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Abstract

technology.

Background: Long-range chromatin interactions play an important role in transcription regulation. Chromatin
Interaction Analysis with Paired-End-Tag sequencing (ChIA-PET) is an emerging technology that has unique
advantages in chromatin interaction analysis, and thus provides insight into the study of transcription regulation.

Results: This article introduces the experimental protocol and data analysis process of ChIA-PET, as well as
discusses some applications using this technology. It also unveils the direction of future studies based on this

Conclusions: Overall we show that ChlA-PET is the cornerstone to explore the three-dimensional (3D) chromatin
structure, and certainly will lead the forthcoming wave of 3D genomics studies.

Background

Transcription regulation is a complex yet well-organized
process in eukaryotes, in which chromatin interactions
play a critical role and thus serve to regulate gene expres-
sion as well as further influence other cellular activities.
Many technologies have been developed to study the bind-
ing of transcription factors (TF) for transcription regula-
tion, such as chromatin immunoprecipitation (ChIP)
microarray (ChIP-chip) [1], ChIP-PET [2] and ChIP-Seq
[3], but they are unable to determine the target genes of
the distal TF binding sites. Another challenge is to define
whether such distal binding sites are functional, i.e. physi-
cally proximal to target gene promoters via chromosome
loops or attracting RNA polymerase II complex for gene
transcription. Therefore, identification of genome-wide
distal chromatin interactions that lead the regulatory ele-
ments to their target genes may provide novel insights
into the study of transcription regulation. Chromosome
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conformation capture (3C) [4] and its derivatives, 4C [5,6]
and 5C [7] can reveal long-range chromatin interactions
involved in transcription regulation, but these techniques
are limited either because they are low-throughout, such
as 3C, or they can’t map interacting regions with high
resolution in the whole genome [8] (Figure 1). In this case,
it is desired to have a method capable of analyzing chro-
matin interactions on genome level with high throughput
and high resolution.

Chromatin Interaction Analysis with Paired-End-Tag
sequencing (ChIA-PET) method [9] fits these demands. It
is an unbiased, genome-wide, high-throughput and de
novo method. Compared with Hi-C [10], another emer-
ging method for chromatin interactions at a global scale,
ChIA-PET is better at its higher resolution associated with
a protein of interest for functional study, and lays a solid
foundation for studying long-range chromatin interactions
in a three-dimensional (3D) manner, as well as provides a
more reliable way to determine TF binding sites and iden-
tify chromatin interactions.

Till now, ChIA-PET has been successfully applied to
human MCF?7 cells [9], human cancer cells [11], human
T cells [12], mouse embryonic stem cells [13-15], mouse
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Figure 1 Comparison among 3C and its derived methods. This figure is from De Wit and de Laat, 2012 [8].
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neural progenitor cells [15], and mouse B cells [16], and
other cells [17-19], referring to Additional file 1 Table 1
for the available list of ChIA-PET applications by our
best knowledge. Li et al. [11] has identified three kinds
of interactions, named enhancer-promoter, enhancer-
enhancer and promoter-promoter interactions, and
demonstrated that over 40% of enhancers don’t regulate
their nearest promoters. Sandhu et al. [20] has proposed
the concept of “chromatin interaction networks”, show-
ing the phenomenon that human genome converges to
a scale-free and hierarchical network, through which
functions are enriched in the so-called “chromatin com-
munities”. This work unveiled the chromatin interac-
tions in high order architectures; these architectures
may act as transition from linear map to 3D/4D genome
studies. Several protein associated interactions like ER-
o, RNA polymerase II (RNAPII), CTCF and SMCIA
have been studied to investigate how remote regulators
interact with their target promoters.

In this paper, we will introduce the experimental proto-
col and data analysis procedure of ChIA-PET technology
in comparison with other genome methods for chromo-
some conformation studies, and discuss the applications
of ChIA-PET technology on different proteins and
human/ mouse cells.

Experimental process

Compared with other 3C-derived technologies, ChIA-PET
protocol is a complex process. It can be summarized into
three parts: wet-lab experiments (Figure 2), data analysis
(dry-lab experiments, Figure 3) and experimental
verification.

