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Cancer epigenomics: DNA methylomes
and histone-modification maps

Manel Esteller

Abstract | An altered pattern of epigenetic modifications is central to many common
human diseases, including cancer. Many studies have explored the mosaic patterns of DNA
methylation and histone modification in cancer cells on a gene-by-gene basis; among their
results has been the seminal finding of transcriptional silencing of tumour-suppressor
genes by CpG-island-promoter hypermethylation. However, recent technological
advances are now allowing cancer epigenetics to be studied genome-wide — an approach
that has already begun to provide both biological insight and new avenues for translational
research. It is time to ‘upgrade’ cancer epigenetics research and put together an ambitious
plan to tackle the many unanswered questions in this field using epigenomics approaches.
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The epigenetic landscape of cancer cells is profoundly
distorted. Human tumours undergo a massive overall
loss of DNA methylation, but also acquire specific pat-
terns of hypermethylation at certain promoters'. In
addition, these DNA-methylation changes are linked
with the presence of an aberrant pattern of histone
modification®’. Small-scale studies of epigenetic marks
have provided important insights into cancer biology;
for example, the hypermethylation of tumour-suppressor
genes, which is associated with their transcriptional
silencing, is recognized as a key feature of cancer patho-
genesis'™. However, several important unanswered
questions remain. How many genes undergo epige-
netic disruption in a given tumour? Do these changes
differ between distinct types of cancer cell? What are
the molecular and genetic mechanisms that underlie
these altered epigenetic profiles? And can a more global
knowledge of the epigenetic characteristics of cancer
cells be used for translational purposes?

Many of these questions can be answered by applying
‘omics’ approaches to cancer epigenetics. Here I provide
a broad picture of how our current knowledge of epige-
netic defects in cancer cells is beginning to be extended
following the recent advent of genome-scale technologies
to map DNA methylation and histone modifications.
I begin by providing a brief overview of the current
understanding of how epigenetic alterations contribute
to tumorigenesis, and then discuss the powerful high-
resolution epigenomics approaches that are extending
these findings. This is followed by an exploration of the
biological insight that is emerging from epigenomic
studies of DNA methylation and histone modification

patterns in cancer cells, and the prognostic, diagnostic and
therapeutic impact of epigenomic profiling. I conclude
by discussing the future of cancer epigenomics in the
light of large-scale, coordinated efforts to catalogue
the human epigenome.

Epigenetic marks in normal and cancer cells
DNA methylation and histone modifications have
crucial roles in the control of gene activity and nuclear
architecture. The most widely studied epigenetic modi-
fication in humans is the cytosine methylation of DNA
within the dinucleotide CpG; 3-6% of all cytosines are
methylated in normal human DNA*. Potentially ‘methy-
lable’ CpG dinucleotides are not randomly distributed in
the human genome; instead, CpG-rich regions known
as CpG islands, which span the 5" end region (promoter,
untranslated region and exon 1) of many genes, are usu-
ally unmethylated in normal cells. This unmethylated
status corresponds with the ability of CpG-island-
containing genes to be transcribed in the presence of the
necessary transcriptional activators. In cancer cells,
the transcriptional silencing of tumour-suppressor genes
by CpG-island-promoter hypermethylation is key to the
tumorigenic process, contributing to all of the typical hall-
marks of a cancer cell that result from tumour-suppressor
inactivation'® (FIG. 1).

By contrast, repetitive genomic sequences are heavily
methylated. The maintenance of this DNA methylation
could have a role in the protection of chromosomal
integrity, by preventing chromosomal instability, trans-
locations and gene disruption through the reactivation
of endoparasitic sequences' . Although less well studied

286 | APRIL 2007 | VOLUME 8

© 2007 Nature Publishing Group

www.nature.com/reviews/genetics



Genomic imprinting

The epigenetic marking of a
locus on the basis of parental
origin, which results in
monoallelic gene expression.
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Figure 1| Altered DNA-methylation patterns in tumorigenesis. The hypermethylation of CpG islands of tumour-
suppressor genes is a common alteration in cancer cells, and leads to the transcriptional inactivation of these genes
and the loss of their normal cellular functions. This contributes to many of the hallmarks of cancer cells. At the same
time, the genome of the cancer cell undergoes global hypomethylation at repetitive sequences, and tissue-specific
and imprinted genes can also show loss of DNA methylation. In some cases, this hypomethylation is known to
contribute to cancer cell phenotypes, causing changes such as loss of imprinting, and might also contribute to the

genomic instability that characterizes tumours. E, exon.

than DNA hypermethylation events, the global DNA
hypomethylation that characterizes cancer cells is likely
to contribute to the large-scale genetic changes that are
a feature of tumorigenesis®'.

DNA methylation also provides one of the layers of
epigenetic control of germline- and tissue-specific genes.
Genomic imprinting requires DNA hypermethylation at
one of the two parental alleles of a gene in order to estab-
lish monoallelic expression', and a similar gene-dosage
reduction is involved in X-chromosome inactivation in
females'. In addition, DNA methylation is required for
the germline-specific expression of genes such as those
of the MAGE family'. Finally, methylation has been
postulated as a mechanism for silencing tissue-specific
genes in cell types in which they should not be expressed,
although the evidence for this is limited'®. Among these
specific regulatory roles of DNA methylation, loss of
imprinting (LOI) is well established as a mechanism
of gene activation in some types of cancer’.

DNA methylation occurs in the context of other epige-
netic modifications. It is associated with the formation of
nuclease-resistant chromatin, and methyl-CpG-binding
proteins and DNA methyltransferases (DNMTs)
are associated with histone deacetylases and histone
methyltransferases, two key regulators of histone modifi-
cation'®, Histones are no longer considered to be simple
‘DNA-packaging’ proteins; they are recognized as being
dynamic regulators of gene activity that undergo many

post-translational chemical modifications, including
acetylation, methylation, phosphorylation, ubiquityla-
tion and sumoylation®. The status of acetylation and
methylation of specific lysine residues contained within
the tails of nucleosomal core histones is known to have a
crucial role in regulating chromatin structure and gene
expression®.

Overall, histone hypoacetylation and hypermeth-
ylation are characteristic of DNA sequences that are
methylated and repressed in normal cells — such as the
inactive X chromosome in females, and silenced imprinted
and tissue-specific genes. However, the emerging model
is that specific combinations of histone modifications
confer the overall expression status of a region of chro-
matin, a theory known as the ‘histone code’ hypothesis,
the details of which are just beginning to be understood™.
In addition to their influence on gene expression, emerg-
ing evidence indicates that specific histone modifications
interface with other nuclear processes, such as DNA repair
pathways?'. Histone modifications, together with DNA
methylation, also have a vital role in organizing nuclear
architecture?, which, in turn, is involved in regulat-
ing transcription and other nuclear processes. Clearly,
global alterations of histone modification patterns have
the potential to affect the structure and integrity of the
genome and to disrupt normal patterns of gene expression,
which — like alterations in DNA methylation — might
be causal factors in cancer®*.
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High-performance liquid
chromatography

(HPLC). A technique for
separating DNA or protein
molecules by molecular
weight and conformation. The
molecules are resolved by
differences in their distribution
between a stationary phase
and a mobile phase. The
resolution is increased by
increasing the pressure of

the system.

