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ABSTRACT

Since its inception, ChIP technology has evolved immensely. Technological advances have improved its specificity and sensitivity, its scale
has expanded to a genome-wide level, and its relative ease of use has made it a virtually ubiquitous tool. This year marks the 25th anniversary
of the development of ChIP. In honor of this milestone, we briefly revisit its history, offer a review of recent articles employing ChIP on a
genome-wide scale, and lay out our views for the future of ChIP. J. Cell. Biochem. 107: 6-10, 2009. © 2009 Wiley-Liss, Inc.
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C hromatin immunoprecipitation (ChIP) was first reported
by David Gilmour and John Lis in 1984 using UV crosslinking
to investigate the in vivo RNA polymerase occupancy at bacterial
genes [Gilmour and Lis, 1984]. The following year, Solomon
and Varshavsky [1985] described the use of formaldehyde as
a crosslinker in probing chromatin structures in vivo. The main
difference between the two initial reports was the choice of
crosslinkers. Although UV is a more general crosslinking reagent
than formaldehyde, UV-induced protein-DNA crosslinks are not
reversible, unlike formaldehyde crosslinks which can be reversed by
mild heating [Solomon and Varshavsky, 1985]. Thus, DNA from
formaldehyde-crosslinked chromatin can be readily manipulated
for molecular analysis, making formaldehyde the crosslinker of
choice for ChIP. The following decades saw maturation of ChIP into
one of the most critical methods in molecular biology and functional
genomics.

The basic method of ChIP involves treating living cells with
formaldehyde which fixes proteins to their DNA substrates inside
the cells. The chromosomes are then extracted and fragmented
by physical shearing or enzymatic digestion. The specific DNA
sequences associated with a particular protein complex are isolated
by immuno-affinity purification using a specific antibody against
the protein (Fig. 1). The purified DNA fragments are then assayed
by a variety of molecular techniques, such as Southern blot or
polymerase chain reaction (PCR), to determine association of

particular DNA sequences with the protein of interest [Orlando and
Paro, 1993; Hecht et al., 1996].

In 2000, two groups introduced a method to detect protein-DNA
interaction sites scattered throughout millions of base pairs of
sequences using DNA microarrays (ChIP-chip) [Ren et al., 2000;
Iyer et al., 2001]. The commercial availability of high-density
oligonucleotide arrays representing the entire human genome have
facilitated comprehensive mapping of protein-DNA interaction sites
by ChIP-chip [Kim et al., 2005] (Fig. 1). This genome-wide approach
to investigating protein-DNA interactions was extended by the
adaptation of serial analysis of gene expression (SAGE) [Velculescu
et al., 1995] technique to analysis of ChIP DNA [Roh et al., 2004; Wei
et al., 2006]. Subsequently, technological advances in high through-
put sequencing [Johnson et al., 2007] (ChIP-seq) have opened a new
chapter in ChIP-based analysis of gene control and epigenomics.
Direct sequencing of ChIP DNA has also made it possible to
interrogate a significant fraction of repeat elements in the genome
that was technically inaccessible using DNA microarrays.

ChIP-based genome-wide analysis has been applied to a plethora
of transcription factors and other DNA-binding proteins. Of
particular note are studies mapping the binding of transcription
factor IID (TFIID) [Kim et al., 2005], estrogen receptor (ER) [Carroll
et al., 2006], p53 [Wei et al., 2006], neuron-restrictive silencing
factor (NRSF) [Johnson et al., 2007], and CCCTC-binding factor
(CTCF) [Kim et al., 2007].
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Fig. 1. Overview of genome-wide ChIP techniques. Cultured or primary cells
are treated with formaldehyde to chemically crosslink DNA-binding proteins to
their binding loci in situ. Nuclear DNA is then purified and fragmented to yield
DNA segments with associated proteins (squares, triangles and circles, here)
still intact. Proteins of interest (triangles, here) are selected for by immuno-
affinity precipitation, and crosslinks are reversed. The resulting co-precipitated
DNA is then analyzed by whole-genome microarray (ChlP-chip) or high-
throughput sequencing (ChlP-seq).

