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Preface

Now a popular and widely used term, “Epigenetics” has changed its meaning sev-
eral times since “epigenesis’” was debated by Greek philosophers as an alternative to
existence of the homunculus (Aristotle, On the Generation of Animals). Waddington
famously proposed that an “epigenetic landscape” underlies alternative cell fates,
incorporating the idea, still novel at the time, that genes might contribute to this
landscape. But it was the merging of embryology with non-Mendelian inheritance
that ultimately led to the commonly accepted meaning of “Epigenetics” today. In
this molecular age, we define epigenetics by what it is not — epigenetic changes are
alterations in the hereditary material (usually chromosomes) that are not accompa-
nied by changes in the DNA sequence. Certainly, epigenetics profoundly influences
embryonic development, but equally it impacts chromosome organization, genome
defense, heredity, gene expression and evolution.

Just as genetics allowed us the first glimpse of the genome in the form of link-
age maps of genes and cytogenetic landmarks (Creighton and McClintock, 1931),
so epigenetics allowed the first glimpse of the epigenome, with the discovery of
widespread modifications of chromosomal material, including DNA and histones,
associated with epigenetic regulation. Immunocytochemistry revealed striking cor-
relations between, for example, histone H4 acetylation and dosage compensation,
while molecular biology revealed correlations between, for example, DNA methy-
lation and transposon inactivation. It was quickly realized that many of these mod-
ifications were conserved among most if not all eukaryotes, and were associated
with a wide diversity of “epigenetic” phenomena. But it was only when the first
whole genome sequences became available that the concept of the “epigenome”
took hold. Just as DNA sequence can be aligned with the chromosome, so epige-
netic modifications can be aligned with the DNA sequence. The epigenome has
emerged at nucleosome and nucleotide resolution from genome profiling using high
density programmable microarrays, chromatin immunoprecipitation and next gen-
eration DNA sequencing, as well as analytical procedures to detect and display sig-
nificant associations. This volume commences with a section describing the current
technologies employed in mapping epigenomes and the challenges associated with
the analysis and visualization of these large datasets within their genomic context.
The impact of the technology cannot be underestimated and as such, is recognised
in many of the subsequent contributions.
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In subsequent chapters, the current understanding of these epigenetic maps is
reviewed within the context of epigenetic phenomena in eukaryotes. The role that
model organisms have played in unveiling key conserved mechanisms is a gen-
eral theme, as is the idea of an epigenetic “code”, comprising histone and DNA
modifications, guided by modifying enzymes, and in some cases RNA interference,
and interpreted by histone and DNA binding proteins that recognize these modi-
fications and signal their downstream effects. The relationship between epigenetic
states, non-protein coding transcripts and sub-nuclear localization is also explored.
The impact of these mechanisms on gene activity and repression, developmental
memory, imprinting, X inactivation, genome defense and chromosome organization
is reviewed in animals, plants and fungi. We also review the first glimpses of the
human epigenome in differentiating cells and relate these mechanisms to human
disease and development.

In the conclusion of his chapter describing the relevance of variant histones to
epigenome function, Steven Henikoff reminds us that, since the completion of the
draft human genome sequence, the 21st century is often referred to as the “post-
genomics era”. The combination of major advances in our understanding of model
epigenetic processes and remarkable technological advances, as illustrated in this
volume, have ushered in what he suggests might rather be considered an “epige-
nomics era”. Whatever it is called, the integration of the epigenetic components
required to consolidate DNA into its highly regulated chromatin context, is now
recognized as profoundly important for understanding the functions of normal and
compromised genomes. The development of effective new tools having the ability
to modulate epigenetic states and influence genome function in clinical contexts,
seems a realistic goal. We have witnessed the birth of a major new discipline in
genetics that has taken us inside chromosomes to unfold multiple highly-regulated
dynamic epigenetic landscapes within which a genome is parceled and to which it
responds. We are grateful to all the authors of this volume for sharing their research,
views and ideas, and for revealing these landscapes.

United Kingdom Anne C. Ferguson-Smith
USA John Greally
USA Rob Martienssen
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Part I
Epigenomic Technologies and Analytical
Approaches



Strategies for Epigenome Analysis

A.B. Brinkman and H.G. Stunnenberg

Abstract The eukaryotic genome is packaged into nucleosomes, which form the
basal unit of chromatin, the physiological form of DNA within the nucleus. Apart
from its function in compacting the immense nuclear DNA molecules, chromatin
also serves as a platform onto which multiple signalling pathways converge to
cooperate in determining the expression status of mRNAs and other (non-coding)
RNA molecules. Epigenetic profile analysis aims to determine what changes on
the nucleosomes cooperate to establish and maintain DNA sequence-independent
heritable traits such as those determining cell identity.