High-performance capillary
electrophoresis

(HPCE). A class of separation
techniques that use narrow-
bore fused-silica capillaries to
separate a complex mixture
of chemical compounds.
Molecules are separated on
the basis of differences in
charge, size, structure and
hydrophobic potential using
strong electric fields.

Methylation-specific PCR
This DNA-methylation assay
entails initial modification of
DNA by sodium bisulphite,
converting all unmethylated,
but not methylated, cytosines
to uracil, and subsequent
amplification with primers that
are specific for methylated
versus unmethylated DNA.

Figure 2 | Techniques for studying epigenetic changes in cancer. Most approaches to detecting DNA methylation
start with the purification of DNA from cell samples. Subsequently, the overall DNA 5-methylcytosine content can be
determined using high-performance capillary electrophoresis (HPCE) or high-performance liquid chromatography
(HPLC), or the DNA methylation of specific candidate genes can be detected with methylation-sensitive methods.
Recently, several genome-wide approaches to detecting DNA methylation have been developed (described in more
detailin FIG. 3). An alternative approach for profiling DNA-methylation patterns is based on the extraction of mRNA,
followed by microarray expression analysis. Analysis of the same sample in the presence or absence of a
demethylating agent indicates genes that show increased expression owing to the removal of DNA methylation
marks. For profiling histone modifications, marks at candidate genes can be detected using mass spectrometry or
single-gene chromatin immunoprecipitation (ChlP) using antibodies against specific histone modifications. For global
profiling, ChIP is combined with DNA arrays (ChIP-on-chip) to detect patterns across the genome. AIMS, amplification
of intermethylated sites; ChIP, chromatin immunoprecipitation; DMH, differential methylation hybridization; MBDs,
methyl-CpG-binding domain proteins; MCA, methylated CpG-island amplification; Methyl-DIP, methyl-DNA
immunoprecipitation; RLGS, restriction landmark genomic scanning.

Until recently, studies of cancer epigenetics have
generally relied on investigating DNA methylation
and histone modification at specific genes. However,
although much insight has been gained into the role of
epigenetic defects in cancer, answering questions about
overall patterns of epigenetic modification in cancer cells
will be possible only by using unbiased, genome-wide
approaches.

Technological approaches to cancer epigenomics
A range of approaches are available for assessing pat-
terns of epigenetic modification in normal and cancer
cells, in a gene-specific or genome-wide manner (FIC. 2).
Here I provide an overview of these methods, focusing
on recent technological developments that have allowed
a genome-wide approach to be taken, and discussing
the merits and disadvantages of these approaches with
respect to studies of cancer cells.

Approaches to detecting DNA methylation. Since the
discovery of the first oncogene 25 years ago, genetics has
taken the leading role in cancer research. Epigenetics ini-
tially lagged behind, despite the fact that the first seminal
findings in the fields of cancer genetics and epigenetics
occurred at almost the same time?’. One of the main

reasons for this delay was technical limitations. Although
it has long been possible to accurately quantify the total
amount of 5-methylcytosine using techniques such
as high-performance liquid chromatography (HPLC) and
high-performance capillary electrophoresis (HPCE)?®, the
study of DNA methylation of particular sequences was
initially almost entirely based on the use of enzymes that
can distinguish between methylated and unmethylated
recognition sites in genes of interest. This approach has
many drawbacks, from incomplete restriction-enzyme
cutting to limitation of the regions that can be studied.
Furthermore, it usually involves Southern blotting,
which requires substantial amounts of DNA of high
molecular weight — a particular challenge when study-
ing primary tumours because of the limited quantities of
material available.

The popularization of the bisulphite treatment
of DNA, which reproducibly changes unmethylated
cytosines to uracil but leaves methylated cytosines
unchanged, was an important advance in cancer
epigenetics. Combining this approach with genomic
sequencing® or amplification by methylation-specific
PCR? has allowed any laboratory to study DNA meth-
ylation, using even limited amounts of material from
old archives. More recently, quantitative PCR-based
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Two-dimensional
electrophoresis

A gel electrophoresis method
in which the proteins in a
sample are separated by their
isoelectric points in one
dimension, and by size in a
second, perpendicular
dimension.

MethyLight

A high-throughput quantitative
methylation assay that uses
fluorescence-based real-time
PCR (TagMan) technology and
requires no further
manipulations after the PCR
step. This technique is carried
out in combination with
bisulphite treatment (in which
unmethylated cytosine
residues are converted to
uracil), and sequence
discrimination is achieved

by designing the primers to
overlap with potential sites

of DNA methylation (CpG
dinucleotides).

Pyrosequencing

A DNA-sequencing method in
which light is emitted as a
result of an enzymatic reaction,
each time a nucleotide is
incorporated into the growing
DNA chain. As applied to
methylation detection,
methylation-dependent DNA
sequence variation, which is
achieved by sodium bisulphite
treatment, is treated as a kind
of SNP of the C-T type, and is
subjected to conventional
SNP typing.

Figure 3 | Methods for profiling genome-wide DNA-methylation patterns. a | Restriction landmark genomic
scanning (RLGS). After random breaks have been blocked, DNA is radioactively labelled at methylation-specific
cleavage sites (in this example, the restriction enzyme Notl is used) and size-fractionated in one dimension. The
digestion products are further digested with two more restriction endonucleases that are specific for high-
frequency targets, and the fragments are separated by two-dimensional electrophoresis, with an in situ third digestion
using Hinfl, yielding a number of scattered hot spots of DNA methylation. The images at the bottom illustrate RLGS
results for two differentially methylated samples. In the left panel, the arrow points to unmethylated DNA at a
particular location, as indicated by a spot on the gel. In the right panel, there is no corresponding spot on the gel,
because the DNA at this location is methylated and is cut by the restriction enzyme. b | Amplification of
intermethylated sites (AIMS) is an example of a method based on arbitrary primed PCR, which does not rely on prior
knowledge of sequence information for amplification because it includes ligation to a linker oligonucleotide. In
AIMS, the DNA templates for amplification are enriched in an initial step that involves digestion with a methylation-
sensitive restriction enzyme. Specificity is provided by using linkers that bind specifically to the ends of fragments
that are cut by this enzyme. After a secondary digestion and electrophoresis, cloning and sequencing are used to
determine the methylated sequence. c | Differential methylation hybridization (DMH). CpG-island library DNA
fragments are gridded on high-density arrays. Genomic DNA from the tissueof interest is digested with methylation-
sensitive enzymes and the digestion products are used as templates for linker PCR. The resulting oligonucleotides
are used as probes to screen for hypermethylated sequences within the CpG-island library. A comparison between
two differentially methylated samples is shown. d | In methylated DNA immunoprecipitation (methyl-DIP), DNA is
first fragmented by sonication and methylated fragments are then immunoprecipitated using a methylation-specific
antibody. These fragments can then by hybridized to an array of proximal promoter regions to assess DNA-
methylation patterns specifically in gene-regulatory regions. In this case, the example of a human proximal promoter
array is shown. The graph represents the results obtained using immunoprecipitated (IP) DNA on the y-axis and input
DNA (control) on the x-axis. e | In pharmacological unmasking, RNA is collected from a cancer cell line before and
after a treatment with a DNA-demethylating agent — in this case, decitabine (DAC) — and is hybridized to an
expression microarray. Genes that are methylated in the cell line can be identified on the basis of their upregulation
after demethylation.

