tumor-suppressor genes, aremethylated in
cancer cells (Costello et al. 2000; Sato et al. 2003; Ushijima 2005). Some cancers
are known to have methylation of multiple CGIs, and this phenotype was des-
ignated as CGI methylator phenotype (CIMP) (Toyota et al. 1999; Issa 2004).
When a cancer has a CIMP, it has been proposed that a number of important
genes are inactivated due to methylation of promoter CGIs, and that this will
have a significant impact on the behavior of cancers with CIMP. In fact, our re-
cent study demonstrated that neuroblastomas with CIMP are associated with
a significantly and markedly lower probability of survival (Abe et al. 2005).

On the other hand, Yamashita et al.could not find the presence of a distinct
phenotype with methylation of multiple CGIs, based on their methylation
analysis of seven CGIs of known tumor-related genes and 30 NotI sites ran-
domly selected from the genome (Yamashita et al. 2003). This raised several is-
sues thatwehave toconsiderwhenanalyzing thepresenceofCIMP.First, asde-
scribed in the first report by Toyota et al. (1999), selection of appropriate CGIs
is important. Methylation of appropriate CGIs should not cause selection of
cells with their methylation, because selection can cause an apparent increase
of cells with methylation. Also, appropriate CGIs should not be methylated
in non-cancerous tissues, since CIMP refers to abnormal cellular capacity to
induce methylation of CGIs, and not to age-dependent methylation (Issa et al.
1994, 2001). Second, analysis of appropriate regions within a CGI is necessary.
MethylationstatuseswithinaCGIarenothomogeneous (Ushijima2005).A to-
tally different methylation profile can be obtained when a core region within
aCGI is analyzedandwhennon-core regionswithin aCGI are analyzed. Third,
and most importantly, analysis on the dynamic speed of occurrence (rate) of
methylationofCGIsorCpGsites in adefinedperiodof time isnecessary (Ushi-
jima and Okochi-Takada 2005). Most studies so far have analyzed the number
of aberrantly methylated CGIs, which is dependent upon multiple factors,
including the rate of occurrence of methylation, the number of past events of
clonal selection, and the number of methylated CGIs in the precursor cell.

To analyze possibly increased rates of occurrence of methylation in cancer
cells, information on the rate in normal cells is indispensable. However, anal-
ysis of the rates of methylation errors has been limited. The methylated status
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of an exogenously introduced DNA was maintained with fidelity of 94% per
generation per site by Southern blot analysis (Wigler et al. 1981). Pfeifer et al.
developed the ligation-mediated PCR (LMPCR) method, and analyzed the
efficiency of maintenance methylation (Em) and that of de novo methylation
(Ed) separately, using CpG sites within a CGI in the 5′ region of the PGK1 gene
on the inactive X chromosome (Pfeifer et al. 1990a, b). They observed an Em

of 98.8%–99.9% per site per generation and Ed of 5%. Ed of 5% corresponds
to a fidelity of 95% in keeping the unmethylated status of a CpG site.

Recent advancements in bisulfite sequencing methods have enabled re-
searchers to analyze methylation status at the nucleotide level (Clark et al.
1994). Taking advantage of bisulfite sequencing, we decided to observe a large
number of CpG sites within a CGI, and measure the fidelity in maintaining
their methylated or unmethylated status, and then to analyze changes in the
fidelity in cancer cells.

2
Fidelity in Normal Mammary Epithelial Cells

Before analyzing fidelity in cancer cells, we had to establish a system in
which we could measure the number of errors in replicating methylated or
unmethylated statuses of individual CpG sites in a defined number of cell
divisions (Ushijima et al. 2003). For this purpose, we seeded a single human
mammary epithelial cell (HMEC) in a well of a 96-well plate, and expanded
it up to 106 cells (Fig. 1A). From the actual count of the number of cells at
harvest and the number of cells lost during two transfers, we calculated the
actual number of cell divisions during the culture. Using DNA extracted from
the final 106 cells, methylation statuses of individual CpG sites were examined.
To exclude artifacts due to insufficient bisulfite treatment, unconversion rates
were measured using unmethylated control DNA, and were confirmed to be
small enough compared with error rates.

Methylation patterns of the differentially methylated region (DMR) of H19
was initially examined, since distinction of maternal and paternal alleles
was possible by a polymorphism and also by the overall methylation statuses
(Fig. 1B). All of the unmethylated DNA molecules (molecules 1–9 in Fig. 1) had
similar methylation patterns and the T polymorphism, while all the methy-
lated DNA molecules (molecules 10–12 in Fig. 1) had similar methylation
patterns and the G polymorphism. This showed that the number of errors in
replicating methylation patterns was not too large during the expansion from
1 to 106 cells, that the methylation patterns of the two alleles in the original
single cell can be inferred (molecules 1–7 for the unmethylated allele, and
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Fig. 1A, B The method to measure the fidelity in replicating methylation patterns.
A A single cell was expanded to 106 cells, and methylation patterns in the final cell
population were analyzed. B Example of an analysis. Twelve DNA molecules were
analyzed for methylation patterns of the H19 DMR, and deviation from the inferred
original methylation patterns was calculated (the numbers of errors are shown to
the right of clones). Open and closed circles: unmethylated and methylated CpG sites,
respectively. T or G is a reported polymorphism. Based on the total number of CpG
sites analyzed and the observed number of errors, the error rate in the defined period
was measured. Six independent cultures were analyzed for each region

molecules 10 and 11 for the methylated allele), and that the number of errors
in replicating methylation patterns (shown in the right of each molecule)
can be measured. To obtain an accurate number of errors, six independent
cultures were analyzed, and the average number of errors was calculated. Pos-
sible errors due to erroneous selection of the original methylation patterns
were examined by selecting different patterns as the original methylation pat-
terns (permutation test), and we confirmed that selection errors do not cause
significant changes in the error rates.
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Fig. 2 Error rates in various regions of the genome in normal human mammary
epithelial cells. The numbers of errors per cell division per CpG site are shown.
Unmethylated regions showed higher error rates than methylated regions. This was
true even when the unmethylated allele (marked with *) and methylated allele (shown
by **) of H19 were compared. CGIs in promoter regions showed lower error rates than
CGIs outside promoter regions

The analysis was expanded to five CGIs in promoter regions, three CGIs
outside promoter regions, CpG sites outside CGIs (non-CGIs), and a normally
methylatedCGI inapromoter region (Fig. 2).Whenunmethylated regionsand
methylated regions were compared, it was clear that error rates were higher in
unmethylated regions. Even limited to DMR of H19, the unmethylated allele
showed a higher rate of errors. This showed that keeping the unmethylated
status of CpG sites is much more prone to errors than keeping the methylated
status of CpG sites. This finding was reasonably explained using the assump-
tion that the genome is constantly exposed to pressure of de novo methylation,
which is in good accordance with a pioneering finding (Pfeifer et al. 1990b).

When CGIs in promoter regions and CGIs outside promoter regions were
compared, the former had lower error rates. Since methylation of promoter
CGIs leads to silencing of the downstream genes and is potentially harmful to
a cell, it appeared that CGIs in promoter regions were protected from de novo
methylation in a safer manner than CGIs outside.
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The measurement system does not take account of errors in the very early
stages of culture (founder errors), and cannot make clear distinction between
a failure in maintaining methylated status and that in maintaining unmethy-
lated status. However, the effect of founder errors was considered very small
because the variation among six independent experiments was reasonably
small. Since error rates in unmethylated regions and methylated regions were
clearly different, distinction of the two types of errors is important, and the
development of a new system that can distinguish them is necessary.

3
Decreased Fidelity in Gastric Cancer Cells

Since the system seemed to be working, we shifted to analysis of cancer cells
(Ushijima et al. 2005). For this purpose, we chose two gastric cancer cell
lines without CIMP (HSC39 and HSC57) and two with CIMP (KATOIII and
AGS) (Kaneda et al. 2002). The fidelity was analyzed for five promoter CGIs of
fivegenes:bA305P22.2.3 (bA305P),FLJ32130, a homologofRIKEN2210016F16
(RIKEN2210016; currently C9orf64), E-cadherin, and cyclophilin A. Since can-
cer cells might have aneuploidy of the genes analyzed, the copy numbers were
analyzed in all the four gastric cancer cell lines by fluorescence in situ hy-
bridization (FISH) and Southern blot analysis. For each CGI, three times as
many clones (or more), vs the number of alleles, were analyzed. As was the
case in normal mammary epithelial cells, the six experiments were repeated.
As a result, we sequenced 1,495 clones.

Gastric cancer cell lines without CIMP (HSC39 and HSC57) showed error
rates smaller than 0.02 errors/CpG site per observed generation for all the five
CGIs (Fig. 3). This corresponded to fidelities of 99.90%–100%. In contrast,
KATOIII and AGS showed significantly elevated error rates, mainly due to
increased de novo methylation, in one CGI (2.2-fold) and in three CGIs (1.6-
to 3.2-fold), respectively. This showed that the two gastric cancer cell lines
with CIMP had decreased fidelity in replicating methylation patterns that
produced scattered methylation of a CGI (Fig. 4B). Interestingly, the decreased
fidelity was prominent in specific CGIs, such as promoter CGIs of bA305P and
RIKEN2210016.

4
Decreased Fidelity and Induction of Dense Methylation

The next question was whether or not the scattered methylation induced by
the decreased fidelity really leads to induction of methylation of an entire CGI
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Fig. 3 Error rates of two gastric cancer cell lines without CIMP (HSC39 and HSC57)
and two with CIMP (KATOIII and AGS) in five promoter CGIs. The numbers of errors
per CpG sites in 21.6–23.1 generations are shown (note that the unit is different from
Fig. 2). KATOIII showed increased error rates in bA305P, and AGS showed increased
error rates in bA305P, RIKEN2210016, and E-cadherin

(dense methylation; Fig. 4E). As for the role of scattered methylation, Song
et al. reported that both “seeds of methylation,” which they created by HpaII
methylase, and decreased gene expression were important for induction of
dense methylation of a promoter CGI (Song et al. 2002). The finding was
further confirmed in the authors’ following report (Stirzaker et al. 2004).
Encouraged by these reports, we decided to detect densely methylated DNA
moleculesby selectiveamplificationof suchmoleculesbymethylation-specific
PCR (MSP) (Herman et al. 1996). MSP is known to be capable of detecting
a small number of methylated DNA molecules embedded in an excess amount
of unmethylated DNA molecules.
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Fig. 4A–E A scheme how scattered methylation leads to dense methylation. CGIs in
promoter regions are generally kept unmethylated (A). In cells with decreased fidelity,
scattered methylation is constantly produced (B and D). In the majority of cells, the
scatteredmethylation is erasedbyunknownmechanisms (C).On theotherhand,dense
methylation is induced in a minor fraction (E). For the induction, there is a possibility
that low gene expression levels are involved

For each culture, four aliquots of bisulfite-modified DNA were amplified
using primers specific to methylated RIKEN2210016 promoter CGI. Ampli-
fication of possibly densely methylated DNA molecules was stochastically
detected in KATOIII and AGS, but never in HSC39 and HSC57. The ampli-
fied DNA fragments were sequenced, and all the CpG sites between the MSP
primers were shown to be methylated. The stochastic amplification suggested
only one or no densely methylated DNA molecule was present in the tem-
plate bisulfite-modified DNA solution. By calculating the copy number of
template DNA molecule based on the efficiency of bisulfite modification, it
was suggested that 1 of 250–380 DNA molecules was densely methylated in
the RIKEN2210016 promoter CGI in KATOIII and AGS.

Based on the above data, the model for occurrence of dense methylation in
cell lines with CIMP is shown in Fig. 4. Due to the decreased fidelity, methyl-
ation of scattered CpG sites takes place (Fig. 4B or 4D). In most cases, the
scattered methylation is erased and unmethylated status of a CGI is main-
tained (Fig. 4C). However, as a rare event, dense methylation of the entire
CGI is induced (Fig. 4E). Since the chance that most CpG sites in a CGI are
simultaneously methylated is extremely low, there should be a mechanism
that induces the dense methylation when the number of seeds is high enough.
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We consider that one possible determinant between erasure and induction of
dense methylation is the gene expression level in a cell. Gene expression levels
normally fluctuate from one cell to another, even among a homogeneous cell
population. Based on the previous findings that low gene expression levels
are important for induction of dense methylation (De Smet et al. 2004; Song
et al. 2002; Stirzaker et al. 2004), there is a possibility that a cell with a lower
expression level might undergo dense methylation.

Once dense methylation of a promoter CGI of a gene is induced, the down-
stream gene is silenced. The fate of a cell with the dense methylation is
considered dependent upon the function of the gene silenced. If the silencing
brings a growth advantage to the cell, the population will increase rapidly. If
the silencing does not, the population will stay as small.

5
Molecular Basis for CIMP, and Variation of the Fidelity Among CGIs

The molecular mechanisms for the decreased fidelity in KATOIII and AGS are
important. Since the decrease is mainly due to increased de novo methylation,
increased activity of de novo methyltransferase and impaired function of
protection mechanisms of CGIs from de novo methylation were theoretically
postulated. Therefore, we analyzed messenger RNA (mRNA) expression levels
of DNA methyltransferase 1 (DNMT1), DNMT3A, and DNMT3B in the four
cell lines. Although DNMT1 and DNMT3A did not show any concordant
expression levels, DNMT3B was expressed four and eight times as high as
HSC39 in KATOIII and AGS, respectively (Ushijima et al. 2005). The role of
high DNMT3B expression in the decreased fidelity needs to be further studied.