Keywords Profiling - Histone modifications - DNA methylation - ChIP-on-chip -
ChIP-seq

1 Introduction

Epigenetic changes can occur on all building blocks of the nucleosome to ultimately
constitute the epigenome. They include (i) post-translational histone modifications;
(ii) incorporation of histone variants; (iii) remodelling of the DNA-histone interac-
tion; (iv) methylation of DNA; (v) association with transcription (co)factors; (vi)
local changes in nucleosome density; (vii) changes in long-range chromatin interac-
tions and compaction.

In this chapter we will focus on the different methods that are available to profile
epigenetic changes. In particular, we will focus on methods that are suitable for
high-throughput —or whole-genome— profiling, and we will discuss logical strate-
gies to approach such profiling and consider aspects that we have found to be of
importance.

The availability of highly specific antibodies for chromatin-modifying proteins
and their resulting modifications, in combination with chromatin immunoprecipita-
tion and immunofluorescence-based techniques has enabled mapping of epigenetic

A.B. Brinkman (=)
Department of Molecular Biology, Nijmegen Centre for Molecular Life Sciences,
Radboud University, The Netherlands

A.C. Ferguson-Smith et al. (eds.), Epigenomics, DOI 10.1007/978-1-4020-9187-2_1, 3
© Springer Science+Business Media B.V. 2009
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changes. This has generated a wealth of information that drastically changed the
concept of expression regulation from a transcription factor-based view into a sys-
tem in which transcription factors and chromatin interact and cooperate. The advent
of genomic tiling microarrays —and recently, massive parallel sequencing— have
enabled global and whole-genome epigenetic profiling studies. Such large-scale
analyses will allow the generation of new insights into how chromatin is utilized
and shaped according to the cell’s necessities, ultimately defining its epigenome.

The concepts outlined above are of particular importance for the development
of novel treatment strategies for cancer. It has become clear that epigenetic alter-
ations act as “surrogates” for genetic changes in cancer, and as epigenetic alterations
are mitotically heritable, they play the same roles and undergo the same selective
processes as genetic alterations in the development of cancer. However, epigenetic
alterations are more feasible to be reversed than genetic aberrations, thus providing
opportunities for therapeutic intervention.

2 ChIP

In 1988 a key publication from the Varshavsky laboratory (Solomon et al. 1988)
demonstrated the use of chromatin immunoprecipitation (or ChIP) to study regula-
tion of the Hsp70 genes in Drosophila. Modifications of the original protocol have
been developed since, but the basic protocol includes the in vivo cross-linking of
chromatin-bound proteins using formaldehyde, to ‘freeze’ the in vivo situation, and
the generation of short random fragments of this chromatin using sonication. The
obtained cross-linked chromatin fragments are subsequently used in an immunopre-
cipitation step using antibodies directed against the protein or histone modification
of interest. After immunoprecipitation the isolated antibody-chromatin-complexes
are decrosslinked and the DNA is purified. In parallel, the input material —or non-
immunoprecipitated chromatin— is decrosslinked and DNA is purified likewise.
Both fractions are subjected to quantitative PCR using primers specific for the
genomic region of interest. In this way the magnitude of enrichment by ChIP is
determined at a specific genomic position. Depending on the antibody, ChIP allows
for profiling chromatin-associated factors, histone modifications, histone variants as
well as local nucleosome density.

3 ChIP-on-Chip

Combining ChIP with genomic tiling array hybridization (CHIP-on-chip) or
massive-parallel sequencing (ChIP-seq) instead of gene-specific PCR allows one
to analyze larger genomic regions or even the whole genome. Several steps within
such a procedure are of critical importance for a successful profiling experiment.
In Fig. 1 we present a generalized strategy that can be followed to establish a
ChIP-based profiling approach — the Roman numerals depict strategic points shown
in Fig. 1. The strategy starts with a factor of interest, which is assumed to be a
chromatin-associated protein (I).
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l Factor of interest l !

11
Test expression
Test chromatin || 11
association

Select appropriate cell line / system

l l v
Select available antibody

Test antibody for ChiP V!

targets are unknown

(known / expected targets) Raise VII
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l L in stable cell line
Signal No signal BAC transgenic X
L epitope tagging
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Improve signal over background: XVI (CSC|2_| P_WeStem)
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- Uninduced cells (if appropriate)
- Peptide competition in ChIP A q
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ChlP-seq

ChlP—on—chip

Fig. 1 Generalized strategy for a ChIP-based profiling. See text for further explanation
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Since a ChIP experiment requires the availability of a relatively large amount
of cells, the initial use of cultured cells is inevitable, but whenever conditions
are optimized it should be possible to use primary cells or tissue-derived cells.
The choice for a particular cell line (IV) most often depends on whether the
protein is expressed or not (II). In addition, it may be relevant in this stage to
confirm its chromatin-association (IIT). If an antibody is available, this can be
done by cesium-chloride (CsCl,)-density gradient centrifugation of formaldehyde-
crosslinked material. Western blot analysis of the fraction containing crosslinked
DNA-protein complexes (after decrosslinking) will reveal whether the protein of
interest is chromatin-associated.