First, the ChIA-PET wet lab complies with the ChIP
experiment [21]. Like ChIP-Seq experiment, formalde-
hyde is used to crosslink DNA-protein complexes in the
nucleus and followed by breaking the complexes into
fragments with sonication. Then, ChIP is used to enrich
DNA fragments bound by a protein of interest. Next,
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DNA fragments in ChIP-enriched chromatin complexes in two aliquots. Then, the two aliquots are mixed and
are ligated with two different half-linker oligonucleotides  proximal half-linkers would be ligated with each other.

After reverse crosslinking, the proteins in the complexes

\

are digested and the DNA fragments are extracted. After
digestion with restriction enzyme Mmiel, DNA fragments

form paired-end tags (PETSs) constructs, in “tag-linker-tag”
7 order. Eventually, the PETs are taken to sequencing with
new-generation sequencing facilities, like Illumina Hi-
PET mapping Seq2500. The sequence reads are aligned to the reference
genome and further analyses are performed to reveal long-
range interactions between functional elements. During
Redundancy Removing the whole experiments, the quality of DNA that is

enriched by ChIP is the critical part. And the essence of
ChIA-PET is the linker’s design. The linkers not only have

o . I I Mmel restriction site that could cut 20 bp outward, but
Self-ligation and inter-ligation PET classification . )
also have barcodes to estimate the noise caused by ran-

dom ligation.

The results of pair-end sequencing are stored in two
Binding site analysis from self-ligation PETs fastq files, which can be processed with ChIA-PET Tool
\./ [22] or other methods [23]. Generally, there are seven

steps in ChIA-PET data processing (Figure 3): 1) linker
Interaction analysis from inter-ligation PETs filtering, 2) PET mapping, 3) redundancy removing, 4)
self-ligation and inter-ligation PET classification, 5)
binding site analysis with self-ligation PETSs, 6) chroma-

. - tin interaction analysis with inter-ligation PETSs, and 7)
visualization of the chromatin interaction data. In the
first step, linkers will be aligned to the reference half-
linker nucleotide sequences. There are two kinds of

Figure 3 Fundamental steps to analyze ChlA-PET data.
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half-linkers, named as A and B, which have the same
nucleotides, except the barcodes. Therefore, PETs are
classified into two categories based on the linker com-
positions: same linkers (AA or BB) and different linkers
(AB or BA). Then linkers are excluded from the raw
reads and the remaining DNA fragments are kept for
further analysis. After linker filtering, the short DNA
sequences are aligned to reference genome using BWA
[24], Bowtie [25], BatMis [26], or other mapping tools.
With SAMtools [27] and BEDtools [28], the redundant
and low quality mapping sequences are filtered out.
Next, PETs can be divided into self-ligation PETs and
inter-ligation PETSs. Self-ligation PETs refer to the
reads from individual DNA fragments looping through
their both ends and are mapped to genome within a
short distance on the same chromosome. Inter-ligation
PETs refer to the reads from different DNA fragments,
and are generally with both tags mapped in different
chromosomes or in long distance in the same chromo-
some. While self-ligation PETs are used to figure out
protein binding sites on the genome, inter-ligation
PETs can predict the chromatin interactions by cluster-
ing. Then we also have to make sure the interaction
clusters between two anchors really exist or just occur
by chance. Li et al. [22] used Fisher’s exact test based
on hypergeometric distribution to quantify the interac-
tion frequency. Recently, Paulsen et al. [23] proposed a
new statistical model based upon non-central hyper-
geometric distribution, which takes genome distance-
dependent relationships into account for p-value esti-
mation. Finally, ChIA-PET browser can be built to
report data and visualize binding sites as well as inter-
action clusters.

The interactions obtained by data processing require
validation with wet-lab experiment. The interactions
between DNA elements in short genomic distance can
be validated through 3C experiment. As for DNA frag-
ments in long-range interactions (two anchors located
in different chromosomes or in the same chromosome
with more than 1 million base pair away), we could use
microscope technique like DNA Fluorescence in situ
hybridization (DNA-FISH) [29] to directly observe the
location of interaction anchors and relative spatial dis-
tance in the nucleus.