The decreased fidelity in replicating methylation patterns was prominent
in some CGIs. The most probable factor was gene expression levels, but no
clear association between low expression levels and high error rates was ob-
served (Ushijima et al. 2005). Then, to explore a possible involvement of
chromatin structure in the different susceptibility of CGIs, we performed
chromatin-immunoprecipitation analysis. The numbers of DNA molecules
bound to histone H3 acetylated (AcH3) and those bound to histone H3
dimethylated at lysine 9 (MetH3K9) were quantitatively measured, and nor-
malized to the number of input DNA molecules (Fig. 5). Although a large
amount of MetH3K9-bound DNA was observed at the bA305P CGI in AGS,
where a high error rate was observed, other CGIs where high error rates were
observed did not have high amounts of MetH3K9-bound DNA. Therefore,
little molecular explanation as to why some CGIs show higher susceptibility
to decreased fidelity is available so far.
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Fig. 5 Histone modifications in the five promoter CGIs analyzed for error rates. The
number of DNA molecules bound to acetylated histone H3 (AcH3) and that to histone
H3 dimethylated at lysine 9 (MetH3K9) were measured by real-time PCR, and were
normalized to the number of molecules in input DNA. There was no clear association
between histone modification and increased error rates

6
Epilogue

The fact that some cancer cells have impaired capacity in replicating CpG
methylationpatternswasdemonstrated.The impairmentwasdue to increased
de novo methylation that scattered within a CGI. Although the frequency
was low, the scattered methylation led to dense methylation of the entire
CGI. Along with nice pioneering studies by the Clark laboratory (Song et al.
2002; Stirzaker et al. 2004), our study showed the important role of “seeds
of methylation” in induction of dense methylation. The decreased fidelity
was thus considered as one of the mechanisms for CIMP. However, CIMP is
a complex phenotype with many different mechanisms, and the decreased
fidelity cannot be applied to all cancers with CIMP.

The absolute value of fidelity measured by our system incorporates pos-
sible “error repair” mechanisms during the culture. The presence of such
mechanisms is strongly suggested, since methylation statuses of many CpG
sites within a CGI are generally unified. Since such error repair mechanisms
are functioning even during the culture from a single cell to 106 cells, there is
a possibility that fidelity measured by our system is higher than that measured
without the influence of such an error repair system. Actually, an innovative
technique recently reported by Laird et al., hairpin-bisulfite PCR, measures
errors at one replication, and fidelities lower than those measured here were
reported (Laird et al. 2004; Riggs and Xiong 2004). Caution seems to be nec-
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essary when we compare absolute values of fidelity measured by different
systems.

Efforts to clarify the regulatory mechanisms of epigenetic fidelity now
seem to be worth being invested.
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Abstract Retroelements constitute approximately 45% of the human genome. Long in-
terspersed nuclear element (LINE) autonomous retrotransposons are predominantly
represented by LINE-1, nonautonomous small interspersed nuclear elements (SINEs)
are primarily represented by ALUs, and LTR retrotransposons by several families of hu-
man endogenous retroviruses (HERVs). The vast majority of LINE and HERV elements
are densely methylated in normal somatic cells and contained in inactive chromatin.
Methylation and chromatin structure together ensure a stable equilibrium between
retroelements and their host. Hypomethylation and expression in developing germ
cells opens a “window of opportunity” for retrotransposition and recombination that
contribute to human evolution, but also inherited disease. In somatic cells, the pres-
ence of retroelements may be exploited to organize the genome into active and inactive
regions, to separate domains and functional regions within one chromatin domain,
to suppress transcriptional noise, and to regulate transcript stability. Retroelements,
particularly ALUs, may also fulfill physiological roles during responses to stress and
infections. Reactivation and hypomethylation of LINEs and HERVs may be important
in the pathophysiology of cancer and various autoimmune diseases, contributing to
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chromosomal instability and chronically aberrant immune responses. The emerging
insights into the pathophysiological importance of endogenous retroelements accen-
tuate the gaps in our knowledge of how these elements are controlled in normal
developing and mature cells.

1
Introduction

The draft sequence published in early 2001 (Lander et al. 2001) yielded the first
realistic estimate of the number and distribution of single-copy genes in the
human genome. It also put the repetitive sequences contained in the euchro-
matic regions of the genome into the limelight. While it had long been known
that centromericandpericentromericheterochromatinconsistedoverwhelm-
ingly of satellite tandem repeats, with some interspersed retrotransposon and
single copy sequences, the analysis of the draft genome sequence revealed that
roughly 45% of the euchromatic regions is also made up of repeats. This is
likely an underestimate, because evolutionarily older sequences accumulate
mutations in a random fashion. Therefore, they gradually lose their similarity
to each other, disappearing as seemingly unique sequences into the genome
background.

The predominant classes of interspersed sequences in the human genome
are all retrotransposons. According to the 2001 analysis, which has been con-
firmed overall by the 2004 update (International Human Genome Sequencing
Consortium 2004), small interspersed nuclear elements (SINEs) account for
13%, long interspersed nuclear elements (LINEs) for 20%, and long-terminal
repeat (LTR) retroposons for 8%, respectively, of the sequenced genome. All
DNA transposons together amount to less than 3%. SINEs are overwhelmingly
represented by ALU sequences. More than one million ALUs from more than
20 subfamilies are present, which add up to roughly 10% of the genome in spite
of their small size. In addition, several subfamilies of the evolutionarily older
mammalian-wide interspersed repeats (MIRs) contribute. Long interspersed
nuclear elements are dominated in a similar way by the LINE-1 family. Its pro-
portion in the total genome may approach 20%, because LINE-1 elements are
also relatively frequent in heterochromatin. In addition, LINE-2 and LINE-3
subfamilies can be distinguished. The LTR class is more diversified, consist-
ing of several families and subfamilies of (human) endogenous retroviruses
(HERVs) plus “mammalian apparent LTR-retrotransposons” (MaLRs).

In this review, the focus will be on the major families in the SINE and LINE
classes, i.e., ALUs and LINE-1s, and on HERVs, since these are by far the best
studied and seem most relevant in the context of human genetic and acquired
diseases.
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Fig. 1 The most important retroelements in the human genome. Schematic represen-
tation of ALU, LINE-1, HERV-K, and HERV-W. The lengths of the different regions
are not to scale. Poly-A runs can differ in length. Arrows indicate repeat sequences
present at many, but not all, insertion sites. ORF1 and ORF2, open reading frame; EN,
endonuclease activity; RT, reverse transcriptase

Intact HERV sequences (Fig. 1) possess the canonical structure of retro-
proviruses (Lower 1999; Nelson et al. 2003; Bannert and Kurth 2004). Two
approximately 1-kb LTRs flank gag, pol, and env genes. Like most retroviruses,
HERVs encode auxiliary proteins that regulate RNA processing, designated
Rec and Np9. Very few HERVs in the human genome, however, have remained
intact. Almost all are mutated, deleted, and truncated, and most often, the
intermediary coding sequencing have been deleted by recombination between
LTRs. Therefore, solitary LTRs are much more frequent than proviruses and
in evolutionary terms, HERVs “tether on the brink of extinction” (Lander
et al. 2001). The more surprising is the emerging evidence implicating these
“vestiges of evolution” (Doerfler 1991) in the pathophysiology of several
human diseases.

LINEs and SINEs are LTR-less retrotransposons. Intact LINE-1 elements
(Ostertag and Kazazian 2001) are approximately 6 kb long, with two open
reading frames, ORF1 and ORF2, and a terminal poly-A sequence (Fig. 1).
They are autonomous but, unlike retroviruses, they are restricted to their
cell of origin. ORF1 encodes a 40-kDa RNA-binding protein that appears
to coordinate the transport and translation of the retrotransposon RNA.
ORF2 encodes a 150-kDa protein that yields an endonuclease and a reverse
transcriptase. Transcription occurs from an internal promoter located at the
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5′-end of intact elements, which can be functionally divided into two parts
(Swergold 1990; Hata and Sasaki 1997; Steinhoff and Schulz 2003; Lavie et al.
2004). The first approximately 200 bp are important for basic transcription,
while the following 300–400-bp increase promoter strength and are necessary
for ubiquitous activity. While the promoter contains sequences resembling
A and B boxes typical of RNA polymerase (Pol) III promoters, most evidence
now indicates that transcription is really performed by Pol II, albeit in an
unusual fashion. Transcription factors acting at the promoter likely include
Yin–Yang (YY)1, runt-related transcription factor (Runx), and SOX proteins
(Becker et al. 1993; Kurose et al. 1995; Tchénio et al. 2000; Yang et al. 2003),
but overall the mechanisms controlling LINE-1 transcription remain poorly
defined. The involvement of YY1 is intriguing, since this protein has also been
implicated at the HERV LTR (Knössl et al. 1999). Moreover, this transcription
factor has been named Yin–Yang 1 for good reason, since it can function as
an activator or a repressor.

The mechanisms involved in LINE retrotransposition have been clarified
during the last few years, although not all aspects are understood (Kazazian
2004). The endonuclease induces single-strand breaks at AT-rich DNA target
regions, preferably at consensus TTTT/A sites. These properties explain the
tendency of LINE-1s to integrate into AT-rich heterochromatin and G-bands,
and in particular their tendency to form clusters in the genome, since LINEs
contain consensus sites. Following endonuclease action, the poly-A tail of the
LINE RNA pairs with oligo-dT sequences in the target DNA, which serve as
primers for the reverse transcriptase. Reverse transcription yields a branched
DNA structure, which is resolved in a poorly understood fashion, presum-
ably by cellular DNA repair systems. Two issues in this process are worth
extra mention. First, as DNA synthesis starts from the very 3′-end of the
sequence, it is evident why the majority of LINEs in the human genome are
truncated at the 5′-end. Second, the retrotransposition mechanism involves
an obligatory recombination and two DNA single-strand breaks in relatively
close proximity, which effectively behave as a double-strand break. There-
fore, the retrotransposition process carries a risk of eliciting chromosome
breaks, deletions, translocations, and recombinations (Symer et al. 2002).
In the human genome, less than 100 elements are thought to be intact and
potentially active (Kazazian 2004). However, a larger number of elements
retain intact features and could serve as a source of LINE-encoded proteins
(Fig. 2).

ALU elements (Schmid 1998; Batzer and Deininger 2002) consist of two
similar repeats of an approximately 150-bp sequence presumably derived
from 7SL RNA, each followed by a more or less long and conserved poly-A
sequence (Fig. 1). Several subfamilies can be distinguished, which differ in
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Fig. 2 Distribution of full-length LINE-1 sequences in the human genome. Full-length
LINE-1 sequences are represented by crosses indicating their position along each chro-
mosome. Note their overrepresentation on the X chromosome. On all other chromo-
somes, their prevalence does not significantly deviate from the expected frequency, if
chromosome size is taken into account. The figure was obtained using a novel method
that involves initially searching separately for the three conserved segments, promoter,
ORF1, and ORF2, and then identifying elements with correct distances between the
segments. Interestingly, not all full-length elements are members of the L1 Ta sub-
family. More details on the distribution of LINE sequences and a description of the
method used can be found at http://edoc.mpg.de (ID:20927.0)

sequence and GC content. It is thought that during a given evolutionary pe-
riod only one subfamily is active with regard to retrotransposition, and that
only a small number of elements serve as “masters” from which all others
are derived. Accordingly, younger elements have recognizable internal Pol III
promoters with A and B boxes. ALUs are obviously too small to encode en-
zymes for retrotransposition and are accordingly non-autonomous. There is
now convincing experimental evidence that they use the enzymatic machin-
ery provided by LINE-1 (Kajikawa and Okada 2002; Hagan et al. 2003). Thus,
active ALU retrotransposition is dependent on LINE-1 expression. Similar
examples of co-evolved pairs of SINEs and LINEs exist in other organisms.
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2
Methylation of Retroelements

In somatic tissues and mature germ cells, retrotransposition and even tran-
scriptional activity of retroelements is largely suppressed. Only retroelement
sequences located in gene introns or in untranslated regions (UTRs) are tran-
scribed, particular ALUs, which are present in roughly 75% of human genes.
A window for transcriptional activity opens during germ cell development.
Therefore, expression of retroelement proteins and transposition events are
normally restricted to developing germ cells. Expression is also found in
placental tissue, where DNA is hypomethylated overall (Li 2002). There are
probably several mechanisms that prohibit retroelement activity in somatic
cells. DNA methylation is crucial, as detailed below, and synergizes with
tight packaging into chromatin (Kondo and Issa 2003). This is evident for
retroelements like LINEs located in constitutive and facultative heterochro-
matin, but it also occurs in a more localized fashion. There is evidence for
additional mechanisms preventing retrotransposition, even if intact elements
are transcribed. LINE-1 RNA is apparently unstable and poorly translated
(Han et al. 2004). ALU elements appear to activate stress responses (Schmid
1998). Moreover, ALU-containing RNAs are subject to editing (Athanasiadis
et al. 2004; Kim et al. 2004; Levanon et al. 2004). Retrotransposition yields
DNA strand-breaks and unusual DNA structures that ought to activate check-
point signaling e.g., through TP53. Obviously, in meiotic germ cells, these
checkpoint responses must be desensitized. Accordingly, germ cell tumors
are among the few cancer types in which TP53 mutations are rare (Looi-
jenga and Oosterhuis 2003) and which express high levels of retroelements
(Table 1). Re-expression of retroelements is also found in some cancers of
somatic cell origin with deficient checkpoint signaling and mutant TP53, but
overall at lower levels (Table 1). Interestingly, TP53 represses transcription by
Pol III (White 2004), especially of ALUs (Chesnokov et al. 1996) and severe
global hypomethylation activates apoptosis via TP53, as well as through other
mechanisms (Jackson-Grusby et al. 2001)

DNA methylation is central to the control of retroelements in the human
genome, in human ontogeny and phylogeny (Yoder et al. 1997). Most retroele-
ments are densely methylated in somatic cells. LINEs are most intensely stud-
ied. Analyses by Southern blot hybridization reveal intense methylation across
all elements and specifically at the CpG-rich 5′-ends of intact sequences (Florl
et al. 1999). Techniques that allow the investigation of individual sites, such
as ligation-mediated PCR and bisulfite-PCR, indicate that a limited number
of individual sites are unmethylated (Florl et al. 1999; Chalitchagorn et al.
2004; Yang et al. 2004). One study using bisulfite sequencing has reported
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Table 1 Altered methylation and expression of retroelements in human cancers

Element Change Cancer Remarks Study

ALU Hypomethylation Germ cell cancers Rubin et al. 1994

HERV Hypomethylation
expression

Testicular germ cell
cancer

Götzinger et al. 1996

Hypomethylation Bladder cancer Expression only in teratocarcinoma Florl et al. 1999
Expression Breast cancer Env and auxiliary Wang-Johanning et al. 2001
Expression Prostate cancer Auxiliary Wang-Johanning et al. 2003
Hypomethylation Ovarian carcinoma Menendez et al. 2004

LINE-1 Expression Teratocarcinoma Cell lines Skowronski et al. 1988;
Bratthauer and Fanning 1992

Hypomethylation Various Cell lines Dante et al. 1992
Hypomethylation Various Cell lines Alves et al. 1996
Hypomethylation
expression

Bladder cancer Expression stronger
in teratocarcinomas

Jürgens et al. 1996;
Florl et al. 1999

No hypomethylation Renal carcinoma Tissues only Florl et al. 1999
Hypomethylation Prostate cancer Increases with stage and metastasis Santourlidis et al. 1999;

Schulz et al. 2002; Florl et al. 2004
Hypomethylation Liver carcinoma Takai et al. 2000
Hypomethylation
expression

Liver carcinoma Hypomethylation,
but not expression cancer-specific

Lin et al. 2001

Hypomethylation Various cancers Differences between cancer types Chalitchagorn et al. 2004
Hypomethylation Colon cancer Begins in preneoplastic mucosa Suter et al. 2004
Hypomethylation Gastric cancer Correlates with overall hypomethylation Kaneda et al. 2004
Hypomethylation Ovarian carcinoma Menendez et al. 2004
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hemimethylation of the 5′-region (Woodcock et al. 1997). Methylation of ALUs
is more difficult to study because of their variability. Reports using Southern-
blot analysis and a range of PCR-based techniques concur to indicate a more
heterogeneous pattern of methylation (Schmid 1998; Yang et al. 2004). Hence,
while the majority of elements are densely methylated, a substantial fraction
is undermethylated. A recent study estimates this fraction to be 10%–15%,
albeit in cell lines. The methylation of HERVs is not well investigated. The
few published studies suggest that proviruses and solitary LTRs are densely
methylated under normal physiological circumstances, except in developing
germ cells and in the placenta (Bannert and Kurth 2004).

