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ABSTRACT
Chromatin immunoprecipitation (ChIP) is an important technique for studying protein–DNA interactions. Whole genome ChIP methods have
enjoyed much success, but are limited in that they cannot uncover important long-range chromatin interactions. Chromosome conformation
capture (3C) and related methods are capable of detecting remote chromatin interactions, but are tedious, have low signal-to-noise ratios, and
are not genome-wide. Although the addition of ChIP to 3C (ChIP–3C) would conceivably reduce noise and increase specificity for chromatin
interaction detection, there are concerns that simple mixing of the ChIP and 3C protocols would lead to high levels of false positives. In this
essay, we dissect current ChIP- and 3C-based methodologies, discuss the models of specific as opposed to non-specific chromatin interactions,
and suggest approaches to separate specific chromatin complexes from non-specific chromatin fragments. We conclude that the combination
of sonication-based chromatin fragmentation, ChIP-based enrichment, chromatin proximity ligation and Paired-End Tag ultra-highthroughput sequencing will be a winning implementation for genome-wide, unbiased and de novo discovery of long-range chromatin
interactions, which will help to establish an emerging field for studying human chromatin interactomes and genome regulation networks in
three-dimensional spaces. J. Cell. Biochem. J. Cell. Biochem. 107: 30–39, 2009. ß 2009 Wiley-Liss, Inc.

KEY WORDS:

S

INTERACTOME; CHROMATIN INTERACTIONS; TRANSCRIPTION FACTOR BINDING SITES; SEQUENCING

ince the publication of the human genome sequence [Lander
et al., 2001; Venter et al., 2001], attention has turned towards
the annotation and analysis of functional genetic elements. Besides
gene coding elements, regulatory elements such as insulators,
boundary elements, and transcription factor binding sites (TFBS)
that control gene expression, also have great relevance to human
health [Maston et al., 2006]. Uncovering the locations of regulatory
elements, the interplay between regulatory elements and gene
coding regions, and the mechanisms by which regulatory elements
act to mediate gene transcription is of critical importance for
understanding how regulatory elements can impact human health.
An important aspect of regulatory elements is that they are the
recognition sites for protein factors to bind in the human genome to
carry out regulatory functions [Maston et al., 2006]. Regulatory sites
that are far apart in terms of genomic distance could functionally
interact in 3D conformation, mediated by protein factors [West and
Fraser, 2005]. Therefore, the study of protein–DNA interactions and
the long-range interactions between regulatory sites, collectively

called the chromatin interactome, illuminates important aspects of
genome biology.
Such endeavors are largely dependent on the technologies to
assay the complicated organization of human chromatin interactomes. The two primary technologies are Chromatin immunoprecipitation (ChIP) [Kuo and Allis, 1999] and chromosome
conformation capture (3C) [Dekker et al., 2002]. ChIP is a popular
method for identification of transcription factor binding site
locations in the genome and 3C is designed to identify long-range
chromatin interactions. Although ChIP is robust for studying
protein–DNA interactions and the recent ChIP-sequencing strategy
is highly effective for genome-wide identification of transcription
factor binding sites [Wei et al., 2006; Barski et al., 2007; Johnson
et al., 2007], it only provides linear information of protein binding
sites along chromosomes. While 3C is capable of analyzing longrange chromatin interactions, the data interpretation is complicated
by high levels of background noise, and therefore, has to rely
on intricate controls for accurate characterization of chromatin
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Fig. 1. Schematic comparison of 3C, 4C, 5C, ChIP–3C, and ChIA-PET. This schematic shows the differences between the (top to bottom) 3C, 4C, 5C, ChIP–3C and ChIA-PET
methodologies. The ChIA-PET method can be implemented with two possible sources of material: ChIP-enriched and non ChIP-enriched sonicated chromatin.

interactions, making the assay extremely difficult to perform.
Besides, 3C has limited detection scope. Even higher-throughput
variants such as 4C [Ling et al., 2006; Simonis et al., 2006; Wurtele
and Chartrand, 2006; Zhao et al., 2006] and 5C [Dostie et al., 2006]
(Fig. 1) are not genome-wide. Hence, a highly robust and global
strategy for investigating higher-order chromatin structures is
needed to understand mechanisms for the remote control of
transcription regulation in 3D nuclear space.
In this essay, we dissect the current ChIP- and 3C-based methodologies, discuss the nature of chromatin interactions, and suggest
new approaches that are highly specific, effective, genome-wide,
and de novo for the analysis of the human chromatin interactome.