Applications of ChIA-PET technology

Interactions between DNA elements mediated by TFs
While ChIP-Seq is used to analyze the interactions
between DNA and protein, ChIA-PET works on the
interactions between DNA fragments fundamentally.
Fullwood et al. [9] used ChIA-PET technology to con-
struct chromatin interaction network bound by estrogen
receptor o (ER-a) from human breast cancer cell line
MCEF7 and found long-range ER-a binding sites are
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mostly located at promoter regions. Handoko et al. [13]
found the CTCF-mediated interactions from mouse
embryonic pluripotent stem cells. Five distinct chroma-
tin domains revealed by CTCF ChIA-PET raised a new
model of CTCF function for chromosome structure
organization and linking enhancers to promoters for
gene transcription regulation. Li et al. [11] detected pro-
moter-centered distant interactions bound by RNAPII in
cancer cells. In addition to promoter-enhancer and
enhancer-enhancer interactions, they found that promo-
ter-promoter interactions are also pervasive in human
cells. In all the promoter-nonpromoter interactions,
more than 40% of the non-promoter regulatory ele-
ments didn’t interact with their nearest promoters. This
means that the current assumption in ChIP-Seq study -
the transcription factor binding sites regulate their near-
est genes - is not valid. Based on the RNAPII-mediated
chromatin interactions, especially promoter-promoter
interactions, they proposed three types of transcription
models (Figure 4): 1) basal promoter models, in which
the gene promoter regions are enriched with RNAPII,
but are not involved with any chromatin interactions; 2)
single-gene interaction models, in which one gene is
involved with one or more promoter-nonpromoter
interactions; and 3) multi-gene interaction models, in
which multiple genes are linked together by chromatin
interactions to form a transcription factory for potential
correlated transcription. Zhang et al. [15] figured out
the interactions mediated by RNAPII in mouse pluripo-
tent embryonic stem cells, neural stem cells and neural
progenitor cells. 40,000 long-range interactions from
their work uncovered the associations between promo-
ters and distal-acting enhancers. Demare et al. [18] first
described cohesin-associated chromatin interactions on
the genome-wide study by ChIA-PET. 65% of interac-
tions bound by cohesin subunit SMC1A are co-occupied
by CTCEF. Analyzing the interactions in multiple tissues,
they proposed a potential model of tissue-specific gene
regulation.

After characterizing enhancer-promoter interactions in
human T cells, Chepelev et al. [12] presented that
enhancers increase the expression of their target genes
in a cell-specific way, and interacting promoters are co-
expressed. In addition, chromosomes in nucleus are
organized in multiple levels to perform functions, and
many factors besides CTCF may be involved in this pro-
cess in T cells. The detailed mechanism needs to be
addressed in future studies.

He et al. [30] created an efficient “classifier”, calculat-
ing the possibility of DNA looping based on ER-o bind-
ing peaks obtained by ChIP-Seq, and then predicted
chromatin interactions mediated by ER-a. This is the
first work using ChIP-Seq to predict chromatin interac-
tions, providing a supplement to ChIA-PET.
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Chromatin interaction network

Cell is a complex system, and its functional characteris-
tics rely on the cross talks of constituents including
DNA, RNA, proteins, etc. Biological scientists have tried
to use network approaches to build frameworks of these
interactions. Many biological networks, such as metabolic
networks, protein-protein interaction networks have been
widely studied. However, networks of chromatin interac-
tions are not known till recently because the lack of
proper genome-wide datasets. Now data generated by
ChIA-PET is unfolding the study of chromatin interac-
tion networks.