methods, such as bisulphite treatment in combination
with MethyLight®® or pyrosequencing®, have provided
another expanding area in the DNA-methylation field,
because of their ability to detect minimal amounts of aber-
rant DNA methylation. Because these assays rely on PCR
of CG-rich DNA, the use of positive and negative control
samples for methylated DNA (such as in vitro methyl-
ated DNA) and unmethylated DNA (normal tissue) is
always a requirement when using this approach. It is also
important to bear in mind that these PCR-based methods

interrogate the methylation status only at CpG sites that
are complementary to the primers that are designed for use
in such experiments. Therefore, the predominant meth-
ylation pattern in a sample is not necessarily reflected in
the results of such experiments, and bisulphite treatment
followed by genomic sequencing might be needed to pro-
vide a complete picture of the heterogeneous methylation
patterns that exist in cancer cells.

All of the techniques that were initially limited
to studying DNA methylation at candidate genes —
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Arbitrary primed PCR
Amplification of genomic DNA
using arbitrary primers. The
first amplification cycles are
carried out at a low annealing
temperature, such that the
primer hybridizes to many non-
specific sequences. The
temperature is then increased,
so that only the ‘best’ products
of the initial annealing events
are amplified further,
generating a number of
discrete bands that provide a
fingerprint of the genome.

Amplification of
intermethylated sites
(AIMS). A DNA-methylation
fingerprinting technique that
uses methyl-isoschizomers and
arbitrary PCR amplification to
obtain many anonymous
bands, which represent DNA
sequences flanked by two
methylated sites.

Chromatin
immunoprecipitation

(ChIP). The isolation, using
specific antibodies, of
chromatin fragments that are
bound by a particular nuclear
factor or associated with a
particular histone-modification
signature. The
immunoprecipated DNA can
subsequently be analysed with
specific PCR primers.

ChlIP-on-chip

A combination of chromatin
immunoprecipitation with
hybridization to genomic
microarrays that is used to
identify DNA sequences bound
to a particular nuclear factor
or with a specific histone-
modification profile.

Methyl-DIP

(Methylated DNA
immunoprecipitation).
Immunoprecipitation with
anti-5-methylcytosine
antibodies followed by
hybridization to genomic
microarrays, allowing the
identification of methyl-CpG-
rich sequences.

Tiling microarrays
Microarrays that contain a set
of overlapping oligonucleotides
or other probes that span
either the entire genome or, for
a more specialized approach, a
subregion of interest.

bisulphite treatment, the use of methylation-sensitive
restriction enzymes and quantitative-PCR-based meth-
ods — can also be coupled with genomic approaches for
detecting DNA-methylation patterns (FIG. 3). Restriction
landmark genomic scanning (RLGS) was one of the
earliest methods to be adapted for genome-wide meth-
ylation analysis*. With this technique, DNA is first
radioactively labelled at unmethylated sites within meth-
ylation-sensitive restriction enzyme targets, and is then
size-fractionated in one dimension. The digestion prod-
ucts are digested with a second restriction endonuclease
that is specific for high-frequency targets, and the frag-
ments are separated in the second dimension, yielding
a number of scattered hot spots of DNA methylation.
When normal and tumoural tissues are compared,
the position and strength of a spot reveals its location
and the copy number of the corresponding restric-
tion site, respectively. By allowing the simultaneous
quantification of gene copy number and methylation
status®!, this method provides the added advantage
of relating genetic and epigenetic changes in cancer.
However, disadvantages of RLGS include its reliance
on specific digestion sites that are not present in all
CpG islands and the fact that not all of the resulting
fragments can be resolved in the electrophoresis steps.
Bearing in mind these caveats, the global analysis of the
methylation status of ~1,000 unselected CpG islands
can be achieved using this method™.

Other important tools for detecting altered patterns
of DNA methylation across the genome involve varia-
tions of arbitrary primed PCR*, in which no prior sequence
information is required for amplification. Examples
include methylation-sensitive arbitrary primed PCR*,
methylated CpG-island amplification (MCA)* and
amplification of intermethylated sites (AIMS)*. These
methods are particularly useful because arbitrary primed
PCRis carried out using DNA templates that have been
enriched for methyl sequences, resulting in preferential
amplification of CpG islands and gene-rich regions®.
However, all of these techniques require further
validation by bisulphite genomic sequencing, and a back-
ground of PCR ‘noise’ from repetitive sequences must be
taken into account.

Undoubtedly, one of the most efficient means of
studying CpG-island methylation at a genome-wide
scale involves novel technologies that make use of
CpG-island and promoter microarrays. Among other
features, such approaches avoid the further cloning and
sequencing that are needed when a positive signal has
been obtained using arbitrary primed PCR methods. A
widely used example of such an approach is differential
methylation hybridization (DMH), which allows the
simultaneous determination of the methylation levels
of alarge number of CpG-island loci*. The CpG-island
library DNA fragments are gridded on high-density
arrays, genomic DNA from the tissues of interest
is digested with methylation-sensitive enzymes, and
digestion products are used as templates for PCR after
ligation to linkers. The resulting oligonucleotides are
used as probes to screen for hypermethylated sequences
within the CpG-island library to identify sequences that

are hypermethylated in cancer cells but not in normal
control cells. A recently developed related method is
the HELP assay (Hpall tiny fragment enrichment by
ligation-mediated PCR), which involves co-hybridiza-
tion of the DNA samples to a genomic DNA microarray
after cutting with a methylation-sensitive restriction
enzyme or its methylation-insensitive isoschizomer?.
This assay has revealed a large number of tissue-
specific, differentially methylated regions¥, and can be
applied to cancer genomes by comparing normal and
tumour cells.