CHROMATIN IMMUNOPRECIPITATION (ChIP)
ChIP is the most widely used method to determine protein–DNA
associations in vivo. In this procedure, protein–DNA interactions in
chromatin are covalently cross-linked by formaldehyde treatment,
followed by fragmentation of the chromatin fibers, typically by
physical shearing through sonication which randomly breaks
chromatin into pieces of a few hundred base pairs, followed by
immunoprecipitation of the protein-bound chromatin using specific
antibodies against target protein factors, then reverse cross-linking,
and detection [Kuo and Allis, 1999]. Enriched DNA fragments (from
protein binding sites in chromatin) can then be quantified at specific
loci by qPCR, or mapped in a genome-wide manner by DNA
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microarrays (ChIP-chip) [Buck and Lieb, 2004; Wu et al., 2006]. The
most recent advance for ChIP analysis is the ChIP sequencing
strategy [Wei et al., 2006]. This strategy has been further improved
as ChIP-Seq [Barski et al., 2007; Johnson et al., 2007], which
sequences reverse cross-linked, ChIP-enriched, fragmented chromatin by ultra-high-throughput next generation sequencing
methods [Schuster, 2008].
One point to note in ChIP experiments is that the ChIP enrichment
of specific protein binding sites is against the entire human genome
sequence as the background. Therefore, although highly enriched
sites may be enriched up to thousand-folds by ChIP, the overall
useful sequence data for identifying TFBS constitute a very small
portion of the total sequences generated in each experiment,
reflecting high noise levels [Kim and Ren, 2006]. For example, one
ChIP-Seq experiment found that 77% of ChIP-Seq reads could be
uniquely mapped to the genome; the rest mapped to multiple
locations; only 12.8% of unique reads (<10% of total sequences)
could be found in TFBS [Johnson et al., 2007]. Similar results have
also been reported in other articles [Loh et al., 2006; Wei et al., 2006;
Zeller et al., 2006; Lim et al., 2007; Lin et al., 2007; Zhao et al., 2007].
Improvements in ChIP protocols for high efficient purification are
desirable.
Nonetheless, despite high levels of non-specific sequencing
background, ChIP-PET and ChIP-Seq sequencing are robust and
reliable for the identification of true TFBS because of high local
signal-to-noise ratios. Most interestingly, analysis of whole genome
ChIP sequencing TFBS maps has revealed that many transcription
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factors show complex binding patterns with relation to target genes
including p53 [Wei et al., 2006], Oct4 and Nanog [Loh et al., 2006],
and others. For many transcription factors, a great proportion of
TFBS are far away from promoters of putative target genes.
How remote regulatory elements function, if at all, is still largely
unknown.