Anchors in different interacting pairs are not isolated -
they may overlap with or link to other counterparts in dif-
ferent physical regions. This leads to the concept of “chro-
matin interaction networks” [31], which refers to the 2D
structure of genome-wide chromatin interaction (Figure 5).
Like many cellular networks, chromatin interaction

network [20] has scale-free and modular topology - most
nodes participate in only one or two interactions, while a
few nodes, known as “hubs”, connect with a disproportio-
nately high number of nodes. These “hubs” prefer to link
to each other and conform “rich-club”, which carry out
essential cellular functions and contribute to the robust-
ness of the network. Chromatin interaction network is
organized into “community”, and genes within community
perform related functions and respond to external stimuli
in a coordinated manner, which means these communities
may have been shaped during millions of years’ evolution.
This approach has also been applied to interactions
between microRNA genes. MicroRNAs are small non-
coding RNAs that play a key role in transcription regu-
lation. Chen et al. [32] has built chromatin interaction
networks involving both microRNAs and protein-coding
genes. The network consists of 2292 communities, and
these communities are enriched in fundamental cellular
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Figure 5 Transformation from current chromatin interactions to future 3D/4D dynamics. This figure is from Sandhu et al, 2011 [31].
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functions. The disease-related microRNAs tend to inter-
act with each other.

In future studies, we can not only apply the method to
other specific kinds of genes, but also combine interdepen-
dent networks, since cellular activities happen together
and link to each other. Also, chromatin interaction net-
works may lay the foundation of 3D or even 4D genome
waves, which transfer from static to dynamic [31].

Functional studies of chromatin interactions
There are several ways to study the functions of chro-
matin interactions identified by ChIA-PET: 1) luciferase
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reporter gene assay [11]; 2) knock-down experiment for
the expression level of the protein of interest [11]; 3)
enhancer assay from transgenic experiments for
the identified regulatory elements [15]; and 4) genomic
editing methods (such as zinc-finger nuclease genome
editing, TALENs and CRISPR/Cas9) to perturb the
chromatin interactions [16]. We will take the luciferase
reporter gene assay and the TALENs as examples.

In Figure 6, ChIA-PET data shows that there are chro-
matin interactions between promoter regions of gene
C140rf102 and CALM1, and also there are interactions
between a distal regulatory element and CALM1
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promoter. The distal regulatory element is categorized
as an enhancer because it is enriched with histone mark
H3K4mel. This means that the CALM1 promoter inter-
acts with two other regions: C140rf102 promoter region
and the distal enhancer. The luciferase reporter gene
assay with interaction anchors shows that 1) without
promoter, the luciferase reporter assay only has marginal
expression level, with/without other regulatory elements;
2) with CALM1 promoter sequence alone, the luciferase
reporter assay has basal expression level; 3) with promo-
ter and one of the regulatory elements, the expression
level in the luciferase reporter assay only increases
marginally; and 4) with both regulatory elements, the
expression level in the luciferase assay increases more
than 3 folds compared with the expression level from
assay with promoter alone. This means that there are
combinatorial effects in the regulatory elements for gene
expression regulation [11].

In Figure 7, the upper panel shows that there are six
enhancer regions linked to the promoter region of gene
Aicda in mouse B cells, and the enhancer E2 was
selected as the region to knock out by TALEN experi-
ment. The lower panel shows that the RNAPII and
Nipbl binding intensities at the Aicda promoter region
are much reduced in the genetically modified cells,
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compared to the binding intensities in the wild-type
cells. This means that the enhancer E2 really influence
the transcription regulation of gene Aicda.

Reconstruction of the 3D structure of chromatin

A precise three-dimensional structure of chromatin pro-
vides a better landscape of the biological functions. So far,
the data of remote interaction is suitable to reconstruct
the 3D genome structure. Two 3C derivations, namely Hi-
C [10] and ChIA-PET [9], actually reflect the structure of
the whole genome. The Hi-C technology could capture all
the interactions but with low resolution. The ChIA-PET
technology greatly enhances the resolution but it can only
identify the interactions mediated by a known protein. So,
ChIA-PET data can be used to conduct more intense
modeling.