Techniques based on chromatin immunoprecipitation
using the ChIP-on-chip approach have provided another
important recent advance in the epigenomic profiling
of cancer cells. For example, DNA that was immuno-
precipitated from breast cancer cells using antibodies
against methyl-CpG-binding domain proteins (MBDs),
which have a great affinity for binding to methylated
cytosines®, has been used to identify hypermethyl-
ated genes in mammary tumorigenesis’. Importantly,
the key finding that DNA that is immunoprecipitated
with an antibody against 5-methylcytosine (methyl-DIP)
can be used as a probe for hybridization to genomic
microarray platforms**° promises to simplify and
universalize the analysis of the DNA methylome,
because it allows the rapid identification of multiple
CpG sites. In Arabidopsis thaliana, the combination of
the methyl-DIP strategy with the affinity purification
of methylated DNA using the methylcytosine-
binding domain of the human methy-CpG-binding
protein (MeCP2) has provided the first comprehensive
DNA-methylation map of an entire genome at 35-bp
resolution*!.

However, it is important to bear in mind that,
although several promoter, CpG-island and tiling micro-
arrays are available from different companies, the entire
human genome is not yet represented in any microarray.
In addition, the need for whole-genome amplification
after immunoprecipitation can introduce PCR biases, a
consideration that should be kept in mind when using
the methyl-DIP assay.

Finally, another means of assessing genome-wide
DNA-methylation patterns is gene-expression profiling
using microarrays, which is now becoming widely used
and has the potential to be particularly useful in cancer
epigenomics. This method involves comparing mRNA
levels from cancer cell lines before and after treatment
with a demethylating drug**, and has proved success-
ful in identifying hypermethylated genes, avoiding the
cloning step that is required when other technologies
are used. However, it is important to note that not all of
the genes that became re-expressed after the use of the
demethylating agent are necessarily methylated, and
false positives are not uncommon.

Because the approaches described above do not
provide direct proof of the presence of DNA methyla-
tion, bisulphite genomic sequencing is always required
for confirmation. Additional evidence, such as that
provided by luciferase reporter assays, is also neces-
sary to confirm the link between gene silencing and
DNA methylation.
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Mass spectrometry

An analytical technique
determining molecular mass.
This involves an ion source in
which gas-phase molecular
ions are produced from the
analyte molecules, a mass
analyser in which electrical
and/or magnetic fields are used
to separate the analyte ions by
their different mass-to-charge
ratios, and a detector for
recording the separated ions.

Liquid chromatography—
electrospray mass
spectrometry

A mass spectrometry
technique in which ionization
of molecules is carried out
within aerosols of small
droplets. Molecules are then
identified using electric and
magnetic fields.

Tandem mass spectrometry
An analytical system in which
two linked mass spectrometers
are used to measure small
amounts of metabolites. The
analytes are separated
according to their mass and
charge. By programming the
instrument to respond to only
certain masses, a high degree
of specificity and sensitivity
can be achieved.
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Approaches to detecting histone modifications. The
implementation of epigenomic technologies for the
study of histone modifications presents greater chal-
lenges than exist for the analysis of DNA methylomes.
If for DNA-methylation studies the gold standard for
accuracy is bisulphite treatment coupled with genomic
sequencing, then the equivalent for post-translational
histone modification is mass spectrometry, which is also
the most accurate technique for identifying histone
modifications. However, mass spectrometry requires a
high degree of technical expertise and is difficult to apply
genome-wide.

Acceptable data on global levels of histone modifica-
tion can currently be obtained by combining other meth-
ods. For example, all histones (H3, H4, H2A, H2B and H1)
can be isolated by HPLC, and the corresponding eluted
fractions analysed by HPCE and liquid chromatography—
electrospray mass spectrometry (LC-ES/MS)?. Specific
modifications at each amino-acid residue can also be
characterized using antibodies in Western blots, immu-
nostaining® or tandem mass spectrometry (MS/MS)?®.

However, in addition to determining the types
and relative amounts of histone modification that are
present in a particular cell or tumour type, information
that couples histone modification with particular DNA
sequences is also needed. At present, the most powerful
technique with which to accomplish this goal is the use
of ChIP with antibodies against specific histone modi-
fications. The immunoprecipitated DNA is typically
analysed by PCR with specific primers to investigate
the presence of a candidate DNA sequence. Recently, a
modification of the ChIP technology has been reported
that might allow the analysis of as few as 100 cells*. This
would be of particular use for studying small amounts
of cancer material.

The use of ChIP-on-chip with genomic platforms has
started to provide extensive maps of histone modifica-
tions in model organisms such as A. thaliana®, yeast’*,
Drosophila melanogaster* and mice®*', including mouse
embryonic stem cells™. Importantly, the first preliminary
histone modification maps for normal human cells®’,
including stem cells™, are also available.

As described above for the application of ChIP-on-
chip to the detection of DNA-methylation patterns, this
approach has shortcomings that need to be overcome. In
addition to the current lack of representation of the whole
human genome, it must be borne in mind that ChIP-
on-chip relies on the quality of the antibodies that are
available. Ideally, antibodies that are highly specific
for each particular histone modification epitope should
be used in order to produce results that can be com-
pared across experiments. However, most ChIP-on-chip
experiments still use polyclonal antibodies, which can
differ in specificity between batches. The generation
and use of monoclonal antibodies for ChIP-on-chip is
therefore an important goal.

The epigenomes of cancer cells

DNA methylation in the cancer epigenome. An impor-
tant way in which epigenomic methods have already
contributed to our understanding of cancer biology is in

gaining a more global picture of aberrant DNA methyla-
tion at promoters. A long list of hypermethylated genes
has now been obtained from various human neoplasias
(see TABLE 1 for a selective list), with the result that this
type of epigenetic alteration is now considered to be a
common hallmark of all types of human cancer, affecting
genes involved in all cellular pathways'~*. During the past
few years, genes with key roles in cancer biology, such
as the gene that encodes the cell-cycle inhibitor p16™+
and the DNA-repair genes MLHI and BRCA 1, have been
shown to undergo methylation-associated silencing in
cancer cells'™.

Many of these findings fit well with the existing
genetic knowledge of tumour-suppressor genes. For
example, several genes that are now known to be inacti-
vated by CpG-island hypermethylation in transformed
cells have antiproliferative roles, and in many instances
there are familial cancer cases with associated germline
mutations (for example, MLH1, BRCA1, VHL, p16™*
and WRN). Interestingly, the use of unbiased epigenomic
technologies has also identified genes showing meth-
ylation-associated silencing that belong to non-classical
pathways that lead to tumorigenesis, such as the genes
that encode the ID4 transcription factor® and insulin-
like growth factor binding protein 3 (REF. 44). Importantly,
profiles of CpG-island hypermethylation have also been
shown to vary with tumour type**>*>*. Each tumour sub-
type can now be assigned a DNA hypermethylome that
almost completely defines that particular malignancy,
in a similar way to genetic and cytogenetic markers.
As described later, this has important diagnostic and
prognostic implications.

