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Epigenetics may be broadly defined as the study of pro-
cesses that produce a heritable phenotype that is not strictly
dependent on DNA sequence. The definition has tradition-
ally been restricted to processes that occur in the cell’s nucle-
us, with the term ‘heritable’ having a loose meaning that can
be applied to either the entire organism or single cells. For
example, a process that produces a phenotype only in a spe-
cific cell type (for instance, chromatin-mediated maintenance
of a differentiated state) is usually considered epigenetic even
if it is not directly inherited, but instead must be re-estab-
lished or actively maintained at each cell division. Given this
definition, the field of epigenetics has long focused on proteins
that affect DNA packaging, and thereby affect the utilization
of the genetic information encoded in the DNA template.
This focus extends to the enzymatic modification of those
proteins, and to the enzymatic modification of the DNA tem-
plate itself, primarily DNA methylation.
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This review is written in conjunction with the interna-
tional symposium on Genome-wide Epigenetics 2005, held at
the University of Tokyo, Japan on November 8-10, 2005.
Over the past decade, the field of epigenetics has undergone
an exciting expansion in the number of researchers, tech-
niques available and our understanding of epigenetic phe-
nomena. The purpose of this short review is not to summarize
all of these advances, but rather to guide the reader to more
detailed sources of information by sketching an outline of the
major thrusts in the field, emphasizing mammalian epi-
genetics in particular.

Mediators of epigenetic regulation of the genome

Epigenetic information manifests itself by regulating gene
expression, often reflected by biological phenotypes. The
mechanistic mediators of heritable gene expression appear to
be similar whether one is considering epigenetic inheritance
on the organismal level (from parent to offspring) or the cel-
lular level (from parent to daughter cells). For example, a
mediator of epigenetic regulation is cytosine methylation.
The action of maintenance methyltransferases ensures that
the methylation of pairs of cytosines on complementary DNA
strands at CpG dinucleotides is propagated to both pairs of
daughter DNA molecules following DNA replication (Bestor,
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2000). The inheritance of gene regulatory information from
parental gametes defines the phenomenon of genomic im-
printing, for which cytosine methylation is a central mediator
(Lietal., 1993).

Cytosine methylation is the best-studied mediator of epi-
genetic regulation. In mammalian genomes, the vast majority
of methylation of cytosines occurs when the cytosine is fol-
lowed by a guanine, a so-called CpG dinucleotide (Clark et
al., 1995). The methyl group protrudes into the major groove
of the DNA double helix, preventing the binding of transcrip-
tion factors that would otherwise bind locally in a sequence-
specific manner (Bell and Felsenfeld, 2000; Hark et al., 2000),
and facilitating the binding of methyl-binding proteins that
generally attach to DNA in a sequence non-specific manner
(Jorgensen and Bird, 2002). The methylation of cytosines
may not be the initiating event in a change from activity to
silencing of a locus, but it is certainly associated with a num-
ber of molecular changes. These include the alteration of co-
valent modifications of histone tails (El-Osta and Wolffe,
2000), the recruitment of methyl-binding proteins (Jorgensen
and Bird, 2002) and proteins normally associated with dis-
tinctive chromatin states (such as SWI/SNF components;
Harikrishnan et al., 2005), and the compaction of the chro-
matin with silencing of gene expression locally (Nguyen et al.,
2001).

It is possible that cytosine methylation is induced by pri-
mary events involving the covalent modification of histone
tails. The histone octamers that form the nucleosome pro-
trude N-terminal tails, where it was thought that various com-
binations of methylation, acetylation, phosphorylation and
other post-translational modifications could be established to
create what has been referred to as the histone code (Jenuwein
and Allis, 2001). However, this combinatorial concept is be-
ing challenged by data suggesting that the pattern of modifi-
cations may be more simple than the potential complexity,
establishing what is more like a binary on or off pattern
(Schubeler et al., 2004; Dion et al., 2005; Liu CL et al., 2005).
As described for methylcytosine, these modified histone mol-
ecules are capable of recruiting further molecules and com-
plexes that influence chromatin structure and local gene activ-
ity. Whether histone tail modifications induce or are induced
by cytosine methylation, it seems that the disruption of one
component of this system can induce changes in other com-
ponents also (Ben-Porath and Cedar, 2001).

The recent finding in fission yeast that small RNAs are
targeted to heterochromatin (Verdel et al., 2004) suggests that
epigenetic gene regulation in mammalian cells may also in-
volve the actions of such short RNAs. In addition, it has been
observed that a subset of DNA methyltransferases and meth-
yl-binding proteins have RNA-binding properties (Jeffery
and Nakielny, 2004), supporting the idea that RNA molecules
may influence the regulation of expression of their own or
other loci. However, a point worth stressing is that the major
consequence of all these biochemical processes, which ulti-
mately alter gene expression, is the regulation of transcription
factor binding. Transcription factors with activating effects
bind in modules at specific loci to facilitate the loading of the
RNA polymerase complex locally, a prerequisite for gene ex-
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pression. The relationship between epigenetic regulation and
transcription factor binding tends to be overlooked in reviews
of either field. However, as we emphasize below, techniques
to study chromatin components and transcription factors in
vivo are equally advanced, allowing integration of data and
major advances in the understanding of the relationship of
epigenetic alterations with transcription factor binding. An
example of such a study shows a relationship between binding
of the CTCF nuclear protein and cytosine methylation in a
large-scale analysis (Mukhopadhyay et al., 2004). The use of
high-throughput techniques to study epigenetic regulatory
processes in large genomic regions or genome-wide has been
described as an ‘epigenomic’ approach (Fazzari and Greally,
2004). Our insights into epigenetic regulatory processes have
to date been founded mostly on detailed studies of individu-
alloci; now that epigenomic approaches have been developed,
we are beginning to accrue knowledge based on less detailed
studies of large numbers of loci.

Déja vu: Why study the whole epigenome?

