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Abstract

Epigenetics is the study of changes in gene expression or cellular phenotype that do not change the

DNA sequence. In this review, current methods, both genomic and proteomic, associated with

epigenetics research are discussed. Among them, chromatin immunoprecipitation (ChIP) followed

by sequencing and other ChIP-based techniques are powerful techniques for genome-wide

profiling of DNA-binding proteins, histone post-translational modifications or nucleosome

positions. However, mass spectrometry-based proteomics is increasingly being used in functional

biological studies and has proved to be an indispensable tool to characterize histone modifications,

as well as DNA–protein and protein–protein interactions. With the development of genomic and

proteomic approaches, combination of ChIP and mass spectrometry has the potential to expand

our knowledge of epigenetics research to a higher level.
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Epigenetics was first introduced by Waddington in 1939 to name “the causal interactions

between genes and their products, which bring the phenotype into being” [1]. Despite

decades of debate and research, a consensus definition of epigenetics remains both

contentious and ambiguous [2]. The term ‘epigenetics’ has most commonly evolved to

include any process that alters gene activity without changing the DNA sequence, and

epigenetic marks are somatically inherited and, therefore, can be passed on as disease cells

replicate. The field of epigenetics was given its name and a vague definition only 70 years

ago, but it is now a dynamic and rapidly expanding discipline, challenging and revising

traditional paradigms of potential inheritance [1,3]. This increasingly important research
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area examines how the covalent attachment of chemical groups to DNA and its associated

histone proteins can influence phenotype without alteration of the DNA sequence [4].

Common types of epigenetic regulation include DNA methylation, DNA hydroxy-

methylation, histone variants and modifications, nucleosome remodeling, and small and

large noncoding regulatory RNAs [5]. Chromatin is composed of chromosomal DNA

wrapped with histones, nonhistone proteins (including structural and transcription factors)

and RNA [6]. The nucleosome is the repeating subunit of chromatin, in which 147 bps of

DNA are wrapped around an octamer of core histones formed by four histone partners (an

H3–H4 tetramer and two H2A–H2B dimers). Nucleosomes have an active role in regulating

processes such as transcription, DNA repair and apoptosis [7,8].

Perhaps DNA methylation is the best known of epigenetic process, in part, because it has

been the easiest to study with the existing technology [9]. Understanding the functions of

DNA methylation requires consideration of the distribution of methylation across the

genome. Most work in animals has focused on 5-methylcytosine in the context of CpG

sequences [10]. In mammals, CpG methylation is an important mechanism to ensure the

repression of transcription of repeat elements and transposons [11–13], and has been directly

implicated in genomic imprinting and X-chromosome inactivation [14,15]. Alterations in

DNA methylation are associated with many human diseases and are a hallmark of cancer,

while the relationship between DNA methylation and gene silencing has proved to be

challenging to unravel [10,16].

Another significant epigenetic process is histone modification, which is an indicator of

active or repressed chromatin [1,9]. Usually, tightly folded chromatin tends to be shut down

or not expressed, while more open chromatin is functional or expressed [9]. Increasing

evidence indicates that post-translationally modified histones serve as extremely selective

binding platforms for specific regulatory proteins that drive distinct nuclear processes [17].

Histones can be modified in many ways, including by methylation, acetylation,

propionylation, butyrylation, formylation, phosphorylation, ubiquitylation, sumoylation,

citrullination, proline isomerization and ADP ribosylation [18–20]. Post-translational

modifications of histones, along with deposition of histone variants, form a ‘histone code’

which are ‘written’ by specific chromatin-modifying enzymes, and then ‘read’ by

downstream effector proteins and protein complexes to signal the transcriptional ‘on-and-

off’ status of target genes [21,22]. For example, methylation of lysines H3K4 and H3K36 is

correlated with transcriptional activation, whereas methylation of lysines H3K9 and H3K27

occurs primarily in association with transcriptional repression [23].

Both DNA methylation and histone modification are involved in establishing patterns of

gene repression during development [24]. DNA modifications typically correspond to

longterm epigenetic memory: once methylated, genomic DNA remains methylated through

the generations. By contrast, histone modifications typically provide short-term epigenetic

memory and can be reversed after a few cell division cycles [25,26]. These epigenetic

modifications do not work alone; DNA methylation is linked to histone modifications in a

mutually dependent relationship, which has implications for understanding normal

development as well as somatic cell reprogramming and tumorigenesis [27]. Thus, all the
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histone modifications in a nucleosome or region, together with the DNA methylation

pattern, specifies chromatin structure and, therefore, transcriptional activity [28].