Both ALU and LINE promoters contain CpG sites in the promoter region
that are largely methylated in normal cells. Promoter methylation would be
expected to suppress transcription. In ALUs, crucial CpG sites are localized
in the essential A and B boxes and their methylation prevents binding of
Pol III cofactors (Liu and Schmid 1993; Kochanek et al. 1995). Repression of
the internal LINE-1 promoter by methylation appears to be mediated by the
methylcytosine-binding proteins MeCP2 and MBD2 (Yu et al. 2001; Steinhoff
and Schulz 2003). Moreover, methylation of individual CpG sites may directly
interfere with binding of transcriptional activators. The effects of methylation
on HERV regulation have not been studied in detail, but some transcription
factors eliciting expression in germ cells have been defined (Knössl et al.
1999; Schön et al. 2001). HERV expression has also been reported in some
carcinomas with hypomethylated genomes, but at relatively low levels (Florl
et al. 1999; Armbruester et al. 2002; Wang-Johanning 2001, 2003). This may
reflect a requirement for germ-cell specific transcription factors in addition
to hypomethylation. In contrast, transcription factors for ALU and LINE
promoters appear to be ubiquitous. In summary, although more studies are
required for all classes of endogenous retroelements, it is safe to conclude that
their transcriptional activity is limited in somatic cells by DNA methylation.

A second mechanism involving methylation is thought to operate in the
course of evolution. Methylated sites in the human genome may mutate at
a higher rate, since deamination of methylcytosine yields thymidine, which
is less obviously alien to DNA than uracil derived from cytosine by the same
reaction. This process is generally made responsible for the peculiar distribu-
tion of CpG sites in the human genome. According to this explanation, CpG
sites in methylated sequences including retroelements become gradually de-
pleted by mutation, while sequences that are never methylated are retained as
CpG islands. Indeed, older classes of ALUs contain fewer CpGs (Schmid 1998;
Batzer and Deininger 2002). Newer findings suggest that this traditional ex-
planation on the role of methylation in retroelement evolution may need some
modifications. Thus, ALU sequences may mutate at non-CpG sites at similar
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rates (Xing et al. 2004). Moreover, a specific repair system for G–T mismatches
efficiently prevents mutations at methylated CpGs (Hardeland et al. 2001).

Unfortunately, the mechanisms mediating retroelement methylation and
chromatin packaging are still essentially unknown. At later stages of germ
cell development, most retroelements become methylated (Li 2002), although
some ALUs are exempt (Schmid 1998). The DNA methyltransferase Dnmt3L
has been found to be essential for methylation and silencing of L1 Line se-
quences during male germ cell development in mice (Bourc’his and Bestor
2004). In the early embryo, genome-wide demethylation occurs that is fol-
lowed by another round of methylation around the time of gastrulation
in the actual fetus. CpG islands and selected other genes are exempt from
these changes. In contrast, extra-fetal tissues become strongly hypomethy-
lated overall. The DNA methyltransferases Dnmt1, Dnmt3a, and Dnmt3b are
essential for establishment and/or maintenance of genome-wide methylation
patterns, although to different extents (Bestor 2000; Li 2002). On a note of
caution, these processes are much better described in the mouse than in man,
for understandable reasons.

This description of development changes suggests that methylation is es-
tablished as a sort of default state, i.e., all sequences become methylated un-
less specific factors prohibit methylation, e.g., at CpG islands and imprinted
genes. It is thought that genes lacking CpG islands might also become initially
methylated, but when strong transcriptional activators overcome repression
and reactivate them at later stages of development, their regulatory regions
become demethylated again. According to this explanation, retroelements
are methylated in adult somatic cells, because DNA methylation established
in the fetus is perpetuated by maintenance methylation in association with
methylcytosine-binding proteins, histone deacetylases, and histone methy-
lases. Transcriptional activators interacting with LINE-1 promoters and ALU
promoters would not be strong enough to overcome the silencing effects of
DNA methylation and chromatin structure.

This hypothesis is plausible, the more so as ALU and LINE-1 promoters
are ubiquitously active, if they are unmethylated (see above). Moreover, ALUs
re-expression during cell stress (see the following section) appears to depend
on chromatin remodeling (Kim et al. 2001). Nevertheless, it remains possible
that methylation of retroelements during fetal development may involve ad-
ditional factors to ensure efficient recognition and silencing. One hint in this
direction is the requirement for Dnmt3L for L1 methylation in mouse germ
cells, and another one is the requirement of DNMT3B for the methylation of
specific repeat sequences during human development. Several proteins be-
yond DNMTs have also been implicated. Defects in the α-thalassemia/mental
retardation syndrome (ATRX) protein cause demethylation of a specific range
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of sequences in affected children (Gibbons et al. 2000). In the mouse, knock-
out of the Lsh helicase leads to widespread hypomethylation, which prefer-
entially affects repetitive elements (Huang et al. 2004). Its human homologs
SMARCA6 and SMARCA4 are altered in some cancers (Fukuoka et al. 2004;
Hendricks et al. 2004; Medina et al. 2004; Yano et al. 2004), but the relationship
to DNA methylation has not been investigated. Importantly, transfection ex-
periments suggest that de novo methylation may not be a default mechanism,
but preferentially recognizes certain sequences, especially SINEs (Hasse and
Schulz 1994; Turker 2002). In plants, the establishment of silenced chromatin
has been shown to be directed by double-stranded (ds)RNA (Lippman et al.
2004). Because of the high propensity of ALU RNA to form double-stranded
structures and of the presence of both sense and antisense transcripts of repet-
itive retroelements in the nucleus, it is tempting to speculate that some sort of
dsRNA-directed mechanism may also be involved in retroelement silencing
in humans. The results of ongoing studies are therefore eagerly awaited.

3
Functions of Retroelements in the Human Genome

Retroelements are largely inactive in normal somatic cells, and most of their
activity is restricted to specific phases during the development of germ cells
and to the placenta (Yoder et al. 1997; Kazazian 2004). Hypomethylation in
germ cells opens a “window of opportunity” during which transposition of
active elements and recombination between active, but also transcriptionally
inactive, elements can take place. The changes arising in the genome can
be passed on in the germ-line, unless they are lethal for the germ cell or the
individual. In this fashion, retroelementshavecontributed tohumanevolution
andcontinue todoso.This aspecthasbeenrepeatedly reviewed (Tomilin1999;
Shaffer and Lupski 2000; Ostertag and Kazazian 2001; Batzer and Deininger
2002; Ovchinnikov et al. 2002; Bannert and Kurth 2004; Kazazian 2004) and
will not be treated in detail here.

Retrotransposition and recombination involving retroelements in germ
cells also contribute to human inherited disease. Some events are passed on
within families or in specific populations, while others cause disease in indi-
viduals, e.g., cancer resulting from translocations or gene disruption in the
germ cell of a parent or during early development. These aspects, too, have
been thoroughly summarized by others (Schaffer and Lupski 2000; Ovchin-
nikov et al. 2002; Bannert and Kurth 2004).

A further aspect of this “window of opportunity” concerns the influence
of retroelements on gene regulation and has received less attention. In
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a considerable number of instances, transcriptional regulatory sequences
from retroelements, typically from HERV LTRs, but also from LINEs, appear
to have been co-opted for gene regulation (Tomilin 1999; van de Lagemaat
2003; Bannert and Kurth 2004; Kazazian 2004). In some cases, these sequences
have changed almost beyond recognition and behave like host sequences with
regard to methylation and activity. Specifically, they remain active in somatic
cells. For instance, the enhancer of the apolipoprotein A gene is derived from
a LINE-1 sequence (Yang et al. 1998). In other cases, sequences used for gene
regulation still behave like other retroelements and become inactivated in
somatic cells, typically associated with DNA methylation. This effectively re-
stricts gene activity to developing germ cells, the placenta, and perhaps early
embryonic development. Thus, placenta-specific expression of the growth
factor pleiotropin is attributable to a germ-line insertion by a member of the
HERV family (Schulte et al. 1996). The protein syncytin, which is essential
for the development of multinucleated syncytiotrophoblasts in the placenta,
is an env protein from an endogenous retrovirus (Mi et al. 2000). Pleiotropin
and syncytin are crucial for the particular structure of the human placenta
optimized for a prolonged gestational period and nutrition of a big fetus. In
summary, the cooption of retroelement regulatory sequences allows targeting
of transcriptional activity to specific phases in development. Conversely,
in somatic cells, retroelements located at appropriate sites can function as
silencers (Hewitt et al. 1995).

Importantly, testis and placenta are immunoprivileged tissues. Therefore,
proteins encoded by the LINE ORFs and by HERVs are normally not presented
as antigens to the immune system. Therefore, when peptides from these
proteins are presented on the MHC of somatic cells, they tend to elicit immune
responses. In theory, this presentation could lead to the elimination of cells
with active retroelement expression and serve as a protective mechanism
against cellswithabnormalDNAmethylation.Thismechanismishypothetical
in normal cells. However, a process involving recognition of retroelement
sequences, proteins, or both is strongly implicated in the pathogenesis of
autoimmune disease (see Sect. 6).

While the functions of retroelements in the germ cell lineage are now rel-
atively well understood, it is unclear to which extent they contribute to the
physiology of somatic lineages. In fact, active as well as inactive retroelements
might serve a variety of purposes in somatic cells. Perhaps the least controver-
sial issue concerns the formation of heterochromatin. In some organisms, het-
erochromatin consists of retrotransposon sequences. These are often highly
methylated and always densely packed into chromatin. It is now thought likely
that heterochromatin formation in such species is directedbydsRNAresulting
from the transcription of retroelements in opposite directions (Lippman et al.
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2004). While in human cells only a fraction of centromeric heterochromatin
consists of retrotransposons, especially LINEs (Laurent et al. 1997), they cer-
tainly contribute to its formation. LINE sequences are also overrepresented
in the late-replicating G-bands of human chromosomes (Lander et al. 2001).
It is plausible that their presence is responsible for the more heterochromatic
character of these parts of the genome. Along the same line of argument, it has
been proposed that LINE sequences may act as “way stations” during X chro-
mosome inactivation (Bailey et al. 2000; Hansen 2003) and LINE sequences
are associated with nuclear matrix attachment regions (Khodarev et al. 2000).

The association of retroelements, especially LINEs and HERVs, with inac-
tive chromatin could also be exploited at more local levels of genome organi-
zation. Clusters of retroelement sequences could serve as boundaries between
active gene domains preventing transcriptional regulatory elements of one
gene from interfering with the regulation of others. This function would e.g.,
explain why HOX clusters, which require long-range interactions for proper
regulation, are almost free of retroelement sequences (Lander et al. 2001).

In addition, methylated retroelement clusters forming inactive chromatin
could serve as barriers during DNA repair and recombination. Evidence for
this idea comes from a study of deletions at 9p21 in squamous cell carcinoma
cells (Raschke et al. 2005). Deletion ends were found to be preferentially
located in clusters of repeat sequences (LTR and LINEs) flanking the CDKN2A
locus. The breakpoint junctions showed hallmarks of DNA double-strand
break repair bynon-homologous end-joining (NHEJ).Aplausible explanation
for this finding is that the NHEJ protein complex processing the damaged
DNA ends is slowed down by denser chromatin at retroelement sequences
surrounding the locus, thereby limiting the size of the ensuing deletions.
Conceivably, clusters of densely methylated retroelements tightly packed into
chromatin might affect DNA repair by homologous recombination in a similar
manner (Fig. 3). During homologous recombination repair of DNA double-
strand breaks, single-strand ends are generated that invade the homologous
dsDNA and are used to prime DNA synthesis. In effect, this mode of repair
then leads to the formation of a Holliday junction, which can migrate along
the two helices. Both the extension of DNA synthesis and the migration of
the Holliday junction might be limited by repeat clusters, thereby curbing the
extent of the recombination. Conceivably, in cancer cells with hypomethylated
genomes, these barrier functions might be less effective and the length of the
recombinated sequence might increase.