Although many of the details remain unclear, few people
today doubt the importance of epigenetic processes (in addi-
tion to the genetic code) for biological and medical research.
A full understanding of epigenetic inheritance and how epi-
genetic regulatory information is distributed in the genome
therefore ought to be the ultimate aim of any genome-wide
epigenetics or Epigenome Project. Of course, there is cur-
rently much debate on whether the time and technology is
ready for such an enormous undertaking and those who re-
member the early discussions about the Human Genome
Project will find some of the arguments reminiscent of that
time. For the Genome Project, the turning point came in
1995, when the more pragmatic protagonists at the time
pointed out that a (draft) genome sequence could be gener-
ated with existing technology (Marshall, 1995). Anticipating,
of course, that the effort would be self-catalyzing once started
which, with the luxury of hindsight, turned out to be true
when the Human Genome was announced finished in 2003,
under budget and ahead of time. Exactly when the discussion
about the Epigenome Project started is arguable, most likely
it started independently in the minds of multiple scientists.
In Pubmed, the first indexed mentioning of ‘Epigenome’ ap-
peared in 1987 (Kieser, 1987) and ‘Epigenome Project’ was
mentioned the first time only in 2002 (Novik et al., 2002).
Therefore, a ‘spoof” editorial in a leading science magazine
(Nature Biotechnology) was quite timely when it suggested in
August 2000 that a trilogy be required to complete the Human
Genome Project: “The Draft’, “The Closure’ and ‘Epigenetics
Strikes Back’. With the ‘Draft’ and the ‘Closure’ delivered,
the time has come to explore the next frontier, the ‘Epi-
genome’.

The rationale for studying the epigenome and how this
might be accomplished has been reviewed recently (Murrell
et al., 2005). Basically, different cell types require different
epigenomes to control — in time and space — the correct execu-
tion of their individual transcriptional programs and (revers-



ible) epigenetic modulation has the flexibility to achieve the
required fine-tuning of the underlying nuclear genome. A re-
cent study further suggests that the transcriptional program
is much larger and more complex than previously thought
(Cheng et al., 2005). High-resolution transcript mapping of
ten human chromosomes revealed that the majority of (most-
ly non-polyadenylated) transcripts map to loci for which there
is currently no annotation available. Yet, these transcripts of
unknown function may have important implications for gene
expression and (epi) genotype-phenotype associations. The
power to detect any alterations anywhere in the epigenome
will therefore be of great value to understand what goes wrong
if a program is executed incorrectly, particularly in the con-
text of disease. Obviously, our ability to analyze and interpret
entire epigenomes is very much dependent upon the avail-
ability of adequate technologies which will be discussed in the
next section.

Techniques for genome-wide epigenetic studies

Much of the recent progress in understanding epigenetic
phenomena is directly attributable to technologies that allow
researchers to pinpoint the genomic location of proteins that
package and regulate access to the DNA. The advent of DNA
microarrays and inexpensive DNA sequencing has allowed
many of those technologies to be applied to the whole genome.
The focus of the Tokyo conference is the study of epigenetics
on a genome-wide scale, so here we will focus on technologies
that enable a comprehensive investigation of the genome. We
note that Bas van Steensel’s group has recently published a
series of very informative reviews relevant to this subject
(Loden and van Steensel, 2005; van Leeuwen and van Steensel,
2005; van Steensel, 2005).

Genome-wide cytosine methylation studies

Cytosine methylation has been the best-studied epigenetic
mechanism, largely because the experimental techniques for
its study have been available for some time. The mainstays
of experimental approaches have been the sensitivity of cer-
tain restriction enzymes to cytosine methylation and the rel-
ative resistance of methylcytosine to bisulfite-induced deam-
ination. Experiments based on these approaches have re-
vealed great detail about individual loci. The expansion of
these studies from single-locus to genome-wide approaches is
still in development. A platform that has proven to be very
robust is the use of restriction landmark genome scanning
(RLGS), which uses a rare-cutting methylation-sensitive re-
striction enzyme (such as NotI) in combination with a second
enzyme to create a profile of NotI digestion products. The di-
gested Notl overhanging ends are radiolabeled and separated
by 2-dimensional gel electrophoresis. Approximately 2,000
sites can be resolved using RLGS. Using virtual image RLGS
(vi-RLGS), the actual pattern of Notl fragments can be com-
pared with the computationally predicted pattern for that ge-
nome (Matsuyama et al., 2003). This allows differences ob-
served by gel electrophoresis to be linked to specific genomic
locations for subsequent validation studies. The technique

suffers from being technically challenging, difficult to validate
even with vi-RLGS, and limited in terms of the number of
loci that are testable (Fazzari and Greally, 2004). Nonethe-
less, it has been the single most informative technique de-
scribing differences in cytosine methylation between tissues,
stages of differentiation and in disease (Shiota et al., 2002;
Kremenskoy et al., 2003; Song et al., 2005).

Other restriction enzyme-based techniques have also been
developed, and high-throughput bisulfite sequencing using
MALDI-TOF looking at numerous loci in parallel has been
the foundation of the European Human Epigenome Project
(Bradbury, 2003; Rakyan et al., 2004). Most of the techniques
used to date have been reviewed comprehensively (Laird,
2003; Ushijima, 2005), although several recent publications
update this list (Ching et al., 2005; Hu et al., 2005; Weber et
al., 2005). The techniques differ in terms of how they select
a fraction of the genome with distinctive cytosine methyla-
tion. Most use the sensitivity of restriction enzymes to cyto-
sine methylation as the means of discrimination, while a new
technique uses the affinity of an anti-methylcytosine antibody
to enrich the methylated fraction of the genome (methylated
DNA immunoprecipitation, MeDIP; Weber et al., 2005).
The techniques also differ in terms of how they detect the
identity of the sequences that constitute these distinctive frac-
tions of the genome, with gel electrophoresis now largely su-
perseded by microarray-based approaches or high-through-
put sequencing.

At present, there is no technique that can test the meth-
ylation status of every CpG dinucleotide in the genome. Fur-
thermore, little attention has been paid to the effects of the
heterogeneity of CpG dinucleotide clustering in the genome,
apart from using this property to define CpG islands (Gar-
diner-Garden and Frommer, 1987; Takai and Jones, 2002).
Clustering of CpGs increases the number of informative cy-
tosines or restriction sites in some areas compared with oth-
ers, so that a comparison of cytosine methylation genome-
wide will show much stronger signals of methylation or the
absence of methylation at sites of clustering than sites where
CpGs are relatively more sparse. Possibly because of this, our
attention is focused on CpG-enriched regions as particularly
informative. Our appreciation of the role of less CpG-rich
regions in dynamic methylation patterns remains limited as
a consequence.