It has recently been proposed that about 200 genes
are mutated in human breast and colon cancers, with
an average of 11 mutations for each tumour?. Similarly,
the average number of hypermethylated CpG islands in
a particular cancer cell is a question of great interest.
The answer could shed light on the relative contribution
of genetic and epigenetic events to cancer develop-
ment, and the synergy between them. Results obtained
using various approaches”**442-4438 jndjcates a range of
100-400 promoter hypermethylated CpG islands in a
given tumour, although these numbers are likely to change
as epigenomic studies are carried out across a wider
range of tumour types. Furthermore, the recent demon-
stration that microRNAs that have tumour-suppressor
function can also undergo DNA-methylation-associated
silencing in tumour cells*** might indicate an additional
contribution of DNA hypermethylation events to cancer
development.

As well as questions about the number of hyper-
methylated genes, it is currently unclear why some genes
become hypermethylated in certain tumours, whereas
others with similar properties — a typical CpG island,
a history of loss of expression in certain tumours and
the absence of mutations — remain methylation-free.
Putting this question into an epigenomics context
might be helpful. For example, genome-wide analysis
of DNA methylation using the methyl-DIP approach
in colon and prostate cancer cells indicates that there
might be common sequence motifs in promoters that
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Table 1| A catalogue of genes silenced by CpG island promoter hypermethylation in human cancer

Gene
MLH1
BRCA1
p16/NKia
p14ARF
p15NKb
MGMT
GSTP1
p73
LKB1/STK11
ER

PR

AR

PRLR
TSHR
RARB2
CRBP1
RASSF1A
NORE1A
VHL

Rb
THBS1
CDH1
CDH13
FAT
HIC1
APC
SFRP1
DKK1
WIF1
COX2
SOCS1
SOCS3
GATA4
GATA5
ID4
SRBC
SYK
RIZ1
DAPK
TMS1
IGFBP3
TPEF/HPP1
SLC5A8
HOXA9
EXT1
Lamin A/C
WRN

Function

DNA mismatch repair

DNA repair, transcription
Cyclin-dependent kinase inhibitor
MDM2 inhibitor
Cyclin-dependent kinase inhibitor
DNA repair of 06-alkyl-guanine
Conjugation to glutathione

p53 homologue

Serine—threonine kinase
Oestrogen receptor

Progesterone receptor

Androgen receptor

Prolactin receptor
Thyroid-stimulating hormone receptor
Retinoic acid receptor-32
Retinol-binding protein

Ras effector homologue

Ras effector homologue

Ubiquitin ligase component
Cell-cycle inhibitor
Thrombospondin-1, Anti-angiogenic
E cadherin, cell adhesion

H cadherin, cell adhesion
Cadherin, tumour suppressor
Transcription factor

Inhibitor of B-catenin

Secreted frizzled-related protein 1
Extracellular Wnt inhibitor
Wnhtinhibitory factor
Cyclooxygenase-2

Inhibitor of JAK-STAT pathway
Inhibitor of JAK-STAT pathway
Transcription factor

Transcription factor

Transcription factor
BRCA1-binding protein

Tyrosine kinase

Histone/protein methyltransferase
Pro-apoptotic

Pro-apoptotic
Growth-factor-binding protein
Transmembrane protein

Sodium transporter

Homeobox protein

Heparan sulphate synthesis
Nuclear intermediate filament
DNA repair

Location
3p21.3
17q21
9p21
9p21
9p21
10926
11q13
1p36
19p13.3
6g25.1
11q22
Xql1l
5p13-p12
14931
3p24
3q21-q22
3p21.3
1932
3p25
13914
15915
16q922.1
16924
4q34-35
17p13.3
5921
8pl12-pll
10q11.2
12q14.3
1925
16p13.13
17925
8p23-p22
20q13
6p22-p21.3
1p15
9q22
1p36
9q34.1
16p11
7pl4—p12
2933
12q23
Tpl5-pl4
8q24
1921.2
8pl2-pl1.2

Tumour type

Colon, endometrium, stomach

Breast, ovary

Multiple types

Colon, stomach, kidney
Leukaemia

Multiple types
Prostate, breast, kidney
Lymphoma

Colon, breast, lung
Breast

Breast

Prostate

Breast

Thyroid

Colon, lung, head and neck

Colon, stomach, lymphoma

Multiple types
Lung

Kidney, haemangioblastoma

Retinoblastoma

Glioma

Breast, stomach, Leukaemia

Breast, lung

Colon

Multiple types
Aerodigestive tract
Colon

Colon

Colon, lung

Colon, stomach
Liver, mieloma

Lung

Colon, stomach
Colon, stomach
Leukaemia, stomach
Breast, lung

Breast

Breast, liver
Lymphoma, lung, colon
Breast

Lung, skin

Colon, bladder
Glioma, colon
Neuroblastoma
Leukaemia, skin
Lymphoma, leukaemia

Colon, stomach, sarcoma

Consequences
Frameshift mutations
Double-strand breaks?
Entrance in cell cycle
Degradation of p53
Entrance into cell cycle
Mutations, chemosentivity
Adduct accumulation?
Unknown

Unknown

Hormone insensitivity
Hormone insensitivity
Hormone insensitivity
Hormone insensitivity
Hormone insensitivity
Vitamin insensitivity?
Vitamin insensitivity?
Unknown

Unknown

Loss of hypoxic response?
Entrance into cell cycle
Neovascularization
Dissemination
Dissemination?
Dissemination?

Unknown

Activation B-catenin route
Activation Wnt signalling
Activation Wnt signalling
Activation Wnt signalling
Anti-inflammatory resistance?
JAK2 activation

JAK2 activation

Silencing of target genes
Silencing of target genes
Unknown

Unknown

Unknown

Aberrant gene expression?
Resistance to apoptosis
Resistance to apoptosis
Resistance to apoptosis
Unknown

Unknown

Unknown

Cellular detachment
Unknown

DNA breakage, chemosensitivity
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Figure 4 | Histone-modification maps for a typical chromosome in normal and cancer cells. Nucleosomal arrays
are shown in the context of chromosomal location and transcriptional activity. Octamers consisting of histones H2A,
H2B, H3 and H4 are represented as grey cylinders. Histone acetylation and methylation (di- and tri-) are shown. In
‘normal’ cells, genomic regions that include the promoters of tumour-suppressor genes are enriched in histone-
modification marks associated with active transcription, such as acetylation of H3 and H4 lysine residues (for instance
K5, K8, K9, K12 and K16) and trimethylation of K4 of H3. In the same cells, DNA repeats and other heterochromatic
regions are characterized by trimethylation of K27 and dimethylation of K9 of H3, and trimethylation of K20 of H4,
which function as repressive marks. In transformed cells, this scenario is disrupted by the loss of the ‘active’ histone-
marks on tumour-suppressor gene promoters, and by the loss of repressive marks such as the trimethylation of K20 of
H4 or trimethylation of K27 of histone H3 at subtelomeric DNA and other DNA repeats. This leads to a more ‘relaxed’

chromatin conformation in these regions.

undergo CpG-island hypermethylation®. In this regard,
DNA sequences that are targeted by transcriptional
repressors such as Polycomb proteins early in devel-
opment might mark those genes that are more prone
to be hypermethylated later in cancer cells®"®. It is also
possible — as has been proposed for genetic mutations
— that, in certain tumour types, a particular gene is
preferentially methylated with respect to others because
its inactivation confers a selective clonal advantage.