Many retroelements are located in genome regions that are not or only
weakly transcribed in normal somatic cells, but many are located within tran-
scriptional units. Theoretically, depending on their orientation, they might
disturb transcription (Whitelaw and Martin 2001) by interference (antisense)
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Fig. 3 Limitation of homologous recombination by retroelement methylation
in somatic cells. A sketch of DNA double-strand break repair by homologous
recombination in human cells. Ladders represent DNA helices, the gray rectangles to
the left and right are schematic representations of denser chromatin resulting from
the presence of methylated retroelements. For simplicity, only the limitation of DNA
repair synthesis is shown. Presumably, tightly packed chromatin would also hinder
repair synthesis of the second strand and migration of the Holliday junction

or competition (sense). There is little evidence for such effects in either nor-
mal somatic human cells or, more surprisingly, cancer cells. Likewise, the
poly-adenylation sites in intragenic retroelements seem to be ignored by the
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transcriptional machinery, at least in most cases. In contrast, the presence
of LINEs and ALUs in transcribed sequences may have substantial effects on
RNA stability. Recently, LINE-1 transcripts were reported to be quite unstable
in human cells. If this observation can be generalized, the presence of LINE
sequences in many introns might make functional sense by destabilizing un-
spliced genomic transcripts (Han et al. 2004). Likewise, the presence of ALU
elements in the 3′-UTR of many genes may have substantial effects on the
stability of their transcripts. Due to their tandem structure, ALUs form very
stable dsRNA. Therefore, mRNAs containing ALU sequences should be good
substrates for Dicer-type RNases and accordingly tend to be unstable. The
positioning of ALU sequences in the 3′-UTR of many genes may even provide
a means to regulate mRNA stability through editing of the ALU sequences in
the transcripts. Editing adenines to inosines prevents dsRNA formation and
would be expected to increase the stability of the transcripts (Athanasiadis
et al. 2004; Kim et al. 2004; Levanon et al. 2004).

Older ALU elements and MIR family SINEs may overall behave in similar
ways as the majority of LINEs and HERVs. A number of diverse observations
indicate that evolutionarily younger ALU subfamilies may fulfill additional,
specific functions in the human genome. The first clue comes from their
peculiar distribution in the human genome. Throughout the genome, the
presence of ALUs is highly significantly correlated with gene and GC content
(Grover et al. 2004). Specifically, many genes contain one or several ALUs in
close proximity 5′ to their CpG islands (Lander et al. 2001). It is currently
not understood what this non-random arrangement signifies. Conceivably,
it contributes to gene regulation, perhaps by providing a mark for the edge
of basal promoters. Moreover, ALUs are densely methylated in normal cells
and in transfection experiments, ALUs and similar elements are preferen-
tially recognized as “centers of de novo methylation” from which methylation
spreads into surrounding DNA (Turker 2002). Hence, the presence of ALUs
upstream of active genes and of retroelements in their bodies may establish
a generally methylated state that “highlights” the unmethylated CpG island
where transcriptional activators and the Pol II complex bind. In this fashion,
retroelements could help to facilitate recognition of gene regulatory regions
and to suppress spurious initiation of transcription.

At some loci,ALUs locatedupstreamofCpGislandsmaybe involved ingene
regulation. An example is provided by the KIR gene cluster at 19q13, which
originated through repeated duplication and recombination (Wilson et al.
2000). The KIR genes encode surface proteins that determine the specificity
of natural killer cells. In each clone, a subset of the genes is selected for
expression, contributing to diversity together with genetic variation through
highly variable haplotypes. The genes not selected for expression become
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Fig.4 Retroelements in the regulation of KIR gene selection. Schematic representation
of the organization of an invididual gene within the KIR gene cluster. See Wilson et al.
(2000) for the detailed structure of the cluster

methylated and silenced. Intriguingly, each KIR gene retains retroelements,
typically ALU of the S family or LINE fragments (or both) upstream of its
CpG island (Fig. 4). It is tempting to speculate that in the non-selected genes
methylation spreads from these repeat sequences into the adjacent promoter
to lock in the silenced state (Santourlidis et al. 2002). Such a function of ALU
sequences is also consistent with their absence from many imprinted genes
(Greally 2002).

A caricature of this mechanism may actduring carcinogenesis. Many genes
hypermethylated in cancer contain ALUs upstream of their CpG islands (Graff
et al. 1997). In some cases where the mechanisms have been more closely
investigated, methylation appears to spread from upstream ALUs into the
promoter region (Song et al. 2002; Levine et al. 2003; Stirzaker et al. 2004).

While under normal circumstances ALU sequences are only represented in
the cytoplasm as parts of protein-coding mRNAs, bona fide ALU transcripts
are found in the cytoplasm during various types of cellular stress, including
heat-shockand inhibitionof translation (Schmid1998).Cytotoxic chemother-
apymayelicit a similar response (HaganandRudin2002).TheALUtranscripts
represent more than 100 different elements. Monomeric transcripts from the
upstream half predominate. This is one of several arguments suggesting that
regulatory sites upstream of the individual ALUs determine the set of ele-
ments that is induced (Vorce et al. 1994; Li and Schmid 2001). The induced
ALU RNAs appear to exert several effects, including regulation of translation,
inhibition of RNA-dependent protein kinase (PKR), and perhaps activation
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of toll-like receptors (Schmid 1998; Goldberg et al. 2000; Rubin et al. 2002;
Sivori et al. 2004).

It is ALUs that have been predominantly implicated as mediators of cellu-
lar stress responses, but some evidence, not least from human autoimmune
diseases (see Sect. 6), implicates HERV and LINE sequences as well. If active
LINE retrotransposons were indeed induced, some types of cellular stress
might provide an opportunity for retrotransposition. This has been experi-
mentally shown for an ALU introduced into mouse cells (Hagan et al. 2003).
While the use of mouse cells in this experiment is understandable, because
ALU retrotranspositions are hard to detect against a background of more
than a million similar sequences, it creates some uncertainty, because mouse
L1 retrotransposons are much less well controlled than human LINEs (Os-
tertag and Kazazian 2001). The same caveat applies to other examples of
retroelements activated in rodent cells. For instance, anoxia activates VL30
elements in rodent fibroblasts, which elicit a number of responses including
secretion of metalloproteinases and increased chromosomal instability (Estes
et al. 1995). Unquestionably, if similar processes occur in humans too, they
would contribute to inflammation and to tumor progression during hypoxia
and chemotherapy. Whether they do happen in vivo is uncertain, but further
studies are clearly worthwhile.

In summary, there is evidence that the presence of retroelements in the
human genome is exploited to organize the genome into active and inactive
regions, to separate domains and functional regions within one chromatin do-
main, to direct transcription and regulate transcript stability, and to respond
to cellular stress. Accordingly, changes in DNA methylation and chromatin
structure at retroelement sequences carry the potential to influence a variety
of cellular functions. It is currently not known to which extent methylation
changes in retroelements modulate gene expression in physiological states.
More clearly, such changes contribute to the pathophysiology of a range of
human diseases.

4
Endogenous Retroelements in Acquired Human Diseases

It is now well documented how retroelements cause inherited human dis-
eases by transpositions and recombinations in germ cells. Very likely, they
also contribute to acquired diseases, but neither the extent nor the mecha-
nisms of their involvement are adequately understood. Many studies suggest
a role for retroelements in human cancer that may be intimately related to
alterations of DNA methylation in this group of diseases. By now, diseases
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in which retroelements are implicated include a much wider range of afflic-
tions, such as atherosclerosis (Hiltunen and Yla-Herttuala 2003), schizophre-
nia (Shastry 2002; Kan et al. 2004), and even aging in general (Fuke et al.
2004). A particularly fast-growing volume of evidence links retroelements to
inflammatory and autoimmune diseases, specifically lupus erythematosus,
rheumatoid arthritis, juvenile diabetes, and multiple sclerosis. With some
justification, atherosclerosis could also be counted among these diseases (as
among tumors). In the present article, we will focus on cancer and autoim-
mune diseases, since these are best studied.

5
Retroelement Methylation and Expression in Human Cancer

Alterations of DNA methylation accompany carcinogenesis in many human
tissues, and DNA methylation is now regarded as one of several mechanisms
driving cancer development and progression (Jones and Baylin 2002). In
the genome of cancer cells, DNA methylation is often severely disturbed.
CpG islands surrounding the transcriptional start regions of individual genes
become hypermethylated. This aberrant methylation is typically associated
with gene silencing or a promoter switch. Hypermethylation affects only a few
genes in some cancers, but hundreds in others. In spite of local hypermethy-
lation, the overall methylcytosine content in the DNA of cancer cells is often
decreased as a consequence of hypomethylation of repeat and unique se-
quences, and specifically of retroelements (Ehrlich 2002). This phenomenon
is commonly denominated “genome-wide” or “global” hypomethylation.

Although genome-wide hypomethylation in human cancers as such was
first described 20 years ago, it is still insufficiently understood. Even the de-
scription of hypomethylation changes in human cancers is fragmentary. For
instance, HERV methylation has been studied in only a few cancers (Table 1).
The data suggest that endogenous retroviruses are affected by genome-wide
hypomethylation in parallel to LINE-1 sequences (Florl et al. 1999). In se-
lected cancers, the sequences may be almost completely unmethylated. As
one might expect, HERV sequences are strongly hypomethylated in testicular
cancers (Götzinger et al. 1996) in accordance with their origin from germ
cell precursors with hypomethylated genomes (Schulz 1998; Smiraglia et al.
2002; Looijenga and Oosterhuis 2003). Accordingly, expressed sequences de-
rived from HERVs are found in germ cell cancers, and antibodies directed
against HERV-encoded proteins are found in the blood of patients (Götzinger
et al. 1996). They can be used to monitor the course of the disease during
chemotherapy (Kleiman et al. 2004). In cancers of somatic cell origin, bona
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fide transcripts for env and the auxiliary proteins have been reported, espe-
cially in breast cancers (Wang-Johanning et al. 2001; Armbruester et al. 2002).
Some results suggest that expression is found in a wider range of cancers and
even normal tissues (Sugimoto et al. 2001; Stauffer et al. 2004; Yi et al. 2004).
These data need further verification to exclude artifacts from genomic DNA
and unspliced transcripts. Moreover, the somewhat surprising findings that
different transcripts from different subfamilies may be expressed in a cancer
type-specific fashion call for a closer analysis of the mechanisms involved.

Overall ALU methylation in cancers is also insufficiently studied (Table 1),
even though individual elements locatedatCpG islandshavebeen investigated
in detail by bisulfite sequencing. This state of things may partly reflect that
studying methylation of ALU sequences is tedious due to their heterogeneity
and their tendency to form stable secondary structures. Like HERVs, many
ALUs are clearly hypomethylated in germ cell cancers (Rubin et al. 1994).
There is less evidence that extensive ALU hypomethylation occurs in cancers
of somatic cell origin, but it is unclear whether this is due to publication bias
against negative findings or to a lack of studies. ALUs located near CpG islands
are typically methylated in normal cells and remain so when aberrant CpG
island hypermethylation develops. As speculated above, these ALUs may in
fact represent the centers from which methylation spreads into downstream
promoter sequences (Turker 2002). Detailed analyses of hypermethylation in
the glutathione S-transferase pi (GSTP1) and target of methylation-induced si-
lencing (TMS1) genes suggest that hypermethylation gradually extends from
upstream ALUs into their CpG islands (Song et al. 2002; Levine et al. 2003;
Stirzaker et al. 2004). In the GSTP1 gene, an AT-rich boundary separates an
upstream ALU from the CpG island, whose function may break down during
prostate carcinogenesis. Similarly, in breast cancers, hypermethylation ap-
pears to gradually “creep in” from the 5′-direction into the TMS1 promoter
CpG island. Such findings indicate that at least ALUs adjacent to hyperme-
thylated CpG islands do not become significantly hypomethylated in human
cancers. Obviously, ALUs located away from genes may behave differently.

Hypomethylation of LINE-1 sequences is better studied and has been de-
tected in many human cancers (Table 1). In general, it appears to parallel
overall hypomethylation (Kaneda et al. 2004). LINE-1 methylation has tra-
ditionally been investigated by digestion of DNA with methylation-sensitive
restriction enzymes followed by Southern blotting or ligation-mediated PCR
(Florl et al 1999). More recently, bisulfite-based PCR methods have been de-
veloped to estimate the status of LINE-1 methylation (Chalitchagorn et al.
2004; Yang et al. 2004). An important conclusion from such studies is that
LINE-1 hypomethylation is not uniform in different cancers in two respects.
First, different extents of hypomethylation are found in cancers of the same
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type. These differences persist in cancer cell lines and are therefore not only
due to differences in the proportion of tumor cells in the tissue samples.
Second, cancer types differ with regard to the stage at which hypomethyl-
ation appears. For instance, it is an early event in colon, gastric, and bladder
cancers, but sets in at a later stage in prostate carcinomas. Primary renal

Fig. 5 Hypomethylation of LINE-1 sequences in renal carcinoma cell lines. Analysis of
LINE-1 hypomethylation in five renal carcinoma cell lines by Southern blot analysis.
DNA was cut either with the methylation-sensitive restriction enzyme HpaII (H) or
its methylation-insensitive isoschizomer MspI, run on an agarose gel, blotted and
hybridized to a LINE-1 probe (see Florl et al. 1999 for details). All cell lines show
substantial hypomethylation, in contrast to normal and cancerous renal tissues
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carcinomas typically lack LINE-1 hypomethylation, although it appears in
cell lines (Fig. 5). Germ cell cancers have generally hypomethylated genomes.
Accordingly, expression of full-length LINE-1 sequences is by far strongest
in teratocarcinoma cell lines, while weaker expression is also observed in
carcinoma cells exhibiting hypomethylation (Florl et al. 1999).

The causes for the differences between different cancer types remain un-
known, like the causes for global hypomethylation in general. Several plausi-
ble hypotheses have been put forward, but at present none can be considered
proven (Ehrlich 2002; Hoffmann and Schulz 2005). DNA hypomethylation
may be a consequence of (1) S-adenosylmethionine deficiency in replicating
cancer cells, (2) misregulation of DNA methyltransferases or presumptive
DNA demethylases, or (3) both. Perhaps most likely, it could be associated
with the general reorganization of chromatin structure in aneuploid cancer
cells that disturbs the compartmentation of the genome (Ferreira et al. 2001;
Geiman and Robertson 2002; Hoffmann and Schulz 2005). Indeed, in addition
to DNA methylation itself, a variety of chromatin regulator proteins have been
reported to be aberrantly expressed or even to be mutated in human cancers
(Ferreira et al. 2001; Geiman and Robertson 2002; Muegge et al. 2003; Lund
and van Lohuizen 2004; Hoffmann and Schulz 2005).