Many methods have been developed to investigate DNA methylation, histone modifications

and protein–chromatin interactions. Some of them are extremely powerful for performing

experiments to determine what epigenetic mechanisms are involved and the importance of

epigenetics in different aspects of gene expression and cell biology [29]. In this review,

current methods, both genomic and proteomic, associated with epigenetics research will be

discussed.

Genome-scale approaches to studying DNA methylation

Several methods have been developed over the past few years to map DNA methylation on a

genomic scale [30]. Most of these are based on one of three techniques: digestion with

methylation-sensitive restriction enzymes, affinity enrichment of methylated DNA or

chemical conversion with sodium bisulfite [31,32]. For example:

■ Methylation-sensitive digestion uses prokaryotic restriction enzymes to selectively

fractionate only methylated or only unmethylated DNA [33,34];

■ Methyl-DNA immunoprecipitation (MeDIP) is a large-scale antibody-based

technique for the unbiased detection of methylated DNA [35,36];

■ Methylated DNA capture by affinity purification (MethylCap®; Diagenode, Liège,

Belgium) uses a methyl-binding domain protein to obtain DNA fractions with similar

methylation levels [37,38];

■ The Infinium® (Illumina, CA, USA) approach is based on the chemical reaction of

unmethylated single-stranded DNA with sodium bisulfite, which introduced

methylation-specific SNPs into the DNA sequence [39,40].

Genomic DNA is first treated with one of the methylation-dependent steps and then

analyzed by various molecular biology techniques, including probe hybridization and

sequencing, which can be applied to reveal the location of the 5-methylcytosine residues.

The combination of different types of pretreatment and different analytical steps has resulted

in a plethora of techniques for determining DNA methylation patterns and profiles

[31,41,42], for example, MeDIP profiles generated using next-generation sequencing or

microarray analysis following MeDIP [43,44], and bisulfite conversion of either the entire

genome (methylC-sequencing) [45] or a CpG island-enriched partition (reduced

representation bisulfite sequencing) [46,47], or shotgun bisulfite sequencing of bisulfite-

treated DNA [48]. As DNA sequencing becomes faster, cheaper and more capable of

genomic applications it is becoming feasible for routine whole-genome sequencing of

bisulfite-converted or MeDIPprecipitated DNA to detect genome-wide DNA methylation

profiles [1,3].

Genome-scale approaches to studying histone modifications

Although histone modifications have been studied for several decades now, for many

histone modifications their functional role is not yet fully understood. In the past few years,
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there has been a dramatic increase in the amount of information available about the

functions of these covalent histone modifications [49,50]. Major contributions to this

knowledge are the rapidly advancing tools that are available to perform high-throughput

genomic screenings for histone modifications [51]. At approximately the same time that a

histone code was proposed to exist, genome-scale methods for mapping histone

modifications were introduced [52,53], and now there are dozens of studies that profile

histone modifications [54,55]. Among those, chromatin immunoprecipitation (ChIP) is the

most wildly used method for profiling histone modifications. In this method, a chromatin

extract is prepared and antibodies specific for each histone modification are used for

immunoprecipitation of chromatin that carries the modification in question.

Most of the existing methods for studying histone modifications on a genomic scale

combine the use of ChIP with serial analysis of gene expression [56], including the serial

analysis of chromatin occupancy [57], the genome-wide mapping technique [58], ChIP

combined with paired-end ditag sequencing [59], genome wide by hybridization to a

microarray (ChIP-chip) or by direct next-generation sequencing of the immunoprecipitated

chromatin (ChIP-seq) [60,61]. These technologies provide new insights into the target

genomic regions, which harbor various histone modifications during a specific physiological

state of the cell.

With ChIP technology, information can be obtained about precise mapping of histone

methylation patterns at specific promoters, genes or other genomic regions [62]. The most

prevalent technique used to map histone modifications at a genomic scale has been ChIP-

chip. Previous ChIP-chip studies reported that H3K4 methylation was a hallmark of active

genes [63] and that, inversely, H3K27 methylation was a hallmark of repressed genes [64–

66]. However, ChIP-chipbased whole-genome analyses are comparatively expensive, while

ChIP-seq is a nascent technology and it is anticipated that costs will decrease since sequence

throughput and access to the technology will increase in future [61,67]. The first reported

use of ChIP-seq was to identify the genome-wide locations of 20 different histone lysine and

arginine methylations in addition to H2A.Z, RNA polymerase II and CTCF in human CD4+

T cells [68]. To date, ChIP-seq has been used to produce genome-wide maps for a variety of

histone modifications in developing tissue or cancer models [17].