TFIID has long been known as a general transcription factor
critical to preinitiation complex (PIC) formation. In an effort to
identify novel PIC sites, one recent study employed genome-wide
ChIP-chip to interrogate human primary lung fibroblasts (IMR90
cells) for TFIID binding [Kim et al., 2005]. Over 12,000 sites were
identified, of which 87% were within 2.5 kb of the 5’ end of a known
mRNA. Interestingly, the correlation of TFIID binding sites with
other genomic landmarks identified 368 novel gene candidates, and
1,239 putative new promoters, including 35 non-gene transcription
units. Furthermore, an analysis of 8,960 TFIID binding sites at
known genes was highly suggestive of significant alternative
promoter usage throughout the genome, as over 4,000 of these TFIID
sites map to genes with at least two sites present. The results of this
study have also furthered our understanding of promoter makeup
and function. Of over 9,000 TFIID-bound active promoters, less
than 10% contain a TATA-box, an element previously thought to
be widely utilized.

In another recent study, the human colon cancer cell line
HCT116 was probed by ChIP coupled to paired end tag sequencing
(ChIP-PET) for p53 binding sites [Wei et al., 2006]. From this,
542 high-probability p53 binding sites were identified, as were 122
p53-regulated genes, 98 of them not previously known to be
associated with p53. To explore the clinical relevance of these 122
p53-regulated genes in controlling cancers, their expression levels
were assayed in 251 primary breast cancer specimens, 58 of them
with p53 mutations. The p53-mutant samples demonstrated weaker
expression of p53 up-regulated genes, and stronger expression of
p53 down-regulated genes than their p53-intact counterparts.
Interestingly, the tumors showing deregulation of p53-controlled
genes were of significantly higher grade and metastatic potential
than normally regulated tumors.

Estrogen receptor and neuron-restrictive silencing factor both
control transcription in a cell type-specific manner. NRSF silences
neuron-specific genes in non-neuronal cells, while ER facilitates
cellular responses to estrogens in numerous tissue types. Global
binding maps for these two factors have recently been generated
using ChIP-seq with Jurkat T cells (NRSF) [Johnson et al., 2007] and
ChIP-chip with MCF-7 breast cancer cells (ER) [Carroll et al., 2006].
Over 1,900 NRSF binding sites were identified, including 22 regions
lacking a canonical NRSF consensus motif. Analysis of these non-
canonical regions revealed that the NRSF binding site actually
consists of two non-palindromic half sites separated by a spacer,
which canonically is 11 basepairs, but when extended results in the
non-canonical sites [Johnson et al., 2007]. While NRSF tended to
occur in or near genes, only 4% of 3,665 ER binding sites identified
occurred within a 1 kb region surrounding transcription start sites.
Furthermore, the number of ER binding sites on a given chromo-
some tended to correlate more with the length of the chromosome,
than the number of genes present. These results confirm earlier
smaller-scale experiments [Carroll et al., 2005], suggesting that ER
binding sites tend not to be promoter proximal, but rather act as
distal regulatory elements. Consistent with this, motif analysis
followed by ChIP-qPCR confirmation has identified several factors
which co-localize with ER, including Forkhead (FoxA1), AP-1, Oct,
and C/EBP, and these motifs also do not enrich to promoter-
proximal areas.