Mapping the genomic location of chromatin proteins and

enzymes by ChIP-chip

Chromatin components and determinants of chromatin
dynamics are often the mediators of epigenetic effects. The
genome-wide mapping of these chromatin marks by ChIP-
chip has led to important insights regarding the mechanism
of transcriptional and epigenetic memory, and how different
chromatin states are propagated through the genome. In
yeast, ChIP-chip has been used to determine the distribution
of non-histone chromatin components (Smith et al., 2003;
Glynn et al., 2004; Lengronne et al., 2004; Weber et al., 2004),
enzymes involved in histone modification (Kurdistani et al.,
2002; Nget al., 2003; Humphrey et al., 2004), and post-trans-
lational histone modifications themselves (Bernstein et al.,
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2002; Robyr et al., 2002; Kurdistani et al., 2004; Loden and
van Steensel, 2005; van Leeuwen and van Steensel, 2005).

The ‘ChIP-chip’ method uses microarrays to expand the
number of loci testable by Chip and is currently the most
popular technique for high-resolution genome-wide mapping
of chromatin proteins and enzymes. ChIP-chip was devel-
oped in the late 1990s (Editorial, Nature Genetics, 1998) and
first published shortly thereafter (Ren et al., 2000; Iyer et al.,
2001). Generally, cells are fixed, chromatin is fragmented,
and the protein of interest is purified, along with any associ-
ated DNA, using an antibody or an affinity tag. The DNA that
was co-purified with the protein is then detected usinga DNA
microarray and mapped back to the genome, allowing the
binding position of the protein to be inferred. The details of
this technique have been reviewed extensively (Kuo and Al-
lis, 1999; Orlando, 2000; Nal et al., 2001; Farnham, 2002;
Johnson and Bresnick, 2002; Weinmann and Farnham, 2002;
Kurdistani and Grunstein, 2003; Lieb, 2003; Oberley and
Farnham, 2003; Spencer et al., 2003; Bernstein et al., 2004a;
Buck and Lieb, 2004; Hanlon and Lieb, 2004; Im et al., 2004;
Oberley et al., 2004; Robyr et al., 2004). Initial ChIP-chip
studies focused on the genome-wide location of well-studied
yeast transcription factors. These studies empirically verified
the effectiveness of the method by identification of previ-
ously known gene targets, and discovery of new and physio-
logically relevant targets (Ren et al., 2000; Iyer et al., 2001;
Liebetal.,2001; Simon et al., 2001; Horak and Snyder, 2002).
In addition, DNA-binding motifs corresponding to the known
affinities of the proteins were derived from the ChIP-chip
data. In the short time since those original studies, ChIP-chip
has been applied to hundreds of transcription factors in or-
ganisms ranging from bacteria to humans (van Steensel,
2005).

More recently, the approach of assessing global chromatin
structure has been extended to more complex genomes. In
Drosophila, the global acetylation pattern of histones H3 and
H4 and the global methylation pattern of histone H3 lysine 4
(H3K4) and lysine 79 (H3K79) have been monitored using
ChIP-chip (Schubeler et al., 2004). H3K4 di- and trimethyl-
ation, H3K79 dimethylation and H3 and H4 acetylation were
all found to be present in the same genes. These results are in
agreement with the genome-wide pattern of H3K4 methyla-
tion (Bernstein et al., 2002) and Setlp binding (Ng et al.,
2003) in yeast and suggest that, in Drosophila, as in yeast, a
pattern of nucleosome modifications distinguishes actively
transcribed genes from repressed genes throughout the ge-
nome. Detailed genome-scale studies have also been carried
out in Arabidopsis (Lippman et al., 2004).

Although the antibodies used for ChIP-chip studies of
chromatin modifications can often be used across species, as
of the printer’s deadline there is only one published report of
a genome-wide, high-resolution ChIP-chip study in mamma-
lian cells (Kim TH et al., 2005). This is mainly due to diffi-
culty in producing inexpensive and easy-to-use full-genome
microarrays. The initial mammalian ChIP-chip experiments
identified binding sites for the c-Myc, Max, Gatal, E2F and
Rb transcription factors in cultured human cells (Horak et al.,
2002; Weinmann et al., 2002; Li et al., 2003; Wells et al.,
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2003). By practical necessity, the DNA microarrays used in
these pioneering studies represented only a fraction of the
genome. For the c-Myc and Max studies, DNA microarrays
were constructed with PCR products spanning the proximal
promoters of 4,839 of the approximately 30,000 human genes
(Lietal., 2003). Later studies that examined the genomic dis-
tribution of the mammalian Setl homolog MLL used an ex-
panded version of this array that included 19,000 proximal
promoters (Guenther et al., 2005). To map the mammalian
transcription factors E2F and Rb, DNA microarrays were
created with 7776 CpG island clones (Weinmann et al., 2002;
Wells et al., 2003). CpG islands are short stretches of DNA
containing a high density of non-methylated CpG dinucleo-
tides, and are frequently associated with the promoters and
the first exon of a gene (Antequera and Bird, 1993). Studies
of transcription factor binding across human chromosomes
21 and 22 have been carried out (Martone et al., 2003; Caw-
ley et al., 2004; Euskirchen et al., 2004; Carroll et al., 2005).
These chromosome 21 and 22 arrays were also used for the
first genome-scale study of histone modifications (H3K4me?2,
H3K4me3, and H3K9/14Ac) in human cells (Bernstein et al.,
2005). This year a group of researchers published the first
truly genomic human ChIP-chip experiment, using an array
of 14.5 million 50 mers that covered the unique regions of the
human genome at 100 bp resolution to analyze the distribu-
tion of TFIID on the human genome (Kim TH et al., 2005).
Microarrays similar to the one used in that study are in com-
mercial development, and many chromatin modifications are
being mapped as part of the NIH’s ENCODE project (2004)
(Boguski, 2004; van Steensel, 2005).

There are some challenges inherent to any ChIP-chip ex-
periment, and experiments that aim to determine the distri-
bution of chromatin components and histone modifications
are especially subject to these concerns. Several factors could
create non-biological variation in results, including the effects
of fixation, epitope accessibility, antibody specificity, micro-
array content, and underlying bulk nucleosome occupancy.
These challenges, and suggestions for overcoming them, have
been discussed at length in recent reviews (Buck and Lieb,
2004; Hanlon and Lieb, 2004; Loden and van Steensel, 2005;
van Leeuwen and van Steensel, 2005).