Proteomic approaches for epigenetics research

Mass spectrometry (MS)-based proteomics is increasingly used in functional biological

studies and has proved to be a powerful analytical strategy for understanding the role of

histone modifications [69,70]. In addition, for mapping DNA–protein or protein–protein

interactions, MS is a sensitive and highly versatile analytical technique that enables the rapid

identification of proteins from complex biological samples [71]. However, a major technical

obstacle for the identification of native protein complexes by MS is the isolation of a

sufficient amount of purified material from a cell lysate [72]. Affinity purification strategies

employing epitope tags (also known as fusion or affinity tags) and mild buffer conditions

have been widely used for both largescale and targeted protein interaction mapping efforts

[73].
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Affinity purification is an applicable technique used to purify proteins of interest based on

its specific binding affinity to a particular ligand [74]. Traditionally, affinity purifications

have been performed using antibodies directed against a specific protein, which is often

referred to as immunopurification or immunoprecipitation [75]. In this approach, the

experimental conditions must be optimized for every antibody–protein pair studied, and

successful binding of an antibody to an endogenous protein must first be obtained, which

can be a long and costly process. Since large-scale studies are limited by this approach, a

variety of strategies have been developed for purifying proteins based on the addition of

specific tag(s) to the bait proteins.

Tandem affinity purification is a generic approach for the purification of protein complexes,

which was developed in yeast some 10 years ago by the group of Séraphin [76]. It involves

incorporation of a dual-affinity tag into the protein of interest and introduction of the

construct into desired cell lines or organisms. Although the tandem affinity purification–MS

strategy has been widely used for mapping yeast protein–protein interactions, it has

limitations in higher eukaryotes [77]. With modifications to this method, many variations of

the original tag are currently available: influenza hemagglutinin or Myc; proteins that bind

molecules with high affinity, such as avidin (biotin); short peptide tags, such as the widely

used FLAG tag; and fluorescent protein tags, such as green fluorescent protein [75,78]. The

size of the affinity tag is important because small affinity tags decrease the possibility of

interference with the biological functions of the tagged protein, such as protein folding,

recruitment into protein complexes or subcellular localization. While other affinity tags also

have some advantages, green fluorescent protein offers benefits in addition to an efficient

purification handle, which permits the direct comparison of imaging and proteomics data

[79]. Tandem affinity purification–MS methods have limitations in capturing more transient

interactions, so shorter protocols have been designed with a single step of purification

instead of two [80]. For example, single FLAG or hemagglutinin tags have been recently

applied by Breitkreutz et al. to characterize networks of transient interactions between yeast

kinases, phosphatases and their substrates [81]. However, other approaches have emerged,

for example, the high-throughput method termed BAC TransgeneOmics, which allows

transgenes to be expressed in cultured mammalian cells under the control of their

endogenous promoters and native regulatory elements, is one of the most promising

technologies for the elucidation of gene expression and protein function [82].

To ensure the stability of the protein complex isolated for MS analysis, crosslinkers can be

another effective tool by effectively ‘freezing’ a series of concurrently formed

heterogeneous protein subcomplex species or DNA–protein complexes in their in vivo state

and stabilizing complexes for subsequent purification [83]. Over recent years, a large

number of chemical crosslinking reagents have been developed. Broadly, they may be

classified into several categories according to their reactivity (e.g., amineor thiolreactive,

and homoand hetero-bifunctional), their hydrophobicity or hydrophilicity, and the length of

the spacer between the reactive groups. A balanced level of chemical crosslinking is

required to preserve the native chromatin state during purification, while still allowing for

solubility and interaction with affinity reagents [84,85]. In one strategy reported, live cells
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are treated with formaldehyde, which rapidly permeates the cell membrane and generates

crosslinks between interacting proteins in the cell.

One issue for mapping nucleosome distribution is whether the chromatin should be

crosslinked with formaldehyde before micrococcal nuclease digestion. The aim of

crosslinking is to fix the antigen of interest to its chromatin binding site. In general, histones

themselves do not need to be crosslinked as they are already tightly associated with DNA.

However, to prevent histone exchange, chemical crosslinking is required. An isotopic

labeling technique combining affinity purification and MS called transient isotopic

differentiation of interactions as random or targeted is used for optimizing the levels of

chemical crosslinking for affinity purification of cognate chromatin sections [86,87].

Besides, other DNA binding proteins that have a weaker affinity for DNA or histones may

also need to be crosslinked. In some cases, crosslinking may further stabilize fragile

nucleosomes at promoter and enhancer regions. Unfortunately, crosslinking with

formaldehyde may also stabilize non-nucleosome protein complexes on chromatin and lead

to difficulty in enzymatically digesting the crosslinked DNA. This can result in difficulties

in analyzing data of some protected regions. Combination of sonication can be useful when

enzymatic digestion is ineffective on fully crosslinked samples [88–90].