Alternatively, aberrant DNA methylation might be
directly targeted as a result of preceding genetic
alterations. It has been proposed that fusion proteins,
such as the promyelocytic leukaemia-retinoic acid
receptor-o. (PML-RARA) fusion protein, which is
expressed in some leukaemias, contribute to aber-
rant CpG-island methylation by recruiting DNMTs
and histone deacetylases (HDACs)® to specific target
genes, although this does not seem to be a general
mechanism in this type of cancer®. In another exam-
ple, the oncogene MYC has been shown to associate
with a DNMT in vivo in osteosarcoma cells®. It seems
likely that selection for hypermethylation and targeting
as a result of genetic defects are not exclusive events,
and both probably occur during the generation and
maintenance of hypermethylated CpG islands of tumour-
suppressor genes. Epigenomic analyses of genetically
engineered cells in which some of these putative onco-
genic ‘drivers’ have been knocked out could provide a
way of investigating the relative contributions of the two
mechanisms.

At the same time that CpG islands become hyper-
methylated, cancer cell genomes undergo global
hypomethylation'™, with malignant cells having
20-60% less genomic 5-methylcytosine than their nor-
mal counterparts. This loss is accomplished mainly by
hypomethylation of the ‘body’ of the genes involved (the
coding region and introns) and through demethylation
of repetitive DNA sequences, which account for 20-30% of
the human genome. Epigenomic technologies have
confirmed these concepts, but have also provided new
insight. For example, the study of DNA methylation
in a colorectal cancer cell line using the methyl-DIP
approach has detected large hypomethylated genomic
regions in gene-poor areas®. This raises the important
question of whether and how hypomethylation in such
regions might contribute to the cancer cell phenotype. A
combination of genomic and epigenomic approaches will
be needed to determine whether these hypomethylated
regions coincide with sites of genomic instability.

Histone modifications in the cancer epigenome. So far,
little is known about the patterns of histone modification
disruption in human tumours. Promoter CpG-island
hypermethylation in cancer cells is known to be associ-
ated with a particular combination of histone marks:
deacetylation of histones H3 and H4, loss of histone
H3 lysine K4 (H3K4) trimethylation, and gain of H3K9
methylation and H3K27 trimethylation®” (FIC. 4).
It is also recognized that certain genes with tumour-
suppressor-like properties, such as p21"*#, are silent
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Table 2 | Disrupted DNA-methylation and histone-modification genes in cancer

Gene Alteration

DNA methyltransferases

Tumour type

DNMT1 Overexpression Multiple types

DNMT3b Overexpression Multiple types

Methyl-CpG-binding proteins

MeCP2 Overexpression, rare mutations Multiple types

MBD1 Overexpression, rare mutations Multiple types

MBD2 Overexpression, rare mutations Multiple types

MBD3 Overexpression, rare mutations Multiple types

MBD4 Inactivating mutations in MSI+ Colon, stomach, endometrium

Histone acetyltransferases

p300 Mutations in MSI+ Colon, stomach, endometrium

CBP Mutations, translocations, deletions Colon, stomach, endometrium, lung, leukaemia
pCAF Rare mutations Colon

MOZ Translocations Haematological malignancies

MORF Translocations Haematological malignancies, leiomyomata
Histone deacetylases

HDAC1 Aberrant expression Multiple types

HDAC2 Aberrant expression, mutations in MSI+  Multiple types

Histone methyltransferases

MLL1 Translocation Haematological malignancies
MLL2 Gene amplification Glioma, pancreas

MLL3 Deletion Leukaemia

NSD1 Translocation Leukaemia

EZH2 Gene amplification, overexpression Multiple types

RIZ1 CpG-island hypermethylation Multiple types

Histone demethylase
GASC1

MSI+, microsatellite instable tumours.

Gene amplification

at the transcriptional level in the absence of CpG-
island hypermethylation when hypoacetylated and
hypermethylated histones H3 and H4 are present®.
Until recently, a genome-wide profile of histone mod-
ifications and their locations was not available for any
transformed cell type. Post-translational modifications
of histone H4 have now been profiled at a global level in a
comprehensive panel of normal human tissues, cancer cell
lines and primary tumours®. In this study, cancer cells
were shown to exhibit a loss of monoacetylated and
trimethylated forms of histone H4. Interestingly, these
changes appear early and accumulate during the tumori-
genic process, as shown in a mouse model of multistage
skin carcinogenesis®. The finding that these changes
in histone modification patterns occur so soon in the
course of tumorigenesis, similar to the manner in which
CpG-island hypermethylation precedes KRAS muta-
tions in small colorectal adenomas®, indicates that they
might be relevant steps in the transformation process.
By mass spectrometry, these losses were found to occur
predominantly at the acetylated K16 and trimethylated

Squamous cell carcinoma

K20 residues of histone H4, and were associated with
the well characterized hypomethylation of DNA repeti-
tive sequences (FIG. 4). Similar data have been obtained
in breast and liver tumorigenesis®’’, indicating that
the global loss of monoacetylation and trimethylation
of histone H4 might be a common hallmark of human
tumour cells, as has now been accepted for global DNA
hypomethylation and CpG-island hypermethylation.

Disruption of the epigenetic machinery. An emerging
question, touched on briefly above, is whether muta-
tions in the DNA methylation or histone modification
machineries themselves cause the global epigenomic
changes seen in cancer cells, or whether other mecha-
nisms are responsible. A preliminary list of genes
involved in epigenetic modifications that are disrupted
in human cancer is provided in TABLE 2. Mutations that
affect the DNA-methylation machinery have not been
identified in cancer cells, although moderately elevated
levels of DNMTs and MBD-containing proteins are
commonly observed in human tumours'~**. How do
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Adenoma

A cellular growth of glandular
origin, which can arise from
organs including the colon and
the adrenal, pituitary and
thyroid glands. These growths
are benign, but some are
known to have the potential,
over time, to transform to
malignancy (at which point
they become known as
adenocarcinoma.)
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increased levels of DNMTs fit in with the observation
of global DNA hypomethylation? In plants, a defect
in the gene SUPERMAN, which is a transcription fac-
tor involved in flower development, results in specific
areas of hypermethylation in the context of global DNA
hypomethylation”. However, an equivalent mechanism
has not yet been described for transformed human cells.
In mouse models, crossing cancer-prone lines with
strains carrying genetic defects in DNMTs and MBD-
containing proteins changes the risk and time of onset
of tumorigenesis’, indicating that the potential role of
these proteins as driving forces of oncogenesis needs
further investigation. Epigenomic studies using ChIP-
on-chip approaches with antibodies against DNMTs and
MBD-containing proteins in normal versus cancer cells
might provide one way to explore this further.