ChIP-chip alternatives: Dam-ID and in vivo

biotin-tagging

Current alternatives to ChIP-chip include the use of DNA
adenine methyltransferase-Identification (Dam-ID) (van
Steensel and Henikoff, 2000, 2003; van Steensel et al., 2001;
Greil et al., 2003). In this method, the eukaryotic chromatin
protein of interest is fused with the bacterial enzyme DNA
adenine methyltransferase. Any DNA with which the protein
is associated will then be methylated at adenine, a mark nor-
mally restricted to prokaryotes. The methylated DNA can
then be purified with antibodies or probed with methyl-sensi-
tive restriction enzymes to deduce the location of the protein’s
interaction with genomic DNA. The Dam-ID is very power-
ful because it does not require antibodies to be raised against
each factor of interest and obviates the need for crosslinking.
However, it requires expression of a recombinant protein,



careful control of the level and duration of expression, and
cannot be used to map post-translational histone modifica-
tions. A second technique requires that the chromatin com-
ponent be tagged with the biotin ligase recognition peptide,
and that this fusion protein and biotin ligase be co-expressed
in the same cell type. Cellular biotin is conjugated to the chro-
matin protein of interest, allowing streptavidin to be used on
sheared chromatin from these cells to isolate the DNA at
which this chromatin component is located. This approach
has been used to track histone H3.3 localization in cultured
Drosophila cells (Mito et al., 2005).

Genome-wide in vitro methods to determine

DNA binding specificity and quantify the influence

of epigenetic processes

Many epigenetic effects are mediated, ultimately, through
their effect on transcription factors and transcriptional regu-
lation. To understand how epigenetic processes influence
transcriptional programs, accurate binding-site descriptions
of hundreds of transcription factors will likely be needed.
DNA-binding specificity can be determined by many well-
established methods, including bindingsiteselection (SELEX)
(Oliphant et al., 1989; Blackwell et al., 1990; Tuerk and Gold,
1990) and electrophoretic mobility shift assays (EMSA) (Fried
and Crothers, 1981). However, these methods are labor-in-
tensive, not amenable to high-throughput analysis, and do not
sample the full range of a protein’s natural in vivo DNA sub-
strates. As described below, one can use ChIP-chip experi-
ments to infer binding motifs from computational analysis of
the ChIP-enriched sequences (Liu et al., 2002). While ChIP-
chip is a powerful method, the ability to infer relevant and
accurate binding sites is dependent on a number of factors,
including adequate expression of the protein of interest, nu-
clear localization and DNA binding by that protein, and
availability of a specific antibody that is capable of recogniz-
ing the protein in the context of a specific DNA-protein com-
plex. Furthermore, the discovery of binding sites from ChIP-
chip data is complicated by the effects of protein-protein in-
teractions, and the cooperative and competitive DNA binding
of other proteins in vivo. Two high-throughput in vitro meth-
ods for the determination of DNA-binding specificity have
emerged recently: Protein Binding Microarrays (PBMs) (Bu-
lyk et al., 2001; Mukherjee et al., 2004) and DIP-chip (DNA
ImmunoPrecipitation followed by microarray analysis)
(Liu X et al., 2005).

In the PBM approach, a purified, epitope-tagged DNA
binding protein is incubated with a microarray spotted with
double-stranded DNA corresponding either to short, synthet-
ic double-stranded oligonucleotides (Bulyk et al., 2001;
Mukherjee et al., 2004) or longer PCR products (Mukherjee
et al., 2004). The protein-bound microarray is then washed
gently and stained with a fluorophore-conjugated anti-tag an-
tibody (for example, an anti-GST antibody would be used
with GST-tagged protein); alternatively, a fluorophore-conju-
gated anti-transcription factor primary antibody could be
used. The stained array is then washed, spun dry, and scanned
with a standard microarray scanner. The PBM experimental
protocol takes less than a day, and multiple PBM microarray

experiments can be performed in parallel. The PBM data,
normalized by DNA concentration, are analyzed with a motif
finding algorithm in order to identify the protein’s DNA bind-
ing sites. Although PBM experiments can be performed using
some ‘standard’ binding conditions, one could examine the
effects of altered binding conditions, such as alterations in
buffer composition, transcription factor concentration, or
even the effects of small molecule or protein cofactors. Im-
portantly, the PBM experiments do not require prior knowl-
edge of the culture conditions in which the transcription fac-
tor is expressed, do not require potentially limiting tissue
sources, and do not require protein-specific antibodies. Com-
parison of PBM and ChIP-chip data has revealed that the
respective DNA binding site motifs can correspond quite well
(Mukherjee et al., 2004). Moreover, comparison of the in vivo
and in vitro binding data will permit an analysis of what local
sequence context features may contribute to binding site us-
age. PBM data will be useful for generating binding site motifs
for known and predicted transcription factors with poorly or
uncharacterized DNA binding specificities. Such binding site
data, coupled with further computational analyses, will per-
mit the prediction of the regulatory roles of transcription fac-
tors, as well as the prediction of candidate cis regulatory mod-
ules (i.e., transcriptional enhancers) (Bulyk, 2003; Philippa-
kis et al., 2005 and submitted).

In DIP-chip, a purified DNA binding protein is incubated
with purified, sheared yeast genomic DNA. Protein-DNA
complexes are separated from unbound DNA using immuno-
precipitation or affinity purification. Purified DNA fragments
are amplified, labeled fluorescently, and identified by hybrid-
ization to a DNA microarray. Computational methods are
then used to define a binding site based on enriched sequenc-
es. DIP-chip, while similar in concept to ChIP-chip, can over-
come some of the limitations of ChIP-chip by inferring ac-
curate DNA-binding specificities under well-defined and eas-
ily varied in vitro conditions. The experimental protocol for
DIP-chip can also be used for a rather different purpose,
which is comparing the sites of binding in vitro with the sites
of binding in vivo, as defined by ChIP-chip. Comparisons of
DIP-chip and ChIP-chip experiments will be useful in deter-
mining how much of the specificity of in vivo interactions
depends on chromatin and other epigenetic factors, and how
much is inherent to the protein and DNA itself. Both PBMs
and DIP-chip are powerful adjuncts to ChIP-chip and Dam-
ID experiments, and are efficient and accurate methods for
determining in vitro DNA binding specificity.