CHROMOSOME CONFORMATION CAPTURE (3C)
3C is another important technology for studying regulatory
elements. 3C focuses on long-range interactions between regulatory
elements at 3D level of chromatin organization. Higher order
chromatin structures, involving complex topological formations of
chromatin into structures that bring two or more pieces of chromatin
together in close spatial proximity, are thought to mediate
transcriptional control and other cellular functions [Woodcock,
2006; Fraser and Bickmore, 2007]. The 3C method is based on the
‘‘proximity ligation’’ concept of the Nuclear Ligation Assay [Cullen
et al., 1993], in which chromatin is formaldehyde cross-linked,
restriction enzyme digested, and then ‘‘proximity ligated’’ to capture
spatially related chromatin fragments, followed by detection of the
newly formed ligation products using site-specific PCR (Fig. 1). 3C
was subsequently applied to the study of long-range chromatin
interactions between the ß-globin locus and locus control regions
(LCR) in mammalian cells [Tolhuis et al., 2002].
However, there are several limitations associated with the 3C
method. First, 3C experiments have high noise levels. 3C data have
shown that the frequency of such non-specific interaction noises is
inversely proportional to the genomic distance between the two
interrogated sites (the maximum distance at which non-specific
interaction noise is seen at appreciable frequencies is about 100 kb)
in any location of the genome. Formaldehyde cross-linking is
known to give rise to a lot of non-specific noise [Kumar et al., 2007].
This non-specific noise reflects the cellular milieu, including
noise from cross-linking of random chromatin interactions that
‘‘bumped’’ into each other at the time of formaldehyde treatment.
Chromatin fibers as a type of polymer molecules obey the rules of
thermodynamics, in which any two points in the linear structure
would randomly collide, and the frequency of random collision is
inversely proportional to the physical distance between the two
sites; as such, sites that are close together on the linear genome
would tend to randomly collide with each other at higher
frequencies [Dekker, 2006]. Moreover, because the 3C method does
not include any step to separate, nor to purify the true interactions
from non-specific ones before detection, the noisy interactions will
all be read. Second, because of complications by high noise levels,
3C analysis relies on a set of control experiments to distinguish
real signals from noise [Dekker, 2006], which makes the protocol
laborious and tedious.
The high noise levels and tedious protocol are among the reasons
why despite high interest in chromatin structures, 3C does not
have similar widespread adoption as ChIP-chip and ChIP-Seq).
In addition, 3C methods are limited to single point interactions of
previously known or hypothesized interaction sites. To overcome
the limited detection scope of 3C for single interaction pairs, a
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number of groups have developed variants on 3C [Simonis et al.,
2007], including Associated Chromatin Trap (ACT) [Ling et al.,
2006], chromosome conformation capture using chip (4C) [Simonis
et al., 2006], circular chromosome conformation capture (also
called 4C) [Zhao et al., 2006] (Fig. 1), Open-ended chromosome
conformation capture [Wurtele and Chartrand, 2006] and chromosome conformation capture carbon copy (5C) [Dostie et al., 2006]
(Fig. 1) methods to expand the scope of detection for chromatin
interactions. However, they are still constrained by their inability to
provide a whole genome view of chromatin interactions. How to
further our ability to study chromatin interactions in a highly
efficient, low noise, genome-wide, and de novo manner remains a
challenge.

ChIP–3C FOR MORE SPECIFIC IDENTIFICATION
OF CHROMATIN INTERACTIONS
Given such problems with 3C methods, ChIP–3C (also called ChIPloop) has been developed by adding ChIP to the 3C protocol, both to
reduce non-specific noise as well as identify chromatin interactions
that are bound by specific proteins (Fig. 1). ChIP–3C has yielded
insights into chromatin looping as mechanisms whereby important
proteins can mediate cellular functions such as gene regulation.
There are a few different ChIP–3C protocols in use. One ChIP–3C
protocol involves the preparation of urea ultracentrifugationpurified, restriction enzyme-digested, cross-linked chromatin,
followed by ChIP enrichment, proximity ligation, reverse crosslinking to free DNA fragments from protein binding, and detection
using PCR. SATB1-bound chromatin interactions have been
examined using this ChIP–3C method [Cai et al., 2006], and the
authors confirmed all interactions using 3C. The authors further
employed RNA interference to knock down SATB1, which abrogated
chromatin interactions and associated gene expression. Moreover,
chromatin interactions bound by Mecp2, in particular a loop at the
Dlx5–Dlx6 locus, have also been examined using this ChIP–3C
protocol [Horike et al., 2005]. The authors used mouse knockout
studies to demonstrate that Mecp2-null mice did not have this loop
[Horike et al., 2005]. The second ChIP–3C protocol omitted the urea
ultracentrifugation purification and simply combined 3C and ChIP.
This method was used to uncover chromatin interactions bound by
ERa [Carroll et al., 2005].
A variant on ChIP–3C is the so-called 6C technique, which
uses a cloning approach for detection, instead of site-specific PCR
employed in conventional ChIP–3C. In a 6C study, the usual 3C
procedure was followed, then ChIP against EZH2 was performed,
and the enriched chromatin DNA fragments are cloned for analysis.
The clones were screened by restriction digestion to identify clones
with multiple inserts (representing products that ligated during the
3C step instead of single genomic DNA fragments). Five clones from
a total pool of 352 clones were found to contain multiple inserts.
They were analyzed by sequencing and validated by 3C. RNA
interference was used to knock down EZH2, which reduced or
eliminated the five chromatin interactions [Tiwari et al., 2008]. Such
a technique is de novo, but not genome-wide as only a few clones
can be analyzed at a time. Cloning and screening using restriction
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digestion to find clones with multiple inserts is also a laborious
procedure. The fact that while only a few clones were analyzed,
chromatin interactions could still be validated is a testament to the
usefulness of ChIP enrichment in chromatin interaction analysis
methods.