The most critical issue of ChIP is the availability of a high-quality ChIP-grade
antibody (V). Commercial antibodies are available for many chromatin-associated
proteins, and even though they may be specific in Western analysis or efficient in
a normal immunoprecipitation, most of them are not ChIP-(profiling)-grade, even
when marketed as such. A large-scale ChIP-profiling experiment requires substan-
tial enrichment over background (a control region that is not enriched), even more
than for a single ChIP-qPCR. Clearly, only a few ChIP-grade antibodies are also
ChIP-profiling grade. In our experience, enrichment above 20-fold over background
will give profiles of reasonable to good quality.

Whenever an antibody needs to be produced against the protein of interest
(VII), generating a polyclonal antiserum against several different peptides (or a
protein domain) will be preferred. A polyclonal antibody is directed against a
range of different epitopes, which increases the chance for obtaining one that is
ChIP-grade. In addition, the performance of a ChIP-grade polyclonal antibody will
usually improve after affinity purification. An important constraint on immunogen
selection is to avoid lysine residues within the amino acid sequence. Lysine
residues are the primary targets for formaldehyde cross-linking, and epitopes
containing lysines will be (at least partly) functionally destroyed by formaldehyde
cross-linking. Most commonly used monoclonal antibodies against epitope-tags are
not ChIP-grade for this reason (see Table 1). Although they have been successfully
used by others, we have never reached substantial enrichment using MYC, and
inconsistent results were obtained using FLAG. HA and HSV provide better
alternatives because they lack lysines. We found that they are ChIP-grade, although

Table 1 Epitope tag sequences

Epitope tag ~ Amino acid sequence ChIP-grade
MYC EQKLISEEDL -

FLAG DYKDDDDK +/—

VSV-G YTDIEMNRLGK Not tested
V5 GKPIPNPLLGLDST Not tested
HA YPYDVPDYA +

HSV QPELAPEDPED +

TY-1 EVHTNQDPLD +

2xTY-1 EVHTNQDPLDAEVHTNQDPLD  ++

ERa SLQKYYITGEAEGFPATV ++
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the level of enrichment is not outstanding. We have recently exploited the use of
two different universal epitope tags: TY-1 (and 2xTY-1) and ER«. For both epitopes
monoclonal antibodies are available. Although a single lysine is present within the
periphery of the ERa-tag, both tags show excellent performance in ChIP and also
in ChIP-on-chip and ChIP-seq experiments. The use of the ERa-tag requires that
ERw is not expressed endogenously or that its ligand is depleted from the culture
medium, since we found only very low chromatin association of endogenous ER«
in the latter case. Alternatively, a ChIP-reChIP approach using first TY-1 followed
by ER« could be used, or vice versa.

Whenever epitope tagging is used one has to make sure that the tagged protein is
expressed at (near-)endogenous levels. In our hands, ChIP profiles of overexpressed
proteins contain many sites of enrichment that are otherwise absent in profiles of
the endogenously expressed protein. For generating a stable cell line expressing a
tagged protein (VIII), multiple independent clones should be screened for ones with
near-endogenous expression levels.

An exploratory ChIP-qPCR experiment can be performed if one or more genomic
target sites are known or can be predicted (VI). The absence of any signal over back-
ground (a genomic control region) could either mean that the antibody is not ChIP-
grade (XIV) or that the wrong genomic targets were selected for qPCR (XIII). This
can be analyzed by performing an immunoprecipitation on crosslinked chromatin
that has been purified following cesium-chloride (CsCl,)-density gradient centrifu-
gation (X), which is used to remove non-crosslinked proteins. If the antibody precip-
itates the protein of interest from the crosslinked fraction —that is, a signal is obtained
in Western blot— the antibody is most likely ChIP-grade, and one could proceed
with a pilot ChIP-on-chip or ChIP-seq experiment to detect targets (XV). Whenever
the exploratory ChIP experiment reveals sufficient enrichment over background, the
ChIP protocol may need optimization (XVI). This may include antibody concentra-
tion, crosslinking and/or sonication time, and composition of the immunoprecipita-
tion buffer, such as SDS concentration. Whenever the protein of interest is expected
to be chromatin-associated through secondary interactions, additional protein-
protein crosslinking may improve the level of enrichment (Zeng et al. 2006). In
some cases it may be necessary to determine the specificity of the antibody in ChIP
(XVII). This could involve the use of different antibodies against the same protein,
RNAi-mediated knock-down of the protein, or performing a ChIP experiment using
untreated/uninduced cells (e.g. in the case of many nuclear hormone receptors).