With the development of highly specific epitope tags and crosslinkers, it is feasible to pursue

large-scale interaction mapping efforts in human cells that parallel those already performed

in yeast [91]. However, it should be noted that conventional biochemical and affinity

purification approaches are prone to false positive identification of interaction partners. One

way to overcome the issue of ‘dirty’ pull-downs is the use of quantitative approaches using

chemical crosslinking, isotope labeling and affinity purification, which offer the possibility

to distinguish bona fide interaction partners from background contaminants [71]. By using

epitope tagging, multiple proteins can be tagged with the same epitope and purified in an

identical manner. Thus, background contaminants will be present in equal amounts in light

and heavy forms across all purifications, while specific interactions will have skewed

intensity ratios for heavy versus light peptides. The development of labeling methodologies,

such as isotope-coded affinity tags, isobaric tags for relative and absolute quantification, and

stable isotope labeling by amino acids in cell culture (SILAC), have allowed greater

provision of quantitative measurements [92,93].

The major technical hurdle on the MS side for answering emerging questions is the task of

examining all modification sites present simultaneously on a given histone protein [94].

Various MS techniques have been applied to histone post-translational modifications

(PTMs) study [95–100]. The classical method for structural analysis of proteins by MS, now

referred to as the ‘bottom-up’ approach, first digests protein samples with proteases to create

peptides suitable in size for sequence determination prior to analysis by MS/MS. However,

once the proteins are diced into bite-sized pieces, it is impossible to tell if two modifications

are physically linked or not. However, new methodologies that use a top-down proteomics

approach ensure that all detected modifications coexist. There is hope that we may, in the

future, be able to look at the intact modification pattern of different histones in a given

nucleosome [101,102]. Top-down methods directly measure the masses of full-length

histones, and the modification level and their relative stoichiometry can be obtained by MS
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profiling and protein fragmentation [103,104]. Sometimes full top-down treatment is not

needed because a significant number of PTMs are located in the N-terminal region of the

core histones. Therefore, an alternative version to the top-down method, a ‘middle-down’

approach, has been applied to characterize large peptides that usually contain less than 50 N-

terminal amino acid residues of histone tails [62]. It would be attractive to use middle and

top down approaches to study longer histone pep tides (>20 amino acids), up to intact

proteins, so to distinguish cis and trans, and inter/intra cooccurrence of PTMs on the same

histones at specific chromatin regions [105,106].

Combined genomic & proteomic approaches for epigenetics

For investigation in epigenetic research, ChIP and MS are popular and highly

complementary strategies (figure 1) [107]. ChIP is a reliable method for purifying DNA that

is in close contact with a particular protein in animal cells, as long as the interactions are

sufficiently stable and a highly specific antibody is available [108,109]. In addition, ChIP

experiments provide information on the localization of modifications within the genome

[110]. There are mainly two types of ChIP, crosslinked ChIP (XChIP) and native ChIP

(NChIP). XChIP is used for mapping target sites of transcription factors and other

chromatin-associated proteins, while NChIP is suited for mapping the DNA target of histone

modifiers. The basic steps of XChIP are as follows. First, the living cells are treated with a

crosslinking agent, usually formaldehyde. Next, the chromatin is sheared by sonication or

enzymatic digestion, and specific DNA sequences associated with a particular protein are

subjected to precipitation with specific antibodies. After the crosslinks are reversed, the

purified DNA products are then analyzed by various molecular techniques to determine the

genomic localization of DNA. When the target protein interacts with this locus, more DNA

is pulled down and amplified, resulting in a higher signal [111,112]. Unlike XChIP, NChIP

uses native chromatin sheared by micrococcal nuclease digestion without crosslinkers.

The drawbacks of conventional ChIP assays have for a long time been the requirement for

large numbers of cells, which limits applicability to rare cell samples (such as cells from

small tissue biopsies, rare stem cell populations or cells from embryos), and/or lengthy

procedures with limited applications. This has been necessary to compensate for the loss of

cells upon recovery after crosslinking, for the overall inefficiency of ChIP and the relative

insensitivity of ChIPenriched DNA detection. Several emerging approaches aiming to

reduce cell numbers are listed in Table 1 [113,114].

However, ChIP only provides information on the DNA interactions of the protein chosen for

precipitation, while not providing information on some region-specific modifications,

variants and nonhistone-associated proteins. The only way to address this issue is to use MS

[49]. At the level of individual histones, MS has emerged as a powerful analytical strategy to

detect all PTMs in a detailed, unbiased and global fashion, and to reveal interplay between

them [115–117]. With the development of genomic and proteomic approaches, combination

of ChIP and MS has the potential to expand our knowledge of epigenetics research to a

higher level.
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The Garcia laboratory combined ChIP with MS technology to characterize the local

chromatin make-up of histone PTM-binding proteins, alongside the characterization of

proteogenomic mapping of histone PTM readers by using human HEK293 cell lines [118].