Finally, CTCF is a ubiquitously expressed nuclear protein which
has been shown under various contexts to act as a transcriptional
activator [Vostrov and Quitschke, 1997], repressor [Lobanenkov
et al., 1990], and insulator [Bell et al., 1999]. A ChIP-chip survey of
CTCF binding in primary lung fibroblasts (IMR90) revealed that of
almost 14,000 binding sites found, half were located near or in
genes, while the other half distributed to intergenic DNA. Consistent
with CTCF’s function as an insulator, binding sites were depleted in
regions containing clusters of co-regulated genes, but enriched at
genes with multiple alternative promoters, where activators for one
promoter may need to be isolated from other potential targets.
Furthermore, analysis of the layout of CTCF sites relative to nearby
genes suggested a fundamental containment scheme, whereby one
or more genes (average 2.5) were isolated from neighboring regions
by a CTCF binding site on either side. In all, 74% of genes are located
in such CTCF-pair-defined domains. In addition to these discoveries,
motif alignment of the identified binding sites revealed a 20-bp
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consensus sequence for CTCF binding, which was present in over
75% of the sites.

In addition to mapping DNA-binding proteins across the genome,
ChIP-chip, ChIP-seq, and other genome-wide interrogation tech-
niques have also been used to identify regions associated with
particular histone modifications, such as methylation and acetyla-
tion. Two ChIP-seq studies provide an especially complete map of
histone marks in human primary CD4" T-cells [Barski et al., 2007;
Wang et al., 2008] (Fig. 2). Several of the findings of these studies
confirm on a whole-genome scale what was already known or
suspected, for example di- and trimethylation of H3K4 are often
found within 1 kb of the transcription start site of active genes.
However many novel findings also arose. While H3K27 and
K9 di- and trimethylation were confirmed as repressive marks,
monomethylation of these residues proved to be associated with
active promoters. Additionally, H2BK5 monomethylation, a pre-
viously unexplored mark, was found to associate downstream of
active transcription start sites. Exploration of CTCF binding sites and
known active enhancers revealed enrichment for H3K4 methylation
and H2A.Z at these elements [Barski et al., 2007].

Synthesizing the available information from these two studies,
the authors identify 17 histone modifications that concurrently
appear at 3,286 active promoters (Fig. 2) [Wang et al., 2008]. While
the significance of this “backbone” of modifications is not fully
clear, the elevated expression levels observed of genes with the
backbone, and the relative absence of promoters with only 16 of the
17 modifications, suggests that these form a single functional unit
which establishes a transcription-friendly environment. In addition,
recent studies indicate monomethylation of H3K4 seems to be a
general mark for enhancers in the human genome [Heintzman
et al., 2007; Robertson et al., 2008]. Therefore, various epigenetic
modifications cluster into relatively simple classes of functional
elements in the genome.

Perhaps the greatest advances using ChIP-based and other
genome-wide analyses have been made in the field of gene
expression control in stem cells. A number of recent, genome-wide
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studies have analyzed the role of histone and DNA modifications in
controlling transcription of the genes that promote or inhibit
differentiation [Mikkelsen et al., 2007; Pan et al., 2007; Zhao et al.,
2007; Fouse et al., 2008; Meissner et al., 2008; Orford et al., 2008].
These studies have unmasked global trends in the control of several
classes of genes in embryonic stem (ES) cells and their differentiated
progeny.

Studies on mouse ES cells using ChIP-seq [Mikkelsen et al., 2007],
human hES3 cells using ChIP-PET [Zhao et al., 2007], and human
H1 ES cells using ChIP-chip [Pan et al., 2007] have all recently
confirmed the role of histone H3K4 and H3K27 trimethylation
(H3K4me3 and H3K27me3) in regulating expression and the
potential expression of genes in these lines. Promoters associated
with only H3K4me3 demonstrated a high likelihood of expression of
their products, indeed approximately 80% of genes in this group
were actively expressed in hES3 cells [Zhao et al., 2007]. Conversely,
promoters associated with H3K27me3, or with neither K4 nor K27
trimethylation (“neither”) show very low expression, with less than
1% of “neither” genes expressing in hES3 cells [Zhao et al., 2007].
Interestingly, these studies demonstrated that the “bivalent” state, in
which both H3K4 and H3K27 are trimethylated at the same promoter
[Azuara et al., 2006; Bernstein et al., 2006], occurs throughout the
stem cell genome, and is associated with a moderately expressed,
poised state which can quickly resolve to frank activation
(H3K4me3-only) or deeper, more permanent silencing (H3K27
me3-only or neither mark) [Mikkelsen et al., 2007; Pan et al., 2007;
Zhao et al., 2007]. In a genome-wide survey of bivalently marked
promoters in mES cells upon differentiation to neural progenitor
cells, only 8% retained a bivalent mark, while 46% were promoted to
H3K4me3 only, and 40% were left with either H3K27me3-only or
neither mark. The fate of each individual bivalent gene was most
related to its function: genes with functions specific to the new cell
type were activated, while unrelated genes were suppressed
[Mikkelsen et al., 2007; Pan et al., 2007].