CONCERNS REGARDING THE COMBINATION OF
ChIP AND 3C
Despite the number of ChIP–3C papers that have been published,
there is much skepticism within the chromatin interaction
community as to whether the combination of ChIP and 3C is valid.
As discussed by Simonis et al. [2007], one complication of ChIP–3C
is accurate quantification of interaction levels, which must take into
account both ChIP enrichment of the sites as well as high levels of
non-specific chromatin noise due to random collisions. The risk is
that a ChIP-enriched non-specific chromatin complex could be
detected at high levels, and thus deemed an interaction when it is
really a false positive. Because 3C contains much noise, and does not
include any steps to separate specific interactions from non-specific
interactions before detection; therefore, if anyone uses ChIP to
pull down specific protein-bound chromatin interactions from such
3C chromatin fragments, one would also co-precipitate the nonspecific chromatin fragments that are attached to the specific
interaction complexes. As such, it is likely that the use of the
standard 3C protocol with the addition of ChIP just as it is would lead
to high levels of false positives. To address this issue, one particular
ChIP–3C protocol uses urea ultracentrifugation purification of ChIP
complexes to reduce the amount of non-enriched ChIP noise [Horike
et al., 2005; Cai et al., 2006].
Nevertheless, this debate does raise questions on what is the
nature of non-specific chromatin interactions, how such nonspecific interactions are different from true and specific interactions,
and how to experimentally separate non-specific chromatin
interactions from true ones. 3C-like methods do not have a way
to separate them physically, and only teases out actual chromatin
interactions through elaborate controls. The practical question
is: can the non-specific and specific interactions be physically
separated? If such a method can be found, the reduction in noise
would greatly benefit the field of chromatin interactions.

THE NATURE OF SPECIFIC AND NON-SPECIFIC
CHROMATIN INTERACTIONS
In finding a method to remove non-specific chromatin interactions,
we first had to formulate hypotheses on the nature of specific and
non-specific chromatin interactions. We presume the non-specific
interactions from random collisions of chromatin fibers may brush
passing each other at the periphery of chromatin structure, whereas
specific chromatin interactions are tethered to each other by specific
factors (Fig. 2). Support for this model comes from the observation
that non-specific noise increases as cross-linking time and
concentrations increase [Simonis et al., 2006]. Because non-specific
interactions would only be in contact at the periphery of the
chromatin structure, fewer covalent formaldehyde cross-links
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would be able to form. Hence, non-specific interactions would
probably be much weaker than specific interactions. The observation that specific interactions between two specific locations are
stronger (produce more 3C ligation products that can be detected by
quantitative PCR) than non-specific interactions between any two
other locations in the genome that are separated by the same
genomic distance, also confirm this idea [Dekker, 2006].
Because non-specific chromatin interactions are weak, and
specific chromatin interactions are strong, we expect there must be
some method for separating non-specific chromatin interactions
from specific interactions. The urea ultracentrifugation method to
purify chromatin complexes is one method, but it is tedious to
perform. We therefore searched for a simple method of doing so.