For ChIP-on-chip profiling, a number of additional (post-ChIP) aspects are of
importance. First, ChIP DNA must be amplified to obtain sufficiently large amounts
for labelling and array hybridization (typically several micrograms per microarray
hybridization). Depending on the antibody the amount of ChIP DNA is within the
nanogram range, and at least a 1000-fold amplification is necessary. Commonly
used DNA amplification methods include linker-mediated PCR (LM-PCR), T7
polymerase-based linear amplification, and whole-genome amplification (WGA).
In LM-PCR, linkers are ligated to both ends of the ChIP DNA fragments, which
allows PCR amplification using universal primers (Ren 2000). In T7-based linear
amplification, oligo-dT tails of defined length are added to the 3’ termini of the DNA
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fragments, to which a T7-promoter sequence can be annealed. After conversion into
dsDNA, the resulting DNA is used as a template for in vitro transcription using the
T7 RNA polymerase. The transcribed RNA molecules are subsequently converted to
dsDNA (Liu et al. 2003). WGA involves the proprietary GenomePlex® amplifica-
tion technique (Sigma-Aldrich, St. Louis, MO, USA) in which DNA fragments are
primed to generate a library of DNA fragments with defined 3’ and 5° termini. This
library is then replicated using linear amplification in the initial stages, followed
by a limited round of geometric amplifications. We have used LM-PCR with some
success for ChIPs against transcription factors or locally enriched histone marks like
H3K4 tri-methylation and H3/H4 acetylation. However, the same procedure was
not successful for histone marks that are distributed over larger regions, like H3K9
and H3K27 tri-methylation. In addition, we found that on complex samples (like
human genomic DNA) LM-PCR amplification introduces a considerable bias. This
is shown in Fig. 2. Upon hybridization of unamplified DNA, LM-PCR-amplified
DNA and T7-amplified DNA, the obtained probe intensities were compared using
scatter plots. Comparison of two unamplified genomic DNA samples shows that
their probe intensities correlate well (Fig. 2A, R?=0.85). When unamplified DNA is
compared with the same DNA after LM-PCR amplification the correlation decreases
dramatically (Fig. 2B, R?>= 0.52). In contrast, the correlation is maintained to a
much greater extent when unamplified DNA is compared with T7 amplified DNA
(Fig. 2C, R*=0.75). This shows that T7 amplification is superior to LM-PCR, even
upon multiple rounds of amplification (not shown). WGA has also been shown to
eliminate bias problems (O’Geen et al. 2006), although we have not applied this
technique in our laboratory.

Second, the choice of microarray platform is an important determinant for obtain-
ing confident signal to noise ratios. Three different platforms have been mostly used
for ChIP-on-chip analysis: Affymetrix, Nimblegen and Agilent. The main differ-
ences between these platforms are probe length, probe spacing and probe density.
Whereas probe length ranges from 25 to 75 bp, probe densities currently vary from
2.4 x 10° to 6.5 x 10% probes per array. We have experienced that Nimblegen
arrays with 50-bp probes provide good probe density and signal to noise ratios.

@ < < =
- zZ = Z?
[=] [=]
L L

z £ £ .
Q= e = =
2 5 5
£
g 2., 8.
5o £* £
°
3 g g
: = e
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Non-amplified genomic DNA Non-amplified genomic DNA Non-amplified genomic DNA

Fig. 2 Comparison of two random amplification methods used in ChIP-on-chip. Human non-
amplified genomic DNA was hybridized against (A), human non-amplified DNA as a control;
(B), human genomic DNA amplified using LM-PCR; (C), human genomic DNA amplified using
T7-based linear amplification. Log? probe intensities are plotted
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The 60-mer probe design of Agilent arrays shows better signal to noise ratios, but
the number of probes per array is lower. Although it is possible to interrogate the
whole human or mouse genome using tiling arrays, more directed analyses may
be performed using promoter-tiling arrays or dedicated custom arrays containing
selected genomic regions.

Third, data interpretation mostly starts with peak-calling: the assignment of
enriched regions. Several independently developed peak recognition algorithms are
available, e.g. MPeak (Zheng et al. 2007), TileMap (Ji and Wong 2005). In addition,
array manufacturers provide similar software tools, e.g. Nimblegen’s SignalMap.
MPeak is a model-based method that assumes a triangular shape for enriched
regions, while Tilemap uses test-statistics to define regions of enrichment and calcu-
lates statistically significant enriched regions between a sample and control dataset.
Because of the different methodologies, the performance of these algorithms will
vary depending on the factor to be profiled. For instance, MPeak may not be the
method of choice in profiling H3K27 tri-methylation because of the presence of
many non-triangular enrichment patterns. In contrast, for transcription factor profil-
ing all methods mentioned have been used successfully in our laboratory. However,
all algorithms will detect distinct but largely overlapping peak sets. Selecting peaks
that are commonly found by all methods will significantly decrease the number of
false-positives. The false-positive rate has to be determined empirically using ChIP-
gPCR analysis of a number of randomly selected peaks (>50 for a genome-wide
analysis). Such validation is of critical importance, because in our experience the
number of detected peaks is subject to considerable variation just because of the
selected method and its peak-detection settings.