Histone PTMs were quantified by MS (ChIP–MS), and their associated DNAs were mapped

using deep sequencing. The results showed that Brdand HP1-bound nucleosomes were

enriched with patterns of histone PTMs, which is consistent with actively transcribed

euchromatin and silent heterochromatin, respectively. More recently, ChIP–MS has been

successfully used for the study of the male-specific lethal interactions on crosslinked

chromatin using Drosophila S2 cells (109–1010 cells), and the success supports the general

applicability of this method for unbiased analysis of chromatin-associated proteins [119].

Improvements such as development of a dual tag that will function well on crosslinked

material makes it a notable possibility that ChIP–MS can be adapted to crude tissues and

developmental stages in the future.

Proteins associated with DNA have the dual nature of participating in conventional soluble

protein–protein interactions as well as participating in larger DNA–protein macrocomplexes

[120]. The analysis of biomolecular macrocomplexes requires certain preconditions to be

fulfilled. First, macrocomplexes also often show reduced stability. Furthermore,

macromolecular complexes are usually composed by means of noncovalent interactions. By

using conventional immunopurification protocols, these macrocomplexes can be easily lost

during the purification steps as they pellet along with the DNA/chromatin and hence are not

available for the downstream immunopurification step [121]. Hence, a holistic view of

cellular protein–protein interactions occurring on chromatin requires the development of

new purification techniques (i.e., peptide affinity purifications, chromatin templates and

oligonucleotide-based affinity purifications).

Lambert et al. recently described a method for affinity purification, termed modified ChIP

(mChIP) performed in Saccharomyces cerevisiae cells [121]. mChIP permits the efficient

enrichment of DNA-bound proteins along with their associated protein, enabling subsequent

protein identification by MS. The mChIP method relies on chromatin solubilization, with a

single affinity purification step, whereby chromatinbound protein networks are isolated

[122]. To date, mChIP purifications coupled to MS have been performed on more than 100

different chromatin-related baits, including histone proteins and their chaperones. Another

modified, preparative version of ChIP called chromatin proteomics is a global, quantitative

proteomic strategy designed by Bonaldi to analyze the protein component characterizing

distinct chromatin regions [107]. Chromatin proteomics isolated native mononuclesomes up

to crosslinked 500-bp oligo nucleosomal stretches derived from distinct chromatin domains

in HeLa S3 cells (108–109 cells) [107]. The results revealed unique functional interactions

among various chromatin modifiers, thus, suggesting potential novel roles for the identified

proteins and indicating new regulatory pathways, such as a heterochromatin-specific

modulation of DDR involving H2A.X and WICH, both enriched in silent domains. The

strategy emerges as an additional and valuable tool, which offers the possibility of

characterizing histone variants enriched at specific chromatin domains [107,123].

Affinity purification approaches have been devised for the isolation of a chromatin region

[124]. More recently, elegant approaches that, in principle, allow the targeted enrichment of
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a defined genomic region are proteomics of isolated chromatin (PICh), global

exonucleasebased enrichment of chromatin-associated proteins for proteomics

(GENECAPP), chromatin affinity purification with MS (ChAP–MS) and insertional ChIP

(iChIP) [125–129]. PICh (Figure 2) is to use a DNA probe to hybridize to a specific

chromatin locus and isolate it together with all associated proteins, which are then identified

by MS. PICh is opposite to ChIP, which uses protein antigens to capture the associated

DNA. A global identification of telomere-associated proteins in HeLa S3 cells (109–1010

cells) was achieved by Déjardin and Kingston with PICh, where crosslinked telomeric

regions enriched in repetitive DNA sequences are captured and purified with complementary

probes immobilized on beads [127]. Yet, a drawback of PICh is the limited applicability to

regions rich in repetitive DNA sequences. It remains to be seen if this method can be

multiplexed for parallel analysis of multiple gene sequences. Furthermore, none of the

methods have demonstrated sensitivity for identification of in vivo bound DNA-binding

proteins under the condition of the sequence of interest being present at only a single copy

per cell. To combat this problem, a new strategy named GENECAPP that is amenable to

multiplexing and may offer single-copy sensitivity was developed. GENECAPP is one of

the presently existing tools able to identify proteins that interact with the genome at

locations of interest. Key steps in this process include crosslinking, exonuclease digestion,

sequence-specific capture and MS protein identification. The success of specific

hybridization capture of FoxO1 proved that it is a powerful tool for studies of protein–DNA

and protein–protein interactions in in vitro model systems [128].