SONICATION-BASED ChIP–3C
Our approach to separate non-specific and specific chromatin
interactions in our ChIP–3C protocols is to use sonication to
fragment chromatin fibers (Fig. 2), which is very different from the
3C protocol that uses restriction digestion to gently fragment
chromatin fibers. The use of sonication in ChIP–3C has worked well
[Kumar et al., 2007; Pan et al., 2008]. Chromatin interactions bound
by SATB1 and PML have been found by sonication-based ChIP–3C.
RNA interference was used to knock down SATB1 and PML, and this
procedure was found to change the chromatin interaction profile as
well as the expression of associated genes [Kumar et al., 2007].
Sonication-based ChIP–3C was also performed on the TFF1 region
[Pan et al., 2008], and could recapitulate the TFF1 chromatin
interaction shown to be present previously by restriction enzymebased ChIP–3C [Carroll et al., 2005]. Further, sonication-based
ChIP–3C was used to show that ERa mediates the TFF1 interactions,
by the use of RNA interference to knock down ERa which abrogated
the chromatin interaction and associated gene expression [Pan et al.,
2008]. In addition to the demonstrated successes of the sonicationbased ChIP–3C protocols, we will further show the benefits of
sonication through a theoretical argument and several lines other
experimental evidence, including whole genome ChIP sequencing
and mapping experiments; and our own unpublished data on
sonication-based molecular interaction mapping methods.
We believe that the use of restriction enzymes to gently digest the
material could retain non-specific interactions where two chromatin
fragments float close to each other in the crowded cellular nucleus.
We and others have used sonication to fragment chromatin. While
previously underappreciated, sonication is very vigorous, and could
possibly break up weak non-specific interactions (Fig. 2). Moreover,
chromatin is sonicated to a region of about 200–1,000 bp, as
opposed to 3–4 kb fragments created by 6-bp restriction enzyme
cutters. A much smaller chromatin fragment would be sterically
hindered from ligating to non-specific interactions that are not in
very close proximity, as compared with a longer chromatin
fragment which would be much more flexible. In line with this
idea, a review article analyzing all 3C and related methods suggests
that 6-bp restriction enzyme cutters do not give such good
resolution, and recommends the use of 4-bp cutters for analysis of
<10–20 kb loci [Simonis et al., 2007]. Another benefit of the use of
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Fig. 2. Sonication is a method for breaking up non-specific chromatin interaction complexes. Non-specific interactions from random collisions of chromatin fibers generally
involve chromatin interactions brushing past each other at the periphery of chromatin complexes, whereas specific chromatin interactions are tethered to each other by specific
factors. Gentle restriction enzyme digestion would not disturb the weak non-specific interactions, but vigorous sonication could ‘‘shake off’’ non-specific, weak, peripheral
chromatin and only retain strongly bound core chromatin interaction complexes that involve specifically bound chromatin interactions.

sonication instead of restriction enzyme digestion is that incomplete
digestion products can be avoided. Given that incomplete digestions
can form 20–30% of a library [Simonis et al., 2007], this is a large
amount of noise that could be eliminated with sonication instead of
restriction enzyme digestion.
Further, adding ChIP would enrich the specific protein-bound
chromatin interaction complexes and wash away the non-specific
chromatin fragments that were already detached from specific
chromatin complexes by sonication, hence providing an even purer
chromatin DNA pool for chromatin interaction analysis. Therefore,
with this composition, sonication-based ChIP–3C protocols should
have much less complication by high level non-specific interaction
noises than the 3C-like methods.
Therefore, in comparing restriction enzyme digested chromatin,
sonicated chromatin, and sonicated plus ChIP-enriched chromatin,
we would expect to see different profiles from different detection
techniques, with different levels of information. Simply performing
reverse cross-linking of the chromatin and sequencing all material
would be similar to a ChIP-Seq experiment if ChIP-enriched
chromatin were used as the input (Fig. 3). Performing 3C on
restriction enzyme digested chromatin would be quite noisy,
whereas 3C on sonicated chromatin would be less noisy, and ChIP–
3C on sonicated chromatin would be the least noisy and specific for
chromatin interactions bound to the protein of interest (Fig. 4).
Similar to 3C, 4C on enzyme digested chromatin would be quite
noisy, whereas 4C on sonicated chromatin would be less noisy, and
ChIP–4C on sonicated chromatin would be the least noisy and
specific for chromatin interactions bound to the protein of interest
(Fig. 4).
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Experimental evidence from ChIP-Seq (Fig. 3) and our sonication-based 4C data (Fig. 4) support the hypothesis that sonication
can ‘‘shake off’’ non-specific interactions, giving rise to more
specific data. First, ChIP-Seq data show very specific binding
peak results. ChIP-Seq methods commonly employ sonication to
fragment the chromatin. In ChIP-Seq, formaldehyde cross-linking
captures chromatin complexes, followed by sonication, and
complexes are all immunoprecipitated in ChIP. Therefore, all
reverse cross-linked ChIP DNA should, after mapping and
sequencing, be reflected as binding density (Fig. 3). This includes
chromatin sequences that are not directly bound to the protein of
interest, but which are involved in the complexes. As such, if weak
non-specific interactions are present in chromatin complexes, they
should be shown as regions of binding density in ChIP-Seq data
(most ChIP-Seq protocols use sonication to fragment chromatin). In
particular, if it were true that sonicated material shows high levels of
non-specific interactions due to flexible polymer dynamics such
that nonspecific interactions within 100 kb could occur, then we
should see gradually sloping ChIP peaks. However, this is not
the case, and most ChIP-Seq peaks, including ERa ChIP-Seq peaks,
are very tight and narrow (Fig. 3).
Second, our sonication-based 4C results are also very specific
(Fig. 4). In this 4C experiment, we used sonication to fragment the
chromatin, which differs from the reported standard 4C protocols.
Our 4C data, which is also non-ChIP enriched, shows a steep drop in
the number of ligated sequences after 1kb. The number of ligated
sequences remains 0 until it reaches the first interacting sequence
50 kb away, whereupon it rises to several hundreds of sequences,
indicating specific chromatin interactions. The lack of sequences
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Fig. 3. Sequencing from different experimental approaches. Here we show expected and actual experimental work from sequencing DNA from different experimental
approaches: that of enzymatic fragmentation (left), sonicated fragmentation (center) and sonicated fragmentation with the addition of ChIP enrichment (right). Sequencing
reverse cross-linked, fragmented, non ChIP-enriched chromatin would be similar to sequencing the entire genome. Sequencing reverse cross-linked, fragmented, ChIP-enriched
chromatin would be similar to a ChIP-Seq experiment.