In this context, the question is often posed whether altered methylation of
retroelements in cancer cells is a cause or consequence of the alterations in
DNA methylation and chromatin structure (or both). This question relates to
that discussed above: How are retroelements recognized when they become
inactivated during embryonic development? Since intact LINE-1 and ALU
retrotransposons contain ubiquitously active promoters, their inactivation
cannot be simply a consequence of transcriptional inactivity, but must be ac-
tively established. Most researchers agree that this could occur as a one-time
event during fetal development (Li 2002). It is less clear whether maintenance
of the inactive state solely relies on the combined action of DNA methyl-
ation and an inactive chromatin structure or whether it is aided by a more
specific repression mechanism. This distinction becomes important when
considering hypomethylation of intact LINE-1 retrotransposons in cancer
cells (Fig. 6). If a specific mechanism were involved, hypomethylation could
be initiated by its failure. No global repressor of retroelements is established,
but certain proteins possess some of the necessary properties, e.g., Lsh alias
SMARCA6 (Huang et al. 2004). Alternatively, if silencing of retroelements in
somatic cells relied exclusively on the maintenance of an inactive state, ran-
dom genome-wide hypomethylation could initiate demethylation of LINE-1
sequences. Partial demethylation could then allow recognition by ubiquitous
transcriptional activators promoting further hypomethylation, to the point
of re-activation. In the case of HERVs, the issue is more complex, since their
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Fig. 6 Default methylation vs specific repression of retroelements in development
and cancer. Two alternative explanations for methylation in development and cancer
are depicted (left and right of the large vertical arrows). Three genes are shown
schematically; that in the center does not possess a CpG island. Retroelements are
symbolized by horizontal arrows, their methylation state by shades of gray; short
arrows are ALUs, longer arrows are LINEs. Black or white circles denote methylated
CpG sites in single-copy sequences

LTR promoters appear to be more cell-type specific. Of course, incomplete
retroelements in the genome are most likely to be indeed methylated dur-
ing embryogenesis as part of a global, unspecific methylation process and to
become hypomethylated in cancer cells by random demethylation.

In many, albeit not all, cancer types, the extent of global hypomethylation is
associated with disease progression and specifically with metastasis (Ehrlich
2002; Hoffmann and Schulz 2005). Since global hypomethylation not only af-
fects retroelements, but also other repeat sequences such as classical CpG-rich
satellites and selected single-copy genes, hypomethylation of retroelements
is not necessarily the only or even most important factor responsible for this
association. For instance, hypomethylation of juxtacentromeric satellite se-
quenceshasbeen linked toparticular chromosomal alterations in specific can-
cers (Ji et al. 1997; Qu et al. 2000; Wong et al. 2001; Widschwendter et al. 2004).
Hypomethylation of tandem repeat satellite sequences is thought to cause
decondensation of pericentromeric chromatin and an increased propensity
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for chromosomal breaks and rearrangements in this region. In a similar fash-
ion, hypomethylation of retroelement sequences dispersed in the genome
could facilitate illegitimate recombination. Indeed, ALU sequences appear to
be overrepresented near the breakpoints of translocations in hematological
cancers (Kolomietz et al. 2002). LINE sequences may promote formation of
double minute circular chromosomes in cancer cells (Jones and Potter 1995;
Huang et al. 1998). They are also enriched at the ends of 3p14.1 and 9p21
deletions in carcinomas (Mimori et al. 1999; Florl and Schulz 2003; Raschke
et al. 2005).

These findings are suggestive, but there are several caveats. First, far too few
chromosomal breakpoints have been investigated, especially in carcinomas.
Second, it is not known whether hypomethylation of repeat sequences really
preceded the chromosomal alterations in any of the cases where they were
associated with translocations or deletions. Third, ALU sequences contain
a core sequence (Rudiger et al. 1995; Jeffs et al. 1998) that may preferentially
bind proteins mediating homologous recombinations, thereby necessitating
their location near breakpoint junctions. More generally, recombinations aris-
ing during homologous repair of DNA double-strand breaks may preferen-
tially employ longer repeat sequences in the genome, which are essentially all
retroelements, as a target for invasion by the processed single-strand from
the damaged DNA helix. This would likewise explain the presence of repeat
sequences, particular LINEs, at sites of illegitimate recombinations. In addi-
tion, as discussed in Sect. 3, the preferential location of deletion endpoints
at retroelement clusters could also be due to stalling of DNA repair and ho-
mologous recombination at retrotransposon sequences densely packed into
chromatin (Fig. 3). Paradoxically, retroelement hypomethylation could there-
fore diminish the tendency of breakpoints to be located at retroelement se-
quences, while causing an increase in the size of deleted and recombinated
sequences.

The effects of retroelement re-expression in cancer cells are also inade-
quately understood. In the germ-line, retrotransposition events take place
quite regularly, at an estimated rate of 1 event per 100 births (Kazazian 2004).
Re-expression of retroelements in cancer cells might therefore be expected to
result at least occasionally in retrotranspositions leading to tumor suppressor
gene disruption or oncogene activation. Since such events ought to be strongly
selected for during cancer growth, one would expect to find a considerable
number of retrotranspositions in cancer cells. In fact, very few reports on
such events have appeared in the literature, and it is not even certain whether
those observed really originated in somatic cells. Since this lack of reports
can hardly be caused by a publication bias, an explanation for the enigma
is required. One possible explanation is that LINE-1 transcripts are unstable



Methylation of Endogenous Human Retroelements in Health and Disease 233

(Han et al. 2004). However, in germ-cell cancers, LINE-1 transcripts are abun-
dant (Bratthauer and Fanning 1992; Skowronski et al. 1998; Florl et al. 1999),
but retrotransposition events have neither been reported. Hence, transcript
instability may be only part of the explanation. Another interesting possi-
bility is that retrotransposition events become initiated quite frequently, but
are regularly aborted due to deficiencies in DNA repair and recombination in
cancer cells. This speculative hypothesis is in accord with the preferential lo-
cation of deletion ends in carcinomas at LINE-1 clusters. It would also explain
why no retroelements have been found to insert at sites of DNA double-strand
break repair in cancer cells, although they do so in model experiments (Mor-
rish et al. 2002). If the hypothesis is correct, retroelements could contribute
directly to chromosomal instability in cancer cells by creating DNA breaks,
even though retrotransposition as such may be rare.

Another gap in our knowledge concerns the proteins encoded by HERVs
and LINEs. Reverse transcriptases and endonucleases from both classes of
elements, and the auxiliary Rec and Np9 proteins of HERVs could have pro-
found effects on genomic stability and on gene expression (Bannert and
Kurth 2004). These proteins are expressed in germ cell cancers, but defini-
tive data on somatic cell cancers are missing. In addition, as discussed in
Sect. 6, there is evidence from human autoimmune diseases that retroele-
ment proteins can be recognized as antigens by the immune system. Many
cancers express proteins that are otherwise only present in fetal tissues
and germ cells (Zendman et al. 2003). Oncofetal or cancer-testis antigens
are known to elicit immune responses directed at the cancer. Interestingly,
several genes encoding such antigens have been shown to be controlled
by DNA methylation and, accordingly, re-expression to be associated with
promoter hypomethylation. The best-characterized group of such genes en-
codes melanoma-associated antigen (MAGE)-A cancer-testis antigens (de
Smet et al. 2004). Conceivably, retroelement proteins may also behave as
cancer-testis antigens. If so, antibodies directed against HERV proteins in
testicular cancer patients (Götzinger et al. 1996) are the tip of the iceberg,
and a wider range of immune responses may be elicited by retroelement
proteins (Schiavetti et al. 2002). Finally, as discussed already, ALUs and
other retroelements are induced by cellular stress in human cells (Schmid
1998). Global hypomethylation would be expected to significantly enhance
this induction process. Therefore, induction of retroelement expression is
expected to occur in hypoxic tumor cells and during chemotherapy (Ha-
gan and Rudin 2002). The obvious question yet to be answered is whether
these changes are strong enough to significantly alter the properties of tumor
cells.
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6
Retroelement Methylation and Expression
in Human Autoimmune Diseases

Chronic lupus erythematosus is an autoimmune disease in which autoanti-
bodies develop against cytosolic and nuclear self-antigens including histone
epitopes and even DNA. The symptoms are very heterogeneous and variable,
ranging from mild skin rashes to lethal kidney failure and brain damage.
It is usually treated by unspecific immune-suppressive drugs such as gluco-
corticoids, with varying success. The causes of the disease are multifactorial.
Genetic predispositions are evidently involved, but the disease is usually pre-
cipitated by infectious diseases, medical drugs, or a combination of the two
factors (Richardson 2003; Januchowski et al. 2004).

According to current understanding, a crucial component of the disease is
an unspecific activation of CD4+ T lymphocytes. These “helper” cells become
active independent of presented antigens and acquire properties of cytotoxic
T cells such as the expression of perforin. A comparable loss of specificity can
be induced experimentally by inhibitors of DNMTs or by inhibitors of canoni-
cal mitogen-activated protein kinase (MAPK) signaling which prevent the in-
duction of DNMT1 that is normally associated with increased DNA synthesis
and proliferation during T cell activation (Oelke et al. 2004). Accordingly, sev-
eral genes induced in this condition, including LFA-1A (Leukocyte-adhesion
glycoprotein subunit alpha) and PRF1 (perforin), have been shown to be-
come hypomethylated (Kaplan et al. 2004). In addition, HERV transcription
becomes induced, apparently as a consequence of genome-wide hypomethy-
lation (Okada et al. 2002; Ogasawara et al. 2003). As HERV proteins can
elicit the production of autoantibodies when presented to the immune sys-
tem (Götzinger et al. 1996; Herve et al. 2002), the provirus sequences may
contribute to the production of the signals that lead to misdirection of the
immune response in this disease.

Several drugs that can precipitate lupus erythematosus have meanwhile
been shown to interfere with DNA methylation (Richardson 2003). Most
prominently, procainamide is a relatively efficacious inhibitor of the major
maintenance methyltransferase, DNMT1 (Villar-Garea et al. 2003). It is there-
fore plausible that such drugs may act by eliciting DNA hypomethylation in
a sensitized immune system. Therefore, on a note of caution, novel drugs
blocking DNMT1 that are being developed for cancer treatment (Szyf 2005)
should be closely monitored for their effects on the immune system. In fact,
the specificity of CD4+ cells is by far not the only property in the immune
system that is fixed by DNA methylation (Fitzpatrick and Wilson 2003; Teit-
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ell and Richardson 2003). Another example is provided by KIR proteins on
natural killer (NK) cells discussed in Sect. 3.

A similar, but far from complete line of evidence links hypomethylation
endogenous retroelements to rheumatoid arthritis (Seemayer et al. 2001). In
this chronic progressive disease, synovial lining cells proliferate, while joint
cell linings and cartilage are destroyed by an uncontrolled inflammatory re-
action that involves various immune cells, including autoreactive T cells and
activated synovial e activation of the fibroblasts in this disease resembles in
many respects that in the stroma of malignant tumors, with enhanced pro-
liferation and migration, and the secretion of cytokines, chemokines, and
proteases. In particular, there is evidence that the fibroblast genomes are hy-
pomethylated. Accordingly, promoters were found to be hypomethylated and
full-length LINE-1 sequences to be expressed (Neidhart et al. 2000). Overex-
pressionof thep40ORF2proteinhasbeen suggested toactivate stress-induced
protein kinases (Kuchen et al. 2004). The primary cause of rheumatoid arthri-
tis is unknown. Speculations invoke an aberrant reaction to infection by an
as-yet-undefined virus. In this context, hypomethylation and expression of
endogenous retroelements are considered to potentially serve as an amplifi-
cation step in the pathogenesis of the disease (Seemayer et al. 2001).

A very specific hypothesis has been proposed how volved in the patho-
genesis of type I (juvenile) diabetes et al. 2001). In this autoimmune disease
affecting children and adolescents, insulin-secreting pancreatic β-cells are
destroyed by autoreactive cytotoxic T cells. Susceptibility to the disease is
inherited, and is very strongly associated with specific major histocompat-
ibility (MHC isotypes, including Vβ7. Autoimmunity is likely precipitated by
common viral childhood infections to which predisposed children overreact.
Interestingly, susceptibility to the disease is also highly significantly associ-
ated with a polymorphism in the HERV-K18 provirus located in the CD48
gene (Marguerat et al. 2004). Expression of the provirus and T cells reactive to
an antigen encoded by HERV-K18 has been reported to be detectable in tissue
during early phases of the disease (Conrad et al. 1997). Thus, in susceptible
individuals, the initial viral infection may elicit the expression of the HERV
sequences, which perpetuates the immune response. It has been proposed that
the expression of the endogenous antigen may be induced by 5; in response to
the initial viral infection (Stauffer et al. 2001). According to this hypothesis,
the predisposition toward the disease arises by the interaction of antigens
from a particular endogenous retrovirus with a specific MHC isoform that
causes the immune reaction to its encoded antigen to get out of control.

A fourth variation on the same theme emerges from investigations of mul-
tiple sclerosis. This autoimmune disease, in which activated immune and
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glial cells destroy Schwann cells providing the myelin sheaths for peripheral
axons, has long been speculated to be precipitated by viral infections. Most
commonly, herpes viruses such as HHV-6 and HSV-1 have been implicated,
and again, genetic predisposition, including linkage to particular HLA haplo-
types, is thought to be involved. In the late 1990s, at least two HERV members,
aHERV-W(designatedMSRVin this context) andaHERV-H(aliasRGH),were
found to be activated in the affected tissues (Perron et al. 1997; Monteyne et al.
1998; Fujinami andLibbey1999). Severalmechanisms for their activationhave
beenproposed, includingdirect transactivationbyherpes viruses and indirect
transcriptional stimulation as a consequence of cytokine action enhanced by
the primary infection or the secondary immune response (Clerici et al. 1999;
Perron et al. 2000; Serra et al. 2003; Brudek et al. 2004). It is not known for cer-
tain whether activation is associated with hypomethylation of HERV provirus
sequences. The protein products of the HERVs are thought to contribute to
the pathophysiology of the disease as autoantigens, but also directly as cyto-
toxic agents, especially the HERV-W env protein syncytin (Antony et al. 2004).
Intriguingly, as in lupus patients, MSRV activation has also been observed in
B cells isolated from multiple sclerosis patients (Perron et al. 1997).