Sequencing-based alternatives to microarray detection

The DNA purified from a ChIP experiment can be cloned
and sequenced, providing an alternative to microarray-based
detection (Impey et al., 2004; Roh et al., 2004, 2005; Chen
and Sadowski, 2005; Kim J et al., 2005; Ng et al., 2005). Cur-
rently, the cost of performing DNA microarray hybridization
on commercial arrays that cover the whole human genome is
prohibitive to all but the wealthiest labs. Even with these
‘whole genome’ arrays, the whole genome is not represented,
only the non-repetitive portions. Therefore, sequencing-based
methods could prove to be very attractive, particularly for
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larger genomes. Rather than sequencing the entire cloned
DNA fragments, most of the referenced methods are similar
to SAGE, and create small (~17-21 bp) tags from each en-
riched fragment. The main question surrounding these meth-
ods is how many sequencing reads must be performed before
an adequate sampling of all enriched sequences is achieved.
Consider the case in which a 20-fold enrichment of targets is
achieved by IP, and targets represent 1% of all genomic frag-
ments. If a sequencing approach is chosen, only ~17% of all
sequenced tags would be IP targets at all, and for each ex-
periment, a very large number of clones would have to be
sequenced to sample the entire IP result with sufficient cover-
age to identify targets with confidence. This method may be-
come feasible by devising high-throughput schemes to in-
crease the practical enrichment and decrease background pri-
or to sequencing. These may include pre-screening clones for
repetitive elements, including a subtractive hybridization
step, modification of the standard ChIP experiment to in-
clude a second IP, or size selection to limit nonspecific clones
and repetitive elements (Weinmann and Farnham, 2002).
Another challenge of sequence-based methods includes as-
signing the sequence tag back to a unique position in the ge-
nome (Kim J et al., 2005). What may ultimately drive these
alternatives to the forefront are future reductions in sequenc-
ing costs. New commercially available sequencing technolo-
gies, such as massively parallel signature sequencing (MPSS)
(Brenner et al., 2000) and more recently the emulsion-based
method coupled to pyrosequencing (Margulies et al., 2005)
can sequence tens of thousands of DNA fragments simultane-
ously, and could be used to sample an entire ChIP. An advan-
tage of a sequencing-based approach is that the results ob-
tained should be more directly correlated with in vivo events
when compared with microarray-based approaches.

New genomic techniques for understanding chromatin

New technologies and methods for understanding chro-
matin and epigenetics continue to emerge. Many are based
on long-trusted biochemical assays coupled to new detection
techniques. DNase I hypersensitive sites have been a defining
characteristic of ‘active’ chromatin for decades, and several
new methods have arisen to map hypersensitive sites quanti-
tatively and genome-wide (Dorschner et al., 2004; Sabo et al.,
2004). Researchers have also directly measured nucleosome
occupancy with genomic methods. A clever alternative to
ChIP-chip was performed by digesting yeast chromatin with
micrococcal nuclease, purifying mononucleosomes, and us-
ing high-resolution tiling arrays to look for missing linker
DNA (Yuan et al., 2005). Using this method, the authors were
able to obtain a very high-resolution map of nucleosome oc-
cupancy on yeast chromosome III, which was consistent with
earlier, lower-resolution ChIP-chip studies (Bernstein et al.,
2004b; Lee et al., 2004). Another group separated mamma-
lian chromatin with a sucrose gradient, and using microarrays
with ~1 Mb resolution showed that the ‘open’, chromatin is
composed of underlying DNA with a high gene density (Gil-
bert et al., 2004). In a reciprocal approach, another group
isolated chromatin enriched for Histone H1 and relatively
resistant to DNAse I digestion, and found an inverse correla-
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tion between the isolated chromatin and gene expression
(Weil et al., 2004).

The least-understood aspects of chromatin, long-range in-
teractions and nuclear domain organization, remain enigmat-
ic largely because few quantitative techniques exist for their
study. Fluorescence in situ hybridization studies of epigenet-
ically-distinctive regions have revealed differences in the res-
olution of sister chromatids believed to be a marker of DNA
replication timing (Greally et al., 1998; Kagotani et al., 2002;
Takebayashi et al., 2005). Recently, several new techniques
have emerged that are providing insights into the higher-order
organization of chromatin (Carter et al., 2002; Dekker et al.,
2002; Lebrun et al., 2003). Casolari et al. mapped the genome-
wide localization of several components of the S. cerevisiae
nuclear transport machinery, and their data suggests that the
most highly transcribed genes are held near nuclear pores at
the periphery of the nucleus to facilitate rapid transport of
mRNA to the cytoplasm (Casolari et al., 2004).

Analysis and interpretation of epigenomic data

An obvious prediction at this stage of development of the
field of epigenomics is that our ability to generate experimen-
tal results will shortly overwhelm our ability to manage and
analyze these complex, highly-dimensional data. Some of
these problems will require standardization of vocabularies
and the definition of common data elements to allow the kind
of syntactic and semantic interoperability that allows us to
integrate diverse sources of data. However, for the purpose of
this review we will focus on the more immediate need to an-
alyze the results of epigenomic studies.

Nucleosomal occupancy experiments and related

computational analysis

While genomic DNA is generally packaged into chromatin
as nucleosomes, local nucleosomal organization is often dis-
rupted around functional regulatory sequences, making the
regions accessible for transcription factors. These regions,
typically ~250 bp in length, are hypersensitive (HS) to
DNase I, thus can be detected throughout the genome by com-
paring the DNase treated to non-treated genomic DNA using
high-throughput quantitative PCR (Dorschner et al., 2004).
Given a collection of experimentally detected HS sequences
and non-HS control sequences, a support vector machine
(SVM) can be trained to differentiate HS from non-HS se-
quences and predict new HS sequences in the genome with
85% accuracy. In the SVM, each sequence is embedded into
a vector that contains the counts of all k-mers (k = 1 to 6) in
the sequence. The SVM found the CG dinucleotide to be the
most important sequence feature in the determination of HS,
and predicted 65% of HS sequences to be > 5 kb from the
nearest transcription start site. The HS sequences were also
found to be enriched with CTCF recognition sequences,
which are signature insulator elements (Noble et al., 2005).

In another nucleosome occupancy study, differentially la-
beled micrococcal nuclease (MNase)-treated and non-treated
yeast genomic DNA were hybridized to microarrays with



overlapping 50-mer probes tiled every 20 bp across the yeast
chromosome (Yuan et al.,, 2005). Nucleosome-associated
DNA is resistant to MNase digestion, whereas the nucleo-
some-free DNA regions or linkers are hypersensitive. The au-
thors constructed a hidden Markov model to look for well-
positioned nucleosomes as a run of 6-8 high-ratio probes
(~146 bp) and delocalized nucleosomes as a run of >9 high-
ratio probes (Yuan et al., 2005). The remaining regions with
runs of low-ratio probes were considered nucleosome-deplet-
ed DNA regions. The hidden Markov model identified nu-
cleosome-depleted regions of ~150 bp at ~200 bp upstream
of many ORFs. These regions are more conserved than the
background genomic sequence, include many transcription
factor binding sites, and are enriched for poly-A and poly-T.