In terms of histone modifications, an extensive
analysis of expression patterns of histone-modifying
enzymes was able to discriminate tumour samples from
their normal counterparts and cluster the tumour sam-
ples according to cell type”. This indicates that changes
in the expression of these proteins have important and
tumour-specific roles in cancer development. For the
two most common histone-modification changes in
human neoplasia — the reduction of monoacetylated
H4K16 and trimethylated H4K20 — some clues as to
how these cancer-specific alterations arise are already
available. The delicate acetylation and deacetylation
balance of H4K16 is mediated by specific histone acetyl-
transferases (HATSs), such as MORE, MOZ, MOE TIP60,
and HBO1, and a dedicated HDAG, sirtuin 1 (SIRT1).
Leukaemias™ and uterine myomas” carry translocations
that generate fusion proteins such as CREB-binding
protein (CBP)-MOZ and CBP-MOREF that disrupt the
acetylation of H4K16 (REF. 8). In epithelial tumours, it
has been shown by ChIP-on-chip that there is a specific
loss of recruitment of these H4K16 HATSs to repeat
sequences®. It is also possible that there is increased
recruitment of SIRT1 to the H4K16 position on repeat
DNA sequences in transformed cells, but this remains
to be investigated.

For the trimethyl-H4K20 mark, the observed loss in
cancer cells® and the demonstration that knockout mice
for the histone methyltransferase (HMT) SUV39H are
prone to developing cancer’ indicates that HMTs for
H4K20 could function as tumour-suppressor genes.
These matters can now be addressed owing to the
development of specific antibodies against SUV4-20H?,
which can be used to determine whether these HMTs are
lost in human tumours — a typical feature of tumour-
SuUppressor genes.

A recent study has identified HDAC2 as another
component of the epigenetic machinery that is tar-
geted for mutational inactivation in human cancer”.
This enzyme deacetylates various histone-tail lysines,
including those that show an altered acetylation profile
in cancer?. Cancers associated with microsatellite insta-
bility were chosen for study, with the aim of screening
those tumours with the highest probability of carrying
mutations in any gene. When the exonic repeats of
numerous genes involved in DNA methylation and

histone modification were analysed, HDAC2 alone
presented an inactivating frameshift mutation”. In light
of the increasing interest surrounding a human cancer
genome project’®, it would be informative to include
in the sequencing effort all of the described genes that
encode components of the epigenetic machinery.

Translational epigenomics
Epigenomic profiles as cancer cell markers. As described
above, recent years have seen the mapping of increasing
numbers of genes in which promoter CpG islands are
hypermethylated in cancer'™*. Such DNA-methylation
mapping has revealed unique profiles of hypermethyl-
ated CpG islands that define each neoplasia®>>*. The
specificity of the assay is increased only if those DNA-
methylation markers that are always unmethylated
in normal ‘healthy’ cells are included in this panel. In
some cases, such as prostate cancer, a single hypermeth-
ylated marker, glutathione S-transferase-m (GSTP1),
is informative in 80-90% of cases’>*. So far, however,
the finding of a highly informative hypermethylation
marker such as GSTP1 in other tumour types has been
uncommon, and a larger panel is usually needed. For the
various cancers for which DNA-methylation profiles are
available, CpG-island hypermethylation has been used
as a tool to detect cancer cells in all types of biological
fluid and biopsy®!. One of its main advantages over other
classical markers is the extreme sensitivity of some of the
methods used for the detection of aberrant methylation,
such as methylation-specific PCR and MethyLight®'.
Another important finding has been that the CpG-
island hypermethylation of tumour-suppressor genes
occurs early in tumorigenesis. For example, CpG-island
hypermethylation is seen in p16™%, p14**F and MGMT
(O-6-methylguanine DNA methyltransferase) in colorectal
adenomas and MLH1 aberrant methylation in atypical
endometrial hyperplasia®. In this regard, it has been
proposed that these epigenetic changes might commit
cancer cells to specific altered signal-transduction path-
ways during the early stages of tumour development®.
The number of genes undergoing CpG-island-
promoter hypermethylation increases during tumori-
genic development***’. This finding might be useful in
early-detection screenings, especially in individuals
with a high familial risk of developing cancer who
have similar patterns of CpG-island hypermethylation
as sporadic cases®. The loss of monoacetylated and
trimethylated histone H4 is also an early alteration;
for example, both types of alteration first appear in the
small skin papillomas that precede the development of
non-melanoma skin cancer®*.

Epigenomic profiles as markers of tumour prognosis.
From the DNA-methylation standpoint, there are
instances in which a tumour suppressor that undergoes
methylation-associated silencing is a potential candidate
for testing as a predictor of tumour prognosis. For exam-
ple, death-associated protein kinase (DAPK), p16™Ks
and epithelial membrane protein 3 (EMP3) hypermeth-
ylation have been linked to tumour aggressivity in lung,
colorectal and brain cancer patients*. Further candidates
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Prognostic dendogram

A tree diagram that represents
the relative similarities among
different samples
corresponding to human
patients in terms of outcome
prediction. Samples clustering
in the same branch of the
dendrogram have the same
prognostic markers (for
example, age, stage,
chromosomal deletions or
gains, or specific gene
expression) and are likely to
have the same outcome.

awaiting analysis include genes related to increased
metastatic potential (such as members of the cadherin
and ADAMs families) and angiogenesis (for example,
the thrombospondin family). Prognostic dendograms
similar to those used in expression microarray analyses
involving a combination of hypermethylated markers®*
or CpG-island microarrays*” have also been developed.
These epigenomic profiles are complementary to profiles
of gene-expression patterns and genetic alterations, but
have the advantage that they can be assayed using DNA
that has been extracted from archived material®.

Changes in global levels of individual histone modifi-
cations are predictive of the clinical outcome of prostate
cancer”. Through immunohistochemical staining of
primary prostatectomy tissue samples, Seligson and
colleagues were able to distinguish two disease subtypes
with distinct risks of tumour recurrence in patients with
low-grade prostate cancer on the basis of differential
staining for the histone acetylation and dimethylation
of five residues in histones H3 and H4. These histone-
modification patterns were considered to be predictors
of outcome independently of other features such as
tumour stage, pre-operative prostate-specific antigen
levels and capsule invasion®. These patterns will be ana-
lysed in other tumour types in the near future to assess
the potential prognostic use of histone-modification
profiles in a more widespread manner.