In spite of considerable gaps in our knowledge, if considered together, the
results from several autoimmune diseases suggest a common pathogenetic
mechanism inwhichendogenous retroelements are crucially involved (Fig. 7).
In the first phase of the disease, certain infections, particularly by viruses or
drugs (or both) interfering with determinants of the immune system fixed
by DNA methylation may elicit the expression of endogenous retroelements,
prominently HERVs. Open questions are whether retroelement expression is
generally associated with or even caused by hypomethylation and whether it
is induced directly through transactivation by exogenous viruses or by cy-
tokines secreted in response to viral infections. In each case, however, in a sec-
ond phase of the disease, the expression of endogenous retroelements appears
to contribute to a sustained inflammation and the development of an autore-
active immune response in susceptible individuals. Disease susceptibility may
depend on the relationship between polymorphic retroelement antigens and
the immune repertoire. In addition, intracellular stress responses elicited by
retroelement expression may enhance cell activation and disturb recognition
by the immune system. Specific retroelement products may also be cytotoxic.
In the third chronic phase of disease, tissue destruction by immune and in-
flammatory cells leads to the repeated presentation of retroelement proteins
and hypomethylated DNA sequences from cell debris, perpetuating a vicious
cycle.Onanoteof caution,HERVenvproteinshaveononehandbeenreported
to behave as “superantigens” (Sutkowski et al. 2001), but also postulated to
exhibit immunosuppressive properties (Larsson and Andersson 1998).
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Fig. 7 Hypothetical role of retroelement activation in the pathogenesis of autoim-
mune diseases and as part of a physiological defense mechanism. It is postulated that
certain viral infections (particles entering at lightning symbol) may lead to genome-
wide hypomethylation resulting in the expression of retroelement RNA and proteins
(pentangles). These may enhance recognition of altered cells by dendritic cells (DC)
that in turn activate cytotoxic T cells (CTL). In a normal immune response, these
would remove the infected cell, terminating the response. In a pathological response,
overactivity of the immune system, perhaps assisted by persistent hypomethylation,
would lead to a vicious cycle manifesting as autoimmune disease

7
Conclusion: Open Questions

We still know very little about the half of our genome that is composed of
repetitive sequences. Retroelements form a major part of it. The phase of
rapid expansion of endogenous retroviruses and retrotransposons lies in the
distant past of human evolution, fortunately, one would assume. Meanwhile,
humans and their genomic parasites have reached a sort of truce, and some
elements should rather be considered symbionts. In ways that require further
detailed investigation, they may contribute to the organization and regulation
of the function of the human genome, in developing germ cells and the pla-
centa, where they are mainly expressed, but also in somatic cells. Moreover,
the very presence of unstable genome components may allow the continued
evolution of humans. The balance between beneficial and adverse effects of
retroelements is crucially dependent on their containment by DNA methyl-
ation and chromatin structure. Again, important details of the mechanisms
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involved are unknown, particularly how the vast majority of retroelements are
silenced during germ cell development and once more in the fetus, following
their hypomethylation in the early embryo. Several newer findings converge
to indicate that default methylation may not be the complete answer to the
question, but too few specifics are known.

The benefits derived from the presence and perhaps the activity of retroele-
ments in the human genome remain to be better defined. Are LINEs respon-
sible for the heterochromatic character of G-bands? To which extent does
this depend on their methylation and to which extent on particular chro-
matin proteins? In which fashion do ALU elements so peculiarly located near
active genes influence their regulation? Do retroelements really function as
boundaries and, if so, how dynamic are these during development, cell dif-
ferentiation, and in pathological states?

The importance of containment of endogenous retroelements by DNA
methylation becomes most evident when this process is disturbed. Hy-
pomethylation and activation of retroelements in cancer has been considered
for a long time, but even the description of the changes is incomplete, and our
understanding of its consequences is wanting. Like the mechanisms estab-
lishing methylation patterns during development, those deficient in cancer
cells remain to be defined. The completion of the human genome sequence
has provided an important tool to follow up these questions. Experiments
in cell lines and in mouse models have yielded important insights, but it
remains to be seen to which extent they can be extended to human cells in
vivo. The almost complete absence of reported transpositions in cancer cells
is a case in point. Some newer approaches are promising. Therefore, the
structure of the LINE-1 endonuclease has been solved (Weichenrieder et al.
2004) and suitable antibodies for detection of LINE-encoded proteins have
been developed (Ergün et al. 2004).

There is suggestive evidence implicating endogenous retroelements in
human autoimmune diseases, even if the initial stimuli may be exogenous
agents. As proposed above, the outlines of a common mechanism in these
diseases may be emerging, although, evidently, many details remain to be
clarified. Again, the growing knowledge on which retroelements are present in
the human genome, how they are controlled, and which proteins they encode,
may help to address the mechanisms by which they are involved in these
diseases. Obviously, further diseases—most prominently atherosclerosis and
perhaps even human ageing—could be investigated in this context.

An interesting speculation is that the mechanism apparent in autoim-
mune diseases may really be a physiological one going astray (Fig. 7). This is
suggested by the various findings indicating that retroelements, particularly
ALU sequences, are induced by cellular stress (see Sect. 3), as would occur
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during infection or at certain phases of cancer development. ALU induction
has been experimentally found to impinge on protein synthesis, transcrip-
tional regulation, and genomic stability intracellularly. If ALUs are not the
only retroelements induced under stress conditions, as has been suggested
by several studies, stress responses could lead to the presentation of endoge-
nous retroelement antigens and also elicit immune responses. One wonders
whether this reaction could represent an attempt to alert the immune system
to the presence of cells with altered methylation. Indeed, methylation changes
have been invoked as part of the cellular reaction toward viral infections
(Müller et al. 2001; Muegge et al. 2003) and they are certainly an impor-
tant component in the formation of cancer. It is tempting to speculate that
hypomethylation of repeat sequences might occur as a consequence of viral
infection or of hyperproliferation without adequate maintenance methylation
and lead to increased expression of retroelement RNAs that activate intracel-
lular defense systems and the immune system through presentation of anti-
genic retroelement proteins. According to this view, DNA hypomethylation
observed in autoimmune diseases with overshooting immune reactions and
persisting in cancers in spite of immune responses might reflect pathological
extensions of a physiological protective response.

This speculation illustrates well the limits of our understanding of the
retroelements in our genomes. We will have to fill many gaps in our knowledge
before we can refute many ideas on their function and control, or confirm
them.
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Abstract It is not surprising that cancer, a kindofderangementofdevelopment, hijacks
DNA methylation, which is necessary for normal mammalian embryogenesis. Both
decreases and increases in DNA methylation are a frequent characteristic of a wide
variety of cancers. There is often more hypomethylation than hypermethylation of
DNA during carcinogenesis, leading to a net decrease in the genomic 5-methylcytosine
content. Although the exact methylation changes between different cancers of the same
type are not the same, there are cancer type-specific differences in the frequency of
hypermethylation or hypomethylation of certain genomic sequences. These opposite
types of DNA methylation changes appear to be mostly independent of one another,
although they may arise because of a similar abnormality leading to long-lasting
epigenetic instability in cancers. Both tandem and interspersed DNA repeats often
exhibit cancer-associated hypomethylation. However, one of these repeated sequences
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(NBL2) displayed predominant increases in methylation in some ovarian carcinomas
and Wilms tumors and decreases in others. Furthermore, decreases and increases in
CpG methylation can be interspersed within a small subregion of the 1.4-kb repeat
unit of these tandem arrays. While the transcription-silencing role of DNA hyperme-
thylation at promoters of many tumor-suppressor genes is clear, the biological effects
of cancer-linked hypomethylation of genomic DNA are less well understood. Evidence
suggests that DNA hypomethylation functions in direct or indirect control of tran-
scription and in destabilizing chromosomal integrity. Recent studies of cancer-linked
DNA hypomethylation indicate that changes to DNA methylation during tumorigen-
esis and tumor progression have a previously underestimated plasticity and dynamic
nature.

This chapter is dedicated to Charles W. Gehrke, a careful and path-setting
analytical biochemist, whose collaboration brought my lab into the study of
cancer epigenetics.

1
Overview

Epigenetic changes in cancer, both in DNA (cytosine methylation) and chro-
matin (including histone modification and chromatin remodeling), are crit-
ically involved in carcinogenesis (Baylin and Herman 2000; Cairns 2001;
Ehrlich 2000, 2002; Klochendler-Yeivin et al. 2002). Both increases in methyl-
ation in some portions of the genome and decreases in others are character-
istic of cancer, although they seem to be independent changes. Furthermore,
a subregion of the genome can be subject to overall increases in methylation
in some cancers and decreases in other tumors of the same type. After giving
some background on mammalian DNA epigenetics, this review will sum-
marize the nature and biological significance of hypomethylation of DNA in
cancer, which is less well understood than is cancer-linked hypermethyla-
tion of DNA. Lastly, it will explore the possible relationships between these
opposite types of tumor-associated methylation changes.

2
Background: Tissue-Specific DNA Methylation

Some of the early research on the species-specific distribution of 5-methyl-
cytosine (m5C) in DNA in non-human vertebrate tissues was begun by
Boris Vanyushin and colleagues (Vanyushin et al. 1970, 1973; Romanov and
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Vanyushin 1981). Our lab subsequently confirmed the tissue-specificity of
genomic m5C levels in animals (Gama-Sosa et al. 1983a) and demonstrated
such tissue-specificity also for human specimens (Ehrlich et al. 1982). The
idea that cancer represents a special kind of derangement of differentiation
led us to look for cancer-specific aberrations in DNA methylation, first at
the level of the genomic m5C content determined by high-performance liquid
chromatography (HPLC) (Gama-Sosa et al. 1983b; Ehrlich 2002), as described
in Sect. 5.

3
Background: Vertebrate DNA Methylation and Gene Expression

In 1975, critical reviews of vertebrate DNA methylation by Holliday and Pugh
(1975) and Riggs (1975) advanced our understanding of vertebrate DNA
methylation with their hypotheses about maintenance vs de novo methylation
and the involvement of this methylation in differentiation and X chromosome
inactivation. In the late 1970s and early 1980s, there was an initial flurry of
activity in which associations of differential promoter or gene methylation
with tissue-specific repression were found (Ehrlich and Wang 1981; Cooper
1983; Riggs and Jones 1983; Bird 1984). During that time, Walter Doerfler’s
laboratory pioneered important studies of the effects of adenoviral infection
on DNA methylation and the spreading of methylation along the DNA (Do-
erfler 1984). Although many examples of inverse associations between gene
expression and promoter methylation for endogenous vertebrate genes and
infecting viral genes were discovered, some genes display tissue-specific dif-
ferences in DNA methylation that do not correlate with expression (Ehrlich
and Wang 1981; Cooper 1983; Riggs and Jones 1983; Bird 1984; Doerfler 1984).
Even more genes, especially constitutively expressed ones with CpG-rich pro-
moters and 5′ gene regions (5′ CpG islands), have little or no methylation in
these regions in a wide variety of tissues.

Vertebrate DNA methylation at transcription control regions appears to of-
ten modulate gene expression or help maintain an already established inactive
state, rather than simply acting as an on–off switch. However, most methyl-
ation of vertebrate genomes is not in such transcription control elements
(Romanov and Vanyushin 1981; Gama-Sosa et al. 1983a), and methylation
of transcription control elements does not always control gene expression in
vivo. Moreover, the inverse correlations between expression and methylation
that are seen for many gene regulatory regions (Heard et al. 1997; Attwood
et al. 2002; Plass and Soloway 2002) could be consequences of changes in
gene expression rather than regulators of changes in expression. Nonetheless,
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an overview of results from various experimental approaches using diverse
genes convincinglydemonstrates thebiological importanceof vertebrateDNA
methylation to gene expression during normal development (Bruniquel and
Schwartz 2003; Ehrlich 2003; Makar et al. 2003; Martinowich et al. 2003; Cu-
sack et al. 2004; Geyer et al. 2004; Heard 2004; Iwano et al. 2004; Namihira
et al. 2004; Nishino et al. 2004; Strathdee et al. 2004; Tagoh et al. 2004; Weaver
et al. 2004).

4
Background: Vertebrate DNA Methylation and Development

A problematic aspect of DNA methylation research during the 1980s and
1990s was the mistaken notion (Anonymous 1985) that methylation of the
vertebrate genome is probably of little consequence to vertebrate development
simply because Drosophila had not been found to have DNA methylation. The
reasoning was that Drosophila, like vertebrates, is a higher eukaryote with
complicated development pathways. So if Drosophila could accomplish all
that differentiation without DNA methylation, how can vertebrates use DNA
methylation as an important gene regulator during development? This was
an often-quoted idea despite the fact that early Drosophila embryos with
their syncytial development are dramatically different from early vertebrate
embryos and have a much smaller genome. Furthermore, it was already clear
in the 1970s that despite the many common themes in molecular biology
among diverse organisms, considerably different genetic pathways can yield
similar biochemical outcomes. For example, very many bacterial strains use
dammethylation (at theN6 positionof theA inGATC) todirectDNAmismatch
repair as well as for regulating gene expression and DNA replication (Langle-
Rouault et al. 1987; Palmer and Marinus 1994), but most bacterial strains
do not have dam methylation (Barbeyron et al. 1984; Ehrlich et al. 1985).
These dam methylation-negative bacteria can use asymmetrical nicks in the
DNA generated during discontinuous DNA replication of one strand to direct
mismatch repair (Lacks et al. 1985; Huang et al. 2004). Even the premise that
Drosophila has no genomic m5C was disproved. Recently it was clearly shown
that Drosophila has small amounts of this methylated base in its genome
although this methylation is not essential for differentiation (Gowher et al.
2000; Lyko et al. 2000; Kunert et al. 2003).