ChIP-chip statistical analysis

Noise is inevitable in ChIP-chip experiments due to the
random nature of chromatin shearing, nonspecific binding
during the immunoprecipitation step, infidelities in DNA
amplification and labeling, and the noise intrinsic to microar-
ray synthesis and hybridization. The means of dealing with
these problems to date have been based on performing inde-
pendent experimental replicates, although advances in mo-
lecular techniques and microarray resources are improving
our ability to define signals with confidence based on single
experiments. To combine experimental replicates, an error
model first proposed by Hughes et al. (2000) was adapted to
ChIP-chip experiments (Simon et al., 2001; Lee et al., 2002;
Ren et al., 2002; Harbison et al., 2004). For ChIP-chip con-
ducted on a transcription factor, a (ratio, P value) pair is re-
ported for each intergenic probe. The ratio is a weighted aver-
age of ChIP over control fold-change in the replicates, where
weight is based on the fold-change and systematic error in
each replicate. The product of ratio and weight sum fol-
lows a normal distribution, so its P value can be calculated.
A Pvalue of 0.001 has been often used as the threshold to call
a binding target, at which level false positive and false nega-
tive rates are estimated as 6—-10% and 24%, respectively (Lee
and Young, 2000). Each intergenic sequence represented on
the microarray is assigned to the gene(s) downstream of it. An
intergenic region is assigned to two genes if it lies in between
two divergently transcribed genes (<« —), and not assigned if
it lies in between two convergently transcribed genes (— «).

Transcription factor motif finding

ChIP-chip experiments commonly identify protein-DNA
binding targets at a resolution of hundreds of base pairs, but
precise protein-DNA binding sites are often only 5-20 bp in
length. Although many chromatin regulators do not have se-
quence-specific DNA recognition themselves, they can be re-
cruited to specific sequence locations in the genome by inter-
acting with other proteins (Cosma et al., 1999; Hampsey and
Reinberg, 2003). After targets of ChIP-chip against a tran-
scription factor or chromatin regulator are identified, biolo-
gists often proceed to use computational tools to find enriched
sequence motifs from the ChIP-targets to characterize the
precise protein-DNA binding sites. Earlier computational
methods such as MEME (Bailey and Elkan, 1994; Grundy et

al., 1996), AlignACE (Roth et al., 1998; Kurdistani et al.,
2002), and BioProspector (Liu et al., 2001) look for sequence
motifs enriched in all the ChIP-target sequences compared to
the genome background. The DNA fragments most highly
enriched by ChIP often contain multiple binding sites for the
same protein, so MDscan (Liu et al., 2002) was developed to
begin motif searches from these sequences. The insight that
sequences with more and stronger motif occurrences often
have higher ChIP-enrichment values motivated REDUCE
(Bussemaker et al., 2001; Wang et al., 2002) and Motif Re-
gressor (Conlon et al., 2003; Ben-Yehuda et al., 2005) to find
motifs whose occurrence in sequences correlate with ChIP-
enrichment ratio. Perhaps the most powerful tools are meta-
motif finders such as TAMO (Gordon et al., 2005) that com-
bine different motif-finding algorithms to incorporate se-
quence pattern enrichment, evolutionary conservation,
microarray correlation, and known motif databases to derive
the most likely binding motif.

While formaldehyde is used with the belief that it stabi-
lizes protein-DNA interactions, evidence from 20 years ago
indicates that it works in a ChIP experiment by trapping DNA
when protein constituents of chromatin cross-link (Solomon
and Varshavsky, 1985). However, the effect to cause protein-
protein cross-linking allows the interactions between two
transcription factors or chromatin regulators to be studied.
An antibody used to immunoprecipitate one of an interacting
complex of proteins will pull down the DNA targets of both
proteins, although the indirect target might have weaker en-
richment (Iyer et al., 2001). Therefore, if the ChIP targets of
two factors overlap significantly, yet the two factors are not
expected to have the same DNA recognition properties, it is
reasonable to hypothesize that the two proteins may be part
of the same complex. This has led to the discovery of interac-
tions between Ifh1 and Rapl (Wade et al., 2004), and between
Suml and Hstl (Robert et al., 2004). Computational motif
finding can even predict protein-interaction partners using
ChIP-chip data from just a single protein. For example, the
canonical binding motifs of both the estrogen receptor (ER)
and a forkhead protein were discovered from ChIP targets of
the ER (Carroll et al., 2005). Based on the motif discoveries
and the fact that forkhead protein FoxAl is highly co-ex-
pressed with ER, the authors predicted the interaction be-
tween ER and FoxA1, and later proved that FoxA1 is required
for ER binding (Carroll et al., 2005).

Analysis of ChIP-chip data on high-resolution tiling

arrays

Asreviewed above, many microarray platforms have been
used to perform ChIP-chip experiments in organisms with
large genomes. For tiled arrays, two platforms are currently
in use, long oligonucleotide arrays from NimbleGen (Kim TH
et al., 2005), and Affymetrix 25-mer oligonucleotide microar-
rays. Due to the significant probe variability and noise associ-
ated with the Affymetrix arrays, robust analysis algorithms
are required. The first method to analyze the ChIP-chip ex-
periments on Affymetrix tiled arrays was the non-parametric
Wilcoxon rank sum test (Cawley et al., 2004; Bernstein et al.,
2005). This method looks at probes in a sliding window of
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800-1000 bp, ranks all the ChIP and control probes together
in each window by their perfect match-mismatch (PM-MM)
values, and checks whether the sum of probe ranks in the
ChlIPs are significantly higher than that in the controls. To
adjust for probe variability, another approach is to estimate
the baseline hybridization behavior of a probe across ChIP
and control experiments from many different conditions and
laboratories (Carroll et al., 2005; Li et al., 2005). A hidden
Markov model was then applied to find regions of probes
whose (PM-MM) values are much higher than the estimated
baseline behavior. Since the full-genome Affymetrix tiled ar-
rays are still a developing platform that is not currently com-
mercially available, we expect many new analysis algorithms
developed in the near future.