4 ChIP-Seq

ChIP-seq represents a recent advance in epigenetic profiling. It involves direct mas-
sive parallel sequencing of individual DNA molecules obtained in a ChIP experi-
ment. Counting of the number of sequence reads within a specific genomic region
is proportional to the local level of enrichment. To date, a number of studies
have described ChIP-seq approaches to profile histone-modifications (Mikkelsen
et al. 2007, Barski et al. 2007) or transcription factors (Robertson et al. 2007, John-
son et al. 2007), using Solexa sequencing technology (Illumina Inc.). The technol-
ogy starts with the generation of clusters of about 1000 identical DNA fragments,
each originating from a single DNA molecule. Cluster generation is achieved by
solid-phase DNA amplification onto a glass-surface. Up to 50 million clusters can
be generated and sequenced in parallel, each producing a sequence read of 36 bases.
Other platforms for massive-parallel sequencing are 454 Life Sciences and SOLiD.
For ChIP, the advantages of massive-parallel sequencing over microarray hybridiza-
tion are the increased throughput and dramatically increased signal to noise ratio.
In Fig. 3, a comparison between a ChIP-on-chip profile and a ChIP-seq profile is
shown. The screenshot shows the enrichment of a transcription factor at one of its
target genes. While the enrichment of the ChIP-on-chip profile is displayed as the
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Fig. 3 Screenshot showing a comparison between a ChIP-on-chip profile (top panel, log? of
ChIP/input ratio) and a ChIP-seq profile (bottom panel, log? of the number of sequence reads
counted per 100 bp window) generated from the same cell line. The profile shows enrichment of a
transcription factor at one of its target genes. Annotated genes are indicated at the bottom

ratio of ChIP DNA over non-immunoprecipitated (input) DNA, enrichment in the
ChIP-seq profile is displayed as the number of sequence reads counted per 100-bp
window within the ChIP DNA sample. The difference between enrichments rep-
resented in this way is over 40-fold: while ChIP-on-chip enrichment is maximally
2.9 (log2), ChIP-seq enrichment is 8.3 (log2). In addition, the average background
enrichment within the regions flanking these peaks is clearly lower in the CHIP-seq
profile. The increased signal to noise ratio obtained using ChIP-seq allows assign-
ment of peaks with high confidence, and permits identification of binding sites that
are not evident from the ChIP-on-chip profile. A single analysis-run (one out of
eight lanes of a flowcell) using Solexa sequencing is able to provide genome-wide
coverage for a ChIP experiment, although this is of course dependent on the factor
to be profiled and the specificity of the used antibody. More sequence reads may
be necessary to optimize the signal to noise ratio. Profiling of a widespread histone
mark like H3K27 tri-methylation requires more sequence reads than profiling a tran-
scription factor that has a limited number of binding sites throughout the genome,
because of the difference in complexity of the ChIP DNA sample.

5 DNA Methylation

Within the last decades it has become clear that gene-silencing through DNA methy-
lation involves multiple steps that cooperate to establish a gene-repressive state.
Whereas the role of DNA methylation in gene-body and intergenic sequence is
much less clear, promoter methylation has been strongly linked to gene-silencing.
Roughly half of the human promoters are located within a CpG-island, a region in
which the CpG dinucleotide motif is overrepresented relative to the average genome
(Gardiner-Garden and Frommer 1987). While virtually all cytosine bases of a CpG
are methylated, those within a CpG island are generally maintained methylation-
free. However, within cancer cells a number of genes become inactivated through
hypermethylation of their promoter CpG-islands. This phenomenon offers great
potential towards the identification of cancer-specific epigenetic aberrations termed
differentially methylated regions (DMRs). A model for DNA methylation-induced
repression is shown in Fig. 4. DNA methyltransferases (DNMTs) are recruited
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Fig. 4 General model for gene repression through DNA methylation. (A), Active chromatin,
schematically displayed as open and acetylated. (B), DNA methyl transferases (DNMTs) are
recruited to locally increase DNA methylation levels. (C), The methyl-DNA mark acts as a tar-
get for methyl-DNA binding proteins that specifically recognize and bind this mark. Methyl-
DNA binding proteins are mostly part of multi-protein complexes that contain chromatin-
modifying activity represented by histone-deacetylases (HDACs) and chromatin remodelers (e.g.
MBD2-NuRD, (Le Guezennec et al. 2006, Feng and Zhang 2001, Ng et al. 1999)). (D), The
recruited chromatin-modifying activities establish a repressive chromatin configuration, schemati-
cally shown as deacetylated and compacted chromatin