Pharmacoepigenetics: epigenomics as a predictor of
response to chemotherapy. The most compelling evidence
that epigenomic profiles can predict responses of cancer
to therapy is provided by the methylation-associated
silencing of the DNA-repair protein MGMT in human
brain tumours. MGMT is directly responsible for revers-
ing the addition of alkyl groups to the guanine base of
DNA®, and this base is the preferred point of attack in
the DNA of several alkylating chemotherapeutic drugs,
including BCNU (carmustine), ACNU (nimustine), pro-
carbazine, streptozotocin and temozolamide. MGMT
hypermethylation is the best independent predictor of
response to BCNU®* and temozolomide® in gliomas.
The potential of MGMT to predict the chemoresponse of
human tumours to alkylating agents can also be extended
to other drugs with similar modes of action, such as
cyclophosphamide®. Additional examples for which
hypermethylation predicts drug-responsiveness have
been highlighted for other DNA-repair genes identified
using CpG-island microarrays”. Interestingly, mutations
in the genes that encode the epigenetic modification
machinery might also predict responses to certain drugs.
This is the case for mutations of HDAC2, which render
those tumours more resistant to the action of certain
subtypes of HDAC inhibitor”.

Epigenomic marks as therapeutic targets. Unlike genetic
changes in cancer, epigenetic changes are potentially
reversible. In cultured cancer celllines, it has been possible
for years to re-express genes that had been silenced by
methylation by using DNA-demethylating agents®.
When given to patients at low doses, these drugs
have shown a significant antitumoral activity, and the

US Food and Drug Administration (FDA) has approved
the use of two such agents, 5-azacytidine and 5-aza-2’-
deoxycytidine, as elective treatments for a pre-leukaemic
disease, myelodisplastic syndrome?.

HDAC inhibitors constitute another promising group
of agents for the epigenetic therapy of cancer. One of the
main therapeutic mechanisms of action of HDAC inhib-
itors is their transcriptional reactivation of ‘dormant’
tumour-suppressor genes, such as p21"4*!. However, the
pleiotropic nature of these inhibitors raises the possibility
that their well-known abilities to induce differentiation,
cell-cycle arrest and apoptosis are accompanied by other
less desirable outcomes. Despite these concerns, many
phase I clinical trials indicate that HDAC inhibitors are
well tolerated and, recently, the first drug of this type,
suberoylanilide hydroxamic acid (SAHA), has been
approved by the FDA for the treatment of cutaneous
T-cell lymphoma®*®*. Our increasing knowledge of
the epigenomic profiles of cancer cells, which show
an imbalance of histone acetylation®?, provides an
experimental basis for these treatments and, when
characterized in more detail, might provide insights into
the specificity of these drugs. This is particularly inter-
esting for the loss of monoacetylated H4K16 (REF. 8),
which can be reversed by a new class of drugs that
inhibit sirtuins’®, the specific subclass of HDACs
that deacetylate H4K16. The ability of sirtuin inhibi-
tors to restore the expression of epigenetically silenced
tumour-suppressor genes remains to be comprehen-
sively tested, but would make this class of drugs of high
interest for potential clinical use®.

The future of cancer epigenomics

Although interesting biological insights and promis-
ing translational tools are beginning to emerge, cancer
epigenomics is still in its infancy. There is a basic need
to carry out comprehensive epigenomic profiling in a
greater variety of both normal and cancerous cell types,
and across a wider range of stages of the tumorigenic
process. There is also a need to look at other layers of
epigenetic complexity, which are only briefly men-
tioned here, such as the genomic occupancy profiles of
chromatin-remodelling proteins such as the Polycomb
and SWI/SNF families*.

Calls have been made for a comprehensive human
epigenome project, with the aim of cataloguing genome-
wide profiles for an extensive range of epigenetic marks
in various human cell types, as well as in some of the key
animal models for human development and disease®>-*.
The first DNA methylomes of A. thaliana have recently
been published, paving the way for other epigenomes*"*°.
Many researchers from different countries are starting
to combine their expertise to work towards character-
izing the human epigenome. Given the implications
for human health, it would be highly beneficial if this
project allowed some of the key questions in cancer
epigenomics to be addressed. This ambitious enterprise
will involve many decisions, such as the selection of the
epigenetic marks to be profiled and the samples to be
studied, and the degree of resolution at which profiles
are to be obtained.
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One important aspect would be for a human epi-
genome project to provide a well characterized set of
profiles from normal human cells, with which cancer
cell epigenomes could be compared. Several individual
efforts have been meritorious in allowing such compari-
sons, including the DNA-methylation profiling of the
human major histocompatibility complex in various
normal tissues from several individuals'®, the char-
acterization of DNA-methylation differences among
different tissues in monozygotic twins'”', the profiling
of a 4-Mb band of chromosome 2q14.2 in normal and
transformed colon cancer cells'®?, the coupling of tran-
scriptome and histone-methylation maps in bladder
tumours'®, and a recent DNA-methylation profile of
human chromosomes 6, 20 and 22 (REF. 104). However,
a far wider range of comparisons is required. Sample
selection is likely to be a highly discussed issue in the
context of epigenome projects. From the cancer per-
spective, having homogeneous cell populations would
be highly advantageous, but achieving this is often chal-
lenging owing to the heterogeneity of cell types that are
present in many tumour samples. Therefore, although
ultimately we would want to sample a wide range of
cancer genomes, the best samples to start off with might
be tissues in which the progenitor cell, the differentiated

cell and the altered disease state have been well charac-
terized, such as in the case of tumours that arise from
the haematopoietic system.

Another important decision will relate to whether
prioritizing profiling of particular regions of the genome
can be used to maximize the information that is likely to
be gained. For example, a first draft of the DNA-meth-
ylation patterns at the 5’-regulatory regions of all human
genes would be a coveted goal. The same can be said
for the bisulphite genomic sequencing of all the non-
repeat regions of several ‘small’ chromosomes (such as
chromosomes 21, 18, 13, 22 and the Y chromosome).
With regard to histone modifications, focusing on those
marks that yield more reliable results with the current
antibodies, such as the trimethylation of H3K4, would be
beneficial, and ChIP-on-chip assays should be developed
for these marks.

Ultimately, epigenomic technologies promise to
provide us with detailed maps of the DNA methyl-
omes and histone-modification patterns of healthy and
cancerous cells. However, increased funding is needed
to accomplish these ambitious goals, and continuing
international collaboration will clearly play an impor-
tant part in carrying out the large amount of work that
will be required.
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