Different statistical analysis programs are more appropri-
ate for data derived from the NimbleGen oligonucleotide ar-
rays. These arrays are composed of long oligomers (50-mers)
and only perfect matches to the sequence are built on the ar-
rays. One analysis program that has been developed to iden-
tify binding sites from ChIP-chip data obtained from Nimble-
Gen arrays is based on percentile-derived thresholds and P
value determined peak widths which are calculated according
to the Waterman extension of the Erdos-Renyi Law. Due to
the inherent noise in the ChIP-chip data generated, this anal-
ysis program was used to predict peaks from three indepen-
dent array experiments and then the peaks that are present in
at least two of the three arrays are categorized as binding sites.
Using very conservative thresholds and P values, E2F1 bind-
ing sites in HeLa cells were identified from ChIP-chip exper-
iments. Interestingly, between 30 and 40% of all promoters
within the 30 Mb encompassing the ENCODE regions were
categorized as bound by E2F1 (Bieda et al., manuscript sub-
mitted).

The ChIP-chip technique is a very young technology at
present, and there are differing opinions on a number of ex-
perimental variables, including the appropriate experimental
controls, the optimal microarray design and hybridization
conditions, whether experimental replicates will continue to
be necessary as the technology improves, and whether the
same experimental controls and data analytical techniques
are appropriate for transcription factor binding and histone
modification studies. A lot of progress is expected in this field
in the immediate future.

Epigenetics and disease

While the focus in this review has been on the basic scien-
tific questions and techniques in whole-genome epigenetic
studies, the goal towards which researchers in this field are
aiming is the application of these techniques to the study of
human disease. The two areas where most insights have been
gained are in mammalian development and in cancer biology.
We focus on these areas here, while recognizing that many
other applications are being developed, including interesting
new insights into the role of epigenetics in aging (Fraga et al.,
2005) and sex-specific regulation of autosomal genes (Sarter
et al., 2005).
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DNA methylation profiles in normal and abnormal

development

Activation of a particular set of genes and inactivation of
others underlies the differentiation of cells and mammalian
development. Many genes have what are described as tissue-
dependent and differentially-methylated regions, or T-DMRs
(Shiota, 2004). DNA methylation at T-DMRs is involved in
tissue-specific and developmentally-regulated gene expres-
sion. For example, Pou5f1 (Oct4) is a member of the POU
family of transcription factors, essential for normal mamma-
lian development (Okamoto et al., 1990; Rosner et al., 1990;
Scholer et al., 1990; Nichols et al., 1998; Niwa et al., 2000).
DNA methylation of the Oct4 T-DMR was identified by
RLGS and found to play a critical role in silencing of the locus
(Hattori et al., 2004). The Oct4 gene has no CpG island at the
transcription start site but has a relatively CG-rich and TATA-
less promoter (Okazawa et al., 1991; Sylvester and Scholer,
1994). In the placenta of DNA methyltransferase 1 (Dnmtl)-
deficient mice, most CpGs were unmethylated and Oct4 was
expressed ectopically, supporting a causal role for cytosine
methylation in the regulation of this gene. Expression of Sry
is also another example of DNA methylation of a T-DMR
mediating gene silencing (Nishino et al., 2004). Sry is a mas-
ter gene for testis differentiation in mammals (Koopman et
al., 1991) and has a promoter region with rare CpGs. Certain
prolactin/growth hormone gene family members also have
promoters with CpGs but not enough to constitute a CpG
island that are regulated by DNA methylation (Ngo et al.,
1996; Cho et al., 2001). DNA methylation can therefore be
involved in the gene regulation even when (or perhaps espe-
cially when) CpG dinucleotide density is insufficient to en-
code a CpG island.

Rat sphingosine kinase 1 (Sphkl) is an example of a gene
for which tissue-specific expression is regulated by DNA
methylation at a T-DMR (Imamura et al., 2001). The T-DMR
is located approximately 800 bp upstream of the first exon of
Sphkl in a 200-bp region at the 5" edge of a CpG island. The
T-DMR of Sphkl is conserved in the human and mouse ge-
nomes and these T-DMRs are also targets of DNA methyla-
tion (Imamura et al., 2004). Other genes with T-DMR in CpG
islands have also been described, including the Ednrb (endo-
thelin receptor type B) (Pao et al., 2001), Pomcl (proopiome-
lanocortin) (Newell-Price et al., 2001) and Serpinb5 (Maspin)
(Futscheretal.,2002) genes. In addition, genome-wide screen-
ing identified CpG islands that are methylated in a manner
reflecting their gametic origin, leading to their being termed
germline differentially-methylated regions (gDMRs) (Strich-
man-Almashanu et al., 2002). These loci can be considered a
further type of T-DMR occurring within CpG islands.

These loci represent the characterized subset of a much
larger group of loci for which tissue-specific methylation has
been identified using RLGS. A genome-wide analysis focus-
ing on 1,500 CpG islands and CG-rich regions identified 247
T-DMRs, which were methylated or unmethylated depend-
ing on cell- or tissue-type (Okazaki et al., 1995; Ohgane et al.,
1998, 2005; Shiota et al., 2002). The methylation profile of
one cell or tissue type creates a profile for a cell or tissue type
that distinguishes it from other cells or tissues (Fig. 1A). Con-
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sidering that there are 16,100 CpG islands in the mouse hap-
loid genome (March 2005/mm6 mouse genome assembly,
UCSC Genome Browser, http://genome.ucsc.edu), of which
RLGS can only sample a subset, the number of T-DMRs is
likely to expand with further studies, allowing even more
complex specific DNA methylation profiles. A further conse-
quence of these studies is to replace the old idea of universal
unmethylation of CpG islands with a model in which CpG
methylation differences, even at CpG islands, mediate differ-
ences in cell states.

If the DNA methylation profile is a unique identification
code for a cell (Fig. 1) and is involved in the regulation of gene
expression, a change of the DNA methylation profile will
cause alteration of the properties of the cell. Cloned animals
created by somatic cell nuclear transfer have been found to
have aberrant DNA methylation profiles in every tested tissue
(Ohgane et al., 2001). As placentomegaly (placental over-
growth) is a frequently observed phenotype of cloned animals
regardless of the origin or gender of donor cells (Ogura et al.,
2000; Tanaka et al., 2001; Wakayama and Yanagimachi,
2001), RLGS was performed to determine whether this spe-
cific problem reflected abnormal epigenetic regulation. A spe-
cific pattern of aberrant DNA methylation at the Sa/l3 locus

was found in the cloned mice exhibiting the placentomegaly
(Ohgane et al., 2004).