ChAP–MS is an unbiased approach whereby a unique native genomic locus is isolated, and

high-resolution proteomic identification of specifically associated proteins and histone

PTMs is carried out. The ChAP–MS procedure involves formaldehyde crosslinking, cell

lysis, sonication, affinity purification, gel electrophoresis of eluants, trypsinization and high-

resolution MS. Using ChAP–MS, an approximately 1000-bp section of GAL1 chromatin, as

well as the bound proteins and histone PTMs, was specifically enriched. Compared with

ChIP, ChAP–MS is a more cost-effective option for characterizing specifically bound

proteins and histone PTMs. However, adaptation of this technology in mammalian cell lines

may be difficult unless any advances emerge that permit ChAP–MS analysis of in vivo

untagged or unaltered samples [126].

PICh has been successfully applied on telomeric sequences, of which there are 92 in a

normal diploid cells, and ChAP–MS has suffered from a high level of contaminating

proteins so far. It remains to be seen if any of these methods can successfully analyze

proteins at single genomic locations [95]. To perform biochemical analyses of specific

genomic regions retaining molecular interaction, iChIP was developed [129]. It is

noteworthy that only 4 × 107 cells containing 24 copies of cHS4-core per genome are

sufficient to identify p68 and Matrin-3 as protein components of the insulator complex,

demonstrating that proteins bound to low-copy number loci can be analyzed by iChIP–MS

[130]. However, iChIP also has some disadvantages, such as it requires insertion of LexA

binding element into the target loci and expression of a tagged LexA DNAbinding domain,

which may affect chromatin structure, such as nucleosome positioning, and abrogate normal

genome activities, such as gene expression. Regarding the future application, iChIP is not
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restricted to cultured cell lines but can also be easily extended to organisms in vivo. In fact,

iChIP was recently applied to cells of the entire body of a fruit fly [131]. To increase the

utility of iChIP, it would be promising to compare samples prepared in different conditions,

for example, different cell types, in the absence or presence of stimulation, and by

combination of iChIP with isobaric tags for relative and absolute quantification or SILAC.

Large-scale affinity-based pull-down experiments have high sensitivity in protein complex

identification, yet they are prone to generating numerous false positive identifications of

protein–protein interactions because of overexpressed or ‘sticky’ nonspecific bait. To

circumvent this problem, affinity purifications of complex subunits can be combined with

endogenous tagging methods and SILAC labeling techniques [95,132,133]. SILAC provides

an in vivo strategy to label the proteins with different stable isotopic forms of the amino

acids, which makes it possible to quantitatively distinguish the differences at the protein

level between different conditions. By comparing the ratio between the labeled and

unlabeled form, the quantitative readout distinguishes specifically interacting proteins from

contaminants and also identifies low-affinity interactions that might not be apparent in

conventional purifications [95].

Affinity-interaction assays using histone peptide baits (Figure 3) in conjunction with

SILAC-based proteomics were recently developed to pull-down and identify proteins

specifically interacting with distinct H3 and H4 trimethyl lysines [70,134]. Similarly, in S.

cerevisiae, analysis using inducible expression of tagged histone H3 revealed that there was

a predominantly conservative inheritance of whole nucleosomes, but actively transcribed

genes did contain both new and old H3–H4 dimers [135,136]. The approach has since been

modified into the SILAC nucleosome affinity purification (SNAP) (Figure 4) method for

capturing proteins that recognize differentially modified nucleosomes [137]. This approach

has been successfully used to identify proteins (HeLa S3 cells) that are sensitive to

nucleosomes methylated on histones and DNA, thus, defining categories of ‘crosstalk’

between these two distinct classes of modification. Again, isotopic labels are inverted to

increase confidence in the association of a protein with a particular nucleosome. SNAP has

some powerful advantages, such as nucleosomes providing a more physiological substrate

and allowing the identification of proteins whose affinity may be too weak to be detected by

the current methods, as well as proteins that recognize multiple independent modifications

on chromatin.

Similarly, crosslinking-assisted and SILAC-based protein identification combines SILAC-

based quantitative MS with photo-crosslinking-based histone peptide probes to identify

PTM-dependent protein–protein interactions, as reported recently [138]. This probe is based

on the unstructured N-terminal ‘tail’ of histone H3, with K4 trimethylated, and enables

covalent capture of proteins that recognize methylated histone tails. It is possible that

crosslinking assisted and SILAC-based protein identification can be extended to analyze

protein–protein interactions in complex proteomes that depend on other PTMs (e.g.,

phosphorylation).