Because of the global nature of these studies, a break down of
each promoter class by ontological family was possible. Promoters

Active Promoter Marks “ Silent Promoter Marks

HZBKS5ac H4K5ac
HZBK12ac H4KBac
HZ2BKZ0ac H4K91ac
HZBK120ac H2A.Z
H3K9me1 H3K2Tme1

H3K4me1,2,3 H4K20me1

H3K4ac H3K3I6me3

H3K89ac HZ2BKSme1

H3K1Bac

H3K2Tac

H3K36ac

H3K9me2,3
H3K27me2,3
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Fig. 2. Enrichment of active and silent promoters for specific histone marks. Outline of the distribution of histone marks to active (left) versus silent (right) promoters. The 17
“backbone" active chromatin marks are shown in bold. me1, me2, me3 = mono-, di-, tri-methyl, respectively. ac = acetyl. Based on data from Barski et al. [2007] and Wang et al.

[2008].
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marked by only H3K4me3 showed enrichment of housekeeping
genes such as those associated with proliferation or metabolism
[Mikkelsen et al., 2007; Pan et al., 2007; Zhao et al., 2007; Orford
et al., 2008]. In contrast, promoters with neither methyl mark
enriched for genes expressed only in highly differentiated cell types
such as olfactory receptors and immune response factors [Pan et al.,
2007; Zhao et al., 2007]. In accordance with their poised nature,
bivalent promoters were most often found associated with genes for
developmental transcription factors and morphogens [Mikkelsen
et al., 2007; Pan et al., 2007; Zhao et al., 2007].

In addition to the role of histone trimethylation in establishing
transcription control in ES cells, one ChIP-chip study has explored
the role of H3K4 dimethylation (H3K4me2) in mouse hematopoetic
progenitor cell lines (U-EML cells) [Orford et al.,, 2008]. In
accordance with the findings described above, promoters associated
with H3K4me3 and H3K4me2 drove gene expression at a high rate
(79% expression). Genes associated with only H3K4me2 at their
promoters were expressed at a much lower level (21% expression),
and encompassed many genes related to hematopoiesis. Upon dif-
ferentiation to an erythroid line (E-EML), H3K4me2+/H3K4me3—
genes demonstrated a bimodal behavior, with erythroid-specific
genes gaining H3K4 trimethylation, and those specific to myeloid
and lymphoid cell types remaining H3K4me2+/H3K4me3— or
losing H3K4 methylation altogether. Thus, H3K4 dimethylation
presents another mechanism by which genes can be “poised” in
multipotent progenitor cells. Interestingly, mouse ES cells lack
H3K4me2+/H3K4me3— associated promoters, indicating that these
genes must be poised at some point during the differentiation from
stem cells to hematopoietic progenitor cells.