Much progress has been made in building 3D chro-
mosomal structure from Hi-C data [33-35]. However,
there is no published article to build 3D genome struc-
ture from ChIA-PET data yet. But some research insti-
tutions try to work on it. The methods to reconstruct
the 3D structure with chromatin interaction data are
based on the assumption that, if the interaction fre-
quency between two loci is high, the spatial distance
between the two loci is proximal and vice versa. There
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are two major approaches for modeling the 3D structure
of chromatin [36]: one is physical model such as bead-
on-a-string model to explain the results of the experi-
ment, and another one is the nonlinear optimization
model to reconstruct the structure. Many physical prop-
erties must be taken into consideration in the first
method. The first step of the nonlinear optimization
model to reconstruct the structure is to convert the
chromatin interaction frequency into spatial distance
and then convert the spatial distance into three-dimen-
sional structure. Of course we should do the normaliza-
tion before applying the sequencing data for chromatin
3D structure reconstruction, because of the various
biases in the experiment and the data, such as GC bias,
mappability [37]. For a lack of direct parameters to eval-
uate the established 3D structure in a genome-wide
scale, the development of electron microscopy will have
a great role in the promotion of the research on 3D
structure of chromatin. The visualization of chromatin
interactions combined with functional assays is an
important way to give people a more intuitive impres-
sion of the genome structure and a comprehensive
understanding of the function of the genome.

Discussion and perspectives

ChIA-PET has been successfully applied for transcription
regulation analysis in a number of studies and different
chromatin interaction models have been identified. Still,
there are spaces to improve the ChIA-PET protocol and
analysis pipeline - to make the protocol more concise
and easy to conduct, and the data analysis process more
automatic and customizable.

As for the method development, the followings are
several aspects to be considered.

1) Reduce the number of cells required for ChIA-PET
experiments. Currently, tens of millions of cells are
required in the ChIA-PET experiments. This is fine for
many man-made cell lines, which could be cultured in
the laboratory for more cells. However, in many real
applications, like tissues from patients, there are only
limited numbers of cells. To make ChIA-PET applicable
to such real situations, we need to reduce the number
of cells required in the experiment.

2) Make the DNA fragments longer. In the current
ChIA-PET protocol, restriction enzyme Mmel is used to
digest the ligated DNAs to prepare the DNA constructs,
and only 20 nucleotides from the DNA fragments are
kept for further analysis, which is quite short, especially
for the genome with high repetitive sequence. We need
to make the DNA fragment longer for more specific
mapping of the reads to the reference genome.

3) Improve the comprehensiveness of the current
pipeline for ChIA-PET data processing. Currently, the
ChIA-PET Tool can perform the fundamental process
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of the ChIA-PET data. Methods for more comprehen-
sive analysis of ChIA-PET data are not publically avail-
able. This hinders the application of ChIA-PET.

4) 3D genome structure reconstruction. At present,
interaction data generated by ChIA-PET and Hi-C are
mainly exhibited through 2D graphs, which is far away
from 3D visualization. We need to reconstruct the 3D
structure of the genome inside the nucleus to demonstrate
the chromatin interactions in the real spatial manner[38].

5) Large-scale validation of chromatin interactions and
verification of their functions. Resolution of DNA-FISH
needs to be enhanced to get more precise result. Obser-
vation of exquisite structure of the whole genome is still
a long-term task, considering cell is in a dynamic state.
Tens of thousands of chromatin interactions have
already been reported by ChIA-PET, but only tens to
hundreds have been validated with DNA-FISH and
much more needs to be done. In addition, the functions
of such interactions need to be examined one by one,
with different technologies. The recent progress in gen-
ome editing technology CRISPR/Cas9 makes it a pro-
mising choice for such a task.

6) The field of transcription regulation focuses on the
exploration of relationships between DNA, RNA and
protein separately. We need new methods to demon-
strate how these factors work together to regulate gene
transcription, not just with partial information.

In addition to ChIA-PET method development, Hi-C
method and applications have shown some interesting
progress. Gavrilov et al. [39] discussed variability of
chromosome contacts between individual cells and sug-
gested in-gel selection of contacting genome fragments.
Thévenin et al. [40] show using Hi-C contact map that
chromosomal segments close in the 3D space of the
nucleus tend to contain genes - members of the same
functional group. It is expected that the combination of
low-resolution structure from Hi-C and high-resolution
structure from ChIA-PET will inspire more insights
about chromatin structures and their functions in
biology.

In the near future, we hope the development of the new
technologies will fulfill all the mentioned considerations
and lead to novel insights about the mechanism for gene
transcription regulation.
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