In contrast to Drosophila, vertebrates require DNA methylation for nor-
mal development (Li et al. 1992; Beard et al. 1995; Panning and Jaenisch
1996; Okano et al. 1999; Fan et al. 2001; Lee et al. 2001; Yung et al. 2001;
Biniszkiewicz et al. 2002). This conclusion comes largely from studies of
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transgenic mice. Complicating studies of knockout or hypomorphic mice
that are mutant in one of the main DNA methyltransferase genes (DNMT1,
DNMT3A, or DNMT3B) are the multiple activities of all studied vertebrate
DNA methyltransferases (DNMTs) (Bachman et al. 2001; Liang et al. 2002;
Rhee et al. 2002; Datta et al. 2003; Fuks et al. 2001, 2003a; Pradhan and Esteve
2003; Geiman et al. 2004). However, other kinds of gene knockouts in mice
also globally affect DNA methylation (Dennis et al. 2001; Yan et al. 2003), and
results from those transgenic animals complement the conclusions from the
DNA methyltransferase mutants. In addition, naturally occurring mutations
in the portion of DNMT3B that specifies the catalytic domain. These muta-
tions, which are found in the majority of patients with the ICF (immunodefi-
ciency, centromeric region instability, facial anomalies) syndrome, reinforce
the direct connection of decreased DNA methylation and abnormalities in
development (see Sect. 7).

Another important methylation analysis tool developed by Peter Jones
and colleagues for studies of the functionality of DNA methylation is the
use of DNA methylation inhibitors: 5-azacytidine (azaCR) or the more spe-
cific 5-azadeoxycytidine (azaCdR) (Constantinides et al. 1977; Taylor and
Jones 1979). These inhibitors can activate expression of many genes that
had been inactivated by hypermethylation (Jones and Baylin 2002). A caveat
for studies with these inhibitors is that their incorporation into DNA leads
to DNA-protein cross-links, inhibition of DNA replication, and mutations
(Juttermann et al. 1994; Jackson-Grusby et al. 1997), as well as to DNA hy-
pomethylation. Results from studies involving azaCdR or azaCR combined
with other experimental approaches to decrease genomic methylation or to
increase methylation clearly implicate DNA methylation in the regulation of
gene expression and mammalian development (Maier et al. 2003; Moreau et al.
2003; Suzuki et al. 2004; Tsuji-Takayama et al. 2004; and see Sect. 3 above).

5
Global DNA Hypomethylation in Human Cancer

In 1983, altered methylation of DNA in human cancer was first reported as
DNA hypomethylation (Feinberg and Vogelstein 1983a, b; Gama-Sosa et al.
1983b). Our study of more than 100 human tumors of various types was
done in collaboration with Charles Gehrke and demonstrated that there was
global DNA hypomethylation (overall decreases in genomic m5C) in cancers
compared to 15 types of normal somatic tissue by examining DNA digested
to deoxynucleosides and subjected to HPLC (Gama-Sosa et al. 1983b). Al-
though there are tissue-specific differences in the genomic m5C content of
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DNA from normal samples (Ehrlich et al. 1982), we could identify, in collab-
oration with Charles Gehrke and Emerich Fiala, cancer-linked global DNA
hypomethylation by lower levels of methylation in many of the cancers com-
pared to a wide variety of control postnatal somatic tissues (Ehrlich et al.
2002, 2005; Widschwendter et al. 2004). This approach provided a lower es-
timate of this genome-wide hypomethylation because we looked for lower
genomic m5C levels in the tumors than in all the normal somatic controls. For
most tumors, DNA hypomethylation is much more closely associated with
malignancy with malignancy than with benign tumorigenesis (Ehrlich 2002).
Cancer-linked DNA hypomethylation has been confirmed in diverse cancers
by other laboratories (Kim et al. 1994; Cheng et al. 1997; Soares et al. 1999;
Linn et al. 2001; Wong et al. 2001; Yamamoto et al. 2001; Saito et al. 2002; Tsuda
et al. 2002).

Subsequent to thediscoveryofhumancancer-associatedDNAhypomethyl-
ation, hypermethylation of CpG island-promoters was found (Baylin et al.
1986). Hypermethylation of the promoter or 5′ regions of tumor suppressor
genes has been shown to be very important in downregulating expression of
these genes in cancer (Costello et al. 2000; Jones and Baylin 2002). A role for
both hypomethylation and hypermethylation of DNA in cancer is supported
by the findings that decreasing DNA methylation in some model systems
enhances tumorigenicity, while increasing it in others does the same (Carr
et al. 1984; Denda et al. 1985; Thomas and Williams 1992; Eads et al. 2002;
Gaudet et al. 2003).

6
Hypomethylation of Tandem Repeats in Cancer

We found that global cancer-linked DNA hypomethylation is significantly as-
sociated with cancer-linked hypomethylation in centromeric satellite α DNA
(Satα) and juxtacentromeric (centromere-adjacent) satellite DNA, specifically
satellite 2 (Sat2) (Narayan et al. 1998; Qu et al. 1999a, b). Normal postnatal
somatic tissues have similar high levels of methylation of these satellite DNAs.
Moderate hypomethylation of satellite DNA was present in about 40%–80% of
Wilms tumors, breast adenocarcinomas, and ovarian epithelial carcinomas
and extensive hypomethylation in about 10%–30% of these cancers when
comparing them to a wide variety of the normal somatic standards (Narayan
et al. 1998; Qu et al. 1999a, b; Wong et al. 2001; Ehrlich et al. 2003). Also, in
human hepatocellular carcinomas, Saito et al. (2001) observed that frequent
hypomethylation of Sat2 was highly concordant with that of Sat3, the main
DNA component of the long juxtacentromeric heterochromatin of Chr9. Itano
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et al. (2002) found that hypomethylation of two non-satellite DNA tandem re-
peats was the best indicator of a poor prognosis in patients with hepatocellular
carcinoma. In collaboration with Louis Dubeau, we showed that hypomethy-
lation of satellite DNA is significantly correlated with malignant potential in
ovarian epithelial tumors (Qu et al. 1999b). Martin Widschwendter’s group
and my lab demonstrated that satellite hypomethylation in ovarian epithelial
carcinomas is also significantly associated, as an independent marker, with
decreased overall survival and disease-free survival (Widschwendter et al.
2004). Therefore, hypomethylation of tandem DNA repeats, as well as hyper-
methylation of gene regions (Brabender et al. 2001), can be an independent
prognostic indicator. Furthermore, in collaboration with Peter Laird, we have
recently shown that interspersed DNA repeats are also frequently hypomethy-
lated in cancer, and either interspersed repeats (Alu repeats or LINE1 repeats)
or Sat2 can serve as a surrogate marker for global DNA hypomethylation
(Weisenberger et al. 2005). Therefore, all of these hypomethylation parame-
ters may be of prognostic significance for certain types of cancer.

7
DNA Hypomethylation and Chromosome Rearrangements

How might satellite DNA hypomethylation contribute to carcinogenesis and
tumor progression (Table 1)? We proposed that DNA hypomethylation in the
centromeric or juxtacentromeric heterochromatin in cancer helps destabi-
lize the genome by leading to rearrangements in the hypomethylated regions
(Qu et al. 1999a; Tuck-Muller et al. 2000). There is an association between
hypomethylation of Sat2 at 1qh and 16qh (the juxtacentromeric heterochro-
matin of chromosomes 1 and 16, respectively) and chromatin decondensation
in these regions in lymphoid cells from patients with the above-mentioned
ICF syndrome (Jeanpierre 1993; Tuck-Muller et al. 2000). This syndrome al-
ways involves immunodeficiency and high frequencies of juxtacentromeric
rearrangements in chromosomes 1 and/or 16 (Chr1, Chr16) in lymphoid cells
as well as other diverse symptoms that vary with the patient. Sat2 hypomethy-
lation (Jeanpierre et al. 1993), due to ICF-linked DNA methyltransferase 3B
(DNMT3B) mutations (Hansen et al. 1999; Okano et al. 1999; Xu et al. 1999),
is seen in all examined ICF cell populations. Chr1 and Chr16 are the only
human chromosomes with long Sat2-containing regions, and both Chr1 Sat2
and Chr16 Sat2 (but not Satα), are selectively hypomethylated in all studied
ICF cell populations (Ehrlich et al. 2001). We have shown that there is hypo-
methylation of only a small portion of the ICF genome, i.e., approximately
7% (Kondo et al. 2000; Tuck-Muller et al. 2000), as a result of the ICF-causing
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Table 1 Some possible roles for DNA hypomethylation in carcinogenesis

1. Increasing DNA recombination in cis in certain sequences and tumor types

2. Activation in cis of expression of genes that favor tumorigenesis or tumor pro-
gression by effects on promoters, enhancers, silencers, and other transcription
regulatory sequences

3. Alteration of sequestration of DNA binding proteins at repeated DNA sequences to
control expression of genes in trans

4. Effects on the subnuclear compartmentalization of chromatin or on euchromatin–
heterochromatin interactions

(usually missense) DNMT3B mutations (Hansen et al. 1999; Okano et al. 1999;
Xu et al. 1999; Gowher and Jeltsch 2002).

Our detailed studies of (1) karyotypes of ICF vs control lymphoblastoid
cell lines (LCLs) and, in collaboration with David Gisselsson et al. (2005),
(2) chromosome dynamics in these cells suggests that the chromatin decon-
densation in 1qh and 16qh—which can be associated with hypomethylated
Sat2—in turn predisposes to rearrangements and prophase and anaphase
anomalies in these regions (Jeanpierre et al. 1993; Tuck-Muller et al. 2000).
We demonstrated that a normal pro-B cell line was especially susceptible to
ICF-like chromosome abnormalities induced by the DNA inhibitors azaCdR
and azaCR, including transient multiradial chromosomes with many Chr1
and/or Chr16 arms joined in the pericentromeric region (Hernandez et al.
1997; Ji et al. 1997). These aberrations occurred at high frequencies in cells
in the absence of other chromosomal abnormalities. With respect to can-
cer, centromeric heterochromatin and the juxtacentromeric heterochromatin
regions—whose DNA is frequently hypomethylated in a cancer-linked fash-
ion as described above—often are the sites of unbalanced rearrangements
(Mitelman et al. 1997) that could contribute to carcinogenesis by the resulting
gene imbalances. Although ICF patients display no increased cancer inci-
dence, only about 50–60 patients (mostly children) have been identified, and
their very short average lifespan would preclude detection of a cancer pre-
disposition that was not very high and did not result in tumors sufficiently
quickly. There is also evidence for a role of DNA hypomethylation in chromo-
some instability outside of pericentromeric regions (Chen et al. 1998; Eden
et al. 2003; Ehrlich et al. 2003; Gaudet et al. 2003), including in the important
cancer-linked loss of heterozygosity (Yamada et al. 2005). Genomic instability
and DNA hypomethylation can be observed early during tumorigenesis, and
both often increase with tumor progression (Feinberg et al. 1983; Mitelman
et al. 1997; Ehrlich 2002).
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Despite the above evidence for some associations of DNA hypomethylation
with increased chromosome recombination, recent studies suggest that in-
creased recombination is not the main means by which DNA hypomethylation
might promote carcinogenesis and tumor progression. While hypomethyla-
tion of pericentromeric DNA in heterochromatin probably predisposes cer-
tain human cell populations to rearrangements in these regions, e.g., ICF
lymphoid cells and liver cancer (Wong et al. 2001), as does hypomethyla-
tion of euchromatic DNA sequences elsewhere (Chen et al. 1998, Schulz et al.
2002), exceptions to the relationship of Sat2 DNA hypomethylation with peri-
centromeric rearrangementshavebeen reported forbreast carcinomas (Tsuda
et al. 2002). Moreover, our recent study of Wilms tumors involving a detailed
karyotype analysis and examination of satellite DNA methylation showed that
the frequencies of hypomethylation at BstBI sites in Chr1 Sat2 and at Satα
throughout the centromeres (51% and 69% of 35 primary tumors, respec-
tively, compared to various normal postnatal somatic tissues) were much
greater than the frequencies of rearrangements in the centromeric or juxta-
centromeric regions of any of the chromosomes (20%; Ehrlich et al. 2003).
Similarly, the very high frequencies of ovarian and breast cancer-associated
hypomethylation at satellite DNA suggest that the probable functional sig-
nificance of this hypomethylation is not limited to fostering chromosome
rearrangements (Jackson et al. 2004). While there seems to be some linkage
between DNA hypomethylation and chromosome rearrangements, there is
no relationship between centromeric DNA hypomethylation and aneuploidy,
as determined from studies of ICF LCLs and Wilms tumors (Tuck-Muller et al.
2000; Ehrlich et al. 2003).

8
DNA Hypomethylation and Possible trans Effects on Gene Expression

Other possible roles of DNA hypomethylation in cancer relate to either cis or
trans effects on gene expression (Table 1). Activation of DNA methylation-
repressed retrotransposons does not appear to play a major role in cancers
(Gaudet et al. 2003). Other than the MAGE/CAGE/BAGE superfamily of cancer-
testes antigen genes of unknown function and certain imprinted genes (De
Smet et al. 1996; Tycko 2000; Ehrlich 2002; Feinberg et al. 2002), there is only
a smallnumberof convincingreports (e.g., Satoet al. 2003;Yeet al. 2005;Okada
et al. 2005) of hypomethylation of gene regions and associated overexpression
as a frequent event in cancer. In contrast, DNA repeats seem to be often
hypomethylated in a variety of cancers, and satellite DNA hypomethylation is
especially prevalent (Florl et al. 1999; Ehrlich 2002).
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We hypothesize that human satellite DNA-rich pericentromeric hete-
rochromatin controls in trans the expression of some genes present on
various chromosomes in a manner that is sensitive to the level of methylation
of the satellite DNA and impacts binding of proteins to chromatin. This
protein binding to satellite DNA-rich chromatin might be affected negatively
or positively by changes in DNA methylation in cis depending on the
protein, as we and others have shown (Huang et al. 1984; Ehrlich and Ehrlich
1993; Zhang et al. 1993; Wade 2001). This would provide a novel, possibly
tissue-specific pathway by which satellite DNA hypomethylation could affect
carcinogenesis and gene expression.