Methylation of CpG sites on DNA also plays an important role
in regulation of gene expression, and two recent studies have
provided insight into global trends of this modification in ES and
differentiated cells. The first used genome-wide bisulphate sequen-
cing to interrogate mouse ES cells [Meissner et al., 2008]; the second
employed antibodies against methylated DNA to survey mouse ES
cell promoters in a ChIP-chip assay [Fouse et al., 2008]. Promoters
fell into one of two classes, those with high CpG density (HCP) which
often contained a CpG island, or those with low CpG density (LCP).
Of note, the likelihood of methylation at a specific CpG was inversely
correlated with CpG density: at HCP promoters less than 1% of CpGs
were methylated, whereas ~90% of CpGs at LCPs carried this
mark [Meissner et al., 2008]. Ontologically, greater than 50% of
the unmethylated genes coded housekeeping genes, while methy-
lated genes were enriched for specialized products such as sensory
receptors and cell signaling molecules [Fouse et al., 2008].

Strikingly, methylation of DNA and histones seems to be
correlated: of genes with H3K4me3 (alone or bivalent), only 40-
50% have DNA methylation, while 87% of genes lacking both
histone marks show CpG methylation [Mikkelsen et al., 2007; Fouse
et al., 2008]. Furthermore, the presence of H3K4me2 seems to be a
strong predictor of decreased DNA methylation levels [Meissner
et al., 2008]. This evidence is strongly suggestive of a global model
in which histone and DNA modifications work synergistically to
drive or repress transcription in a developmentally appropriate way.
The generally unmethylated HCPs can be dynamically regulated
by histone modifications, with more permanent silencing by DNA

methylation occurring where appropriate upon differentiation.
Concurrently, LCP regulation is less dependent on histone
methylation, and more so on dynamic methylation and demethyla-
tion of DNA [Meissner et al., 2008].

Although ChIP-based methods are widely employed, there are
several technical challenges. The one major limitation of ChIP is a
requirement for highly specific antibodies against the desired target.
In many cases, such antibodies may not exist or be readily available.
Alternative means, such as introduction of an epitope tag or DNA
adenine methyltransferase identification (DamID) methods can only
be used in engineered cell systems. DamID detects potential binding
sites for a protein by analyzing DNA adenine methylation in cells
that contain the protein of interested fused to E. coli DNA adenine
methyltransferase [van Steensel and Henikoff, 2000]. Most recently,
DamID has been successfully applied to identify human genomic
regions that associate with nuclear lamina which define large
repressive chromosomal domains in the nucleus [Guelen et al.,
2008]. Another major limitation is selective reactivity of for-
maldehyde. Although formaldehyde is quite capable of immobiliz-
ing histones on DNA, it is not able to crosslink some transcription
factors, such as the lac repressor to its binding site in vitro [Solomon
and Varshavsky, 1985]. Due this limitation, other crosslinking
reagents have been used in combination with formaldehyde to
increase the efficiency of crosslinking of transcription factors to
their cognate sites in the genome [Kurdistani et al., 2002].

In addition to the technical challenges, there are analytical
challenges due to the lack of a centralized analytical repository of
ChIP-based genomic data. These challenges should be overcome
with more coordinated efforts at the three main genomic databases
to enable more streamlined data submission and analysis methods.
Over the next few years, we expect to see an even greater explosion
of ChIP-based analyses of genome function from individual
laboratories and from the ENCODE and modENCODE consortia.
Surely, there will be more dynamic maps of chromatin states and
regulation capturing even more temporal and molecular details of
genome regulation. In addition, a greater diversity of cell types and
tissues will be analyzed by genome-wide ChIP. We also expect to see
greater integration of information obtained from genome-wide ChIP
and other genomic and nuclear features such as sequence variants
and subnuclear localization. Lastly, we will see more mechanism-
based analysis of genome function coupling other functional
genomic resources (such as siRNAs) with various implementation of
ChIP.

In the last 25 years, we have seen ChIP grow from an obscure,
but promising technique for probing single loci in vivo, to a crucial
workhorse of molecular genomics. So much so that we must
apologize to the numerous researchers whose work couldn’t be
mentioned in this short perspective due to space limitations.
Undoubtedly, the next 25 years will be just as fruitful.
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