With advances in genome-wide techniques to study epi-
genetic regulation, extending beyond cytosine methylation
studies and testing more loci than allowed by RLGS, it is
probable that our ability to detect variability associated with
normal development, cloning, assisted reproductive technol-
ogy and fetal exposures will be enhanced. A critical resource
that will allow multiple investigators to compare their obser-
vations will be a common database structure allowing the
DNA methylation and other epigenetic regulatory character-
istics of genomic loci to be assembled.

Epigenetics and cancer

Although epigenetic alterations are being recognized to oc-
cur in disorders of development, the major current example
of a disease state involving disordered epigenetic regulation
is carcinogenesis (Jones and Baylin, 2002). Aberrant meth-
ylation of CpG islands in promoter regions is involved in in-
activation of various tumor-suppressor genes, such as RBI,
pl6 (CDKN2A4), VHL, MLHI, E-cadherin (CDHI) and
BRCA I, processes that occur in a number of cancers, includ-
ing colon, bladder, stomach, liver, breast, uterine, and renal
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Fig. 2. A Human Epigenome Project is an inherently complex undertaking. In this review, we discuss the multiple
means by which epigenetic organization of the genome can be studied. Our emphasis on a whole-genome approach is rep-
resented in panel A by the position C on the graph — a focus on studying the whole genome as opposed to fewer loci in
multiple tissues (A) or in multiple individuals (B). The ideal situation is represented by position D — capturing information
genome-wide from many tissues and individuals. However, even this ambitious undertaking neglects to take into account
the further dimensions shown in panel B, each representing currently-recognized influences on epigenetic organization,
and also fails to take into account the multitude of genome-wide assays that can now be performed in each situation. This
simple diagram illustrates the complexity inherent to a comprehensive Human Epigenome Project.

malignancies. In some cancers, such as gastric cancers, tumor
suppressor genes are inactivated more frequently by their pro-
moter methylation than by mutations (Ushijima and Sasako,
2004). At the same time, global genomic hypomethylation is
occurring in most cancer cells (Feinberg and Tycko, 2004).
Hypomethylation can lead to genomic instability and contrib-
ute to tumor formation (Gaudet et al., 2003). Hypomethyl-
ation of specific CpG islands causes aberrant expression of
some cancer testis antigen genes, such as MAGE genes (De
Smet et al., 1999) and can lead to loss of imprinting (LOI)
(Feinberg and Tycko, 2004).

Epigenetic inactivation of MLHI induces microsatellite
instability (Kane et al., 1997), while inactivation of CHFR
induces loss of cell cycle checkpoint function (Mizuno et al.,
2002). On the other hand, some cancer cells harbor intrinsic
abnormalities that induce increased rates of de novo meth-
ylation (Ushijima et al., 2005). The increased rates lead to
what has been described as the CpG island methylator phe-
notype (CIMP), which was originally reported in colorectal
cancers (Toyota et al., 1999). However, there still remains a
controversy over the presence of CIMP (Yamashita et al.,
2003), and a genome-wide analysis of well-characterized CpG
islands is awaited.

Factors that induce aberrant DNA methylation include
aging and chronic inflammation and possibly viral infection
(Issa et al., 1994, 2001). Cell division is considered to be a
major factor in the induction of abnormal methylation (Veli-
cescu et al., 2002). It has been proposed that decreased gene
expression and methylation of scattered CpG sites (‘seeds of
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methylation’) are involved in the induction of dense meth-
ylation of CpG islands (Song et al., 2002; De Smet et al., 2004;
Ushijima and Okochi-Takada, 2005). The development of
convenient assay systems is necessary to identify individual
factors that induce DNA methylation, and the detailed mo-
lecular mechanisms for induction of aberrant methylation
need to be understood.

The epigenetic alterations in cancer are now being used in
cancer diagnosis and treatment (Miyamoto and Ushijima,
2005). For diagnostic purposes, aberrant DNA methylation
can be used first to detect cancer cells in biopsy or laboratory
specimens and cancer-derived free DNA in serum/plasma
(Laird, 2003; Belinsky, 2004). Aberrant DNA methylation
has an advantage over mutations because aberrant methyla-
tion can be detected sensitively, while targets for diagnosis
can be readily identified by a genome-wide search for differ-
ences in DNA methylation (Ushijima, 2005). Secondly, aber-
rant DNA methylation can be used to predict a disease phe-
notype, such as prognosis, responses to chemotherapies, or
occurrence of adverse effects. Methylation of MGMT, a gene
involved in repair of O%-methylguanine, is a useful predictor
ofthe responsiveness of tumors to alkylating agents in gliomas
and diffuse large B-cell lymphomas (Esteller and Herman,
2004). The presence of CIMP in neuroblastomas is a strong
predictor of poor clinical outcome (Abe et al., 2005). Thirdly,
aberrant methylation in non-cancerous tissue has potential as
a cancer risk marker. The presence of the LOI in normal co-
lonic mucosa and peripheral leukocytes is associated with risk
of colorectal cancers (Cui et al., 2003). An advantage of work-



ing with cytosine methylation as a diagnostic marker is that
DNA is a more stable nucleic acid than RNA and is conse-
quently less sensitive to specimen handling than RNA-based
assays.

The plasticity of epigenetic information offers a good tar-
get for cancer therapeutics (Egger et al., 2004). Administra-
tion of the DNA demethylating agent 5-aza-deoxycytidine
(5-aza-dC) at low doses for a prolonged period turned out to
be more effective than higher doses in hematological malig-
nancies (Issa et al., 2004). To overcome the short half-life of
S-aza-dC, the drug Zebularine, which can be administered
orally, has been developed (Cheng et al., 2004). Histone
deacetylases (HDACsS), are also well studied as targets of ther-
apeutics (Yoshida et al., 2001; Marks et al., 2004). Various
HDAC inhibitors have been developed for therapeutic pur-
poses, and tumor cells are known to show higher sensitivity
to these agents than normal cells for reasons that remain un-
clear. Phase I/II trials are now under way for solid tumors
(Marks et al., 2004).

Genome-wide epigenetics 2005: towards a Human
Epigenome Project

In this review, we have placed an emphasis on the techni-
cal advances in the analysis of the epigenetic organization of
the whole genome. We also highlight the need to develop
means of organization and analysis of epigenetic data. While
we focused on the role of epigenetic dysregulation in devel-
opmental abnormalities and cancer, the list of disorders to
which epigenetic abnormalities could be contributing is very
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