Upon satellite DNA demethylation, there could be a decrease in the bind-
ing to centromeric and juxtacentromeric heterochromatin of proteins that are
notDNA-sequence specific, suchasmethylation-specificmethyl-CpG-binding
protein (MeCP)-type proteins and histone deacetylases (HDACs) that inter-
act with MeCP proteins (Nan et al. 1996; Fuks et al. 2007). This change could
release these transcription repressors or corepressors to the nucleoplasm to
downregulate expression of tumor-suppressor genes and might act synergis-
tically (Baylin and Herman 2000) with tumor suppressor gene hypermethyla-
tion in the promoter regions. In addition, constitutive heterochromatin may
act as a reservoir for certain DNA sequence-specific transcription regulators
that bind to both heterochromatin regions and promoters or enhancers. Given
the highly reiterated state of satellite DNA in heterochromatin and the length
of pericentromeric heterochromatin, a large percentage of a given transcrip-
tion regulator could be sequestered in this heterochromatin if it had a mod-
erate affinity for a site in the approximately 1- to 2-kb higher-order repeat of
the satellite DNA sequence. Examples of mammalian transcription regulators
that bind selectively to centromeric or juxtacentromeric heterochromatin by
DNA–protein and/or protein–protein interactions are accumulating: Ikaros;
ATRX; heat shock factor 1; C/EBPα, C/EBPβ, and C/EBPδ; DNMT1, DNMT3A,
and DNMT3B (which can repress transcription independently of their methy-
lating activities); the MeCP proteins MBD1, MBD2, and MeCP2; HDAC1 and 2;
and HP1-associated proteins like TIF1β (Nan et al. 1996; Tang and Lane 1999;
Gibbons et al. 2000; Bachman et al. 2001; Sabbattini et al. 2001; Bozhenok et al.
2002; Cammas et al. 2002; Denegri et al. 2002). Heat shock factor 1 localizes to
9qh and the centromeric regions of chromosomes 12 and 15 upon heat shock
(Denegri et al. 2002), and there is induction of transcription of Chr9 Sat3
associated with the colocalization of the transcription factor to the Sat3-rich
9qh region (Jolly et al. 2004).

Alternatively, decreases in satellite DNA methylation might increase se-
quence-specific binding of certain DNA-binding proteins to DNA (Ehrlich and
Ehrlich 1993). In addition, binding of proteins to heterochromatin by protein–
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protein interactions could be increased by a looser chromatin structure and by
indirect effects on histone modification (Xin et al. 2003). Moreover, constitu-
tive heterochromatin in the vicinity of the centromeres might influence gene
expression in trans by altering subnuclear compartmentalization (Kosak et al.
2002) or heterochromatin-euchromatin interactions between different chro-
mosomes, as has been proposed for murine centromeric heterochromatin
and several early lymphogenesis genes (Gasser 2001; Alcobia et al. 2003).

9
DNA Hypomethylation vs DNA Hypermethylation in Cancer:
Distinct Aspects and Overlaps

It has been hypothesized that hypomethylation of DNA in cancer is only
a prelude or a reaction to DNA hypermethylation. In that case, there should
be a positive association between cancer-linked gene hypermethylation and
global DNA hypomethylation or hypomethylation of satellite DNAs. In collab-
oration with Peter Laird, Louis Dubeau, and Mimi Yu, we showed that there is
no such association for Wilms tumors analyzed at 13 CpG-rich 5′ gene regions
(Ehrlich et al. 2002) or ovarian carcinomas analyzed at 60 such loci by Methy-
Light assay (Ehrlich et al. 2006). Therefore, satellite DNA and global DNA
hypomethylation probably arise during carcinogenesis independently of gene
hypermethylation.LackofapositiveassociationofDNAhypomethylationand
hypermethylation was also seen in studies of the following interrelationships:
LINE1 hypomethylation vs GST1 hypermethylation in prostate carcinomas
(Santourlidis et al. 1999); satellite and global DNA hypomethylation vs gene
hypermethylation in Wilms tumors (Ehrlich et al. 2002); cancer-testes antigen
gene hypomethylation vs gene hypermethylation in gastric cancers (Kaneda
et al. 2004); and in vitro DNMT acceptor activity vs gene hypermethylation
in colon tumors (Bariol et al. 2003; Table 2). Also consistent with this conclu-
sion, we, as well as others, did not detect gene hypermethylation in ICF cells
(M. Ehrlich, unpublished data). However, in three studies of ovarian carci-
nomas or breast cancers (Widschwendter et al. 2004; Ehrlich et al. 2006), we
found one gene, CDH13, had a significant inverse association of hypermethy-
lation of its 5′ CpG island with satellite DNA hypomethylation. This suggests
an antagonistic relationship between waves of genome demethylation and de
novo gene methylation such that promoter hypermethylation in cancer could
be subsequently reversed during a tumor progression-linked wave of DNA
demethylation that includes satellite DNA.

Opposite types of cancer-linked DNA methylation changes can occur in
the same DNA sequence (Nishiyama et al. 2005a, b; Table 2, point 3). This



262 M. Ehrlich

Table 2 Interrelationships of hypermethylation and hypomethylation in cancer

1. In various cancers, CpG island hypermethylation in promoters and 5′ gene regions
is not positively associated with hypomethylation of the following

– Satellite2 and satellite α DNA (in juxtacentromeric and centromeric regions,
respectively)

– LINE1 repeats

– Cancer-testes antigen genes

– The overall genome (global DNA hypomethylation)

2. In ovarian carcinomas, less hypomethylation of satellite 2 is significantly associated
with more hypermethylation of the following

– CDH13’s 5′ CpG island

– A tandem DNA repent (NBL2) at Hhal sites

3. A given DNA sequence (NBL2) can undergo opposite cancer-linked epigenetic
changes and display the following

– Hypomethylation at certain sites and hypermethylation at others within the same
∼0.2-kb subregion

– Hypomethylation involving both isolated CpG sites and spreading
of demethylation

– Predominant hypomethylation in some ovarian cancers and predominant
hypermethylation in others

– Much more frequent hypomethylation in certain tumor types than others

4. These findings suggest that there is a common step that makes DNA sequences epi-
genetically unstable in tumors, which can predispose CpGs to de novo methylation
and m5CpGs to demethylation

– But that there are subsequent, independent steps leading to hypermethylation
or hypomethylation

– And that de novo methylation of some sequences in cancers is reversed
by spontaneous demethylation

surprising result came first from Southern blot analysis. We found that a
1.4-kb repeat called NBL2 (Thoraval et al. 1996; DMHD-1, CNIC, Y10752,
and U59100) can be hypomethylated at HhaI sites (5 CGCG-3 sites) in some
cancers (17% of ovarian carcinomas) and hypermethylated at very high fre-
quencies (>70% of ovarian carcinomas and Wilms tumors) in other tumors
at the same sites (Nishiyama et al. 2005a). The possibility of artifacts was
eliminated by internal controls demonstrating complete digestion. Similar
patterns of partial methylation at HhaI sites in NBL2 were seen in various
normal samples from nine types of postnatal somatic tissues. NBL2 hyper-
methylation at HhaI sites in ovarian cancers was significantly associated with



Cancer-Linked DNA Hypomethylation 263

less hypomethylation at Sat2. There was no detectable transcription of this
sequence in normal tissues and only very low levels of transcripts, proba-
bly from run-through transcription, in some of the cancers, independent of
NBL2 hypomethylation (Nishiyama et al. 2005a). NBL2 is a complex tandem
repeat in the pericentromeric regions of the short arms of the acrocentric
chromosomes and at 9p11 and 9q21, and it lacks a long open reading frame
(Nishiyama et al. 2005a). It was found to be hypomethylated at NotI sites, the
focus of previous studies, in 83% of neuroblastomas and 75% of liver cancers
(Thoraval et al. 1996; Itano et al. 2002). Hypermethylation in cancer was not
previously observed with this enzyme because NotI cleaves control somatic
DNA too infrequently to reveal hypermethylation in cancers. We showed that
the ovarian carcinomas that were hypomethylated at HhaI sites were also the
only ones that were hypomethylated at NotI sites.

Southern blot analysis of NBL2 in digests of DNA from the ovarian car-
cinomas, Wilms tumors, and somatic control tissues with three other CpG
methylation-sensitive restriction endonucleases indicated that the changes in
methylation patterns in the cancers were yet more varied than those observed
in HhaI and NotI digests (Nishiyama et al. 2005b). Some cancer DNAs exhib-
ited hypermethylation at one type of restriction site and hypomethylation at
another. A few cancers displayed two distinct subfractions of NBL2 sequences,
one hypermethylated and the other hypomethylated, relative to all the somatic
controls.

Cancer-linked changes in methylation were studied at the local level by
hairpin-PCR bisulfite genomic sequencing (Laird et al. 2004) in a study re-
vealing the methylation status of each cytosine residue on complementary
strands of two approximately 0.2-kb subregions of the 1.4-kb repeat NBL2
unit (Nishiyama et al. 2005b). Ten cancers (ovarian carcinomas or Wilms tu-
mors) exhibiting either hypomethylation or hypermethylation at HhaI sites
by Southern blot analysis and control tissues were sequenced by the hairpin-
bisulfite PCR method in which the covalent cross-linking of the two strands
allows the unambiguous determination of symmetrical methylation, sym-
metrical lack of methylation, or hemimethylation at CpG sites from bisulfite-
treated DNA. We observed much site-specificity among various normal tis-
sues in the methylation status of individual CpG sites in these two NBL2
subregions. This finding allowed us to detect cancer-linked increases or de-
creases in methylation at most of the examined CpG sites. At the CpG sites
with conserved methylation status in normal somatic tissues, there was a sig-
nificant association between methylation changes from the hairpin-bisulfite
PCR sequencing and those deduced from the Southern blot analyses of HhaI
digests. Nonetheless, molecular clones from the cancer DNAs showed both hy-
pomethylation and hypermethylation at different CpG sites. In some cancers,
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hypomethylation predominated and in others, hypermethylation. Therefore,
the interrelationships between cancer-linked hypermethylation and cancer-
linked hypomethylation within a given DNA sequence can be intimate despite
our findings that CpG island hypermethylation and satellite or global DNA
hypomethylation show no significant positive association (Ehrlich et al. 2002,
2006). Our results indicate that a small region of DNA can be made unsta-
ble epigenetically during carcinogenesis so that close CpG sites can undergo
opposite changes in DNA methylation (Table 2).

A minor but considerable portion of the CpG sites was hemimethylated
in both normal tissues and tumors (Nishiyama et al. 2005b). This indicates
that maintenance methylation is less efficient than commonly assumed. Fur-
thermore, the methylation patterns that we observed in individual clones
suggest that there is spreading of demethylation in cancer, although most of
the cancer-linked methylation changes in NBL2 involved non-adjacent CpG
sites. Previous studies had demonstrated spreading of de novo methylation
along DNA sequences (Doerfler 1984, Orend et al. 1991; Singal and van Wert
2001; Kim et al. 2002; Turker 2002).

10
Conclusions

The findings that global DNA, satellite DNA, and gene hypomethylation
exhibit no statistically significant positive association with CpG island hy-
permethylation (Kaneda et al. 1994; Santourlidis et al. 1999; Ehrlich et al.
2002; Bariol et al. 2003) indicate that oncogenesis-linked DNA demethyla-
tion is not just a cellular response to or stimulus for de novo methylation.
The importance of cancer-linked DNA hypomethylation is evidenced by
its widespread occurrence and by the findings that increases in DNA re-
peat hypomethylation are significantly associated with an increase in ag-
gressiveness of some types of cancers and a decrease in patient survival
(Ehrlich 2002; Itano et al. 2002; Widschwendter et al. 2004). Also, some
DNA hypomethylation, like DNA hypermethylation, can be detected very
early in tumorigenesis or even in abnormal non-neoplastic tissue (Ehrlich
2002; Jackson et al. 2004). Whatever the most important biological targets
of tumorigenesis-related DNA hypomethylation, cancer geneticists and clin-
icians should be aware that decreases in DNA methylation induced as part
of a therapeutic regimen might contribute to carcinogenesis or tumor pro-
gression. Nonetheless, DNA demethylation therapy clearly may be very use-
ful in cases where better alternatives do not exist. Our limited knowledge
of DNA demethylation during carcinogenesis also points to the need to
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better understand its contribution to tumor formation and tumor progres-
sion.

Recent findings that a non-satellite tandem DNA repeat shows predom-
inant hypermethylation in some ovarian carcinomas and hypomethylation
in others indicates the surprising plasticity of epigenetic changes in DNA
in cancer (Nishiyama et al. 2005). Furthermore, over a 0.3-kb region, there
were hypomethylated CpG sites that were normally highly methylated, and
hypermethylated CpG sites that were usually unmethylated (Nishiyama et al.
2005b). These results and the previously mentioned ones suggest that an early
cancer-linked change in chromatin structure can predispose to both de novo
methylation and demethylation during tumorigenesis but that subsequent in-
dependent events and the genetic and epigenetic features of the DNA sequence
dictate whether there will be losses or gains in methylation in a DNA region
(Table 2). Moreover, there are significant inverse associations of CDH13 hy-
permethylation and satellite 2 hypomethylation in ovarian and breast cancer
(Widschwendter et al. 2004) and of NBL2 hypermethylation and satellite 2
hypomethylation in ovarian cancer (Nishiyama et al. 2005). All these find-
ings suggest that tumor-associated changes in DNA methylation in a given
sequence occur in a stepwise manner, which can consist of multiple rounds
of de novo methylation, demethylation, or de novo methylation followed by
demethylation. Therefore, CpG-island promoter sequences that become hy-
permethylated in cancer may similarly undergo subsequent demethylation
during waves of DNA demethylation as the tumor develops, and such reversal
of de novo methylation may contribute to carcinogenesis (Cheng et al. 2001;
Zhu et al. 2003). In conclusion, DNA methylation changes in cancer appear to
be dynamic due to an underlying, long-lasting, epigenetic instability.
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