by currently poorly defined mechanism(s), and increase local DNA methylation.
The DNA methylation marks act as targets for methyl-DNA binding proteins
(MBPs) that specifically recognize and bind such sites. Some of these MBPs act
as direct repressors through the presence of transcriptional repression domains,
but their major repressive activity is exerted via associated proteins, including his-
tone deacetylases (HDACs), chromatin remodelers, and histone methyltransferases
(HMTs), which cooperate to establish a repressed chromatin state. HDACs remove
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acetyl groups from histone tails, which is closely associated with repressive chro-
matin. The various proteins with chromatin-modifying activities represent attractive
targets for pharmacological inhibition of repression to reactivate repressed target
genes. Indeed, a growing number of HDAC inhibitors are in development or are
already in phase I-II clinical trials and effectively induce differentiation, growth
arrest and/or apoptosis in tumorigenic cells, whereas normal cells appear to be less
sensitive.

6 Profiling of DNA Methylation

In contrast to profiling of histone modifications, transcription factors and histone
variants, for which ChIP is the most widely used method, profiling of DNA methy-
lation is possible through a wide variety of techniques (at least 20 have been
described). They differ in the resolution of methylation mapping, the ability to give
qualitative rather than quantitative measurements, and in their potential to be used
in global rather than gene-specific analysis. In this overview we will only discuss a
selection of the available methods, focusing on the most widely used methods and
those that are amendable for large-scale analysis (see also Chapter “Sequencing the
Epigenome” by Meissner and Bernstein).

Methods to profile DNA methylation patterns can be roughly divided in three
categories based on the principle of distinguishing methylated from unmethylated
DNA. These include (i) bisulphite conversion, (ii) digestion with methylation sen-
sitive restriction enzymes, and (iii) capture of methylated DNA fragments using a
recombinant methyl-DNA binding protein domain (MBD) or a monoclonal anti-5-
methyl-cytosine antibody.

6.1 Bisulphite Conversion Based Methods

Bisulphite sequencing (Frommer et al. 1992) provides quantitative information on
methylation within the analyzed cell population at the basepair level. It involves
chemical conversion of only the unmethylated cytosines to thymidines, followed
by PCR amplification, cloning and sequencing of the obtained fragments. The latter
steps however make it a relatively labour-intensive technique that can only be scaled
up using a pipeline-infrastructure (Eckhardt et al. 2006). The design of primers that
specifically amplify bisulphite-converted sequences puts constraints on the choice
of genomic regions to be targeted, and only up to 250 bp-fragments can be analyzed
at the time. This makes whole-genome coverage almost impossible. However, for
validation purposes it is regarded as the ‘golden standard’.

Bisulphite pyrosequencing (Colella et al. 2003) is a sequencing-by-synthesis
technology in which nucleotide incorporation is measured using a luminescence
signal. This is generated by pyrophosphate release through a cascade consisting
of four enzymes. Bisulphite-converted DNA is subject to PCR amplification in
which one of the two primers is biotinylated. The amplified DNA is immobilized
on streptavidin beads, converted to ssDNA and sequenced. This method allows for
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quantitative analysis, but is limited to 25-30 bases in length, although modifications
of the protocol have been shown to generate sequence reads of up to 75 bp (Dupont
et al. 2004).

In Methylation-Specific PCR (MSP) (Herman et al. 1996) bisulphite conversion
is combined with amplification by primer pairs that specifically amplify regions
in which CpGs are methylated or unmethylated. MSP is a very fast and sensitive
technique, although it should be regarded as a qualitative rather than a quantitative
technique. It can only be scaled up to medium-throughput because it requires pre-
selection of regions of interest for PCR amplification.

In COmbined Bisulphite Restriction Analysis (COBRA) (Xiong and Laird 1997)
DNA is converted using bisulphite and amplified using gene-specific PCR. The
amplified fragments are digested with BstUI, which recognition site is destroyed
whenever overlapping CpGs are unmethylated. The digested DNA is subsequently
analyzed using Southern blotting to determine the cut/uncut ratio. COBRA provides
quantitative information on methylation and can be used for validation purposes, but
like MSP it can only be scaled up to medium-throughput.

MethyLight (Eads et al. 2000) is a sensitive technology in which genomic
DNA is converted using bisulphite. Subsequently, selected genomic regions are
amplified using TagMan amplification technology that requires two amplification
primers flanking a fluorescent probe. MethyLight can be used in different ways:
methylation-dependent sequence discrimination at the probe level (quantitative
mode), discrimination at the amplification primer level (qualitative, similar to
MSP), discrimination at both the primer and probe levels (semi-quantitative mode),
or no methylation-dependent discrimination (control mode). Like MSP, MethyLight
requires only low amounts of DNA of modest quality, which allows the analysis of
material from various sources (e.g. fixed/fragmented patient material). MethyLight
is a medium-throughput technology that requires target pre-selection, but it is more
flexible than MSP.