Methylated DNA is specifically bound by methyl-CpG binding proteins. By using

biotinylated double-stranded oligonucleotides (wild-type and control baits) that have been
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immobilized on streptavidin magnetic beads that promote methylation-specific binding,

MeCP2 and MBD3 were pulled down from Xenopus oocyte extracts [139]. In addition, there

is great potential in combining methylated DNA pull-downs with MS approaches to aid the

identification of proteins with DNA methylation-specific binding. A methyl-CpG pull-down

assay combined with SILAC was developed for the purpose of identifying novel ‘readers’.

The result proved this combination to be a generic and scalable strategy to uncover such

DNA protein interactions by SILAC that uses a fast and simple one-step affinity capture of

transcription factors from crude nuclear extracts (108 HeLa-S3 cells) [140]. Recently, by

using this method, dynamic readers for 5-hydroxymethylcytosine and its oxidized

derivatives were identified in mouse embryonic stem cells [141]. These methylated DNA

affinity precipitation assays have a broad application potential as they can combine with a

number of biochemical techniques and can be used in different model systems.

Future perspective

The power and scope of the genome-wide data sets generated with ChIP-seq and related

techniques, in particular, now that they are combined with other technologies, such as MS,

are expanding our knowledge of epigenetics research. By using ChIP-seq and related

techniques, DNA sequences that are directly or indirectly bound to proteins of interest

throughout the genome can be identified. In addition, recent gains in sensitivity of the

proteomic techniques have enabled the detection of subtle changes in the protein

composition of chromatin caused by various stimuli. But no study can yet claim to have

‘fully’ characterized all physical interactions of proteins within chromatin, even combining

techniques. There are still a lot of difficulties with these techniques: for example, enriching

chromatin samples from specific regions at a quantity and purity sufficient for MS analysis;

identification of proteins at single genomic loci; and the vast amount of cells required for

most of the combined techniques. But we believe that with the development of the

combination of genomic and proteomic technologies, we can get a systems biology outlook

on epigenetic processes that will lay the foundation for the development of drug treatments

for human diseases and conditions that are believed to be of epigenetic origin.
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Executive summary

Background

■ The term ‘epigenetics’ has most commonly evolved to include any process that

alters gene activity without changing the DNA sequence.

■ The best known epigenetic processes are DNA methylation and histone

modifications.

■ Epigenetic modifications do not work alone; DNA methylation is linked to histone

modifications in a mutually dependent relationship.

Genome-scale approaches to studying DNA methylation

■ Most of these are based on one of three techniques: digestion with methylation-

sensitive restriction enzymes, affinity enrichment of methylated DNA or chemical

conversion with sodium bisulfite.

■ The combination of different types of pretreatment followed by different

analytical steps has resulted in a plethora of techniques for determining DNA

methylation patterns and profiles (e.g., methyl-DNA immunoprecipitation-

sequencing, methyl-DNA immunoprecipitation-chip, methylC-sequencing, reduced

representation bisulfite sequencing and shotgun bisulfite sequencing of bisulfite-

treated DNA).

Genome-scale approaches to studying histone modifications

■ Chromatin immunoprecipitation (ChIP) is the most wildly used method for

profiling histone modifications.

■ The most prevalent technique used to map histone modifications at a genomic

scale has been the combination of ChIP with DNA microarrays and next-generation

sequencing.

Proteomic approaches for epigenetics research

■ Mass spectrometry (MS)-based proteomics is increasingly used in functional

biological studies and has proved to be a powerful tool to characterize histone

modifications as well as DNA–protein interactions.

■ Mapping DNA–protein/protein–protein interactions by MS remains a significant

challenge that requires the use of affinity purification strategies or other

complementary techniques such as chemical crosslinking.

■ Various MS techniques including ‘bottom-up’, ‘top-down’ and ‘middle-down’

have been applied to histone post-translational modification studies.

Combining genomic & proteomic approaches for epigenetics

■ ChIP and MS are popular and complementary strategies to investigate the

epigenetic components of chromatin.
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■ Recent developments in the ChIP field have led to the emergence of protocols

aiming at reducing cell numbers.

■ Combining affinity purifications of complex subunits with endogenous tagging

methods and stable isotope labeling by amino acids in cell culture labeling

techniques allows specifically interacting proteins to be distinguished from

contaminants, and also identifies low-affinity interactions that might not be apparent

in conventional purifications.

Future perspective

■ The combination of genomic and proteomic technologies is expanding our

knowledge of epigenetics research.
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Figure 1. Combination of chromatin immunoprecipitation and mass spectrometry
After cell lysis, the chromatin is sheared by sonication or enzymatic digestion, and specific

DNA sequences associated with a particular protein are subjected to precipitation with

specfic antibodies. Subsequently, the purified DNA products are analyzed by various

molecular techniques to determine the genomic localization of DNA. In addition, proteins

are separated by affinity purification, then analyzed by MS.