between 1 and 50 kb indicates that we do not detect any
interactions despite using an unprecedented number of sequences
(0.46 million sequences); hence the observations from restriction
enzyme-based 3C, 4C, and 5C that distance-based, non-specific
interactions up to 100 kb due to flexible polymer dynamics are
present do not appear to be recapitulated when sonication is used.

TOWARDS A WHOLE GENOME METHOD FOR
IDENTIFYING CHROMATIN INTERACTIONS
The sonication-based ChIP–3C protocol is robust, specific, and welltested. Besides these advantages, another advantage is that
sonication-based ChIP can enable the development of a method
for global, de novo analysis of chromatin interactions by allowing
effective noise reduction, thereby increasing signal to noise ratios to
a level that current next-generation sequencing techniques can
handle.
We propose a new strategy for whole genome chromatin
interaction analysis using paired-end tag sequencing (ChIA-PET)
[Fullwood et al., in press]. The basic concept of ChIA-PET is to
introduce a linker sequence in the junction of two DNA fragments
during nuclear proximity ligation to build connectivity of DNA
fragments that are tethered together by protein factors. Therefore, all
linker-connected ligation products can be extracted as tag-linkertag constructs that can be analyzed by ultra-high-throughput PET
sequencing. When mapped to the reference genome, the ChIA-PET
sequences are read out to detect the relationships between the two
paired DNA fragments. Hence chromatin interactions captured by
chromatin proximity ligation can be uncovered by ChIA-PET. As
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this strategy is not dependent on any specific sites for detection as
3C and 4C are, ChIA-PET has the potential to be an unbiased
genome-wide approach for de novo detection of chromatin
interactions (Fig. 1).
We anticipate that the ChIA-PET strategy would not work well
with the chromatin fragments prepared with restriction enzyme
digestion due to the expected extremely high levels of noise, because
the enzyme-based chromatin fragmentation would not be able to
‘‘shake off’’ the non-specific chromatin fragments attached to
specific chromatin interactions (Figs. 2 and 5). However, if the
chromatin fragments are prepared using sonication, the ChIA-PET
data should identify specific chromatin interactions with current
sequencing capabilities as the non-specific noises are much reduced
(Fig. 5). In addition, the use of restriction enzymes means that the
library would not be truly genome-wide, as it would be biased
towards regions with the restriction enzyme sites. Also, fragments
would map to restriction enzyme ends, making it difficult to apply
existing methods for eliminating repeated sampling of the same
sequence through removal of non-unique sequences, as well as
clustering methods for identifying signals [Wei et al., 2006], as these
methods require that multiple overlapping unique sequences must
be found to call a signal. Further, incomplete restriction digestion, a
problem in current 3C protocols [Simonis et al., 2007] would also
result in high levels of sequenced noise. To reduce the complexity
and background level, we propose to use sonication-based
ChIP against specific protein factors to enrich the corresponding
chromatin fragments before proximity ligation, in a ‘‘ChIP ChIAPET’’ protocol (Fig. 5). This enrichment approach would not only
make the ChIA-PET sequencing practical by reducing the complexity, but also add specificity to the identified interaction points.
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Fig. 4. 3C and 4C from different experimental approaches. Here we show expected and actual experimental work from performing 3C or 4C on proximity-ligated material
prepared by different experimental approaches: that of enzymatic fragmentation (left), sonicated fragmentation (center) and sonicated fragmentation with the addition of ChIP
enrichment (right). 3C and 4C on enzyme digested chromatin would be quite noisy; 3C and 4C on sonicated chromatin would be less noisy, while ChIP–3C and ChIP–4C on
sonicated chromatin would be the least noisy and specific for chromatin interactions bound to the protein of interest. The use of sonication reduces some noise, and the further
use of ChIP reduces the noise levels still further.