The GoldenGate assay for methylation in combination with BeadArray tech-
nology (Ilumina Inc.) concomitantly interrogates over 1,500 individual CpGs in
96 samples (Laird, Illumina Application Note, www.illumina.com). The method is
based on two specific probe pairs for a specific CpG site: one pair for the methylated
state and one pair for the unmethylated state. The pairs are annealed to bisulphite-
converted DNA, and the gap that remains between the oligo pair is extended and
ligated, creating a PCR template that can be amplified using fluorescent primers.
The resulting fragments are subsequently hybridized to beads that contain a known,
probe-pair specific sequence tag that allows the fluorescent signal to be assigned
to the specific CpG site in question. For every CpG site a two-channel fluorescent
signal reports the methylated to unmethylated ratio. The GoldenGate assay is quan-
titative and amendable to high-throughput analysis.

6.2 Restriction Enzyme Based Methods

In Differential Methylation Hybridization (DMH) (Huang et al. 1999) adapters are
ligated to Msel-fragmented genomic DNA, which are then cut with a methylation-
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sensitive restriction enzyme like BstUI or McrBC, although other enzyme combi-
nations have been used as well (Nouzova et al. 2004). The uncut DNA is then
PCR-amplified and hybridized onto microarrays. DMH compares samples with a
reference sample so as to identify differentially methylated regions. The use of
microarrays allows for high-throughput analysis. DMH is semi-quantitative.

Hpall tiny fragment Enrichment by Ligation-mediated PCR (HELP) (Khulan
et al. 2006) involves digestion of genomic DNA by Hpall and in parallel its
methylation-insensitive isoschizomer Mspl. The two different populations of frag-
ments are amplified and size-selected using LM-PCR and hybridized on genomic
tiling microarrays. HELP allows both intragenomic profiling and intergenomic com-
parisons of DNA methylation and is quantitative.

6.3 Capture of Methylated DNA Fragments

Methylated-CpG Island Recovery Assay (MIRA) (Rauch et al. 2006, Rauch and
Pfeifer 2005) is an affinity capture assay that is similar to those described in ear-
lier studies in which the MBD domain of MeCP2 was used to capture methylated
DNA fragments (Cross et al. 1994, Shiraishi et al. 1999). MIRA is a modification of
this initial capturing method, and utilizes full-length GST-MBD2b complexed with
His-MBD3L1. The latter stimulates the methyl-DNA binding affinity of MBD?2.
Genomic DNA is fragmented using Msel, linkers are ligated to the generated ends
and methylated DNA is captured by the MBD2b/MBD3L1 protein complex. After
washing, methylated DNA fragments are purified and analyzed using microarrays.
Both CpG-islands and genomic tiling arrays have been used (Rauch et al. 2008).
MIRA is a high-throughput method that could potentially be used to profile methyla-
tion along the complete genome. It is presumably unbiased, since no DNA sequence
bias for MBD2’s methyl-DNA binding activity has been reported, as opposed to
that of MeCP2 (Klose et al. 2005). It is currently unknown whether the method is
semi-quantitative or quantitative.

Methylated DNA ImmunoPrecipitation (MeDIP) is a capture assay that uti-
lizes a monoclonal antibody that recognizes 5-methyl-cytosine. Despite the poten-
tial of various DNA methylation analysis methods for large-scale analysis, gen-
eration of whole-genome DNA methylation profiles had not been performed
until the MeDIP technique became available. Studies using human cancer cells
(Weber et al. 2005, 2007) and Arabidopsis thaliana (Zilberman et al. 2007, Zhang
et al. 2006) demonstrated that MeDIP, when combined with whole-genome tiling
arrays, provides a powerful solution for whole-genome methylation profiling. The
application of MeDIP was first published by the Schiibeler lab in 2005 (Weber
et al. 2005). It includes the shearing of high-molecular-weight genomic DNA into
300-500 bp fragments using sonication, and subsequent immunoprecipitation using
an anti-5-methyl-cytosine antibody. The captured DNA fragments are then analyzed
using genomic tiling arrays. The basic principle of MeDIP is very similar to MIRA,
but where MIRA uses recombinant proteins that recognize dsDNA, MeDIP uses an
antibody that requires ssDNA. Both methods are ideally suited for whole-genome
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methylation profiling. We have extensively evaluated and optimized the MeDIP-on-
chip approach, and we have no evidence for any sequence bias in MeDIP. A common
problem with methyl-DNA (immuno)capturing approaches is that the efficiency
with which DNA is captured is dependent on the number of methylated CpGs within
the fragment. This “CpG-density factor” complicates quantification of methylation,
assignment of an average “no-methylation” value, and cross-comparison between
profiles of different samples. Our results indicate that MeDIP can be used in a quan-
titative manner by addition of exogenous control DNAs to the capturing step that
serves normalization purposes. An additional advantage of capture over restriction-
based methods is that it can be used to profile patient DNA samples even if these
are fragmented. We have successfully used DNA isolated from paraffin-embedded
fixed biopsies.