ChIP: Chromatin immunoprecipitation; LC-MS: Liquid chromotography-mass

spectrometry; MS: Mass spectrometry.
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Figure 2. Proteomics of isolated chromatin
After cell lysis and restriction digestion, the targeted loci are captured by primers that bind

to a specific genomic region. An enzymatic step incorporates biotin labels only to

chromosomal fragments that contain the targeted sequence and streptavidin-coated magnetic

particles isolate the targeted chromatin. Proteins associated with the isolated regions are

separated by SDS-PAGE and then analyzed by MS.

LC–MS: Liquid chromotography–mass spectrometry; MS: Mass spectrometry.
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Figure 3. Affinity purification of histone tails
Histone tails can be used as baits for affinity purification, enabling the identification of

proteins binding to particular histone modifications. The unmodified or modified peptides

were immobilized on beads and treated with nuclear extracts from metabolically labeled

cells. The beads were then washed to remove nonspecifically associated proteins and

pooled. Associated proteins were eluted and mixed in a 1:1 ratio, resolved with SDS-PAGE

gel, then the entire lane was in-gel digested and analyzed by LC–MS/MS.

LC–MS: Liquid chromotography–mass spectrometry; MS: Mass spectrometry.
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Figure 4. Stable isotope labeling by amino acids in cell culture nucleosome affinity purification
First, chemically modified histones are prepared, assembled into nucleosomes with

biotinylated DNA and finally immobilized on streptavidin beads. The recombinant

nucleosomes containing methylated or unmethylated DNA are treated with nuclear extracts

from metabolically labeled cells. The beads are washed and combined, and the bound

proteins are eluted and mixed in a 1:1 ratio, resolved with SDS-PAGE gel, in-gel digested

and analyzed by MS.

LC–MS: Liquid chromotography–mass spectrometry; MS: Mass spectrometry.
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Table 1

Summary of several approaches aiming at reducing cell numbers.

Method name Description Number of cells Application Ref.

CChIP Based on conventional NChIP but using
‘carrier’ chromatin, which allows detailed
and reproducible epigenetic analysis of
small numbers of cells

Procedure allows
ChIP assays on as few
as 100 cells and it can
generate consistent
results from 1000
cells

The procedure has been validated with
primary mouse embryo material, but
should be applicable to cells from
various sources, including tissue
biopsies and FACS-sorted cell
populations. It may also be applicable
to formaldehyde XChIP, thereby
allowing the analysis of nonhistone
proteins

[142]

Q2ChIP As an alternative to CChIP, Q2ChIP
involves a chromatin preparation from a
larger number of cells than CChIP, but
includes chromatin dilution and
aliquoting steps. In addition, Q2ChIP
involves a crosslinking step, enabling the
analysis of immunoprecipitation of
transcription factors or other nonhistone
DNA-bound proteins

100,000 cells are used
as starting material

Q2ChIP is suitable for analysis of both
histone modifications and transcription
factor binding from greatly reduced
amounts of chromatin relative to
conventional ChIP

[143]

μChIP The basis of the μChIP assay was the
Q2ChIP assay with modifications. This
1D μChIP assay enables the analysis of
histone or RNAPII binding throughout
the human genome using high-density
oligonucleotide arrays (ChIP-chip)

Chromatin is usually
prepared from 1000
cells.

μChIP is applicable to small fresh
tissue biopsies, and a crosslink-while-
thawing procedure makes the assay
suitable for frozen biopsies

[144,145]

Microplate-
based assay to
enhance
throughput:
matrix ChIP

To increase the throughput and to
simplify the assay, matrix ChIP, which
utilizes surface-immobilized antibodies in
a 96-well plate, was developed, where all
steps from chromatin precipitation to
PCR-ready DNA purification are carried
out in microplate wells without sample
transfers

Microplate-based
number of cells

Application of all steps, from
immunoprecipitation to DNA
purification, is carried out in
microplate wells without sample
transfers, potentially enabling
automation. A total of 96 ChIP assays
for histone and various DNA-bound
proteins can be conducted in a single
day

[146]

μChIP: Micro-chromatin immunoprecipitation; CChIP: Carrier chromatin immunoprecipitation; ChIP: Chromatin immunoprecipitation; FACS:
Fluorescence-activated cell sorting; NChIP: Native chromatin immunoprecipitation; Q2ChIP: Quick and quantitative chromatin
immunoprecipitation; RNAPII: RNA polymerase II; XChIP: Crosslinked chromatin.
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