Depending on the protein factors used for ChIP enrichment, ChIAPET analysis can be applied to the detection of all chromatin
interactions involved in a particular nuclear process. For instance,
the use of general transcription factors such as RNA Polymerase II
components would identify all chromatin interactions involved in
transcription regulation; the use of protein factors involved in DNA
replication or chromatin structure would allow identification of all
chromatin interactions due to DNA replication and chromatin
structural modification. More specifically, the use of specific
transcription factors for ChIA-PET analysis would further reduce
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library complexity and add specificity, and therefore, enable
examination of specific chromatin interactions mediated by
particular transcription factors.
Our preliminary experimental data has demonstrated that
ChIA-PET can generate PET sequences that identify TFBS and
interactions between remote binding sites. With further development and optimization of the ChIA-PET prototype protocol, with
or without ChIP enrichment, we expect this whole genome
approach will become very robust for studying chromatin
organization.
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Fig. 5. ChIA-PET from different experimental approaches. Here we show expected and actual experimental work from performing paired end sequencing on proximity-ligated
chromatin prepared by different experimental approaches: that of enzymatic fragmentation (left), sonicated fragmentation (center) and sonicated fragmentation with the
addition of ChIP enrichment (right). The use of sonication reduces some noise, and the further use of ChIP reduces the noise levels still further, allowing for the identification of
true chromatin interaction signals. In addition, the use of ChIP ChIA-PET gives specific information regarding the TFBS and chromatin interactions between TFBS.

FUTURE PERSPECTIVES
Going forward, we believe that the incorporation of sonicationbased chromatin fragmentation and ChIP-based enrichment into
methods for the detection of chromatin interactions will greatly
extend our knowledge of functional organization in chromatin
structures and epigenomics in 3D space. With further improvements,
eventually ChIA-PET, with its ability to both identify TFBS as well as
chromatin interactions between these binding sites, could replace
ChIP-Seq as the method of choice for studying protein–chromatin
interactions and revealing entire chromatin interactomes. With
much higher sequencing capabilities, ChIA-PET may be used
directly on non-ChIP-enriched chromatin samples to identify all
chromatin interactions in one experiment, where much greater
sequencing depth can compensate for somewhat higher noise levels
and greater library complexity, in order to open up still more vistas
for whole genome chromatin interaction sequencing.
In conclusion, sonication-based chromatin fragmentation, ChIPbased enrichment, proximity ligation, Paired-End Tags and ultrahigh-throughput sequencing methods that constitute the ChIA-PET
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approach will be a winning combination for genome-wide, unbiased
and de novo discovery of long-range chromatin interactions, which
will help to establish an emerging field for studying chromatin
interactomes and regulation networks in 3D.
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