7 MeDIP-seq

When combined with massively parallel sequencing, MeDIP (or MIRA) would be
a very powerful method to generate whole-genome DNA methylation profiles. The
main problem with such approaches, however, is the presence of bulk quantities
of highly methylated repetitive DNA among captured DNA fragments. Analyses
in our laboratory have shown that in a typical MeDIP experiment several classes
of repeats (e.g. ALUs, satellites) are recovered with high efficiency (up to 100%)
due to the high methylation content of these elements. A genomic DNA sample
that is to be randomly sequenced will normally yield mostly unique sequences that
can be assigned to a single genomic locus. In contrast, a DNA sample that has
been enriched using MeDIP will primarily yield sequence reads that correspond to
(highly methylated) repetitive sequence, which cannot be assigned unequivocally to
specific genomic regions. In order to detect sufficient numbers of unique sequences
within such samples, the total number of sequence reads has to be increased dramat-
ically. This represents a major challenge towards the analysis of MeDIP samples by
massive parallel sequencing. In contrast to MeDIP-seq, MeDIP-on-chip does not
have this problem since genomic tiling array probes are repeat-masked.

8 Concluding Remarks

The past decades have seen an enormous increase in the number of studies focused
on epigenetic changes, both from a molecular and from a clinical point of view.
It has become clear that epigenetic aberrations play an important role in disease,
and rational ‘epidrug’ design will require an intimate knowledge of the epigenetic
alterations that underlie disease pathways. Numerous examples of gene-by-gene
studies have focused on epigenetic aberrations at ‘usual suspect’ genes, and have
combined DNA methylation and ChIP analyses to provide mechanistic details on
repression mechanisms. Nevertheless, it is currently poorly understood how (at
a global scale) epigenetic marks such as DNA methylation are interpreted and
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translated into changes in gene expression. Several lines of evidence indicate that
methyl-DNA binding proteins are functionally specialized (Hendrich et al. 2001),
and their recruitment to genomic sites may not be determined only by recogni-
tion of methylated-DNA (Klose et al. 2005). Interestingly, a recent profiling analy-
sis of MeCP2 —a prototype methyl-DNA binding protein with repressive activity—
suggested that the majority of MeCP2-associated promoters are unmethylated
and active (Yasui et al. 2007). In addition, the activities of various methyl-DNA
binding proteins appears to be influenced by post-translational modifications of
these proteins themselves (Chen et al. 2003, Le Guezennec et al. 2006, Tan and
Nakielny 2006, Lyst et al. 2006). Together, this suggests the translation of the
methyl-DNA mark into a repression signal is a highly regulated process involv-
ing many proteins and signalling pathways. Recently developed global profiling
techniques for DNA methylation as well as ChIP provide opportunities for unbi-
ased analyses to unravel molecular repression pathways at a global scale. Such
approaches will allow comparative analyses of multiple different epigenomes. This
kind of ‘comparative epigenomics’ will greatly increase our understanding of how
epigenomes are shaped, and will provide opportunities to identify novel diag-
nostic/prognostic targets, and avenues for pharmacological interference with gene
silencing.
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Sequencing the Epigenome

Alexander Meissner and Bradley E. Bernstein

Abstract The term ‘epigenome’ refers to the complete description of chemical
changes to DNA and histones as they map onto the genome in a given cell type. A
comprehensive genomewide catalog of epigenetic control elements and how these
vary across cell states could offer critical insight into the relationships between
genotype, phenotype and environment, and serve as a catalyst for future studies
of the epigenetic mechanisms that regulate normal physiology and human disease.
Our ability to characterize mammalian epigenomes has been markedly enhanced
by technological developments in recent years. In particular, the introduction of
ultra high-throughput sequencing has improved the precision, comprehensiveness
and throughput of techniques for mapping chromatin and DNA methylation. This
chapter will largely focus on these new applications and their use for high resolution
interrogation of mammalian epigenomes.

Keywords DNA methylation - Histone modifications - Epigenome - Bisulfite
sequencing - ChIP-Seq

1 Introduction

1.1 Epigenetics

Epigenetic modifications provide essential regulatory information that does not alter
the primary nucleotide sequence (Epi: on top or in addition to). DNA methylation
is generally associated with repressive contexts and stably propagated through cell
division by DNA methyltransferases. Despite being the most extensively studied
epigenetic modification in mammals experimental data for its genome-wide dis-
tribution, it’s dynamic role during differentiation and its relationship with histone
modifications remain limited (Bernstein et al. 2007; Bird, 2002). Post-translational
histone modifications are implicated in epigenetic regulatory pathways such as
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